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FOREWORD 
This volume consists of Sections 4 through 9 of the 1977 Laser Program Annual Report. The 

remaining sections are published under separate cover in Volume 1 (Sections 1 through 3). 
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SECTION 4 

FUSION TARGET DESIGN 

4.1 Overview 
Target Design includes the Plasma Theory, 

LASNEX, and Design Groups. These groups develop 
the theory of laser plasma, implosion, and thermo
nuclear processes; build particle and fluid computer 
codes, including ZOHAR and LASNEX; and use these 
theoretical-computational tools to design targets and to 
simulate experiments. 

In 1977 most of our effort concentrated on ablative 
targets that compress DT to 10-100 times liquid density 
for Argus experiments and on high-density targets ca
pable of achieving gains of 1000 in reactors. In addi
tion, we developed high-performance exploding-pusher 
targets for Shiva experiments. 

Ablative high-density implosions are essential for 
practical thermonuclear microexplosions. Because of 
preheat, fluid instability, and entropy constraints, these 
implosions are far more difficult than exploding-pusher 
implosions. In 1977 we made important advances in 
identifying and understanding plasma and atomic 
physics critically important in laser-driven high-density 
ablative implosions, and in improving approximations 
to this physics in LASNEX. These physical processes 
include stimulated scattering, density-profile modifica
tion, collective and collisional absorption, suprathermal 
electron and x-ray spectra, inhibited thermal-electron 
transport, and nonlocal-thermodynamic-equilibrium 
atomic physics. By late 1977 we achieved good agree
ment between experiment and LASNEX calculations 
and were designing a sequence of targets for Argus 
experiments to demonstrate implosion of DT to 10-100 
times liquid density. 

An ultra-high-performance, multisheil target design 
was developed for reactor applications. In this design a 
low-density, low-aspect-ratio ablator/fuel shell is used 
to drive a levitated central ignitor. This target appears 
capable of gains approaching 1000 with a 1-MJ/100-TW 
driver. With this target the laser and target requirements 
for a l-GWt. reactor are: 

Laser efficiency > 1 % 
Wavelength =sl-2(xm 
Energy S i MJ 
Peak power 3=100TW 
Pulse rate 4/s 
Target surface finish =s 1000 A 
Target cost =£30g 

Target designs with similar performance have been de
veloped for implosion by relativistic electron beams, 
light ions, and heavy ions. 

Advanced cxploding-pusher targets were designed 
for Shiva experiments. When driven by a 30-TW/60-ps 
pulse, these targets have a calculated neutron yield of 
= 10 1 2, a target gain of » I0" 3 , and a DT gain approach
ing breakeven (s= 10"'). Compared to our record-breaking 
Argus exploding-pusher experiments in September 1976, 
this is nearly a 500-fold increase in neutron yield with 
a 10-fold increase in laser power. This extraordinary 
increase in calculated neutron yield with laser power 
was achieved by improving the implosion symmetry 
and laser-light absorption, and by using an unusually 
large radius/thickness ratio for the glass pusher. This 
capsule is optimally matched to Shiva. 

In the following articles, the Design. LASNEX, 
and Plasma Theory Groups describe these results and 
other significant advances in somewhat greater detail. 

Author 
J. H. Nuckolls 

4.2 Laser Target Design and Analysis 
4.2.1 Exploding-Pusher Targets at 30 TW 

In the 1976 laser program annual report we pre
sented results of a parametric study of exploding-pusher 
targets.1 That study was performed with the LASNEX 
computer code to determine the optimum combinations 
of target diameter, wall thickness, DTgas fill, and laser 
pulse duration for absorbed laser powers varying from 
0.1 to 12 TW. Here we present the results of a detailed 
study of optimal parameters of exploding-pusher targets 
for Shiva.2 

The Shiva peak laser power was assumed to be 
30 TW. At this power the optimum pulse duration is 
between 50 and 100 ps, and the optimum initial density 
of the DT is approximately 0.002 g/cm 3. The target 
diameter and wall thickness were varied to find the 
optimum target gain (ratio of the thermonuclear energy 
released to the incident laser energy). This quantity is 
related to the neutron yield by 

2.66 X 1(T 1 2N 
Gain « - <D 

where N n is the neutron yield, P|. is the peak laser 
power in TW, and T U is the Gaussian pulse FWHM in 
picoseconds. 
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Fig. 4-2. A contour representation of target gain as a function of ball parameters shows a broad plateau at maximum gain. Many dif
ferent parameter combinations give the same target gain. Contour values are from 0.7 to 1 5 X 10" . 

These calculations assumed spherical symmetry. 
40% laser light absorption by collective mechanisms, 
multigroup electron transport, and inhibition of thermal-
electron transport by the electron-ion two-stream insta
bility. The characteristic temperature of the laser-heated 
suprathermai electron distribution at the critical density 
was computed in LASNEX from Estabrook's equation.'' 

hot = 0 A V + 4.48 X 1(T6 l £ - 4 2 0 ° ^ keV (2) 

where 0 A V is the average electron temperature and 1|. 
is the laser intensity at the critical density in W/cm2. 
Typically, the maximum laser intensity is 10 , S-10 , B 

W/cm2. and the hot temperature is 15-30 keV. 
Results are shown in Fig. 4-1, where the target 

gain is plotted as a function of shell wall thickness 
for several laser pulse durations. Each figure is for a 
different target ball diameter. 

Figure 4-2 is constructed from the envelope of the 
curves in Fig. 4-1. Contours of constant target gain are 
shown as functions of capsule thickness and diameter. 
Each point on these contours corresponds to the maxi

mum target gain achieved with the optimum pulse dura
tion for the given capsule diameter and thickness. The 
maximum gain is about 1.6 x I0~:l. There is a broad 
range of target dimensions with near maximum gains. 
For example, gains greater than 1.5 x 10 : l may be 
achieved with diameters between 350 and 425 /im and 
corresponding wall thicknesses in the range of 
1.2-1.8 fim. The pulse durations corresponding to these 
contours are shown in Fig. 4-3. For example, a taiget 
with a 400-/um diameter. 1,5-jum wall thickness, and 
~57-ps pulse duration achieves a gain of 1.5 x 10 :l. 

Table 4-1 shows LASNEX calculations of various 
important implosion fusion parameters lor selected 
targets spanning the space of Figs. 4-2 and 4-3. The 
table shows that higher DT ion temperatures predominate 
for thinner shells with smaller diameters and that peak 
fuel densities are larger for smaller targets with thicker 
walls. 

Finally. Figs. 4-4 and 4-5 show details of the im
plosion and burn of a near optimum target with a 400-/xm 
diameter, a l.7-/um wall thickness, and an 80-ps laser 
pulse FWHM. Figure 4-4 is a plot of the DT-glass inter
face trajectory, with t = 0 at the peak of the laser pulse. 
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Fig. 4-3. Each combination of target 
parameters has a specific pulse-width re
quirement for optimal performances. This 
contour plot shows the approximate pulse 
width to be used for a given diameter and 
shell thickness for the largest target gain, 
which is found from Fig. 4-2. 
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A maximum implosion velocity of n x IP 7 em/s is 
reached more than one a (where FWHM = 2 V 2 1 n 2 rr) 
after the peak of the laser pulse, w.hen the interface 
radius is slightly less than half its original value. Figure 
4-5 shows the average DT temperature and density his

tories. The DT reaction time. 10-90% of the yield, is 
approximately 95 ps. In this calculation and in general 
for this parameter study, maximum gain occurs with a 
DT ion temperature of about 15 keV and a peak fuel 
density of about 0.1 g/cnr'. 

Tabic 4-1 . LASNEX calculations of some imporunt implosion fusion parameters at 30-TW input power. 

Gaussian Maximum Maximum Peak fuel 
Target Shell puke interface fuel ion 

diameter. thickness. FWHM, velocity. density. temperature. DT 
fjan ion PS fim/ps g/cmn keV reactions 

500 0.5 57 0.84 0.03 10.6 4.7 X 1 0 1 1 

SOO 2.0 100 0.63 0.10 10.5 12 
1.2 x i e " 

400 0.5 57 0.97 0.05 13.4 3.8 X 1 0 1 1 

400 3.0 100 0.63 0.12 11.5 9.1 X 1 0 1 1 

300 0.8 57 1.13 0.14 20.3 4.2 X 1 0 1 1 

mr 3.5 80 0.75 0.17 16.4 7.8 X 1 0 1 1 

2.0 65 1.07 0.35 25.5 6.2 X 1 0 1 1 

400 1.4 57 0.81 0.10 16.1 1.0 X 1 0 1 2 
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Fig. 4-4. A typical liaploaton hbtory hai a maximum inter
face velocity of about 7 X 10 ' cm/i aaii a peak comprenioa 
ratio of approximately CO. Tktie retain are from a one-
diaeatioMl LASNEX cakalatioa on a target with a 400-jim 
diameter and 1.7-pm waH thickaeai, with a hwr< FWHM of 
80 pi. Neutron yield to 2 X 10 ". 
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4.2.2 Exploding-Pusher Target Performance: 
Theoretical Model 

Exploding-pusher targets,"1 the most common tar
gets in early laser fusion experiments, are the first 
targets to be shot on the 25-TW Shiva iaser system 
at Lawrence Livermore Laboratory. Typically, they 
consist of glass microspheres of DT gas. For Shiva, 
microspheres are typically 200 fim in radius, 2 /urn 
in thickness, and filled with low-density DT gas at 
2 mg/cnv'. DT microspheres are popular for many rea
sons. They are relatively easy to fabricate and diagnose; 
also, they require no special temporal laser pulse shap
ing other than the usual Gaussian. As explained below, 
their physics requirements are also less stringent than 
those of the usual high-compression, isentropic implo
sion targets that will lead ultimately to economical 
energy production/' 

An exploding-pusher target heats the DT ions to 
thermonuclear temperatures (a few keV) in a three-step 
process. In the first step, an intense laser pulse rapidly 
heats the glass microsphere, preferentially heating the 
electrons. Because of its density, the electron-ion (e-i) 
coupling in the glass is good (T, . |~ 1 ps), producing an 
increase in glass ion temperature. In the second step, 
the electron thermal wave moves quickly through the 
glass and into the DT gas. Because of its low density, 
the electron-ion coupling in the DT is quite poor (TCI ~ 1 
nst. and the DT ions are heated only slightly. Energy 
deposition in the glass occurs so quickly that the shell 
explode: roughly half its mass outward and the remain
ing half inward. The imploding half of the shell acts as a 
piston, driving a shock through the DT that principally 
heats the ions. This is the second step of the ion-heating 
process. (At this stage. X„/R is still =£1/10. so that a hy-
drodynamic description is quite accurate.) In the third 
step, the glass shell continues to move inward behind 
this shock front, isentropically compressing the post-
shock region of DT and further heating the ions to ther
monuclear temperatures. The latter two hydrodynamic 
processes drive the ion temperature (0|) above the elec
tron temperature (0,.). The weak e-i coupling in the DT 
preserves this imbalance; thus, even by peak compres
sion time, 9\ » 0,.. The DT thermal pressure builds up 
and eventually stops, reversing the inward moving glass. 
The fusion reactions occur until thermal conduction and 
expansion cool the DT. 

High-compression, isentropic implosion targets are 
sensitive to electron preheat and to Rayleigh-Taylor 
instability. But exploding-pusher targets, because of 
their rapid thermal-wave early heating and their non-
ablative implosion dynamics, are insensitive to such 
preheat and instability. However, the latter targets' 
preheat levels and exploding-pusher behavior limit their 
peak densities to a few times liquid density, falling 
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short of the densities that lead to propagating thermo
nuclear burn waves and concomitant high gains. 

In this subsection, we present a simple model of 
the performance of exploding-pusher targets. To predict 
the neutron yield Y for given initial conditions, radius R. 
thickness AR, DT fill p„, peak absorbed laser power P, 
and pulse width r, note that 

Y ~ M p F a v r c , (3) 

where M is the DT mass, p F is its compressed density. 
(7v is the product of velocity and fusion cross section 
averaged over a Maxwellian distribution, and T,. is the 
confinement time. Fokker-Planck calculations for the 
parameters of interest here show that the DT ion distri
bution is sufficiently Maxwellian to justify the use of 
(Fv in the yield formula." The mass M ~ P(,RS and 
Pr = T)p,i, where the compression ratio i) also equals 
(R/RK)''. in which RK is the final compressed radius; 
also T,. ~ Rf/e s. where the sound speed c s ~ 0|" 2. in 
which 0t is the DT ion temperature at peak compression. 
Consequently, when the appropriate constants of pro
portionality are inserted, Eq. (3) becomes 

Y = 2 4 X 1 0 1 0 

T(ncutrons) * • * A l u 

X pQ(5 mg/cm3)R4(100jum)T)2/3 

X (av/0 1 / 2)(lOkeV), (4) 

with quantities measured in the units appearing in the 
parentheses. Because <fv is a well-known function of 
0i. we need only calculate 9, and j) to predict the yield 
Y. Below, we calculate 6t and t). Then we compare the 
subsequent yield calculations with simulations. 

Temperature Calculation. To find 0,, recall that 
the ion heating is caused by a strong shock followed 
by isentropic compression. From the strong shock 
relations7 for an ideal •y-law gas, it follows that in 
the postshock state the specific internal energy e = 
P / [ (y - l )p ] is equal to the specific kinetic energy 
(!6)u2, and thus both are equal to one-half the specific 
energy of the system E/2M. Consider some time T E , 
to be determined later, at which a shock driven by the 
exploding-pusher target is now propagating through the 
DT. If this shock has not undergone significant spherical 
convergences, the postshock (PS) DT velocity equals 
the velocity of the DT-pusher interface; thus. 

E(TE) 

= a-TT • ( 5 ) 



The parameter a is a measure of (1) how the 
energy in the pusher is partitioned between internal and 
kinetic and (2) the velocity gradients across the pusher. 
If we consider the pusher explosion process in terms 
of shock-tube theory7 for a gas of y = 5/3, we obtain 
a = 1/2. Let y = V p/3c with c the sound speed and 
x = p D T / < p p > in which < p p > is the time-
averaged density of the pusher. Then, shock-tube theory 
yields the relation y = 1 — (?.0xy2)"5. For typical cases, 
x = 0.005/0.4, which implies that y = 0.45 and thtis 1/2 
Vp = € or a = 1/2. Because of the 1/5 power depen
dence, y (and therefore a.) is insensitive to x. 

This treatment, using shock-tube theory, is only a 
first approximation because the exploding-pusher target 
is being strongly heated by the laser. However, as we 
show later, because of a self-correcting mechanism in 
this theory, the values of the initial DT temperature 
and the final DT temperature 0 t (and therefore the value 
of the yield as well), are insensitive to the exact choice 
of a. (Matching an isothermal rarefaction of the pusher 
to the DT shock also leads to values of a near 1/2.1 
Since pps = (y + 1) pj(y - 1) = 4p0 (by the strong 
shock relations), we obtain with a = 1/2: 

2.0 

1.5 

S i 1.0 — 

0.5 

I 
50 100 

F(t) 
150 200 

Fig. 4-6. The quantity ftt) [normalized energy under a 
Gauulan power puke; see Eq. (11)] vs the quantity F(t) 
[normalized radius of putber; see Eqs.(7) and (10)]. 

PPS = 4p 0E(r E)/3M (6) 

lb determine the explosion time T E , we require 
that this shock propagate until it has shocked tiie mass-
averaged fluid element at the half-mass point, which 
is at 0.8R [(0.8) 3 = 0.5]. The strong shock relation, 
Vsim-i, = {y + l)Vp;slI)n/2 = (4/3)v p, implies that the 
pusher is at 0.S5R at time T E . The right side of Eq. (5) 
relates v p to E ( T E ) ; thus it can be integrated to yield 

r(t) = R - M: •1/2 
/ ' / 

P(t")di" dt' (7) 

As noted earlier, dv is small compared to 9t; thus, Eq. (9) 
completes the 9{ calculation (17 is determined below). As 
a higher order correction, we can set 0,. = m„E(T*)/3M„. 
where r(r*) = R E . because the electrons heat up by 
conduction rather than by shock or compression. 

For a practical application of this model we define 
two functions, F(t) and f(t). plotted in Fig. 4-6 with 
t implicit. The function f(t) is simply a normalized in
tegral of a Gaussian [f(t) = 1 + erf (0.0171 - 5)], 
which is c.early related to calculating E(T K ) . The func
tion F(t) is proportional t o / f / 2 d t and is related to 
r = r(t) and, thus, to finding T E [see Eq. (7)]. More 
precisely, T E is found implicitly by 

F(r E )= 3.7 R 2 A R 1 / 2 T - 3 / V 1 / 2 (10) 

and r(TE) = 0.85R. With T E known, E(r E) is also 
known (the integral of P(t) from —» to T E ) . 

The isentropic compression, which occurs after 
the shock, follows the law 

5/3 
= (>J/4)' 5/3 (8) 

with R and AR in yum, T in ps, and P in TW. Eq. (10) 
is derived from Eq. (7), with a Gaussian profile of 
FWHM T and peak absorbed power P. Thus. F ( T K ) 
can be found from the initial conditions. Then Eq. (9) 
leads to 

<0e + 0;) = 60 P r R - 2 A R - V / 3 f ( T F ) (keV), (11) 

However, P F = (yp0)(0e + 0i)/2.5 m p , where 2.5 m p 

is the atomic mass of DT, thus, Eqs. (6) and (8) yield 

tf+e.)-- E ( T E ) I r.2/3 /3M„ (9) 

where r) is yet to be calculated, and f(r E) can be read 
from Fig. 4-6 because F (T E ) is now !- iwn. The self-
correcting aspect of this theory now bttomes apparent. 
Suppose a of Eq. (5) differs from 1/2 by a factor 0 
(say /3 > 1). Then, V p will be V/Fgreater and F (T E ) in 
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Eq. (10) will be 1/V/^smaller. In most cases of interest, 
we operate in the region of Fig. 4-6, where f ~ F 2 ; 
as a result. f(TK) will be I//3 smaller and so will E(T K ) . 
But Eq. (S) leads to P,,s - j8E(rh:) - /3//8; thus. P,, s 

remains unchanged and so does 0, — P|. s. 
From the discussion following Eq. (9), we set 

0(, = 60PrK" 2AR" 1f(r*) 

K(t*) = 6.6 (1 -7f , / 3 )F<r . . ) , (12) 

so that fft can be determined unambiguously. 
Compression Calculation. The comprcssion-17 

calculation is based on the conservation of mass, in 
which we equate the inner half of the pusher at time 
zero and at peak compression time. Thus. 

( 1 / 2 ) 4 T T R 2 ( A R ) ( 2 . 5 ) = 4?T J P(r)r2dr (13) 

1 0 1 4 

IU I I I. 
. . „2 I ' 

1 0 " Y ~ P 

8 10 1 2 

L _ M _ 
3 
8 10" 
2* 
*3 

|M 

? 1 0 1 0 — |M — 

10 9 

L 
- M M 

L 

1 0 8 

0 
I I 1 0 8 

0 1 1 10 100 
Power, TW 

Fig. 4-7. Yield (III matrons) vi absorbed power (in TW). M 
denotes model's predictions. L denotes L4SNEX simnlations 
in one dimension (spherlcil symmetry assumed). 

where the 2.5 represents the initial glass density. We 
need to calculate p(r) at compression time. To a first 
approximation, we expect p(r) = p(R F)(R F/r) 2 , which 
can be derived from the continuity equation (9p/3t) 
+ r~2 9(pv rr 2)/dr = 0. At peak compression time, 
(dpldt) = v r = 0 at r = Rf and r = R; consequently, 
by approximating v r = constant for all R t =£ r =s R, 
we obtain p(r) ~ r~2. Because at compression time the 
pressure at the glass-DT interface R f is continuous, 
thermal conduction implies p(Rt)(glass) = pK(DT) = 
T)p„. Thus, performing the integral in Eq. (13) leads to 

T? = (1 + WTiWs(i .25) AR/Rp 0 (14) 

Detailed studies of the one-dimensional LASNEX 
computer simulations show that for optimal targets, 
from 0.1 to 100 TW in absorbed powers, the glass 
density at peak compression time actually differs 
slightly from the first approximation O/r2) as derived 
above. We find that p(r) ~ p(R f)(R f/r) ; ; ' 2. This profile, 
applied to Eq. (13), gives 

T) = (l + 1.5WT (15) 

Yield Calculations. With W from Eq. (14) and 
7) from Eq. (15), we can now insert i)2li into Eq. (11). 
After first finding 0 C from Eq. (12), we can insert 0, 
from Eq. (II) into Eq. (4) along with i)2n and thus 
calculate the yield. Figure 4-7 shows the comparison 

between the simple model (M) and the complex 
LASNEX" code (L). Only the absorbed power is 
shown explicitly as ranging over three orders of mag
nitude. But the optimal targets for each power that are 
represented in the figure also have widely ranging 
parameters p„, R, AR, and T. Thus, we have subjected 
the model to a rigorous test, which it has passed. Note 
loo that the curve follows the scaling of yield with 
power. Y ~ P 2 , as predicted in Ref. 4. 

Because our theoretical model assumes spherical 
symmetry, we have compared it with one-dimensional 
LASNEX simulations. The fact that the LASNEX code 
tracks the experimental yields quite accurately4-3 is 
based on two-dimensional simulations. Imperfect spher
ical convergence (when the two beams are focused by 
f/2 lenses) reduces TJ, and therefore #i, and ultimately 
the yield Y by nearly an order of magnitude. 

Note that other simple models perform just as 
well,'1" revealing an agreement similar to that indicated 
in Fig. 4-7. However, there is one test case in a region 
of parameter space in which the other simple models 
fail but this model succeeds in matching the LASNEX 
prediction of yields. Consider a target 200 fim in radius, 
I p.m in thickness, 0.2 mg/cm 3 in DT density, 1/2 TW 
in absorbed power, and 750 ps FWHM. In such a case, 
Eq. (10) gives F(T K ) = 10 and Fig. 4-6 (if it were better 
resolved near the origin) indicates f(TE) = 0.075. Equa
tion (15) gives T/ 2 ' 1 = 175. Equations (11) and (12) then 
produce di - 7.2 keV and thus a yield of 5 x I0 1 0 neu
trons. In comparison with these model values, LASNEX 
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predicted values are i j 2 ' 3 = 200, 0, = 7 keV, and neu
tron yield = 5 x 10'°. The other models for the same 
case produce values of 172'3 = 54, 0t = 2 keV, and neu
tron yield = 3 x 10". The target for this lest case differs 
from a "mainstream," exploding-pusher target as rep
resented in Fig. 4-7: for 1/2 TW of absorbed power, its 
radius is twice that of a mainstream target, its DT fill is 
tenfold less (DT mass is therefore the same), and its 
pulse is longer to match the larger radius. Despite these 
differences, its behavior is still that of an exploding 
pusher in that the center of the pusher hardly moves 
from its original radius. Thus, our model correctly 
treats this case while other models do not. 

The reader is cautioned against using the formula
tion presented here in all parts of parameter space. 
If the pusher target is many hot-electron, mean free 
paths thick, we approach the ablative regime, because 
K,- ~ Oln. and for a "flux limited" hot-electron flux 
#..h ~ ! 2 / 3 ~ (P/R 2) 2"- (Plasma simulations seem to in
dicate a 0,,h ~ I" 3 scaling.) Thus, in the ablative regime, 
AR » Kv ~ P 4 / 3 R - 1 " 3 . If. in the other extreme, 
the pusher is quite thin, the suprathermal electrons de
couple from the pusher, do not deposit their energy, 
and the pusher explodes inefficiently. In this regime 
AR « At.. Typical values are a 6eh of 10 keV for an 
intensity of I0 , f i W/cm z (for 1 /xm laser light) and an 
approximately 1-ju.m mean free path in glass for a 
10-keV electron. Another regime in which the present 
model does not strictly hold is ion thermal quenching, 
in which the mean free path of a hot ion is larger than 
the compressed region. Thus, ion thermal conduction 
quenches the reaction even more quickly than hydro-
dynamic expansion cooling does. The criterion R t < \ t 

can be written rr]l3R < A, ~ 0?ln)p„. A 10-keV ion 
in DT compressed to liquid density has a mean free 
path of 10 jttm. Thus, when using this model, the reader 
should check a posteriori that these "forbidden" parts 
of parameter space have not been entered. 
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Larsen for his valuable comments and his expertise in 
simulating exploding-pusher targets. Thanks are also 
offered to E. Storm, G. E. McClellan, and D. F. Wright 
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4.2.3 Using Inner-Shell X Rays Produced by 
Collisions between Charged Particles and 
Atoms to Diagnose Implosion Characteristics 
of Inertially Confined Fusion Targets 

In inertially confined fusion, the thermonuclear 
reaction, charged-particlc deposition, and electron-ion 
heating rates are proportional to the fuel density p; the 
confinement time is proportional to the fuel radius R. 
Therefore, the self-heating, burn efficiency, and thermo
nuclear burn propagation characteristics are determined 
by the density-radius product pR. An unambiguous 
experim ital determination of the fuel pR is clearly 
necessary. Other factors that can greatly hinder the 
achievement of high fuel compression also need to be 
diagnosed. These factors are compression symmetry, 
pusher stability, and fuel-pusher mixing. We suggest a 
novel method that can diagnose all these quantities 
simultaneously. 

The technique depends vitally on the detection of 
inner-shell x-rays produced by the Coulomb collision 
reaction, 

C + A - » C + A + X , (16) 

where C represents the charged particles produced by 
the thermonuclear burn; A. the selected detector shell 
material (atom) placed between the fuel and pusher; 
and X, the inner-shell x ray (e.g., Ka) characteristic 
of the atom A. We know the number of charged par
ticles from an independent measurement of the thermo
nuclear neutron yield of the target, and we know the 
cross section for reaction (16). Therefore, the number 
of x rays produced is a direct measure of the pR achieved 
in the detector shell. Under certain assumptions, the 
fuel pR can be calculated from the measured detector 
shell pR. More significantly, if we image the x-ray 
line emission with sufficient resolution, the spatial 
distribution of the x-ray production can yield, simul
taneously, compressed fuel size and symmetry, stability 
of the pusher, and the degree of pusher-fuel mixing. 

Several important features or the technique are 
immediately apparent, (a) The required compression 
measurements are to be obtained at the burn time, which 
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is. in general, appreciably shorter than the implosion 
ti. le. Using the thermonuclear reaction products in this 
technique eliminates the otherwise stringent timing 
requirement. (b)The x-ray energy used for the diagnosis 
can be varied freely to accommodate other diagnostic 
requirements, e.g., to minimize the effects of background 
and/or attenuation of the x rays in the target. Further, 
it is possible to mix several materials to obtain, at the 
same time, different x-ray line emissions, (c) The use of 
high-Z material in the detector shell can contribute to 
the shielding of the fuel against the detrimental effects 
of electron and/or x-ray preheat, (d) There are sufficient 
built-in redundancies to provide consistency checks. 

For a typical exploding-pusher target consisting of 
a DT-filled glass microsphere, the 3.5-MeV a particles 
and the 3-MeV protons produced, respectively, by DT 
and OD reactions can be used as the charged particles 
in reaction (16). The choice of the detector shell ma
terial is a compromise between the DT reaction yield. 
K a x-ray production cross section, and x-ray background. 

Figure 4-8 shows that the x-ray bremsstrahlung 
backgrounds from the glass microsphere targets fall by 
about three orders of magnitude between 2 and 8 keV 
energy. The reduction becomes much less above 8 keV 
x-ray energy. Figure 4-9 shows that the variation of the 
K a x-ray production cross section has a weaker depen
dence on x-ray energy than the backgrounds between 
2 and 8 keV. For maximum K a x-ray production and 
minimum target background, detector shell materials 
emitting about 8 keV K a x rays are reasonable choices. 

We have studied the feasibility of using copper as 
the detector shell material, because copper K a x ray 
is about 8 keV and copper can be used for neutron-
activation analysis [K'Cu(n.2n)6aCu] to give another 
independent check of the detector shell pR measure
ment.10 The 8-keV x rays can be imaged with high 
efficiency (s= 63%) by a quartz bent-crystal mirror to 
give the required compression quantities (more details 
below)." We estimate that a minimum DT thermonuclear 
reaction yield of about 10'' is required to diagnose a 
detector shell pR of 10 - 3 g/cm3 using copper K a x rays 
and low-Z exploding-pusher targets.1" A number of tar
get experiments at the Argus laser system have had 
yields in excess of 10". Therefore, pR determination 
by K a x-ray production can be achieved with low-Z 
exploding-pusher targets and existing laser systems. 

For the ablation-driven inertially confined fusion 
targets that can compress fuel to high densities, the 
attenuation of the x rays produced in the detector shell 
by the target material may become large. The reduction 
in the x-ray flux can be offset by increasing the initial 
x-ray flux produced via reaction (16) (higher fusion 
yield from the target) while keeping the x-ray energy 
fixed. Alternatively, the x-ray energy can be increased 
by using higher Z material for the detector shell. [For 
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Fig. 4-8. Experimental x-ray spectra for glass microsphere 
targets irradiated by the 0.5-TVV Janus and 3-TVV Argus 
laser systems. 

reference. 8-keV (Cu Ka) and 69-keV (Au Ka) x rays 
suffer about 50% attenuation on passing through, re
spectively, 2 and 44 /urn of gold at normal density] 
Because the cross section for reaction (16) decreases 
rapidly with increasing Z of the detector shell material 
(see Fig. 4-9), higher fusion yields are again required 
to compensate for the lower production cross section. 
(The K a x-ray production cross sections by 3.5-MeV 
a particles and 3-MeV protons on gold are, respectively, 
a few and tens of millibarns.) It is important to note that, 
because of the limited range of the charged particles 
emitted by DT and DD reactions, the x-ray flux pro
duced by reaction (16) can be enhanced appreciably only 
by increasing the charged-particle flux instead of vary
ing the detector shell pR. Too high a detector shell 
pR is ineffective in increasing the x-ray production and 
can contribute to the attenuation of the x rays produced 
elsewhere in the shell. However, this higher yield re
quirement for increasing Z of the detector shell material 
places only a moderate limitation on the range of appli
cability for the technique. The more restrictive con
straints on the method are the consequences of the 
practical problems such as target fabrication and x-ray 
imaging. These are discussed below. 
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The difficulties in fabricating a target with a very 
thin detector shell of high-Z material on the inside sur
face (between the fuel and the main microsphere material) 
of a spherical target cannot be underestimated. It is, 
perhaps, possible to avoid most of the problems by 
using glass doped with the desired high-Z material in 
the target fabrication. For instance, if copper is replaced 
by zinc (8.6-ke V Ka x-ray energy) in the above example, 
then zinc borate glass (60% ZnO by weight) can be 
used to fabricate the glass microsphere.12 The glass shell 
becomes both the pusher and the detector. Radiochem
ical analysis of neutron-activated zinc ^Znfa^nJ^Zn 
can still provide the independent check on the detector 
shell pR. 

There are three options in the detection of the Ka 

x rays produced in the detector shell. In decreasing 
order of difficulty and information content, they are: 
a two-dimensional image, a line (one-dimensional) 
image, and detecting the number of K a x rays produced 
(no spatial information). 

1\vo-Dimensional Image. Two-dimensional im
ages of the compressed detector shell from more than 
a single direction are necessary to give an unambiguous 

determination of the fuel compression, symmetry, pusher 
stability, and fuel-pusher mixing. A properly contoured 
bent-crystal surface (two dimensions) would be required 
to reproduce the desired images. With the standard 
fabrication techniques, the distortions to the crystal 
structure would undoubtedly degrade the resolution 
obtainable and decrease the reflection efficiency. Never
theless, high reflection efficiencies (40-50%) and a 
resolution of 16 fim have been obtained for x rays of 
about 2-keV energy, using spherical quartz mirrors.'3 

Recently, wafers of quartz crystal have been made, using 
deposition techniques.13 This development should sim
plify the bent-crystal fabrication difficulties, improve 
the resolution, and increase the reflection efficiency. 

The Bragg angle and the width of the rocking curve 
of a crystal decrease with increasing x-ray energy. For 
example, the Bragg jmgles and the full widths of the 
rocking curve for 1011 plane of quartz are 13°l9'-8.8" 
and4°48'-3.9", respectively, for 8- and 22-keV x rays." 
This reduction in the Bragg angle as a function of x-ray-
energy forecasts increased spherical aberration effects. 
More importantly, the shrinking width of the rocking 
curve implies that more precise crystal alignment would 
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be required for higher x-ray energies. These constraints 
can be partially eased by the suitable choice of crystal 
material. Further, the undesirable spherical aberration 
effects can, in principle, be removed by the proper 
unfolding procedure. 

Line Image. A one-dimensional image of the 
compressed detector shell can determine the fuel com
pression and the fuel-pusher mixing. Compression 
symmetry can be diagnosed by obtaining multiple one-
dimensional images. These images can be obtained with 
cylindrical bent crystals. The constraints are similar 
to those discussed above for two-dimensional imaging, 
but the practical difficulties are much reduced. 

Detecting the Number of K a X Rays Produced. 
The number of Ka x rays produced in the detector 
shell is a measure of the compressed detector sheil oR. 
An x-ray spectrometer can be used to obtain the re
quired data. Detecting the number of x rays produced 
as a function of time with a spectrometer-streaking 
camera combination would reduce possible x-ray back
ground and may also provide information about target 
implosion time. 

Using the proper target, the compressed fuel pR 
can be determined by measuring the number of Ka 

x rays produced in the detector shell. With moderate 
difficulty, multiple one-dimensional images of the 
compressed detector shell can be obtained to diagnose 
fuel compression, symmetry, and fuel-pusher mixing. 
Recent advances in crystal wafer fabrication may make 
two-dimensional x-ray imaging of the compressed tar
get more feasible. 
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4.2.4 Low-Aspect-Ratio Double Shells 
for High Density and High Gain 

The outer shell of double-shell targets14""' discussed 
below is composed of a low-Z ablator and a pusher-
preheat shield layer, as shown in Fig. 4-10(a), or a 
low-Z ablator, preheat shield, and outer fuel layer, as 
shown in Fig. 4-10(b). The material between shells is 
gas. low-density foam, or void. The inner shell is a 
high-Z, high-density material, and the fuel is high-
density gas or solid. 

By contrast with double-shell designs such as those 
in Ref. IS, the designs presented here have several 
unique features: 

• Low-density outer pusher, density matched to 
the low-Z ablator. This feature reduces the growth of 
fluid instabilities at the pusher-ablator interface and 

Low-Z ablator 

Outer pusher 
preheat shield 

(density matched 
to ablator) 

Gas, low-density 
foam, or vacuum 

High-Z inner 
pusher-tamper 

Low-Z ablator 

R/AR ~ 3-5 

Preheat shield 
(density matched 

to ablator) 

Outer fuel-pusher 
DT layer 

R/AR < 10 Inner pusher-tamper 

High-density gas 
or solid fill 

- G a s fill 

R/AR < 10 

Inner fuel 

Fig. 4-10. Schematic doable-shell targets, (a) Double-shell target with single fuel region, (b) High-gain double-shell target with split 
feel B U M . R - target radius. AR » thickness of indicated section of target. 
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allows a larger volume, lower power, relatively stable 
implosion of the outer shell. 

• Low-density, low-aspect-ratio outer shells that 
require less power and energy to implode to thermo
nuclear ignition velocities. This characteristic increases 
the target gain and reduces the required driver power. 

• Low-density gas fill between shells. This fea
ture minimizes mass between the shells and allows the 
large-volume, low-density outer shell to effectively im
plode the inner shell. In addition, when the gas is heated 
by compression, thermal electron conduction smoothing 
increases the implosion symmetry and reduces growth 
of fluid instabilities on the outer surface of the inner 
pusher. Low-level preheat also inhibits fluid in
stabilities at this interface by formation of favorable 
density gradients. 

• A fuel layer, used as the outer pusher, that is 
ignited by the inner fuel. This feature results in very 
high gains. 

The double-shell targets have several advantages 
over single-shell, high-gain targets: 

• Relative insensitivity to preheat. Because of 
the high-density, high-Z layer surrounding the fuel 
at small radius, high-energy x rays and electrons are 
shielded from the fuel, which remains on a good adiabat. 
The preheat that does penetrate the inner shell does have 
a long time to act, however, as the outer shell runs in. 
lb obtain this kind of preheat shielding in a single-shell 
target, the ablator would have to be moved into small 
radius to keep the mass of the preheat shield at a small 
enough value, and the laser power would have to be 
increased to accommodate the smaller volume. 

• Insensitivity to laser pulse shaping. For the 
double-shell target with a single fuel layer, pulse shap
ing is not required because of the relatively massive high-
density pusher surrounding the fuel. The double-fuei-
layer target requires modest pulse shaping but is less 
sensitive to details of the pulse than a single-shell target. 

• Low-intensity, low-velocity implosion. Because 
of velocity multiplication when the more massive outer 
shell collides with the inner shell, the velocities re
quired for the outer shell are reduced. This means that 
light intensities on the ablator are lower, resulting in 
higher inverse bremsstrahlung absorption and less 
preheat. 

Double shells have a relatively large convergence 
ratio, defined as the ratio of initial radius of the outer 
shell to final radius of the compressed fuel. Typical 
designs have convergence ratios of close to 100. How
ever, the gas region provides some smoothing. Con
sequently, the required uniformity in implosion pressures 
is several percent. One way to achieve such symmetry 
is to use a long-wavelength laser early in the implosion. 
This long-wavelength light would be absorbed in a 
low-density corona produced by exploding a low-mass 

shell outside the main target.17 Many symmetrically 
arrayed laser beams could then be used to drive the 
system. For designs with a lower compression and 
smaller convergence, clamshell illumination would be 
adequate. 

By controlling the amount of preheat, we tan make 
the outer shell of the double-shell design quite insensi
tive to fluid instability. The inner shell is more sensitive 
to fluid instability and in reactor-scale high-performance 
designs may have to have 500-1000 A surface finishes. 
This shell can be made somewhat less sensitive to in
stability by coating with lower density materials to 
produce a density gradient, and by allowing some pre
heat to decompress the outer portion before collision 
with the exterior shell. 

Such designs, using 0.2-fim light, achieve the 
following calculated performance levels for the listed 
absorbed energy: 

• 500-1000X liquid density at 2 kJ, 
• \0c/c or more of breakeven at 15 kJ, 
• Gains > 10 at 200 kJ. 

With 1-ju.m light, the absorption efficiency is lower 
and preheat is more severe. These effects result in 
reduced performance, although designs have not yet 
been optimized. For example, 500-lOOOx liquid den
sity might require a Shiva-sized laser (15 kJ) instead of 
an Argus-sized laser (2 kJ). 

Double-shell designs with all the fuel inside the 
inner shell have a limitation of 30-50 on the possible 
gain. This occurs because the massive high-Z pusher 
must be accelerated to velocities high enough to ignite 
the DT fuel, yet the pusher itself does not burn. Al
though required implosion velocities are typically re
duced about 50'/< by the high-Z pusher, and although 
burn efficiency is increased by the tamping effect, the 
increase by a factor of 20-100 in imploded mass results 
in about an order of magnitude reduction in peak gain 
for targets in the 1-10 MJ size. However, it is possible 
to combine the velocity-multiplication effect of a double 
shell target with the large fuel mass of a single shell 
to achieve very high gain. This is achieved by making 
most of the outer-shell pusher out of DT, as shown 
schematically in Fig. 4-10(b). By appropriate pulse 
shaping, the outer DT layer can act as a pusher for the 
inner shell. 

Because of velocity multiplication between shells, 
such a design makes it possible to accelerate only the 
inner fuel to ignition velocities while accelerating most 
of the fuel mass to the lower velocity required for 
compression to the required density. The density times 
the radius of the outer fuel layer must be > I before 
the inner fuel ignites, and the explosion of the inner 
fuel must be energetic enough to light the outer fuel. 
Such targets have one-dimensional calculated gains of 
1000 on LASNEX with an input energy of about 4 MJ 
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and 150 TW. It should be possible to lower the energy 
and power requirements to about 1 MJ and 100 TW. 
Gains this high require high absorption efficiency and 
probably require a 0.2-/*m-wavelength laser, although 
work is continuing on designs that could use longer 
wavelengths. 

Afanas'ev et al."1 have proposed a very different 
class of targets, which they calculate to have a gain of 
1000 at 1 MJ. The targets require the symmetric, stable 
implosion of very thin shells with ratios of target radius 
to shell thickness of ~ 100. Such targets have a con
vergence ratio three to four times greater than that of 
the double-shell targets presented above and are much 
more sensitive to preheat and fluid instabilities. Figure 
4-11 shows LASNEX calculations of the condition of a 
100/1 beryllium shell after moving less than 300 \tm. In 
this calculation, the perturbation started with a wave
length equal to the shell thickness at 1-cm radius and 
with an amplitude of 100 A. These calculations indicate 
that the shells would not survive the implosions even 
with surface noise as small as a couple of angstroms. 

The hydrodynamic efficiency of the targets as calculated 
by LASNEX is three to four times lower than the 
authors reported, so the gains are lower and the powers 
required are higher than reported. In addition, even in 
one-dimensional calculations, these targets require about 
the same energy per unit mass and only about 50% 
less power than the thick shells presented above. The 
intensity at the ablation surface is about an order of 
magnitude lower for the thin shells. Unless the 50% 
reduction in power or order-of-magnitude reduction in 
intensity is critical to success, the thick shells presented 
above represent a much lower risk approach to high-
gain pellets. 
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4.2.5 High-Performance Inertial Confinement 
Fusion Targets 

We consider inertial confinement fusion (ICF) 
target designs that may have very high gains (~ 1000) 
and low power requirements ( < 100 TW) for input 
energies of ~ 1 MJ. These include targets having very 
low density shells, ultrathin shells, central ignitors, 
magnetic insulation, and nonablative acceleration. 

The earliest ICF target designs were solid or hollow 
spheres of DT fuel.19 Solid spherical targets have 
minimum fabrication cost. When imploded by high-
performance lasers (in terms of wavelength, efficiency, 
power, repetition rate, and pulse shaping) these targets 
produce minimum-yield fusion microexplosions with 
high enough gains for practical applications, have near 
minimum laser energy requirements, and make possible 
minimum-size power plants (~ a few hundred mega
watts). An important disadvantage of solid targets is 
the very high power requirement, because the cost of 
1CF drivers generally increases with power. 

Use of hollow rather than solid targets reduces the 
required driver power from more than 1000 TW to ~ 100 
TW. To relax the driver wavelength (or voltage) and 
efficiency requirements, we have increased the mass of 
the fuel in the canonical target. We have also introduced 
some intermediate and high-Z coatings for ablators, 
shields, and pushers. The larger fuel mass has increased 
the required driver energy (to ~ I MJ) but has relaxed 
the cost limitations on target fabrication (to 10-100 
cents/pellet). 

For some ICF driver technologies, improved target 
designs would be advantageous to further reduce the 
power and efficiency requirements. Increasing the target 
gain also increases the yield, which would allow farther 
increase in the target fabrication cost. We consider 
several target designs that may achieve high perfor
mance levels. 

Theoretical Possibility of High Performance with 
Very Low Density Targets. Consider a target (Fig. 4-12) 
that is made entirely of very low density materials 
(0.2 g/cm3) and is moderately hollow (AR/R = 0 . 1 , 

Ablator 

/ * — — - — - * — Pusher 

'•*- 'Fuel 

•* Void 

Fig. 4-12. Section of • kollow, iflwricil incrtlal 
CMlhMmat futon t»rftt mutt of k»w-«Mity akttrUli. 

where AR is the shell thickness and R is the shell 
radius). A gain of 1000 will be achieved if the follow
ing conditions are satisfied: 

• Burn efficiency 40%, 1.4 x 10" J/g, 
• Implosion velocity 2 x 10' cm/s, 2 x 107 J/g, 
• Implosion efficiency 14%, 
• Mass of DT 10' 3 g. 

The compressed spherical fuel density-radius product 
pr and the DT burn efficiency $ are related by 2 0 

1 - 0 6 ' 

Then rp = 4.5 g/cm2 for <$> = 0.4 For r/> = 4.5 and 
mass M = I0~3g. the density is 

2 (47T/3) ( rp ) 3 , 
P t A ~ , P = 6O0g/cm 3 . 

An implosion velocity of 2 x 107 cm/s, corresponding 
to a specific energy of 2 x 107 J/g, generates maximum 
density when the DT electrons are degenerate. Then 

Energy e = j e p e m i = 3 X 10 s

 | 0

2 ' 3 J/g , 

o r p * 600 g/cm3 when e = 2 X 10 7 J/g . 

The electron degeneracy condition is 

1 2 ^Fermij 
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or the electron temperature 6 < 100 eV for p = 600 g/cm2. 
Isentropic implosion may be achieved by pulse shap
ing.1" To ignite an all-DT pellet, a central core having 
pr = 1/2 g/cm 2 must be driven to = 10 keV tempera
ture.2" The mass corresponding to 0.5 g/cm 2 is ~ 10 - ' ' 
of the total, whereas the specific energy at 10 keV is ~ 
102 of the average, so the ignition energy is small com
pared to the energy of compression. 

The implosion efficiency may be roughly estimated 
as follows. Assume the ablator weighs = 4 mg and has 
a density of 0.2 g/cm'1. Then, if the 5 mg of DT and 
ablator is initially a spherical shell with AR/R = 1/10, 
the initial radius is = 3 mm. If the average radius is 2 mm, 
corresponding to a volume of 1/30 cm 3, an average driv
ing pressure of = 5 Mb is required to accelerate 1 mg to 
2 x 107 cm/s. If the peak pressure is 10 Mb, then for a 
\-/xm laser the peak power is = 10-20 TW and the inten
sity is = 50 TW/cm 2. 2"' 2 1 Using the flux limit equation, 
an electron temperature of 400 e V follows, correspond
ing to a velocity of 2.5 x !0 7 cm/s. The peak im
plosion efficiency is2" 

v. . 
Implosion efficiency » l m P 

Vimpl + K v c x h 

%.2 + O X 0 . 2 5 ) ~ ° - 2 p e a k ' 

where v, x l l is the velocity of the ablated material, v i m | l | 
is the velocity of the imploded material, K is a correc
tion for the heating of the previously ablated material, 
and classical electron transport is assumed. At lower 
implosion velocities, the efficiency is smaller. LASNEX 
calculations with l-//m light show an average efficiency 
of somewhat less than 10%. This efficiency may be 
increased by use of shorter wavelength laser light.2 0 

p ^ ,2/3 1/3 

At constant ablation pressure, 

^ x h - T 1 - * 2 , 

where P is the ablation pressure, p (. is the critical den
sity corresponding to laser wavelength X, and I is the 
laser intensity. Hence, by reducing the wavelength, the 
exhaust velocity at constant ablation pressure may be 
reduced enough to increase the implosion efficiency 
to 15%. 

To attain high performance levels in practical im
plosions, several important constraints must be ob
served, including (a) symmetry, (b) stability, (c) entropy, 
(d) absorption, and (e) fabrication. 

(a) Symmetry. The implosion must be suffi
ciently spherically symmetric. In the example above, 
the central 1/2 g/cm 2 must be sufficiently spherical to 
ignite efficiently. Because the density is 600 g/cm3, 
the compressed radius is = 10~3 cm compared to an 
initial radius of 0.3 cm, a convergence ratio of 300. 
This implies implosion accuracies better than 1 % [from 
Ar ~ A(vt) ]. By use of multiple beams, electron trans
port in a low-density atmosphere, and shimming, it 
is theoretically possible to achieve such high con
vergence ratios.2" 

Shimming means correcting implosion asym
metries by introducing nonspherical variations in the 
shell radius and thickness during fabrication. To fully 
exploit shimming requires sufficiently accurate two-
dimensional implosion codes, diagnostic methods ca
pable of experimentally resolving asymmetries (e.g., 
radiochemical techniques), and highly reproducible 
drivers. 

(b) Fluid instabilities. A very low density target 
shell may have a moderate aspect ratio ( ~ 1/10). Con
sequently the growth of fluid instabilities may be suffi
ciently controlled by density gradients in the ablation 
region having scale heights comparable to the wave
length of the most damaging perturbations. If necessary 
the scale height of the gradient may be controlled by 
introducing an energy spread in the electrons or ions 
that drive the ablation.22 

(c) Entropy is controlled by pulse shaping and by 
avoiding excessive preheat. Experiments carried out 
at LLL and KMS Fusion, Inc. show that the modest 
pulse-shaping requirement of moderately hollow tar
gets can be achieved. The preheat may be adequately 
controlled by shielding (seeding some high-Z ma
terial in the ablator material adjacent to the DT) 
and by enhancing inverse bremsstrahlung absorption 
(and reducing n.incollisional absorption) by use of 
intermediate-Z ablators, short-wavelength lasers, and 
lower intensities.2" 

(d) Efficient absorption is obviously essential to 
high performance. Plasma instabilities and resonance 
phenomena do not absorb laser light efficiently.23 Effi
cient absotption may be achieved by inverse brems
strahlung at relatively low intensities (< 1014 W/cm2) 
in material with Z = 5-10 (higher Z materials may 
have excessive energy losses by x rays) with light 
that has a relatively favorable incidence angle and a 
short wavelength. 

absorption length ~ p ~ 2 Z ~ 1 0 3 / 2 ! T 2 

• I I V ' J W 
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(e) Fabrication poses special problems for targets 
made entirely of very low density materials. Low-
density foams are not sufficiently homogeneous. Other
wise, all these low-density materials are cryogenic 
in the liquid or solid state. In principle it is possible 
to make hollow shells of frozen DT and then coat 
these shells with mixtures of hydrogen and noble ma
terials such as neon and argon. Alternatively, a solid 
sphere of liquid DT may be appropriately coated and 
then used to make a hollow gaseous target in situ.24- 2 5 

In this approach a spherically convergent laser pulse 
would suddenly melt or vaporize the pellet while strongly 
vaporizing a small region in the center. Expansion of 
this gaseous core would then generate the hollow 
sphere. Another alternative is to use either a spherical 
or parallel beam of laser light, ions, electrons, etc., to 
volume heat and vaporize an ultrathin target, which 
upon expansion would be transformed into a low-
density target. This approach has the advantage that one 
or more shells in the ultrathin target need not be 
cryogenic during normal fabrication. An advantage of 
in situ fabrication is that, during expansion into vac
uum, small fabrication imperfections would be healed. 
To avoid collapsing back to higher densities when the 
implosion pressure is applied, a preheat temperature of 
a few electron volts is required. 

Although the above analysis indicates that gains 
of 1000 should be achievable with 100-kJ, 20-TW 
short-wavelength lasers imploding moderate-aspect-
ratio low-density shells, detailed LASNEX calcula
tions show much smaller gains. Typically, the com-
pressional energy is severalfold higher than the theoret
ical minimum required to achieve efficient ignition. For 
hollow-shell implosions there is a conflict between the 
entropy and ignition conditions: It is difficult with laser 
energies < I MJ to find a pulse shape that implodes a 
hollow shell to high densities with small entropy 
changes (0 « ehemti) in the bulk of the fuel while caus
ing the central core to reach ignition conditions 
(0 » enrol). As the laser energy is increased to 1 MJ 
and larger, the theoretical gain of 1000 may be ap
proached because the inertial burn time increases with 
DT mass, so the entropy and ignition requirements are 
relaxed. 

Targets with Very Thin Shells. It has been 
proposed26 that high performance levels may be achieved 
with targets having very high aspect ratio (1/100) shells 
of moderately high density materials (2-20 g/cm 3), 
and that stable acceleration of such shells is feasible. 
Note that, if 2 g/cm3 materials are used, the shell has 
the same mass at the same radius, but is 1/10 as thick at 
10 times the density, as in the low-density approach 
described above. In power requirement the thinner, 
higher density shell has no significant advantage over 
the corresponding low-density shell: 

PR 3 ~ p R 2 A R v 2 , m ~ pR 2 AR 
and 

power ~ PR 2v ~ (m/oAR) 1 / 2v 3 , 

where P is the average implosion pressure, v is the 
implosion velocity, and m is the target mass. The key 
parameter is pAR, so to a first approximation a low-
density moderate-thickness shell has the same power 
requirement as a moderate-density ultrathin shell of the 
same pAR and m. Similarly, the potential gain of the 
low-density shell is approximately the same as that of 
the higher density shell, providing some care is used in 
the initial stages of the pulse shape applied to the low-
density shell. However, the thin shell is drastically less 
stable: 

A = A 0exp/-yyadt , 

where A and A„ are the time-dependent and ini
tial amplitudes of the fluid instabilities. X is the wave
length, and a is the acceleration. Because the worst 
K is ~ AR, and at 2 ~ R for constant v, we have 

so the thin shell has VTo more e foldings of instability 
growth. Consequently, much longer wavelengths grow 
to disastrous amplitudes for the higher density shell 
than for the lower density shell. These wavelengths are 
so large that it is no longer possible to control their 
growth by density gradients, because the gradient scale 
height must be comparable to the wavelength and not 
enough material is in the shell to generate such scale 
heights. LASNEX calculations show disastrous failure 
during acceleration.27 

It has been asserted that these ultrathin shells may 
be stabilized by other means, e.g., by faster accelera
tion, 2 8 by turbulence,29 or by resonant acceleration.30-S1 

The slow acceleration conjecture is contradicted by 
LASNEX calculations. Turbulence stabilizes by density 
gradient formation, and, as noted above, not enough 
material is available to generate the required gradients. 
Resonant acceleration depends on the presence of some 
other damping mechanism, in this case density gra
dients, to control the growth of the modes whose 
growth rate is increased by the resonant driving. How
ever, again density gradients are ineffective. 

Overall, these ultrathin shells have no significant 
advantage in gain or power, a probably fatal instability, 
and only a minor advantage in pulse shaping.* Some 

*LASNEX calculations show much smaller gains than claimed by 
Afanas'ev et a l . H 
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noncryogenic shells (not including the DT fuel) may 
be fabricated, but an ultrasmooth surface finish is 
required. If several alternate cryogenic/noncryogenic 
layers are required to achieve central ignition, the fab
rication problem appears to be extremely difficult. 

However, one possible means of controlling the 
growth of fluid instabilities in ultrathin shells merits 
detailed calculation. Assume that the driving pressure 
is a few megabars or less. Then if heating by elec
trons, x rays, thermal waves, and shocks is kept suf
ficiently small, sufficient stabilization may be achieved 
by the shear strength of the shell, particularly when 
dynamic effects and the increase in shear strength and 
melting point with pressure are included. Calculations 
with two-dimensional elastic-plastic-hydrodynamic 
computer programs in which the stress is represented 
as a tensor and realistic stress-strain failure criteria 
are used predict substantial damping of fluid instabili
ties when the shear strength is of order 17c of the driving 
pressure.32 However, if the shell is made too thin, 
then the growth of relatively long wavelength perturba
tions is not effectively controlled by material strength. 

Targets with Central Igniters. The perfor
mance of hollow targets may be increased somewhat by 
a small central ignitor.*27 The required implosion 
velocity of the outer shell may then be reduced from 
2 x 107 "TO/S to —1.4 x 107 cm/s. Twice as much 
fuel may then be imploded for the same energy to 
about one-third the density (200 g/cm3). For the low-
density case considered above, the pr would change 
by (Mp2)"3 or [2 x (l/9)]« = 0.6, from 4.5 g/cm2 to 2.7 
g/cm2. This would change the burn efficiency from 
4.5/10.6 = 0.43 to 2.7/8.7 = 0.31. Hence the yield 
would increase by 2 x (0.31/0.43) = 1.45. 

A cross section of a hollow shell with .antral 
ignitor is shown in Fig. 4-13. During convergence the 
inner part of the outer shell reaches velocities greater 
than 1.4 x I0 7 cm/s. Upon collision with the relatively 
lightweight inner pusher, the velocity of the inner 
pusher multiplies to > 2 x 107 cm/s. This velocity 
is sufficient to compress and ignite the inner fuel. The 
inner fuel then produces sufficient energy to ignite the 
outer fuel through the intervening pusher (which, if 
necessary, could be fissionable by DT neutrons). A 
potential advantage of this approach is that the gas 
region is heated to several hundred electron volts, and 
that electron conduction in this region may improve the 
symmetry of the ignitor implosion. Two difficulties are 
mixing of the ignitor pusher material into the outer 
fuel, which would make ignition of the outer fuel more 
difficult, and fabrication. This target must be fabricated 
without introducing such large perturbations at the 

^Conceptually this design is intermediate between solid and hollow 
designs. 
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^ F u e l 
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im* Fuel 

Kg. 4-13. Sector of a spherical taertM confinement nision 
farcet having a central Ignitor and an outer fuel layer. This 
target Is capable of very high gains, and the required driving 
power Is exceptionally low. 

seams (when the ignitor is inserted through the outer 
shell) that the yield is seriously degraded. Finally, the 
outer surface of the ignitor pusher is driven purely 
hydrodynamically and must either be made relatively 
thick compared to the radius (~ 1/6) or have a surface 
finish <1000 A, and possibly both. 

Noncentral ignitors are also possible. A layer of 
high-Z material may be used in the fuel shell. To 
achieve very low density, high-Z material, a mixture 
of DT and Xe may be used. Then the shell may be 
relatively thick. There are a number of variations of 
the central ignitor; e.g., the central fuel may itself be 
moderately hollow, and/or the ignitor pusher may be 
light and low density, etc. These possibilities are being 
examined. 

Targets with Magnetic Insulation. The implo
sion velocity required to reach thermonuclear tempera
tures may also be reduced if the ignited region contains 
a magnetic field to reduce cooling by electron conduc
tion, and if the density is low enough that cooling by 
bremsstrahlung is not dominant.33 However, with driv
ers capable of generating high energy densities, use of 
magnetic insulation does not lead to significant in
creases in gains or reductions in power, because reduc
ing the implosion velocity reduces the DT density and 
burn efficiency (as in the ignitor example). In addition, 
the critical size and ignition velocity of the DT is lim
ited by ion conduction as well as by how large an initial 
magnetic field it is practical to generate. Finally, for a 
minimum mass of low-density DT to ignite an adjacent 
larger mass region of high-density DT, the density 
mismatch must not be too large (=s 10). Otherwise, the 
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front propagated into the dense DT is not strong enough 
to achieve ignition. 

Nonabiattve Acceleration. The two principal 
inefficiencies in the ICF fusion process are in th>: abla
tive implosion and in the driver: the former is of order 
10% efficient, and the latter may be substantially less 
than 10% efficient. We consider the following ideal— 
apparently impractical—scheme in which the input en
ergy to the target is reduced from 1 MJ to 100 kj, the 
input energy to the driver reduced from more than 10 
MJ to of order 100 kJ, and the driver power reduced 
from ~ 100 TW to ~ 1 GW. (With the resulting gains 
—1000, the driver energy and pellet mass could of 
course be reduced by one or more orders of magnitude 
to make smaller reactors, or to make gigawatt-size reac
tors with higher driver repetition rates.) Imagine the 
spherical surface of a hollow DT shell divided into 
sectors, e.g., 12 pentagonal sectors. Each of these sec
tors is to be accelerated magnetically or electrostat: 

cally with high efficiency in a "gun" to a velocity of 2 
x 107 cm/s.* If the acceleration and aiming could be 
precise enough, the 12 sectors could be assembled to 
form a sufficiently perfect spherical shell moving in
ward at 2 x \07 cm/s. 

A less efficient and less demanding scheme 
technologically is to electrostatically or magnetically 
accelerate 10-10"* small pellets to velocities of 2 x 107 

cm/s over a distance of about 1 km. These pellets are 
directed spherically symmetrically onto a target, where 
they are vaporized by impact with a thin outer shell and 
jets penetrate into a region of gas. The deposition of 
energy in the gas heats it to temperatures of 100 eV, 
generating pressures of =10 Mb. Electron conduction 
strongly smooths the irregularities caused by the finite 
number of pellets. This pressure implodes a double-
shell target with a thick low-density outer shell (Fig. 
4-14). 

The practicality of this approach depends on the 
technical details of the pellet-accelerating system, 
which are not yet fully analyzed. Under some condi
tions it may be advantageous to accelerate the multiple 
pellets ablatively with lasers. Calculations84 show that 
medium-to-short-wavelength lasers operating in a rela
tively high efficiency ( > 100 JUS) mode can accelerate 
pellets to 2 x I0 7 cm/s in distances of ~ 100 m with an 
ablative efficiency of ~ 10-20%. Most important, the 
laser power is reduced more than 1000 fold from ~ 
100TW to < 10-100 GW. Unfortunately, for CO z lasers 
the ablation efficiency is only a few percent. 

Summary. Advanced target designs seems cap
able of approaching gain 1000 with appropriate 1-MJ, 
100-TW drivers. These targets seem well suited to im-

*TM required acceleration length is » 100 m. 

plosion by lasers, ions, and electron beams, and pos
sibly also by a large number of tiny pellets. 
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Fig. 4-14. Sector of a spherical inertial confinement fusion target driven by many hypervelocity micropellets. The outer shell 
vaporizes the pellets and smooths the driving pressure. The inner target is a central-ignitor design. 

4.2.6 Acceleration of Solid Macroparticles by 
Laser-Produced Ablation 

The kinetic energy resulting from the acceleration 
of macroparticles (order 0.1 g) to velocities in excess of 
10" cm/s can be used for strong shock generation, fu
sion studies, and fueling thermonuclear reactors. We 
have performed a computational study of the feasibility 
of accelerating a macroparticle (BB) with laser light. 

Reaction to the laser-produced blowoff from one
sided laser illumination accelerates the BB. Laser-
produced blowoff results when a laser beam of suffi
cient intensity (> 1 GW/cm2) strikes a solid surface. 
Intensity sufficiency is established by requiring a phase 
change at the surface of the material. This condition 

also ensures that the thermal wave, which is controlled 
by thermal diffusion, is closely coupled to the ablation 
wave. This coupling results because thermal conductiv
ity is a strong function of temperature for heated mate
rial that produces a sharp leading edge on the thermal 
wave. The velocity of the heat wave is proportional to 
z/VT, where z is the spatial coordinate and t the tem
poral coordinate, which reduces in time. 

At some point the heat diffusivity cannot provide 
enough heat flow out of the absorbing layer.35 Thus, the 
temperature of the substance increases until evapora
tion of the surface material is responsible for heat re
moval. Then, thermodiffusivity stops playing a sig
nificant role and irads only to a comparatively thin 
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heated layer in the solid substance that is attached to the 
surface of the ablation wave. 

Evaporation, dissociation, ionization, and creation 
of a laser-supported ablation wave result when ibis in
tensity minimum is exceeded. The process is depicted 
schematically in Fig. 4-15. The laser intensity is con
strained from above by the material yield strength, pro
ducing a solid-density BB. 

Understanding ablation and how to optimize 
laser-produced ablation comes in part from ablation 
modeling in the current literature. However, to gain 
more detailed insight into ablation than is possible from 
ideal models, it is necessary to perform hydrodynamic 
calculations that include the pertinent physics. 

The threshold laser flux for ablation to be the dom
inant heat-removal mechanism may be estimated by 
•.'omparing the specific energy in the heated zone to the 
energy required for phase change. The thickness of the 
healed zone at time t is of order of magnitude (at)"2, 
where a is the thermodiffusivity. The thermal energy 
produced at the surface up to time t is bounded by 
<frobst. where $ a b s is the absorbed laser flux. The 
specific energy of the heated zone at time t is then 
0abSt/(Pn at)"2, where p„ is the initial density. For va
porization to occur, the specific thermal energy should 
be equal to the vaporization (sublimation) specific en
ergy U during time t. which would not exceed the laser 
pulse length T. Mathematically, this physical condition 
may be stated 

(pfc) 1' 2 
• = U < 

rabs 

P„ a 1/2 
(17) 

Laser 

"BB 

Fig. 4-15. Schematic of BB acceleration caused by laser-
produced ablation. v n is the velocity of the ablated (exhaust) 
material, and v B B is the velocity of the BB. 

Suppose we want an absorbed laser flux large 
enough that the ablation mechanism dominates after the 
first 0.1 ns of the pulse. Then <t>alls > 8.4 x 10" W/cm2. 

One- and two-dimensional Lagrangian hydro-
dynamic calculations are performed using the LAS-
NEX magnetohydrodyiiamic computer code. The re
sults of these calculations are then used to infer laser 
intensity I and scaling laws for ablation pressure (/»J)"2 

and mass flow rate (p a

3!)" 4, where p a is the density at 
the absorption surface. Pressure scaling is explained by 
energy partitioning as a function of intensity (see Table 
4-2). Note that, as the intensity increases, a decreasing 
fraction of the energy is plasma thermal energy and an 
increasing fraction is reradiated. This accounts for the 
ablation pressure scaling with I"2 rather than I2" as 
expected when radiation loss is neglected.'16 Once 

* a b s ' 
y 1 / 2 u 

.rl/2 (18) 

Equation (18) specifies the threshold laser flux for 
surface vaporization and the minimum flux for which 
the vaporization of material plays the primary role in 
heat removal. To get an order-of-magnitude answer for 
the flux implied by Eq. (18), we use a handbook value 
for the heat of vaporization for glass (Si0 2) of 3.5 x 
10" erg/g and pick 10~2 cm 2/s as the thermodiffusivity 
of glass, which is about an order of magnitude less than 
the thermodiffusivity for a good conductor. Hence, for 
this case the threshold flux is given by 

8.4 X 10 3 W - s I / 2 

abs" (19) 

Table 4-2. Energy partitioning as a function of intensity. 

«L.' 
GW/cm 2 hX 'KX I T

d / l L 

4 0.50 0.22 0.28 
7 0.54 0.22 0.24 

10 0.56 0.22 0.22 
15 0.58 0.22 0.20 
20 0.60 0.22 0.18 
40 0.64 0.21 0.15 

I. » Absorbed laser intensity. 
1 R * Reradiated intensity. 

CI„ * Intensity that results in kinetic energy. 
I~ * Intensity that results in plasma thermal energy. 
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ablation pressure scaling is established, mass flow scal
ing follows. Specifically, since p cc (p a I)" 2 , then T « 
(MPa)"2 and , n e sound speed C s cc T" 2, which, when 
coupled with mass conservation m = p a C s , yields m oc 
(P. I ) w . 

To optimize the efficiency of BB kinetic energy 
production, the ablation parameter scalings found from 
the LASNEX calculations are used to calculate varia
tions in laser intensity temporal profiles. First, a one-
term power law temporal profile I = l„t" is chosen, 
where t is the elapsed time and n is a variable parameter. 
The rocket equation is solved for the BB velocity. Varia
tions in the intensity profile are made by changing n un
der the constraint that the total absorbed energy remains 
constant. Also, the energy is deposited during the time 
t u b required to ablate all the initial mass. Second, a 
Gaussian temporal intensity shape I = I 0e""' ' c r ' 2 i r is 
chosen, and the ratio tt./o~ is varied under the same con
straints as the power law variation. The optimized inten
sity profile from both variation calculations increases 
the efficiency of BB kinetic energy production by less 
than 25% when compared to kinetic energy produced 
by an intensity that is constant in time. 

We find from these studies that the efficiency with 
which BB kinetic energy can be produced from laser 
light varies inversely with absorbed laser energy, as 
depicted in Fig. 4-16. Here, the efficiency as a function 
of mass ratio for various total absorbed laser energies is 
plotted. These calculations are performed using 5-p.m 
laser light incident on a one-dimensional plasma slab of 
S i0 2 initially at O.I-eV temperature (1160K), which is 

below the melting temperature of glass. The efficiency 
decreases from about 20% to roughly 10% by an in
crease in absorbed energy from 4 to 40 MJ. Allowing 
only efficiencies greater than 10% restricts the absorbed 
energy to values less than 20 MJ for 5-pm light. 

From two-dimensional LASNEX calculations we 
find that the density at the absorption surface p a , at 
which most of the light is absorbed, is not a strong 
function of laser wavelength. In fact, the bulk of 1-p.m 
laser light in the 10'" W/cm 2 intensity regime is ab
sorbed at densities not very different from that for 
10-pm light. The density for 1-p.m light is 6 times 
greater than for 10-p.m light, whereas the critical den
sity for l-pm light is 100 times greater than for 10-p.m 
light. This fact is due to the two-dimensionality of the 
expansion plume behind accelerating BB's coupled 
with the density and temperature nonlinearity of the 
inverse bremsstrahlung absorption coefficient. 

A design of a BB accelerator can now be given. 
Suppose we desire a BB accelerator that produces 1 MJ 
of solid-density kinetic energy with final BB velocity of 
20 cm/ps. Also suppose the laser is a large C 0 2 laser 
thai produces constant-intensity laser light for t u b , 
where t„ b = m„/rh, i.e., the ratio of the initial mass to 
the mass flow rate. We assume, consistent with our 
calculations, that BB kinetic energy is produced with 
10% efficiency from absorbed laser energy. Hence, I = 
IOEK/t u b, where E K is the final BB kinetic energy. Let
ting m„ = 0.5 g/cm2 andp,. = 4 x 10 _ B g/cm 3 (Z = 10 
for Si0 2) completes the specification of the problem. 
Calculated quantities are listed in Table 4-3. 

Table 4-3. Typical design of a BB accelerator. 

Variable Equation Value 

Mass flow rate rii = B(pf CI) 1 / 4 

Burnup time t . = — 

Intensity I s 
10E. 

lub 

48.8 g/cnT 

0.01s 

1 GW/cm2 

Ablation pressure p . = A(p CI) 0.43 kbar 

8.63 cm/us Effective exhaust v "= p ./m 
velocity 

Final mass nt - m ne •
V BB / V ex „ „ , 2 

0.05 g/cm 

Accelerator length s = v t . —(1-ln m/m„) 0.29 km 

A = 0.0039. 
B * 0.0268. 
C = 3 X 1 0 1 0 cm/s. 
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This design allows for a conservative ablation 
pressure, hence a relatively long acceleration time and 
accelerator length. For acceleration times of 10~2 s we 
would expect Rayleigh-Taylor instability growth to be 
destructive in a fluid-fluid case. However, even though 
the acceleration time is I0 5 times the minimum 
Rayleigh-Taylor e-fold growth time, we expect the elas
ticity of the solid material coupled with material 
strength to damp any Rayleigh-Taylor growth in BB 
acceleration. 

Interesting engineering problems arise as to how 
to keep the BB within the laser beam during the entire 
acceleration time. Several preliminary answers that re
quire much more detailed study are proposed: 

• Use small steering lasers that are incident ra
dially and that rely on feedback from a target-finding 
laser system for their direction. 

• Use magnetic guide fields and metallic BB's. 
• Shape the BB's for optimum stability. 

These and many other engineering questions could be 
solved for a practical design of a laser ablation accelera
tion. 
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4.2.7 Calculation of Actiniae Burnup in 1CF 
Pellets 

To evaluate the potential of advanced inertial con
finement fusion (1CF) target designs for a possibly im
portant future application, we performed Monte Carlo 
calculations of neutron reactions on actinide isotopes 
mixed with the fuel. The application in question is 1CF 
pellet center burnup of fission reactor waste, i.e., 
14-MeV neutron fission of the very long lived actinides 
that pose storage problems. The pellet performance 
parameters calculated provide some quantitative input 
to system* studies of various burnup reactor concepts 
and fission economy plans. 

Ultrahigh-gain reactor pellet designs have been 
discussed elsewhere. The present calculations were 
based on a relatively conservative, simple, one-shell 
design (by J. D. Lindl) with a gain of order 300. The 
imploded configuration of this standard pellet is 
reached after using about 6 MJ of laser energy, and the 
resulting thermonuclear yield is 1800 MJ. The same 
pellet configuration with its imploded density doubled 
served as an example of a design with improved trans
mutation. 

A transfer matrix formed from the most recent 
evaluated-nuclear-data library (ENDL) neutron cross 
sections is used to calculate the neutron transport, reac
tions, and redistribution of neutrons among energy 
groups. Figure 4-17 shows the time-integrated neutron 

8 12 
Energy, MeV 

Fig. 4-17. Neutron spectra for pellets in 
which pR = 15 u d 5 g/cm 2 . 
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brid or blanket burnup device. Safety is in fact the 
major advantage of pellet center burnup: only milli
grams of highly toxic and active material need to be 
present in the fusion cha iber, whereas blanket burnup 
requires the continued presence of tons of actinides in a 
small volume. The results plotted in Fig. 4-18 indicate 
that one ICF plant could transmute the actinide waste of 
up to 10 power-equivalent fission reactors. Thus, 
large-scale development would appear to provide a 
foreseeable-future technology that greatly reduces the 
necessity of high-integrity waste storage (burial) time 
from 107 to just over 102 years. 

For a more detailed report, see H. W. Meldner, 
Inertial Confinement Fusion and Long-Term Nuclear 
Waste Management, Lawrence Livermore Laboratory, 
Rept. UCRL-8I2I4 (1978). submitted toM/<7. Set. and 
Eng. 
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spectra for the fuel region of pellets in which the fuel 
density p times the fuel radius R equals 2.5 and 5.0 
g/cm2.The amount of downscattering is noticeably dif
ferent from some published estimates37 that did not 
involve the detailed explosion simulations and exten
sive Monte Carlo calculations performed here. The 
high-energy ( > 15 MeV) neutrons contribute notice
ably to the burnup by fast fission. 

Figure 4-18 depicts our burnup results. The 
nonelastic. reactions explicitly followed for each isotope 
in questions are (n,n'), (n,2n), (n,3n), (n,4n), (n,y), 
and (n,fission). The actual loss per target seed is plotted 
in Fig. 4-18 as metric tons burned up for I0 8 shots. The 
curves turn over because increased admixture of high-Z 
material to the fuel eventually squelches the thermonu
clear bootstrapping by absorptive progresses. The limits 
in the ratio of burned to admixed actinides as depicted 
in Fig. 4-18 indicate that a few milligrams of active 
material accumulate from each shot. These are, how
ever, similar to the amounts of tritium and activated 
first wall structure material produced per explosion in 
any ICF reactor. The complications of reprocessing un-
burned actinides therefore do not significantly change 
the operational hazard potential relative to a pure fusion 
plant. This advantage is in marked contrast to any hy-

4.3 Electron- and Ion-Beam Target 
Design and Analysis 
4.3.1 Magnetically Insulated Charged-Particle 
Targets 

Electron-beam accelerators proposed for fusion 
applications have special target requirements. The long 
deposition range of the electrons, bremsstrahlung pre
heat, low beam power, and 20-I00-ns pulse lengths are 
best suited to relatively large, massive targets that ex
hibit low output gains. However, these machines are 
relatively efficient and can produce very high total 
beam energies that, if properly utilized, might offset 
these inherent difficulties. 

One solution to the bremsstrahlung and range 
problems is to use light ions instead of electrons, gen
erated by reversing the accelerator's polarity. Light ions 
have been generated at powers approaching 1 TW. 

A target approach that is directed to the low-
power, long-pulse-length characteristics of both elec
tron- and ion-beam accelerators uses a magnetic field in 
a preheated fuel region. Past reports have concentrated 
on providing designs to match existing machines. 3 8 , 3 9 

By adding a frozen fuel layer to the target, one can 
scale this approach to gain ~ 100 targets. A conceptual 
view of this approach is shown in Fig. 4-19. w A low-
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Fig. 4-19. Conceptnal view of 
magnetically insulated target. A frown fiiel 
layer surrounds a preheated low-density fas 
containing a magnetic field. The preheated 
fas is compressed to ignition conditions by 
the imploding pnsher, and then propagates 
the hum to the frozen fuel layer for gains 
~100. 

density, preheated gas is surrounded by a frozen fuel 
layer and a high-Z pusher/tamper. A magnetic field 
externally supplied is embedded in the fuel and serves 
two functions. If the fuel density is low enough, the 
magnetic field can inhibit thermal conduction from the 
DT to the surrounding pusher wall, allowing a nearly 
adiabatic compression of the preheated fuel to reach 
ignition conditions. A second advantage occurs at 
maximum compression. If the initial magnetic field is 
large enough, the resulting compressed field can trap 
the alpha particles produced by the DT fusion reac
tions, thereby heating the burning plasma even further. 

The net result is a target design that may approach 
minimum input requirements for the driving source. 

Calculations on LASNEX show that significant 
yields from this target approach are possible. Table 4-4 
lists typical target variables for various-sized capsules, 
all driven by a 10-MeV proton source. AH sizes are 
characterized by relatively low input powers, and there 
are no pulse-shaping requirements for the larger shells. 
Fora2-MJ, 80-TW input, a gain of 84 is achieved from 
the target, shown in Fig. 4-20. 

These minimal power and energy requirements are 
not attained without difficulty, however. To signifi-

Table 4-4. Summary of optimized ion-driven targets using magnetic fields. 

Fuel radius, cm 
0.2 0.1 0.05 0.0?.5 

Input power 80TW/25ns 4STW/10ns 1TW/I.5ns 
5TW/1.5-3.5ns 
35TW/3.8-9.0ns 

0.5TW/1.8ns 
2TW71.8-2.lns 
8TW/2.1-2.4ns 
30TW/3.4-4.9ns 

Input energy, MJ 2.1 0.45 0.2 0.079 
Yield, Mj ISO 15 0.67 0.087 
Gain 84 34 3.4 1.1 
Max. interface velocity. 12 13 14 14 

cm/fis 
Min. fuel radius, cm 0.011 0.0045 0.0019 0.0014 
Compression ratio 5900 11,000 17,000 6,000 
Max. fuel temperature, keV 210 110 29 28 
Max. fuel density, g/cm 230 340 560 560 
Max. fuel pR, g/cm 0.82 0.5 0.28 0.11 

4-25 

http://2TW71.8-2.lns


F%.4-2t. GcomtryfcrtarfttprodadiigapliiorM.TlK 
<int <llMllll«lnlt«l«HMIW«I<MWWltlltl«CtW-»«<lo«' 
omdaclba Mttkjlbn *r I f mitlV, nfcHnty> ml m 
WtW (M Awi ttafwatwre (TU eV. 

cantly reduce thermal conduction losses implies high 
values of magnetic field in the fuel region. Reducing 
the magnetic field to zero drops all the yields in Table 
4-4 below breakeven. This occurs even if the field is 
introduced as the implosion is proceeding. Thus, initial 
values of magnetic field of the order of 1-10 MG are 
required to maintain the preheat and ensure adiabatic 
implosions. Larger values of magnetic field appear un
necessary, because the reduction in conductivity im
proves as the implosion proceeds. Conduction losses 
arc proportional to 1/<U2T2, or p 2/B' 2T : ' , where m is the 
plasma frequency, r the collision time, p the material 
density, B the magnetic field, and T the fuel tempera
ture. For a spherical adiabatic implosion, the thermal 
conductivity is then proportional to the radius to the 
fourth power, yielding smaller conduction losses later 
in time. 

Note that the reduction in conductivity applies to 
both electron and ion terms. Unless the ion thermal 
conductivity is also inhibited 100 fold at late implosion 
times, ignition temperatures are not attained, and there 
is no significant yield. The field values specified should 
meet this requirement. 

Several methods for producing these fields are 
shown in Fig. 4-21. Magnetic fields formed by injecting 

long-range electron or ion beams, as shown in Figs. 
4-21(a) and 4-21(b), may be neutralized and reduced by 
return currents. Those methods also cause perturba
tions in me pusher and frozen fuel surrounding the gas. 
which can further degrade the implosion. If these 
shortcomings can be removed, existing beam sources 
can produce the required field levels. Using the density 
and temperature gradients formed by localized heating 
[Fig. 4-21 (c)] causes smaller pusher/fuel perturbations 
but limits the magnitude of field produced. The most 
promising approach appears to be use of a fuel wire 
coated with minute amounts of low-Z conducting mate
rial such as beryllium, as shown in Figure 4-21 (d). 
This provides a current path to produce the field with 
minimum fuel pusher degradation. Figure 4-21 (e) de
picts two additional approaches suggested for 
nonsphcrical targets. 

The frozen fuel layer indicated in Fig. 4-19 is re
quired to yield gains of order 100 or greater. The den
sity of the gaseous fuel must be kept low, or field re
quirements become impractical to limit conduction 
losses. This forces a mass limit on the available fuel 
and therefore a limit on the fusion energy produced. 
The frozen layer removes this fuel limit but also forces 
one to have a minimum gaseous mass to allow the burn 
to propagate into this frozen outer layer. If the com
pressed low-density central fuel is =s0.1 as dense as the 
cold outer layer, then propagation of the burn is very 
difficult if not impossible. At these densities, magnetic 
field requirements are still under 10 MG. 

All the listed designs are results of one-
dimensional calculations, and thus overlook some dom
inant nonsymmetric effects. Most methods of produc
ing magnetic fields form a gradient in field from axis to 
the outer wall. This gradient drives the heated plasma 
to the wall, and severe turbulence can result. Not only 
does introducing the magnetic field produce perturba
tions, but the fuel becomes a very nonuniform region 
and should be treated with two-dimensional Eulerian 
codes. Considerably more promising results must come 
from the one-dimensional study than has been exhibited 
to date before such an effort can be justified. 

For high-gain targets, questions of fuel cleanli
ness, implosion symmetry, fluid instability, and target 
fabrication must also be addressed. 

The conclusion from the one-dimensional study is 
that use of magnetic fields and preheat leads to minimal 
power and energy requirements. However, a large 
number of questions remain unanswered, particularly 
in two-dimensional geometry. Answers to those ques
tions could lead to increased requirements. 
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4.3.2 Maximum Ion Energies for Heavy-Ion 
Fusion 

A high-gain fusion microexplosion requires a 
beam power > 100 TW. In the case of heavy-ion fusion 
the power is simply the product of ion energy and ion 
current. Because of collective effects, the production 
and transport of high-current, low-energy beams are far 
more difficult than the production and transport of 

low-current, high-energy beams. In fact, the maximum 
ion-beam power that can be transported in a con
ventional alternating gradient system is proportional to 
(ion energy)""'.41 Therefore, for a given beam power 
and number of beams there is a lower limit on ion 
energy. 

Furthermore, accelerator costs increase less 
rapidly than linearly with ion energy. Thus, there are 
significant reasons for increasing ion energy. Unfortu
nately, fundamental target considerations place an 
upper limit on ion energy. The implosion velocity re
quired to achieve significant thermonuclear burn is de
termined by the rate of energy loss from the imploding 
fuel and the amount of energy required to compress the 
fuel. The velocity is only weakly dependent on fuel 
mass, and for a well-designed, high-gain target cannot 
be less than about 2 x I0 7 cm/s. If one models an 
implosion as a simple rocket, the velocity of the 
payload (thermonuclear fuel) v is given by v = v„ In 
(mi„|/m p aj), where v„ is the exhaust (ablator) velocity 
and m,„i and m p a v are, respectively, the total rocket 
mass and the mass of the payload. It can easily be 
shown that the efficiency of a rocket becomes poor for 
mtoi/m„ ay >10, so for an efficient (high-gain) target v 
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g 2v„ so that v„ > 10' cm/s. The kinetic energy alone 
corresponding to a velocity of 107 cm/s is 5 MJ/g; 
furthermore, the thermal energy of the heated ablator is 
typically larger than the kinetic energy. For practical 
targets the ion beam must deposit a specific energy 
> 20 MJ/g. 

Al least two beams are required for adequate im
plosion symmetry, so 2 x I0 7 J/g < E/m = E/2jrr 2R, 
where r is the focal spot radius in cm and R is the ion 
range in g/cm 2. For a given input energy this relation 
imposes an upper limit on R. Figure 4-22 shows R as a 
function of energy for a variety of ions. The target 
material is assumed to be lead at a density of 2 g/cm 3 

and a temperature of 200 eV. These conditions are typi
cal of fusion targets, but in any case the range is only 
weakly dependent on density and temperature.41 

For targets having an input energy ~ I MJ the 
minimum reasonable focal spot radius is ~ 1 mm. This 
minimum target radius is determined by the average 
implosion velocity and the pulse length. For a 1-MJ, 
100-TW target the pulse length is ~ 10~8 s. The average 
implosion velocity is about half the peak implosion 
velocity of 2 x 10' cm/s, so the target cannot be 
smaller than (107 cm/s)/10~8 s = 1 mm. Moreover, at 
> 1-MJ input, the small quantity of fuel that can be 
contained in targets smaller than I mm begins to limit 
target gain. For smaller, 100-kJ targets, a focal spot size 
of 0.5 mm becomes reasonable. 

Using the minimum target size, the minimum 
specific energy, and the curves in Fig. 4-22, we have 
calculated the maximum allowable ion energy as a 

function of atomic weight for three different targets. 
The results are shown in Fig. 4-23. 

It should be emphasized that these curves do not 
represent a sharp upper limit above which targets will 
not work at all and below which all ion energies are 
equally effective. In terms of specific energy we expect 
target gain to increase rapidly as the specific energy is 
increased from ~ 10 MJ/g to ~ 30 MJ/g. It is also true 
that for a given specific energy there is some advantage 
in going to a larger focal spot size and shorter range; or, 
in terms of accelerator parameters, there is some advan
tage in low-ion-energy, high-emittance beams. This re
sults from the fact that larger targets allow long implo
sion times and therefore lower beam powers. However, 
fluid instabilities limit the maximum target diameter, so 
ranges less than ~0.03 g/cm 2 or focal spot sizes larger 
than ~1 cm in radius are not useful for targets in the 1-
to 10-MJ input range. 
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4.4 LASNEX Overview 
The LASNEX code is used to design laser, elec

tron-beam, and ion-beam targets and to analyze experi
mental results. For several years LASNEX simulations 
of glass microsphere targets have been remarkably 
accurate over large variations in design parameters, 
laser power, and neutron yield. These targets, however, 
all used low-to-intermediate-Z materials, and as a re
sult the important physics was mostly limited to absorp
tion by resonance processes, energy transport by elec
trons, hydrodynamics, and thermonuclear reactions. 

Simulations of recent gold disk irradiation exper
iments showed that the LASNEX model overestimated 
both laser absorption and x-ray losses. In these high-Z 
experiments, inverse bremsstrahlung can dominate res
onance absorption of the laser light, and the plasma 
energy balance is determined as much by radiative 
emission as by electron transport. We have made sev
eral changes to improve the inverse bremsstrahlung and 
radiative emission models in LASNEX. Agreement 
with experiment has improved significantly. 

The rate of absorption by inverse bremsstrahlung 
is proportional to ZT e - 3 ' 2 L, where Z is the degree of 
ionization, T e is the electron temperature, and L is the 
density gradient length. LASNEX had been overes
timating Z because it used Saha equilibrium to deter
mine ionization. Including the effects of radiative re
combinations and solving rate equations for ionization 
reduces Z by about a factor of two for these exper
iments. LASNEX had been underestimating T c because 
of various inadequacies in radiative energy balance. 
These are discussed below. LASNEX had been over
estimating L because it neglected the hydrodynamic 
effects of the laser light. Use of a new ponderomo-
tive force algorithm shows density steepening and a 
reduction in L. Each of these inadequacies led to an 
overestimation of the inverse bremsstrahlung ab
sorption. With the improved models of ionization, ra
diative energy balance, and ponderomotive force, the 
results agree well with experiment. 

The loss of energy by radiative processes becomes 
more important in high-Z material. Accurate simula
tion requires calculation of the atomic configurations, 
the emission and absorption properties of matter with 
those atomic configurations, and transport of the radia
tion out of the material. LASNEX had been using an 
inline subroutine package to generate the atomic con
figurations and opacities, assuming local thermo
dynamic equilibrium (LTE). These routines were fast 
but not accurate. The transport of the radiation was 
handled in the diffusion approximation, which did not 
allow for the proper variation of intensity with photon 
direction. 

Within the LTE approximation, changes were 
made to use frequency-dependent opacities generated 
by the HOPE 4 2- 4 3 code. This level of opacity cal
culation is too expensive to run inline, so tables were 
generated. The LTE assumption was removed by 
making the methods of solving the non-LTE rate equa
tion work well for parameters of interest to laser fusion. 
With these improved models, LASNEX can adequately 
compute radiative energy loss from high-Z matter. 
Their use also gives us increased confidence that we are 
accurately calculating x-ray preheat of implosion 
targets. 

A spectral-line postprocessing code for LASNEX 
has been used to design x-ray line density diagnostics 
for high-density, low-temperature plasmas. The method 
has been extended from 10 x to 100 x solid DT density 
with only slight degradations in target performance. 
With this scheme it is possible to diagnose densities 
beyond 1000 x solid. 
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4.4.1 New Ponderomotive Force Algorithm 
The ponderomotive force in laser-produced plas

mas is of current interest because the intensities avail
able to irradiate targets are steadily increasing and be
cause experiments to study density-profile modification 
have recently been performed.44 The ponderomotive 
force of high-frequency radiation is slowly varying in 
time and second order in the field amplitude, thus be
coming more and more significant as the intensity of 
the electromagnetic radiation increases. To properly 
model high-intensity target irradiation and to analyze 
and reproduce the experiments, a new ponderomotive 
force algorithm has been added to the LASNEX com
puter code. 

The algorithm for the ponderomotive force in 
LASNEX was obtained by demanding that momentum 
be conserved and by using the well-known Wentzel-
Kramers-Brillouin (WKB) (geometrical optics) solu
tion for wave propagation in a plane-parallel medium.4 5 

The full analytic expression for the ponderomotive 
force (the gradient of the radiation stress tensor) re
duces exactly to the new LASNEX prescription for 
cylindrical geometry (as in LASNEX), using the WKB 
solution for the fields.46 
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The algorithm described by Eq. (20) consists of 
two terms. The first term is the gradient of the scalar 
pressure, created by the plasma medium in which the 
light is propagating. In free space, € - I, and the term 
vanishes. This pressure term does PdV work on the 
material. The second term is the divergence of the light 
momentum flux density tensor. n o / s is the a component 
of the amount of light momentum flowing in a unit time 
through a unit area perpendicular to the /3 axis. This 
interpretation is seen by integrating the momentum 
equation over some volume and transforming into a 
surface integral by Green's formula. The tensor term 
transfers the momentum change of the light to the mate
rial and therefore ensures conservation of momentum. 

Extensive calculations of one-dimensional (spher
ically symmetric) exploding-pusher-type targets were 
performed to study the effect of the ponderomotive 
force on target dynamics.'17 For the spherical glass mi-
croshells filled with DT gas and irradiated with short-
duration pulses of 1.06-/xm light at normal incidence, 
the ponderomotive force causes a density jump to form 
at the critical density, although the position of the criti
cal radius changes only slightly (see Fig. 4-24). LAS-
NEX calculations that invoke thermal conduction inhi
bition (assuming the electron-ion two-stream instability 
as the inhibition mechanism) agree better with the ex
perimental results of the size of the density jump than 
LASNEX calculations that do not invoke thermal con
duction inhibition.47 The lower density shelf is smaller 
in the calculation with inhibition, as seen in Fig. 4-24. 
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The algorithm for the ponderomotive force F A 

in LASNEX in terms of the light intensity 1 and the real 
part ri the dielectric function e may be written as 
follows: 

CF LASNIiX] _ J L 
~P )a~~*xa 

h'^] -knaK ' < 2 0 ) 

where Yla/1 = (Ie"2/c) (!•<*) (!•/&) and c is the speed of 
light. I is a unit vector in the direction of the radiation 
energy flux, a and $ are unit vectors in a given coordi
nate system. If 1 is in the r,z plane with 

I = rsin0 + i cos0 , (21) 

then 

„ , ! £ l l l U ' 0 «»* corf 1 [ " , , " „ 1 ( M ) -
e LcosOsinfl cos20j L"zr "zzj 

In practice the second term in Eq. (21) is handled by 
differencing the r and z momentum components of each 
light ray across a zone rather than actually forming 
n„B. One quarter of tl 
to each zone vertex. 



The absorption process is also affected by the 
ponderomotive force. Collisional absorption (i.e., in
verse bremsstrahlung), which has an absorption effi
ciency e proportional to n 2

e0 b~" 2, is reduced by the 
presence of the ponderomotive force. In the forced 
case, the underdense coronal region has a lower elec
tron density gradient n(. and a steeper electron tempera
ture gradient 0b. Therefore, the classical inverse brems
strahlung absorption in the presence of the ponderomo
tive force is significantly smaller than in the unforced 
case. Figure 4-25 illustrates typical nt. and 0b profiles 
with the ponderomotive force. The classical absorption 
efficiency, also plotted, is efficient (i.e., >0.1) for only 
a relatively small region of ~0 .3 jum just outside the 
critical radius. Without this steepened profile, e would 
not be so strongly peaked and absorption could occur 
over a longer path. 

In summary, the classical absorption efficiency is 
greatly reduced by the presence of the steepened den
sity profile caused by the ponderomotive force, and the 
steepened profiles obtained in LASNEX calculations 
with inhibited thermal transport agree better with the 
experimental results than those without inhibition. 
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4.4.2 Improvements to XSN Atomic Physics 
XSN is the in-line subroutine package used by 

LASNEX to determine ionization and excitation states 
of ator>s and to calculate their absorption and emission 
properties. The package is detailed in Ref. 48. Here we 
describe some of the basic physics, plus changes made 
to the XSN package to make it more appropriate and 
accurate for laser fusion calculations. 

We can run XSN in either LTE (local ther
modynamic equilibrium) or non-LTE modes. In the 
LTE mode, the ionic configurations are assumed to be 
given uniquely by the electron temperature 0, the mat
ter density p , and the atom fractions x, of each element 
in the material. In the non-LTE mode, the ionic config
urations are determined by solving rate equations and, 
in general, depend also on time and on the photon a id 
suprathermal electron distributions. In either mode, the 
configurations are described by the number of electrons 
in each of seven levels for each element. This is the 
average atom approximation. 

The Saha-Boltzmann equations in the LTE mode 
take the form 

P . . = • 
1 + ( 3 1 7 / p Z ) A j 0 3 / 2 exp [-I.n/fl ] 

(23) 
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where P l n is the number of electrons in level n of ele
ment i, A ( is the atomic mass of this element in amu, p 
is in g/cm, 3 and 0 is in keV. I l n is the ionization poten
tial for this level, and D|„ is its degeneracy (normally 
D l n = 2n 2). Z is the number of free electrons per nu
cleus: 

=2> [Z; nuclear P- I (24) 

The ionization potential is given by the derivative 
of the atom's potential energy with respect to popula
tion, minus a continuum-lowering correction given by 
Stewart and Pyatf"*: 

g e potential 

I s . = in dP. - (AE) . . (25) 

The atom's potential energy is the sum of level 
energies times population. The level energies are given 
by Dirac's formula in terms of the screened nuclear 
charge and the level number: 

_ potential „ \ T ^ „ /•* „\ n 
ei = 2J D i ' » c ( i n ' ' i n (26) 

In the nonrelativistic limit, cmrai. = Rd Z i n

2 /n 2 . The 
screened nuclear charge is given by Slater screening 
coefficients'1" as 

P. 
m lm 

z = z nuclear _ V » 
in I ^^ n 

m<n 

- 1 / 2 0 P. ( 1 - — ) (27) 

When contimmm-lowering forces the ionization poten
tial toward zero, the degeneracy of the level is reduced 
smoothly from 2n 2 to zero, so the populations given by 
Eq. (23) also vanish. 

The above equations are solved by the algorithm: 
A. Guess P|„. 
B. Determine I,„ [Eqs. (25)-(27)]. 
C. Iterate for P l n , Z [Eqs. (23), (24)]. 
D. Determine new I, n [Eqs. (25)-(27)]. 
E. Refine I („. 
F. Go to C. 

Step C uses Newton's method to iterate on Z. Step E 
uses a combined Newton's method with numerical de
rivatives and an underrelaxation method. 

In the non-LTE mode, XSN determines level 
populations by solving the coupled set of rate 
equations: 

l T = < D i n - P i n > 

- P : . 

i + X 1 p R' 1 
en ^ t im mn I 

m J 

R' + V * (D. - P . )R' I . (28) nc ^ t * im im' n m ' 

The first term is the rate of electrons entering level n 
and is proportional to D l n - P,„ (number of holes re
maining in the level). The second term is proportional 
to P l n and represents the rate ofelectrons leaving level 
n. Each term is a sum of transitions involving the con
tinuum and other levels. The rate coefficients (R'm n) are 
the rates of transition from level m to n per electron in 
m per hole in n. These coefficients are, in turn, written 
as 

R ' „ = P ' +T' 2 - i S 1 

mn mn mn mn (29) 

where the three terms represent transitions involving a 
photon, a thermal electron, or a suprathermal electron. 
The photon- and suprathermal-induced transitions use 
integrals over these distributions. Photon and thermal 
electron rates are designed to give detailed balance 
where appropriate. Suprathermal rates include only 
upward transitions. Radiative rates assume unit Gaunt 
factors, while collisional rates have been fit to the re
sults of Ref. 51. 

The rate equations are solved by the algorithm: 
A. Guess P l n at end of time step. 
B. Determine l l n [Eqs. (25)-(27)]. 
C. Determine all rate coefficients. 
D. Solve linearized matrix of Eqs. (24) and 

(28). 
E. Form new P{n by underrelaxation. 
F. Go ;o B. 
In the non-LTE mode, the material pressure and 

energy can not be taken from standard tables, which 
assume LTE. Currently, the energy is calculated as the 
sum of contributions from free electrons and ions, po
tential energy of the atom, and a Coulomb correction. 
The free-electron energy includes partial ionization and 
Fermi degeneracy. Potential energy is given by Eq. 
(26). The Coulomb correction is taken from an ion 
sphere model. Material pressure includes free particles 
and a Coulomb correction, but it is thermodynamically 
inconsistent in ionization regions. We are currently 
working on establishing consistency. 

One of the principal results of non-LTE pnysics in 
laser fusion applications i:- . ^ reduction in the degree 
of ionization and radiation emission in high-Z disks. 
The lowered degree of ionization and excitation is at
tributed to the inclusion of radiative recombination and 
bound-bound transitions in the rate equations. These 
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transitions tend to fill the lower levels with electrons, 
which greatly reduces radiative line emission at high 
frequencies. Reduced emission increases the electron 
temperature, which, along with the reduced degree of 
ionization, causes inverse bremsstrahlung laser absorp
tion to decrease. Results from the non-LTE model show 
a greatly improved agreement with experimental mea
surements of laser absorption and radiative emission 
(see § 6.6). 
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4.4.3 X-Raj Lines as a Density Diagnostic in DT 
Plasmas near 100 x Solid Density 

An ultimate laser fusion target that achieves sev
eral thousand times liquid densities and a few kilovolt 
temperatures requires near-isentropic implosions that 
give high densities but !ow temperatures. This combina
tion makes diagnosing such targets very difficult. Be
cause of mo low temperature, not much radiation or 
yield is generated, and, because of the high density, 
what emission there is tends to be reabsorbed before it 
escapes. This subsection extends the line emission di
agnostic first used in the LLL 10 x liquid density exper
iments5 2 to the 100X liquid density regime. The basis 
of the line calculations mentioned below is a post
processor code for LASNEX that has been described 
previously.53 

Given an initial target design, the addition of a line 
diagnostic requires ensuring line visibility without per
turbing the initial target designs unduly. The "me inten
sity is most strongly affected by the tempei^.ure in the 
fuel region. Consequently, the attenuation in the pusher 
before a line photon escapes suggests using a high-Z 
seed and low-Z pusher. In contrast, the sensitivity of 
the line width to density effects decreases with increas
ing Z, so a balance is required. Also, the choice of 
pusher material affects the implosion by changing the 
preheat, initial density, etc., so that the implosion in 
general is degraded, and this loss must be minimized. 
The^c factors will now be discussed in detail. 

Line Intensity. Assuming a simple, optically 
thick, homogeneous model of a fuel region surrounded 
by a pusher shell, the intensity ratio of line/background 
is given by 

1 of „ of ., „ - T - + cosfl r - = PK(*_ - f) c at oz P 

where 
I L , I B are the line and background intensities, 

respectively, 
A c , A p are the outer core and pusher radii, 

respectively, 
T,.. T p are the core and pusher temperatures, 

respectively, 
E L is the line energy, 
F p is the fraction of the line that gets through 

the pusher. 
The fundamental requirement, therefore, is to have the 
core hotter than the pusher. For an ablative implosion 
this is normally the case, because the whole idea is to 
maximize the efficiency of energy transfer to the fuel 
region. Given this requirement, one has an exponential 
gain factor that must make up the losses caused by shell 
attenuation of the line and by its lower area of emis
sion. As an example, for EjTe = 5, T,./Tp = 2. and 
A t./A p = 1/10, the line/background ratio is 15x F p . 
The parameters chosen in the example are similar to 
those taken from sample implosions. With a pusher 
attenuation of 2x or less (implying a low-Z material), 
they yield an overall line/background ratio of 2=5 for 
the iowest (n = 2) helium-like resonance line, which 
should provide visibility of three helium-like series 
members. The high-density limit to this scheme occurs 
when the core region becomes thick in the continuum at 
the line position. This limit occurs at an electron den
sity of 10 2 6 cm" 3 (-3500X liquid density). 

Line Broadening. Firire 4-26 shows the many 
components of the observes line width. We want the 
density component to dominate vhe observed width to 
make possible a density determination. As discussed in 
more detail in Ref. 54, for the hydrogen and helium
like resonance lines the intrinsic line profile is deter
mined at the conditions of the present experiments by 
the Doppler and electron-impact broadening. By equat
ing these widths, we can construct a scaling relation for 
the highest allowed Z of the seed as a function of elec
tron density; Fig. 4-27 illustrates the results for electron 
temperatures of 250, 500, and 1000 eV. 

To complete the discussion of the observed line 
profile, we briefly mention the effects of opacity 
broadening and instrument resolution. In the 3-keV re
gion appropriate for the present experiments, crystal 
spectrographs can attain resolutions «s2 eV, which is 
not significant compared to the intrinsic line width. The 
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fig. 4-26. Schematic Illustration of line-broadening effects contribution to the observed line profile. 

opacity broadening is most important for the n = 2 
resonance line (the optical depth scales ~ l / n \ so the 
higher series members become thin) and is determined 
by the initial seed-fill pressure. The strategy we have 
followed is to pick an initial seed fill to obtain a calcu
lated optical depth for the n = 2 helium resonance line 
of ~ 5 0 at maximum compression. This provides a 
large safety factor in the line intensity (i.e., the line will 
saturate at the black-body limit) at the cost of an extra 
broadening of ~ 3 x the intrinsic line width, which of 
course makes the intrinsic width less certain. If the 
observed intensity follows the calculated one, however, 

the higher series members, being optically thin, will 
directly indicate the intrinsic width. As one gains more 
confidence in his ability to see the lines, he can also 
lower the initial seed fill and thereby decrease the opac
ity effects. 

Experimental Design. Table 4-5 shows the 
parameters for a 50 x implosion appropriate to the LLL 
Argus laser in long-pulse operation that generates an 
observable line diagnostic. It was necessary to modify 
the initial ~100x design (discussed by W. Mead 5 5) to 
increase the line/background ratio in the following 
ways. 

i*mt.?>i4*' -?*f ^ " f ^ * ^ 

Table 4-S. Target characteristics of experiment de
signed to diagnose high-density compression with 
LASNEX results. 

Density > 20 g/cm 
Electron temperature- 550eV 
Line/background intensity high 
Slow laser pulse 
Large-diameter, thick-walled pellet 
Low-Z pusher 

Method 

Experimental 
parameters 

LASNEX 
results 

2500 J in 1 ns 
150-/im (inner) diameter ball, 20-pm wall 
Pusher material is Be (Z = 4) 

Line/background ratio 
- 6 for P <~ 2 keV line) 

8 for Ar (~ 3 keV line) 
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• We lengthened the laser pulse to produce a 
more favorable implosion timing (and also reduced the 
absorbed laser power requirement). 

• We enlarged the target to decrease the laser 
intensity, enlarge the compressed core radius, and in
crease the emission time at peak compression (there 
may be reduced laser absorption caused by more Brillouin 
scattering.) 

The net result of these changes was to raise the 
line/background ratio (for both P and Ar) by an order of 
magnitude (mainly because of the increased core 
radius) with a 50% loss in final density. On the basis of 
the previous discussion of the scaling for line widths, 
phosphorus (Z = 15), which has three resonance lines 
visible, is the preferred choice as a seed for a density 
diagnostic. As a practical matter, it is probably much 
easier to fill the microsphere with argon (Z = 18). As 
shown in Fig. 4-28, Ar also has three resonance lines 
above the continuum, so it will also suffice, particularly 
if the higher series members are visible. 

In summary, we have discussed the scaling rules 
for seed and pusher materials to use for diagnosing 
cold, dense implosions. At the 100 x liquid density 
level, using an argon (Z = 18) seed, this scheme incurs 
only modest penalties in achieved density and extra 
fabrication difficulty. For 1000 x targets, which have 
high-Z pushers, one would also use a high-Z seed ma
terial. Depending on the expected fuel temperatures, 
one would use a line energy of 10-30 keV (with E L 

~5-l0 T„). As shown in Fig. 4-27, the upper limit to 
the seed Z in this regime is 55, corresponding to a 

30-keV line. The adjustments in target design to ensure 
line visibility are likely to be more delicate in this case 
than in the 100 x design and need more detailed consid
eration. 
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4.5 Laser Plasma Theory and Simulation 
4.S.1 Overview 

Experiments, even those with low-intensity light 
(I ~ I0 M W/cm 2, Nd), continue to confirm the impor
tant role of plasma effects in laser target design. In 
1977, we made significant advances in our understand
ing of laser plasma coupling. Our models for density-
profile steepening, plasma expansion, light absorption, 
hot-electron temperatures, stimulated scattering, and 
heat-transport inhibition were tested in experiments 
and improved in many ways. The close interaction be
tween calculations and experiments has been especially 
fruitful. A brief overview of our recent progress and its 
relevance to our understanding of experiments follows. 

Density-Profile Steepening. Calculations pre
dicted a pronounced density-profile steepening near the 
critical density. This steepening is very important, be
cause the scale length near the critical density afreets 
absorption processes, heated-electron temperatures, 
and heat transpori. This profile steepening was recently 
confirmed by interoferometric measurements of the 
density in a laser-heated plasma. Figure 4-29 shows 
both an early prediction of a steepened profile56 and a 
measured profile. 5 7 In both cases, the profile is 
steepened to an upper density n„ that is roughly deter
mined by pressure balance: 

n u * n c r | l + (v2/ve

2)] , 

where v L is the oscillation velocity of an electron in the 
laser light field, v,. is the electron thermal velocity, and 
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n c r is the critical density. The profile is steepened to a 
lower density that is determined by how the light 
pressure dams the plasma flow. This lower density ap
pears to be somewhat less in the experiments than in 
the simulations, perhaps because of energy-transport 
inhibition.58 

The measurements also showed a rippling or crat-
ering of the density surfaces, which focused our atten
tion on better incorporating surface distortions into our 
models. One important source of these distortions is 
the intensity variation in the incident light caused either 
by hot spots in the light beam or by the finite beam spot 
itself. We carried out ZOHAR simulations to model 
rippling by small scale-length hot spots in a light beam 
(§ 4.5.1) and applied a hybrid code to examine critical-
surface cratering by a focused beam (§ 4.5.3). In both 
cases, the density surfaces are preferentially pushed in 
where the light intensity is greatest. 

Rippling of the critical-density surface can also 
result from a critical-surface instability.59, m We carried 
out the first three-dimensional particle simulations (§ 
4.5.7) in the laser plasma field to examine the surface 
rippling by this instability. These simulations show that 
the surface principally ripples out of the plane of 
polarization, as had been predicted by 2.5-dimension 

simulations.60 We also developed a theoretical model to 
investigate how density-profile steepening is modified 
by supersonic plasma flow through the critical-density 
region (§ 4.6.1). A shock-like structure above the criti
cal density was predicted and has been recently ob
served in microwave simulation experiments.01 

Laser Light Absorption. In experiments with 
short-pulse-length, intense laser light, the absorption 
was predicted to be sizable over a broad range of an
gles, to be polarization dependent, and to range in mag
nitude from --15 to ~ 50% as a function of polariza
tion and angle of incidence.56 As shown in Fig. 4-30, 
measurements of the absorption as a function of angle 
of incidence and polarization confirm these important 
features of the absorption.62 Note that the measured 
absorption is polarization dependent, peaks at an angle 
of = 20° for p-polarized light, monotonically decreases 
for s-polarized light, and is sizable over a broad range 
of angles (± 45° roughly). The dashed line in Fig. 4-30 
is the early theoretical estimate for the absorption, 
based on ZOHAR simulations of the absorption of plane 
waves. The absorption in these simulations was princi
pally caused by resonance absorption, with a small heat
ing caused by nonlinearly generated ion fluctuations. 
The solid curve is an improved theoretical estimate (§ 
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4.5.1) that adds to the earlier estimate a modest surface 
rippling caused by hot spots in the incident light beam. 
As discussed in the previous subsection, such a surface 
rippling has been observed experimentally and calculated 
n computer simulations. Clearly, resonance absorption 
on a steepened, rippled critical-density surface is suf
ficient to explain important qualitative features of the 
absorption and even its magnitude within = 30%. 

However, an additional absorption of about 10 to 
15% in these experiments is independent of polariza
tion and weakly dependent on angle of incidence. As 
shown in earlier calculations,63"66 this absorption is 
probably caused by a combination of inverse brems-
strahlung, ion turbulence generated by heat-flow in
stabilities, resonance absorption introduced by self-
generated magnetic fields, and instabilities near 1/4 n c r . 
We have studied each of these effects. We extended the 
theory of ion turbulence driven by heat flow to include 
self-generated magnetic fields (§ 4.8.1). We computed 
the angular dependence of resonance absorption caused 
by self-generated magnetic fields (§ 4.5.6). We also 
improved the linear theory of the two-plasmon decay 
instability in an inhomogeneous plasma and compared 
the theory with simulation (§ 4.5.4). Experiments to 
pinpoint the role of these many effects are under con
sideration. 

Heated-Electron Temperatures. Hot-electron 
temperatures were predicted from ZOHAR simulations 
of resonance absorption. We measured these tem

peratures from the slope of the high-energy x-ray 
spectra observed in experiments. Figure 4-31 shows 
reasonable agreement between calculations 6 7 , 6 8 and 
experiments69 over a wide intensity range. The calcu
lated temperature is typically somewhat larger than the 
temperature inferred from the x rays, but this is to be 
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expected because the latter temperature is actually a 
space and time average. Using simulations, we com
puted the dependence of the heated-electron tempera
ture on intensity and background plasma temperature (§ 
4.5.2) and incorporated an improved prescription into 
LASNEX. We formulated a simple theoretical model 
for the simulation results. The simulations also showed 
that the hot temperature depends on the Z of the target 
(first shown by experiments) and on the ion-electron 
temperature ratio of the plasma. Both these depen
dences can be quite significant for current experiments. 

Plasma Expansion. In experiments with long-
pulse-length light incident on high-Z targets, inverse 
bremsstrahlung begins to play an important role. The 
quantitative calculation of this absorption requires a 
detailed knowledge of the plasma expansion. We de
veloped similar solutions for the plasma expansion that 
include inverse bremsstrahlung absorption, momentum 
deposition, and transport inhibition (§ 4.6.2). The so
lutions demonstrate that the profile can be stroncty 
steepened near the critical density even by rather low 
intensity light. In effect, the energy deposition pro
duces e hot, thin layer of plasma that blows off into the 
vacuum. The resulting ablation pressure pushes on the 
remaining plasma, steepening it. One important effect 
is to lower the amount of inverse bremsstrahlung ab
sorption, although it can still be sizable in long-pulse-
Iength experiments. These solutions agree with LAS
NEX calculations and help us to understand our recent 
experiments with high-Z targets (§ 5.6). 

Stimulated Scattering. Another important ef
fect for long-pulse-length experiments is Brillouin scat
ter of the laser light. As shown in Fig. 4-32(a), sizable 
Brillouin scatter was predicted for experiments with 
large regions of underdense plasma. 7 0 , 7 1 These esti
mates were based on both simulations and a theoretical 
model of Brillouin scatter incorporating th: elf-con
sistent ion heating that accompanies the scaler These 
predictions were confirmed in recent experiments (§ 
5.4) in which low-Z targets were irradiated by using the 
Argus laser (see also recent experiments at the Naval 
Research Laboratory (NRL).7 2 As shown in Fig. 4-32(b>, 
the absorption reduced as the size of the underdense 
plasma increased, that is, as the pulse length and focal 
spot size increased. Shifts in the frequency spectra of 
the scattered light were consistent with the presence of 
strong Brillouin scatter. We also observed sizable Bril
louin scatter in our subsequent experiments using high-
Z targets. 

We recently investigated the possibility that 
Raman forward scatter in the target chamber debris 
would prevent laser light from reaching the target in a 
reactor. The linear theory of this process was reexam
ined, and nonlinear estimates were developed (§ 4.7.2 
and 4.7.3). We found that a previous linear theory of 
this process was incorrect and greatly overestimated the 
scatter. 

Energy-Transport Inhibition. LASNEX calcu
lations imply that an inhibition of electron energy 
transport is a very common feature of our experiments. 
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This transport inhibition has been attributed theoreti
cally either to ion-sound turbulence generated by a 
heat-flow instability or to self-generated magnetic 
fields. To pin down the source of transport inhibition, 
we helped to design experiments to measure self-
generated magnetic fields by Faraday rotation of a 
frequency-quadrupled probe beam. These designs were 
based on LASNEX calculations of the magnetic-field 
generation by the well-known Vn x VT source term, 
which is a purely classical effect." Although we calcu
lated magnetic fields of order 1 MG near the critical 
density, the corresponding experimental measurements 
indicate small fields (=s 100 kG). 

Because the Faraday rotation measurement gives a 
spatial average, this result may indicate that the fields 
in fact are spatially fluctuating on a much finer scale 
length than that produced by the Vn x VT mecha
nism. This behavior had been predicted,7'1 and recent 
theory and simulations lend support to this hypothesis 
(§ 4.8.3 and 4.8.4). The anisotropic velocity distribu
tion generated by resonance absorption drives the 
Weibel instability, which leads to magnetic fields that 
typically fluctuate on a scale length of order 3 fim. This 
result would suggest that the Vn x VT source term 
dominates only when a major part of the absorption is 
caused by inverse bremsstrahlung; i.e., in experiments 
with a large region of underdense plasma caused by a 
prepulse or a long pulse length. Recent measurements 
of the B fields at NRL also lend support to this 
hypothesis.75 

We also further investigated transport inhibition 
by ion-acoustic turbulence. This mechanism is of spe
cial interest in a high-Z plasma, because the condition 
that ion waves are weakly Landau damped is Z 0 , , » 0 ( 

(§5.6). A very simple model of transport inhibition by 
ion turbulence has been used in LASNEX to success
fully model many experiments. However, this model is 
very crude and appears to significantly overestimate the 
inhibition. Improved models are under investigation. 
For example, we recently extended the theory of this 
inhibition to include the possible presence of self-
generated magnetic fields, which can broaden the angu
lar distribution of the turbulence (§ 4.8.1). 

Simulation Techniques. Several new codes 
were written this year. One code was developed to ex
amine the linear theory of the two-plasmon decay in
stability in an inhomogeneous plasma (§ 4.5.4). The 
other is a one-dimensional hybrid code that combines 
a fluid description of a plasma (complete with a heat
ing and heat flow) with a detailed wave-optics solu
tion for the electromagnetic waves. Using this code, 
we are studying the competition between inverse 
bremsstrahlung and Brillouin scatter in large, under-
dense plasmas. The code operates on the ion time scale 
and can simulate very large regions of underdense 

plasma. In addition, we modified one of our particle 
codes (OREMP) to include a model of electron-ion col
lisions. Finally, we analyzed both the time-step integra
tion and the noise level in particle codes (§ 4.9.1 and 
4.9.2). 

Summary. Our understanding of laser plasma 
coupling has increased considerably. Our calculations 
have successfully predicted many important features of 
laser plasma experiments. In this respect, microwave-
simulation experiments have also been very valuable (§ 
4.10). !n turn, the experimental feedback has greatly 
helped us to improve our models. Although we have 
made much progress, our understanding is weak in 
many crucial areas. For example, our understanding of 
transport inhibition is crude and still remains to be 
tested in detail by experiments. We also still have a 
great deal to learn about the competition of inverse 
bremsstrahlung, back and side scatter, and hlamenta-
tion in Iong-pulse-length experiments. 
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4.6 Light Absorption 
4.6.1 Laser Light Absorption on a Steepened, 
Rippled Critical-Density Surface 

Determination of the magnitude and angular de
pendence of absorption of high-intensity laser light by 
plasma is of great importance to the laser fusion pro
gram. Recently, angle- and polarization-dependent light 
absorption in the intensity regime of 10'5-1016 W/cm 2 

has been measured.76"78 In this subsection, we discuss a 
simple model based on resonance absorption, absorp
tion due to driven ion waves in a steepened density 
profile, and a modulated critical surface. Although not 
a unique interpretation of the data, this model agrees 
well with the shape of the experimental absorption 
curve, leaving about 10% angle- and polarization-
independent absorption still to be accounted for. 

Resonance absorption has two signatures: polari
zation dependence and angular dependence.7 9 The 
polarization dependence occurs because charge-density 
fluctuations are driven only if the light electric field has 
a component in the direction of the density gradient. 
This is the case if the electric field vector is in the plane 
of incidence (p-polarization), but not if it is normal to 
the plane of incidence (s-polarization). To resonantly 
excite charge-density fluctuations, the field must tunnel 
from the turning point n c cos 20 to n c . Here, n c is the 
critical density and 0 is the angle of incidence. If 6 is 

too large, the tunnelling distance is too great for effec
tive absorption. On the other hand, if 0 is too small, the 
component of the field in the density-gradient direction 
vanishes, giving zero absorption. There is an optimum 
angle for absorption, given by sin0 = (k nL)~"\ where 
k n is the free-space wave number and L is the density 
scale length. 

Computer simulations of intense p-polarized plane 
light waves obliquely incident on a plasma have helped 
find the absorption in a self-consistent density 
profile. , ,0'' ,2 Characteristically, for the intensity regime 
of interest, a density plateau forms at 0.5-0.7 n,. with a 
steep step through n,.. Figure 4-33 shows the exper
imental points for p-polarizaticii together with the pre
dictions from the computer simulations.81 Both indicate 
an absorption peak at about 20° (corresponding to L 
~1.5 |Wn). However, the experimental peak is lower 
and broader, and it shows significantly more absorption 
at low and high angles than the simulations of the ideal 
model predict. 

To obtain a theoretical prediction of s-polarization 
absorption, we assume that the 159c absorption at 6 = 0 
in the simulations is caused by ion-density fluctuations 
driven by the laser light (the analog of oscillating two-
stream and parametric decay in a uniform plasma). If 
the density step at nt. is st»ep, then this absorption 
would be constant in s-polarization as long as the turn
ing point of the light stays above the plateau, i.e., 8 < 
45°. Accordingly, we take s-polarization absorption to 
be constant for 6 < 45°. Comparing this model to the 
experimental points in Fig. 4-34. we see that the shape 
is roughly correct but that the experimental absorption 
is consistently higher. 
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The next element we add to the theoretical model 
is modulation of the critical surface. This effect is 
strongly suggested both experimentally and theoreti
cally. In experiments similar to those of Ref. 76, a 
group at the Naval Research Laboratory observes only 
about 2% of the incident light backscattered into their 
f/14 lens, suggesting an rms scattering angle of 4> ~ 
50 ra. 84 ! n t h e experiments of Ref. 76, about I % of the 
incident light is backscattered into the f/10 lens, 
suggesting an rms scattering angle of ~ 6°. In both 
experiments the scattered light was in a cone of ~ 20-
30° half angle, again suggesting surface in-
homogeneities. Recently, Attwood et al. of LLL have 
interferometrically probed the plasma blowoff from 
plane disks in the intensity regime of interest, finding 
direct evidence of plasma inhomogeneities."5 

A probable source for modulation of the critical 
surface is the intensity variation of the incident light. In 
the experimental intensity regime, light pressure may 
be equal to or greater than the plasma pressure. The 
laser beam used had a cloverleaf pattern, with intensity 
structures on the order of 10 /urn in diameter. We have 
performed computer simulations similar to those of 
Ref. 81, but with micrc-scale hot spots similar to 
those observed on the laser beam, rather than plane 
waves. In a representative example, a plasma slab (with 
electron temperature T e = 5 keV = 3 x ion tempera
ture T|) was illuminated with light of average intensity 
1016 W/cm 2, varying by a factor of four across the spot. 
Initially, absorption was 13% as expected for near-
normal incidence. After a time corresponding to 2 ps 
(for ions with A/Z = 2) the absorption reaches 46% as 
the critical surface dents to an optimum angle for reso
nance absorption on the sides of the density depression, 
as shown in Fig. 4-35. However, by 3 ps the depression 
has deepened further (Fig. 4-36) and the absorption has 

10 I S 2 0 

x « o / c 

Fig. 4-35. Electron density contours for • plasma stab Il
luminated from the left by laser light with small-scale inten
sity structure. The light pressure of a hot spot hts locally 
depressed the critical density surface (colored line), enhanc
ing the absorption, which reaches 46% after 2 ps. a^t = 700. 

dropped to 26%, which is still nearly double the ab
sorption for normally incident plane waves. In these 
simulations the structure of the incident light was con
stant in time. If the time scales for variation of the 
intensity structure and for formation of optimum den
sity depressions were matched, perhaps the absorption 
would remain closer to 46%. At any rate, these simula
tions make clear that hot spots in the incident light 
beam produce a significant modulation of the critical 
surface. 

Another source for surface modulation is the in
stability of the critical surface, an effect which also 
has been seen in computer simulations.86 However, 
the importance of such critical-surface instabilities has 
not yet been established, because the rippling occurs 
primarily outside the plane of polarization of the 
light."7-88 

A simple model can show the effect of these 
plasma inhomogeneities on the absorption of laser 
light. We first assume that the critical surface is ran
domly modulated on scale lengths longer than the 
freespace wavelength of the laser light. We then de
scribe the modulation by assuming that the surface has 
a random tilt with respect to its initial orientation and 
that the tilt angle 0 is uniformly distributed from 
~4>max t 0 +<£max> with equal probability of being in 
or out of the plane of incidence. If the tilt is in the 
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Fig. 4-36. Electron density contours at 3 pt. The critical 
density surface (colored line) has dented past optimum for 
absorption, which has fallen to 26%. «%t = 1080. 

The extra 10% absorption left over may be due to 
one or more of several absorption processes. The 
two-plasmon decay instability is estimated to give < 
5%, primarily because of steepening of the plasma 
profile by plasma waves near 'A n,,.8™1" Self-generated 
magnetic fields near n c of several megagauss can give 
~ 10% absorption because of linear conversion of the 
extraordinary mode. 8 9 Ion-density fluctuations of 
magnitude ~ 10% in the underdense plateau have 
been estimated to give ~ 10% absorption in short-
pulse-length experiments.9 0 , 9 1 No data are yet avail
able to distinguish among these absorption mecha
nisms. 

In conclusion, we find that the experimentally 
observed absorption curve of Ref. 76 is reasonably 
well modeled by computer simulations in which the 
dominant absorption mechanism for p-polarization is 
resonance absorption with the additional assumption 
of a modestly rippled critical surface. In this interpre
tation, about 10% apparently angle- and polarization-
independent absorption results from other absorption 
mechanisms. 

plane of incidence, the effect is to change the local 
incidence angle from 0 to 0 + d>, thus averaging over 
the theoretical absorption curve. If the tilt is out of the 
plane of incidence, the effect is to change the polariza
tion of a fraction of incident light: s-polarization be
comes p, and vice versa. The power fraction changed 
is 

fDP = 7 s^Wte™211 + c o s 2 0 sin20) (30) 

for both incident polarizations. The equivalent inci
dence angle is changed from 0 to 

6'-- cos" [cosfl cos0] (31) 

We use these relations and average over the ab
sorption model discussed above to get absorption vs 
angle for a given <f>max. The solid lines on Figs. 4-33 
and 4-34 show the resulting absorption curve for d>m a K 

= 15°. This choice of <£m a i ! was suggested by the 
simulations modeling hot spots. Note that the agree
ment is much improved, although a discrepancy of 
about 10% angle- and polarization-independent ab
sorption remains. Adequate agreement is seen for 
4>max between 10 and 20°. This corresponds to an rms 
angle <£ ~6-U° , in rough agreement with the exper
imentally inferred values of 5-6°. 
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4.6.2 Properties of Resonantly Heated Electron 
Distributions 

Recent experiments have shown that resonance 
absorption is an important process in the absorption of 
intense laser light.9 2"9 5 In this subsection we present 
some important features of resonantly heated electrons, 
including their Maxwellian character and their depen
dences on laser light intensity and background plasma 
temperature. These dependences are found to result 
from the intensity-dependent density gradient length at 
the critical density n c r , where the heating by plasma 
fields takes place. A dependence of the heated-electron 
energy on incident-light intensity is predicted over a 
wide range of intensities (3 x 1 0 " - 1 0 " W/cm 2, 
1.06-/«n light), as indicated by recent experiments.92'95 

A very simple model illustrates the physics of this 
intensity-dependent gradient length. 

Wfe begin with simulation results obtained with the 
same ideal model previously used to establish the im
portance of density-profile steepening and to provide 
estimates for the magnitude of the absorption and its 
polarization and angle dependence.9 6 , 9 7 These early re
sults predicted the qualitative features of the exper
imentally measured absorption (polarization depen
dence and broad angular dependence) and were suffi
cient to predict the magnitude within a factor of < 2. 
Using a two-dimensional particle simulation code with 
relativistic dynamics and electromagnetic fields, plane 
light waves are propagated from vacuum onto a plasma 
slab. Heated electrons reflect from the plasma sheath 
that forms on the vacuum side and are reemitted with 
their initial thermal temperature from the higher density 
boundary. After the density profile nonlinearly 

steepens, we measured the heated-electron distribution 
and energy and the self-consistent scale length at the 
critical density. 

To focus on the heated electrons caused by reso
nance absorption, we carried out a large number of 
simulations with p-polarized light incident at an angle 
of 24°, which is approximately the optimum angle in 
the steepened density profile. Figure 4-37(a) shows a 
typical heated-electron distribution that is well-
approximated by a two-temperature MaxweIlian.9IM"2 

The lower energy particles simply represent the initial 
thermal distribution that streams in from the higher 
density plasma, and the higher energy Maxwellian rep
resents the resonantly heated electrons with "tempera
ture" Th„,. This quasi-Maxwellian form of the heated-
electron distribution has been suggested by laser-
plasma experiments, where, typically, the high-energy 
x rays decrease exponentially with energy.""'"2 Max
wellian heated distributions have been directly ob
served in experiments with microwaves and have been 
attributed to electron heating by very localized fields."13 

Incidentally, we have also simulated examples of stimu
lated Brillouin backscatter that heat ions to a Maxwel
lian distribution. 

The local-density scale length near the critical 
density becomes quite steep. A crucial feature of the 
scale length L is its intensity dependence,"14 which is 
shown in Fig. 4-37(b). As the light intensity I, (W/cm2) 
increases, L decreases as IL-' J. where /3 ~0.48 ±0.07 
in these simulations. 

This intensity dependence of the steepened scale 
length is important, because this scale length indirectly 
controls the heated-electron energies. In particular, the 
dependence of the heated-electron energy becomes in 
general weaker than the square-root dependence previ
ously estimated.105"107 This is confirmed by simulation 
results.'08"110 As shown in Fig. 4-38(a), the heated-
electron energy measured in our simulations scales as 
l£, where fi = 0.39 ± 0.07. The hot temperature here is 
defined as 2/3 of the slope of the high-energy part of 
the two-dimensional electron distribution, e.g.. Fig. 
4-37(a). Note that these are two-dimensional simula
tions and that the heating primarily occurs in the direc
tion of the density gradient. If the electrons are iso-
tropized in angle at higher density (either by collisions 
with highly stripped (high-Z) ions or by magnetic fields 
caused by the Weibel instability or other magnetic-field 
sources), the temperature of the isotropized distribution 
is 2/3 of the values from the two-dimensional simula
tions. Of course, the average hot-electron energy is the 
same in two dimensions as the hot temperature, and in 
three dimensions the average energy is 1.5x the tem
perature. Because L also depends on the background 
plasma temperature T e (keV), the heated-electron en
ergy likewise defends on this temperature. As sho-vn 
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in Fig. 4-38(b), this dependence is fairly weak109-110: 
Th„t « TV, where y ~ 0.25 ± 0.07. An empirical 
formula that fits Fig. 4-38 reasonably well is T h o t = 1.2 
x 10- 5T e

0- 2 5[lL(A/1.06^m) 2]°- 3 9forT c/T, = 3, where 
A is the wavelength, T e is the electron temperature, and 
Ti is the ion temperature. Another formula that fits well 
i s T h o t = T e + 2.9 X 10-" T e

0 0 1 [lL(X/1.06 /urn) 2] 0 1 2 5 

x [l + (3T,/Z T e ) M 5 ] . Both formulas give about the 

same answers in the parameter range of the simula
tions. However, they differ considerably at low T e 

and/or low lL where simulation is not yet economically 
feasible. For high Tc/T|, our two data points in Fig. 
4-38(b) show a shorter scale length and lower Th ot. pre
sumably caused by the lower ion pressure. Of course, 
the significant parameter in the experiment is Z T e/T|, 
T h o t as a function of angle is shown in Fig. 4-39(a). 
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In the simulations, the fractional absorption f was 
nearly a constant at the various intensities; i.e., f = (47 
± 10)% (less with the initial-density-step condition). 
Most of the runs started off with a ramp profile in which 
the density initially varied linearly from 0 to 1.7 n c r in 
three vacuum light wavelengths, or by a lower density 
shelf plus a steep gradient to a higher density shelf (see 
Refs. 96 and 97). 

We reran the higher intensity simulations with an 
initial-sharp-step profile with quasipressure equilib
rium, shown by the open circles in Fig. 4-38(a). 
Pressure equilibrium was tested by starting with 
maximum density too high and letting it fall down and 
conversely by starting too low and letting the maximum 
density increase with similar T h o t ' s resulting. The tem
peratures with the initial-step profile were initially cold
er but gradually increased to approximately (but still 
lower than) the values obtained with the ramp profile as 
the lower density plateau established itself. T h ot in
creases rapidly with the shelf density because of pump 
swelling and longer wavelength plasma waves driven in 
that lower density region [Fig. 4-39(b)]. Interestingly, 
the absorption was higher in the case of ramp initial 
condition. Of course, the history of the laser pulse and 
hydrodynamic motion affect the density plateau. 

We can gain insight into the physics by a very 
simple model. V/e adopt the capacitor model (an oscil
lating electric field E d cos a>„ t, where <a„ is the laser 
frequency and t is time, applied to a plasma with a 

linear density gradient with a scale length L). The 
amplitude of the resonantly driven plasma field E u . and 
its spatial extent 2 l n t can then be estimated in a warm 
plasma wave-breaking limit."1 This gives 

: - 1 . 5 v e + (2.25v^ + 2 0 J o L v d ) 1 / 2 (32) 

and B l m = 2(x w + 3 \ D e ) , where v(, is the electron 
thermal velocity (T,./me)"2, X D e the electron Debye 
length, v„, = eEw/(maj 0), x w = v w /w 0 , and v d = eE d / 
(mo)0). Note that these expressions reduce to the cold 
plasma wave-breaking ones when the estimated thermal 
corrections are neglected."2 

In this simplest model we next estimate the 
steepened scale length by simply balancing the thermal 
pressure with the ponderomotive pressure of the lo
calized plasma field; i.e., T e dn/dx = ne2/(4rna>js) 
dEl-ldx. Using SE^/dx ^ E 2 . /(« l n t ) then gives 

L = 8 ( X l , + ^ D e ) / < v w / v e ) 2 (33) 

To relate the capacitor model to the situation of 
p-polarized light incident onto a plasma, we balance the 
energy fluxes: fcE£/87r = <a0LEys, where E L is the 
free-space value of the electric vector of the light and c 
is the speed of light. Hence: 

= vL(fc/?rco0l..)1''2 (34) 

4-45 



f y t « I l l , drlt« J * * —fc fc» * * 
T W « I " . T H t k n is fcwTM. 113. 

1C 

W* 

10 

I ' I i n i i | i T i l 11 • 11' 

• P2O5/W on Cyclops 

O Parylene on Janus 

A Parylene on Cyclops 

X SiO~ microshell targets 

m = 0.39 

•B -W 
111 ni| 1 1 11 i i l l | I 1 111 H I 

r m = 0.39_, 

• m = 0.31 

U*» ltf< 
-III I I I I Mill 

10 .IB 
J i l l 1 •—i, 11,1 i l l- 1—i,i 1111) 

intwrMity, W/cm 2 

lil I I • — »~ , I M M ! I 1.1 I l-fc^*»* f, 

l ^ t / : - - : ; s - . 1 l i ' 7 r , • • • • • . . , i r f f? 

Equations (32)-(34) suffice to determine L and v„ in 
t rms of the incident light intensity, the absorption effi
ciency, and the background temperature. The theoreti
cal results for L are shown by the boxes in Fig. 4-37(b). 
Note that this very simple model is sufficient to capture 
tue basic physical effect: L decreases as the intensity 
increases. Indeed, the predicted intensity dependence is 
nearly that observed in the simulations. This simple 
model seems to overestimate the temperature depen-
c' nee of L. L is predicted to scale as Tt5 where 8 = 1 , 
v. hereas the simulations show a weaker dependence of 
L on temperature. This discrepancy indicates that an 
improved model that takes into account laser light 
pessure, heated-electron pressure, and plasma flow is 
generally- necessary. 

We can readily understand the intensity depen
dence of Th„i in terms of the intensity dependence of L. 
Again appealing to the capacitor model, T h o t cc eE dL, 
or, in terms of the light intensity, T h„ t oc E LL" 2 . Hence, 
v.e expect T h„ t oc 1£, where j8 = 0.26. This estimate is 
aoout 30% lower than the simulation results but is still 
in reasonable agreement. 

Finally, recent experimental results indicate that 
the hot-electron temperature does scale less weakly 
than [lj. (A./1.06/im)2]"2 over a wide intensity re
gime." 3 , , H Figure 4-40, which is taken from Ref. 113, 
shows T* as a function of intensity, measured in many 
different experiments with various target materials, 
where T* is the temperature deduced from the slope of 
the high-energy x rays. T* is a function of target mate
rial and, for a given material (Parylene), varies as IJ-3' 
over a wide intensity regime from 10w to 10" W/cm 2 

('.06-/xm fight). This dependence agrees reasonably 
with that suggested by these ideal simulations. More 
importantly, this weaker intensity dependence holds 
even for modest intensities like 1014 W/cm2. This de

pendence is consistent with our interpretation that the 
resonantly excited plasma waves locally steepen the 
density gradient, an effect that does not require a light 
pressure as large as the plasma pressure. 

This correlation is encouraging, but a number of 
qualifications are in order. First, T*^Ti,„|. LASNEX 
calculations show that T* is often significantly lower in 
magnitude (factor of ~ 2) than T),,,, because of the space 
arid time integrations inherent in the measurements and 
because of the general eatures of the hot-electron trans
port." 5 Second, we note that the values of T h u , inferred 
from Fig. 4-38(a) are typically 1.3 to 2 times T* shown 
in Ref. 113. This discrepancy is also to be expected, 
because in the ideal simulations we consider the nearly 
optimum angle of incidence and a higher background 
temperature than may be obtained in the experiments. 
Both our simulations and simple model show that Th,„ 
is smaller for other than optimum angles of incidence 
(see Fig. 4-39) and for smaller ion-electron temperature 
ratios. Although the simulations we have discussed 
illustrate the physics, improved models must allow for 

• a distribution of angles of incidence, 
• T t./T| and ionization states, 
• the admixture of other absorption processes, 
• more complex particle boundary conditions 

than the one-pass model discussed here, 
• the lower shelf density. 
For example, the larger heated temperature for the 

higher Z targets is at least partly caused by the fact that 
the heated electrons are more often reflected from the 
high-density plasma back into the heating region. 
Simulations show about a 25% increase in temperature 
when the electrons make on the average two passes 
through the absorption regions. 

We acknowledge conversations with A. B. Lang-
don and R. A. Haas. 
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4.6.3 Absorption of Focused Light Beams 
Recent LLL experiments on the absorption of 

high-intensity laser light suggest that large-scale craters 
are present in the underdense plasma and that these 
craters are a direct result of radiation pressure."6 Crater 
formation occurs because self-steepening of the plasma 
density profile takes place preferentially near the center 
of the focal spot, indenting the critical surface where 
the beam is most intense. In addition, the outward flow 
from the ablation region is restricted by the light 
pressure, so the plasma is forced to expand around the 
laser beam. 

Experiments also indicate that some mechanism is 
acting to smooth out the sharp angle and polarization 
dependence of absorption suggested by particle simula
tions that use planar light."7 Although alternative ex
planations exist (notably megagauss dc magnetic 
fields"8 and ion-acoustic turbulence,"9 large craters 
seem to be important in this regard. Associated with 
craters are a concave critical surface and strong trans
verse density gradients in the underdense region that 
significantly refract the incoming light. Both features 
increase the effective angle of incidence of light and 
enhance resonant absorption. Even for apparent normal 
incidence, fractional absorption may be in the range of 
30-40%. 

We have developed a computational model to 
study craters formed by focused laser beams, their sta
bility, and their consequences for absorption. It in
cludes wave-optics solutions for arbitrarily focused 
light, a description for resonant absorption, and an 
isothermal hydrodynamic description of the plasma re
sponse to the ponderomotive force. For a linearly 
polarized focused laser beam, the ponderomotive force 
is inherently three-dimensional because of polar
ization-dependent (resonant) absorption. , 2° How
ever, we find a numerically tractable self-consistent ap
proximation to the problem by assuming a circularly 
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polarized incident beam. In that case the ponderomo-
tive force, and hence the plasma density profile, are 
azimuthally symmetric about the laser axis to first 
order.121 

We describe the propagation of the laser light with 
the equation 

^ + J | ^ = c 2 V X V X E - u ; 2 E - v 2 

3t 2 9 t p e 

X l7V<^E)-<V-EMi 0 /n 0 ] 
— — 9E + V o(V- £-) , (35) 

where E is the electru field, n» is the background 
plasma density, v is the collisional damping rate, y is 
the ratio of specific heats. <i)vi? = 4irne2/m, v,, is the 
electron thermal velocity, v,.a = Tt./m, and o- is a 
phenomenological diffusion coefficient for charge den
sity. We give or a nonlinear dependence on the electric 
field strength: a = o-N1.( | V-E|/47ren„)°, where o-N L 

and a are positive constants. For a == 2 the fluctuating 
plasma density is effectively limited to Sn/n ~ 1 be
cause the damping grows extremely heavy for larger 
values. This is exactly the behavior required to model 
cold wavebreaking. 

We solve Eq. (35) in a spherical (r,0,$) coordinate 
system oriented along the laser axis. For circularly 
polarized light and an azimuthally symmetric plasma, it 
is appropriate to remove the azimuthal dependence of 
the fields as exp (\<t>). Then Eq. (35) is effectively two 
dimensional and may be differenced on an r-0 grid. The 
time advancement is done explicity, and the fields on 
the vacuum boundary are obtained by an adaptation of 
Lindman's scheme to spherical coordinates.12'2 

The plasma dynamics are followed by solving the 
isothermal fluid equations: 

| p V - ( n v > = 0 <36) 

M T - (nv) + V(nvv) = - TVn 

- — V < E 2 > - V - Q , (37) 
2 m < ° 0 2 

where n, v, and T are the plasma density, velocity, and 
temperature, respectively, M is the ion mass, and Q is 
the (nonlinear) viscosity tensor. The angular brackets 
< > in the ponderomotive force driving term denote a 
time average over the laser period 2n/a>0. 

In the following example calculation we attempt to 
roughly model the conditions of the high-intensity, 
short-pulse-length disk experiments referred to 

above."7 We consider the situation in which a crater has 
been formed during the early part of the laser pulse, 
and begin our calculation at peak power to observe the 
short-term stability of the crater and its effect on ab
sorption. The postulated initial density profile is shown 
in Fig. 4.41. A super-Gaussian [I = l„ exp - (0/6\,)4] 
laser beam of peak intensity I, = 3 x 1015 W/cm2 is 
focused by an f/10 lens onto the rear wall of the crater. 
The width of the crater corresponds to the diffraction-
limited focal spot size of about 20 /urn (Nd light). The 
average electron temperature is 3.5 keV, corresponding 
to v„/v,. = 0.6, where v„ = eEo/mcuo is the electron 
quiver velocity in the vacuum field. Inverse brems-
strahlung absorption is negligible in this example. 

The critical surface at the rear of the crater is ini
tially smooth and the density gradient very steep, so 
one might expect only minimal absorption of the nor
mally incident light, perhaps a few percent. However, 
the calculated absorption for this initial configuration is 
about 17%. This enhanced absorption fraction may be 
understood by an examination of some typical ray 
trajectories, show in Fig. 4-41. The walls of the crater 
guide the outermost rays (ray 0) to propagate nearly 
parallel to the critical surface. Consequently, these 
rays, which can carry a substantial portion of the total 
power, are resonantly absorbed with great efficiency. 
Even rays closer to the center of the crater (rays a and 
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b) are refracted enough to reach the critical surface with 
an effective angle of incidence of 10-20°. Taking into 
account that only half the rays, on the average, have the 
correct polarization for this enhanced resonant absorp
tion, and using the steepened density scale length k„L 
~ I, we estimate that an energy-averaged icfraction of 
about 25° is sufficient to give the calculated absorption 
efficiency of 17%. This estimate is reasonable for the 
trajectories of Fig. 4-41. 

Figure 4-42 shows the plasma density after 372 
laser periods (about 14.5 ps scaled to 6 m p ) . Plasma 
expansion around the laser beam has enhanced the 
focusing effect of the crater. As a result, the intensity 
on the laser a is is almost an order of magnitude larger 
than the nominal value of 3 x 10 , s W/cm 2 and has 
severely indented the critical surface. This is appar
ently the asymptotic state of the plasma. The asympto
tic absorption is about 40%, and the scattered light 
distribution reaches out to about 45°. 

The initial density configuration in the above 
example was somewhat arbitrary. However, we have 
made calculations with no initial crater, and we find that 
one is formed that is quite similar to that of Fig. 4-42. 

In summary, using a wave optics-hydrodynamics 
model, we find that the effects of a finite focal spot size 
can significantly increase the absorption of laser light 
by a plasma. In particular, a large crater forms, result
ing in a convex critical surface, refraction of the inci
dent light, and therefore enhanced resonant absorption. 
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4.6.4 Linear Theory of the 2oi1K. Instability in 
Inhomogeneous Plasmas 

We have critically examined and revised the most 
complete theory of the 2a>pi. instability in a linear den-
.i- v gradient.1'" This instability, the decay of the inci
dent electromagnetic wave into two electron plasma 
waves, occurs in the neighborhood of quarter-critical 
density. In current laser fusion experiments, this insta
bility may be responsible for high-energy electrons. 
The emission of 3ta0/2 light, an important diagnostic of 
the underdense plasma, is a signature of this instability. 

But the ZOHAR (our electromagnetic, relativistic, 
particle simulation code) 1 2 4 results for the linear phase 
of this instability in an inhomogeneous plasma disagree 
with the predictions of the unrevised theory. In general, 
the simulations indicate that the thresholds are higher 
ant* die wave numbers smaller than the theory predicts. 
Tne spectrum of plasma waves is a particularly essen
tial aspect of the subsequent nonlinear evolution of this 
instability. 

The theory contains two basic results. The condi
tion for absolute instability puts a limit on the trans
verse component of the plasma wave vector: k y < 
0.39a)pev0/v,.1!. Here o j p e is the electron plasma fre
quency at quarter-critical density, v 0 is the peak oscil
latory electron velocity in the pump's electric field, and 
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vt. s (T^/m,,)"2 is the electron thermal velocity. The 
expression for the growth rate, 

Vo 
<VL 

(38) 

where k 0 is the laser wave vector and L = p l T (dpi 
dx) - 1 , is combined with the k y limit to derive a 
threshold expression. (The definitions of L and v 0 differ 
in Ref. 123, and we have corrected their numerous 
algebraic and typographical errors.) 

For typical parameters, v 0/c = 0.07 or I = 6 x 
1015 W/cm2 for Nd:glass lasers, v e/c = 0.05 or T e = 
1.3 keV, and a gradient scale length of 10/um, curve I 
of Fig. 4-43 is the growth rate as a function of k y as 
given by Eq. (38). This growth rate rises continually 
until the upper ky limit is reached, an unsatisfying fea
ture. The ZOHAR results, curve 5 in Fig. 4-43, have 
much lower growth rates and a narrower k y spectrum. 

In examining the theory, we ferreted out the fact 
that the approximation k y > > k0 was used, contrary to 
the claim of Ref. 123. At the plasma temperatures of 
interest, Landau damping limits k P i a s m a to ~ k0. There
fore, this approximation means that the theory is ques
tionable for our parameter region. 

As an independent check, we have solved numeri
cally die same two linearized equations that are the 
starting point of the elegant theoretical analysis: 

*~ 3 3v_ 9p 
aT+37<£o'£> = -E - ; ^ - i a£ 

l f + £ " ("oWx. + " * ^ o ) = 0 • 

(39) 

(40) 

Here, E(x, y, t) is obtained from Poisson's equation, 
and v(x, y, t) and p(x, y, t) are the first-order perturbed 
quantities. These equations are solved by a central-
difference, leapfrog scheme. No approximation k y > 
k(, is made. Additionally, a wavelength-dependent 
Landau damping operator is included through the 
Fourier transform of Eq. (40). This feature is an option 
in the code and allows us to isolate the effects of 
Landau damping. 

Curve 3 of Fig. 4-43 gives the fluid code results 
without Landau damping. Curve 4, the code results 
with Landau damping, is in better agreement with the 
ZOHAR results. The restrictions imposed by Landau 
damping are evident. For this parameter regime, 
Landau damping imposes a more stringent cutoff on k y 

than the absolute instability condition. 
In principle, for ky > k„ the fluid code results 

without Landau damping (curve 3) should agree with 
the theory (curve 1). The correct expression for the 
growth rate, as derived in Ref. 123, is actually 

: | m A o - i y ; (41) 

The authors used the limiting value for lmA 0 rather 
than the actual value. If Ir_.A0 is evaluated numerically, 
the theoretical expression [i.e., Eq. (41)] becomes 
curve 2 of Fig. 4-43. This curve generally agrees with 
curve 3, as it should. 

If, as in Fig. 4-44, ImA0 is plotted as a function of 
X - 1 = 3ky\f

2h<fiim, a convenient parameter in the 
analysis, then a linear dependence for ImA0 is seen as a 
much better choice than merely using the limiting 
value. Instead of Eq. (38), we get 
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where A, = 0.86. Differentiating to get the k4. that gives 
the maximum growth rate, we find 

Vo / V VY1'2' 
\ 4 8 X J » e * / 

(43) 

Although the threshold condition 

v 2 

k n L — > 4 8 X , 
0 2 1 

V 

(44) 

is superficially similar to the one given in Ref. 123, the 
assumptions underlying it are more reasonable and not 
based on a cancellation of errors. Furthermore, the 
maximum growth rate no longer occurs at maximum 
k y , a pleasing correction. And the growth rates of Eq. 
(42) are in much better agreement with the fluid code 
and ZOHAR. 

Since the theory and the fluid code solve a simpler 
problem, the remaining differences between them and 
ZOHAR (where k y > k 0 ) are to be expected. Only one 

k y mode is allowed to grow, and no other variation 
transverse to the density gradient is allowed in the for
mulation given by Eqs. (39) and (40). Therefore, we 
believe that ZOHAR handles the linear problem cor
rectly, and we have more confidence in our studies of 
the nonlinear evolution of the 2&>P(. instability. 
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4.6.5 Resonant Absorption of Laser Light viy a 
Magnetized Plasma 

We report here a theoretical and computational 
investigation of resonant absorption of p-polarized light 
that is obliquely incident onto a plasma with an external 
magnetic field. The absorption must be calculated 
self-consistently because dc magnetic fields are gen
erated by resonant absorption. The maximum absorp
tion is increased to 99%. We find excellent agreement 
between theoretical predictions and two-dimensional 
particle simulation calculations. 

The high-frequency electron fluid velocity u h is 
given by 

duh/dt = - (e/m)f h - (7 e 'KT e / m n ) ! )Vn h 

- [(e/mc)uh X tQ] + i*h , (45) 

where s„ = -(e/mc) [(u h x fig) + (u x B h)] -
( U n - V ^ - (u R -V)u h = (-ie/mto) V(u f i • E„), to 
third order in the high-frequency quantities; the sub
scripts h and 8 designate high- and low-frequency quan
tities, respectively; B 0 and Bj are the externally im
posed and induced dc magnelic fields, respec'vely; u*g 
is the low-frequency electron fluid velocity, e and m are 
the electron charge and mass, respectively; yv is the 
ratio of specific heats, k is Boltzmann's constant; Tt. is 
the electron temperature; c is the speed of light; and n is 
the plasma density. We have used 679t -• io> and 1 2 5 

VX ue = ( e /mc) i (46) 
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By combining the high-frequency Faraday's and 
Ampere's laws, we obtain 

( V X V X - k 2 ) th = (ik04?re/c) (nBu"h + n hu* e) . (47) 

Then we obtain nh from V • E h = -4jrenh and uh 

from Eq. (45). Equation (47) thus becomes 

VX V X t h - (7 ckT c/mc 2)V(V' £h> - k26Eh 

-( ikj j /coH^yf, , 

= - (ie/mc)30 X ( V X V X - k J ) ? h 

+ (w^/co 2)V(u' 6-E >

h)| ,(48) 

where to 2 = 47rn6e2/m and € = 1 - uiju2 . 

Also, we use the low-frequency Ampere's law to 
eliminate 8j from Eq. (46) and obtain126 

V X V X u ( = ( - ^ £ / c 2 ) 

X ius + (e2/2m2w3) Im (£ h V • tp] . (49) 

Equations (48) and (49) completely specify the 
high-frequency E h and the low-frequency up in terms 
of B„. The induced magnetic field Bg can be found 
from Eq. (46), 

We now apply these equations to resonant absorp
tion of p-polarized laser light incident obliquely onto an 
inhomogeneous plasma (the plane of incidence is the 
x-y plane, ng = (x/L)n,., where n0 is the critical den
sity, and B„ = B„ z). The high-frequency electric field 
can be written as E h = [x Ex(x) -I- y Ey(x)] exp[i(a>t -
k«Qtii>)]. where a0 = sinS, 0 is the angle of incidence, 
and thus aff the low-frequency quantities are functions 
of x only. 

Figure 4-45 shows the resultant absorption as a 
function of the external dc magnetic field with the angle 
of incidence as a parameter. Figure 4-46 shows absorp
tion as a function of the angle of incidence with the 
magnetic field as a parameter. If b„ ̂  0 and a 0 * 0, the 
peak absorption occurs at a lower magnetic field or 
angle of incidence, and the peak absorption is higher 
(up to 99%). Also there is zero absorption even for 
substantial angles of incidence. As in previous work, 
we find that the absorption is almost independent of 
plasma temperature. 

Contours of constant absorption as a function of 
external dc magnetic field and angle of incidence are 
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shown in Fig. 4-47 (the induced field is neglected). We 
see that resonant absorption increases if the external 
magnetic field and the angle of incidence have the same 
sign but decreases if they have different signr. 

We can understand these results by considering the 
linearized version (T,. = 0) of Eq. (48) (with Faraday's 
law) as follows: 

(e • b ^ - V l - B h + ib 0 (n t / n < ; )E y (50) 

We see that E* is resonant at the upper-hybrid resonant 
point e = bo and that E x is driven by the sum of the two 
terms. The first term is caused by the component of the 
light that is parallel with the density gradient. The sec
ond term is caused by the component of the uh x B„ 
force that is parallel with the density gradient. The two 
effects are additive or not. depending on the phase dif
ference between B h and Ev. We calculate this phase 
difference by integrating the difference between the 
square roots of the effective dielectric functions ob
tained from the linearized version of Eq. (48). We find 
that the drivers are in phase if kDLbu ~ not,, and out of 
phase if k0 Lb„ = - not,, (3.8 ocn is obtained from Fig. 
4-47). Thus, the external magnetic field and the angle 
of incidence must have the same sign for maximum 
absorption and opposite signs for minimum absorption. 
The absorption is an absolute maximum if the two driv
ers are in phase (k0Lbn =» ira„) and the drivers are 
maximized (k0L2"et ~ 0.5). where e ( is the effective 
dielectric function at the turning point of the elec
tromagnetic wave, e, = 1/2 {a% + [a„ + 4bf, (I -
a«)]" 2}. obtained from the linearized version of Eq. 
(48). 

We have used a two-dimensional particle simula
tion code with fixed ions to investigate the validity of 
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our results. We find excellent agreement for the absorp
tion (v0/v,. = 0.35, the solid circles in Figs. 4-45 and 
4-46). 
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4.6.6 Three-Dimensional Simulations of Laser 
Light Absorption 

The stability of the surface of an overdense plasma 
slab illuminated by normally incident laser light is of 
interest because it can affect the fraction of incident 
light absorbed. Rippling of the plasma boundary could 
lead to enhanced absorption caused by resonance ab
sorption or trapping of radiation in bubbles. Esta
brook, , 2 6 Valeo and Estabrook,1 2 7 and Langdon, 
Lasinski, and Kruer,128 have shown that, with a moder
ate density gradient, normally incident light will cause 
a planar density depression behind the critical surface 
that traps radiation. Later, a sausage instability breaks 
up the planar depression into bubbles. A comparison of 
2- and 2Vi-dimensional runs with s- and p-polarization 
shows that the breakup occurs preferentially in the 
plane of k„ and B 0 (s-polarization), where k 0 and B 0 are 
the wave vector and magnetic field vector of the inci
dent radiation. 

With a steplike density gradient, rippling of the 
critical surface itself has been observed by Esta-
brook 1 2 6 1 2 9 and by Bezzerides et al. , 3° With two-
dimensional simulations, they again found rippling of 
the surface most strongly with s-polarized light. 

The above-mentioned results suggest that the 
plasma rippling and breakup will occur predominant
ly in the plane of k» and B 0 . I report here results of 
three-dimensional simulations that support this conclu
sion. 

The simulation code is a lull three-dimensional, 
electromagnetic particle code, developed at Stanford 
University. The simulation space is covered by a 32 x 
32 x 32 mesh on which field quantities are represented 
by quadratic spline interpolation. The boundary condi
tions are basically periodic, although an absorbing re
gion can be included to simulate free-space boundaries 
for radiation on two walls. The laser wave is launched 
by a time-varying current sheet, just inside the absorb
ing region. This wave is normally incident on a plasma 

slab, which typically occupies half the simulation 
volume. The particle boundary conditions are periodic, 
reflecting, or reemitting, as desired. 

To simulate radiation trapped between two layers 
of plasma above critical density, the code was run with 
triply periodic boundaries both on fields and particles. 
Then, with a slab of plasma next to a vacuum region, a 
whole series of vacuum-slab interfaces is created (by 
periodicity). A wave was launched with its k-vector 
perpendicular to the plasma surface. After a few cy
cles, when the wave filled the vacuum region, its 
amplitude was decreased to just balance losses caused 
by absorption by the plasma. 

Rippling of the plasma surfaces did occur, with a 
wavelength between one and two free-space 
wavelengths. As the instability grew to finite 
amplitude, the angled surfaces of the plasma focused 
the waves so that their strength was greatest where the 
vacuum bulged outward (into the plasma). This focus
ing increased the wave pressure on the plasma locally, 
enhancing the bulge. The same coalescence into bub
bles observed by Estabrook was seen to occur here. 
The predominant direction of bubbling was also in the 
direction of the laser magnetic vector. Bubbling along 
the direction of the electric vector was also observed in 
some runs, but the amplitude in this direction was much 
smaller. Eventually, the trapped radiation breaks 
through the plasma locally, leaving islands of overdense 
plasma. Figure 4-48 shows particle plots for such a 
case. A standing plane wave is in the vacuum region 
with magnetic field vertical in the left view and electric 
field vertical in the right view. 

When an absorber is placed in the vacuum region, 
waves reflecting off the plasma are lost. It is therefore 
possible to simulate incidence of a laser beam on a 
plasma slab. The slab initially had a density of two or 
three times critical. A normally incident plane wave 
was launched in the vacuum region and was allowed to 
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1-49. Particle plots for a simulation of laser irradiation of a plasma slab. * isallgned along the horizontal axis. The left view is in 
: off),,, and the right view is in the plane of £„. The left boundary is absorbing to EM waves. 
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irradiate the slab. The slab density then adjusted itself 
to balance the radiation pressure on it. In some runs, it 
reached six times critical density, reducing the thick
ness of the slab by a factor of three. The free-space 
wavelength of the light was one-half to one-third the 
dimension of the simulation region. 

Simulations to date have shown ripples appearing 
only in the direction of the laser magnetic field with a 
wavelength about 1.5 times the light wavelength. These 
saturate at an amplitude of about half their wavelength. 
Movies of the time history of field surfaces show 
clearly the oblique scattering of light. Figure 4-49 
shows particle plots for a case with three free-space 
wavelengths of laser light in the system. The left view 
is in the plane of laser kB and B„, when two 
wavelengths of ripple are clearly visible. The right 
view shows the same particles at the same timestep but 
viewed in the plane of K„ and £ 0 , where E 0 is the laser 
light electric field vector. There is no visible perturba
tion of the slab surface. 

This result agrees with experiments reported from 
Osaka, Japan, in which a slab target was irradiated 
alternately with p- and s-polarization at a 35° angle 
with normal.131 With s-polarization, a peak in reflected 
energy was noted at a large angle that they attribute to 
the presence of a rippled surface. With p-polarization, 
no such scattering was seen. Although our early results 
do not rule out perturbations along the direction of laser 
electric field, if they do occur, they must saturate at a 
much lower amplitude or occur at a much greater 
wavelength than those along B0. 

References 
126. K. G. Eslabrook, "Critical-Surface Bubbles and Corruga

tions and Their Implications to Laser Fusion." Phxs. Fluids 
19. 1733(1976). 

127. E. I. Valeo and K. G. Estabrook, "Stability of the Critical 
Surface in Irradiated Plasma," Phys. Rev. Leu. 34, 1008 
(1975). 

128. A. B. Langdon, B. F. Lasinski and W. L. Kraer.Laser Pro
gram Annual Report-197 5, Lawrence Livermore Laboratory, 
Rept. UCRL-50021-75 (1976), §6.3-1. 

129. K. G. Estabrook, Lawrence Livermore Laboratory, private 
communication (1977). 

130. B. Bezzerides, D. G. DuBois, D. W. Forslund, J. M. Kin-
dei, K. Lee, and E. L. Lindman, "Recent Developments in 
Understanding the Physics of Laser-Produced Plasmas." 
Plasmas Physics and Controlled Nuclear Fusion Research 
1976 (International Atomic Energy Agency, Vienna, 1977), 
vol. l,pp. 133-146. 

131. Annual Report, Osaka University, Osaka. Japan, 75 (1977). 

Author 
C. Barnes 

4.7 Profile Steepening and Plasma 
Expansion 
4.7.1 Effects of Flow on Density Profiles in 
Laser-Irradiated Plasmas 

The manner in which laser radiation pressure mod
ifies plasma density profiles is important to laser light 
absorption, because the expected mix of absorption pro
cesses and transport phenomena depends sensitively on 
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density profiles near the critical surface. Here we show 
analytically that plasmas entering the critical region 
supersonically can exhibit compressional density pro
files, in which their density depends nonmonotonically 
on distance from the target surface. Supersonic com
pressions in the critical region necessarily involve 
dissipation properties like those in collisionless shocks, 
and the plasma instabilities responsible for the dissipa
tion can affect laser light absorption and energy transport. 

In contrast, plasmas entering the critical surface 
subsonically exhibit the familar density step there.132"136 

For some near-sonic flows, no steady profile exists. 
Our analysis offers new insights into recent computer 
hydrodynamics calculations in the sonic and super
sonic regimes. 

Jump Conditions across the Critical Surface. 
Jump conditions may be obtained by integrating steady-
state equations of mass and momentum conservation, 
V • (pv) = 0, pv • Vv = - V p - V • Il r , from a 
point ji, on one side of the critical density to a point^x, 
on the laser side (see Fig. 4-50). The fluid density, 
velocity, and thermal pressure are p , v, and p, 
respectively. For laser electric and magnetic fields E 
and B. the laser radiation pressure tensor is , 3 7" , : , ! l 

n = I < E Z + B Z > / 8 J T - < e r EE_ + B£ >/4jr (51) 

where e r = Re [I - io$/o>(m + i v)], the laser fre
quency is <o, <&l = 4irn l. eVnv the electron density is 
n,„ and the collision frequency is v. For light normally 
incident on a one-dimensional plasma, the normal 
component of JJ r is < E 2 + B 2 >/8ir. If £, and x» 
are close together, we need not specify the overall 
geometry. For spherical plasmas we require [xi -
Xp j « r, where r is the local value of the radius. 

We assume that the flow is approximately steady 
for the short time | x, - x? | lc, required to cross the 
critical region, where cf = p/p evaluated at the point 
Xf. This is well justified for current experiments that 
typically have |_Xi - x^ | = 1-2 jam, c, = 3 x 10' cm/s, 
so |_x, — Xp | lc, is several picoseconds, whereas typi
cal laser risetimes are > 10-20 ps. 

Wfe choose X| so that f j r (x,) = 0, and define 
II = n • B r f e ) ' A. whenTn is the local normal to 
the critical surface. The jump conditions in a frame 
moving with the critical surface are then 

P , v , = p 2 v 2 

P , + ^ v 1

2 = p 2 + p 2 v 2

2

 + n . 

(52) 

(53) 

Critical 
surface • 

Plasma 
flow o X1 * 2 

Laser 

<>»***»** 

^*»**»»»» 

<»»»»»»»» 

Fig, 4-50. Geometry for jump conditions. Laser is incident 
from right. Point x, is to left of critical surface; x2 is to right. 

IT and M, = v, (Pi/pi)"" 2. We replace the energy 
equation by the assumption that the region between 
,Xi and ^2 is isothermal: c 2 = (P2/P2)"2 = c,. Our 
results are readily generalized to the case c 2 > c,, how
ever, kothermality is usually well satisfied because the 
range of a thermal electron is typically longer than 
l ^ - x 2 J: for electron density nd temperature n c and 
T,., the~electron range is - 2 0 fim x (nJlOP cm - 3 ) " 1 

Ci\./1 keV)2, whereas |x, -x?\ is at most a few times 
c/top,. = a few times 0.17 /urn (n.,/1021 cm- ' ) -" 2 . (The 
critical density for 1.06-jum light is 1021 cm" 3.) Note 
that Eqs. (52) and (53) remain valid in the collisionless 
case, provided the particle distribution functions are 
approximately isotropic. The solution to Eqs. (52) and 
(53) is 

M 2 "1 

1 + M 2 - <n/p,c 2) ± [(1 + M 2 - f l /pjc 2 ) 2 - 4 M 2 ] ' 
1/2 

2JVL 

(54) 

From the requirement that M a /M, be real, we 
obtain the region where steady-state solutions exist: 
either 

M ^ M ^ l + dl/PjCj 2) 
1/2 

(55) 

Our procedure is to solve Eqs. (52) and (53) for 
the ratio of Mach numbers M 2/M,, as a function of M 1 < M D = l - ( n / p 1 c 1

2 ) 
1/2 

(56) 
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Fig. 4-51. Schematic density profiles for (a) D front, M |sM D<l;(b) R front, M^Mg^l; (c) shock (M>1» plus D front. 

We call radiation pressure fronts satisfying Eq. (55) 
R type, and those satisfying Eq. (56) D type. (This 
nomenclature is borrowed from the theory of ionization 
fronts."0, M l R and D fronts are analogous to detona
tions and deflagrations, respectively, in chemical com
bustion.142) Note that for D fronts the requirement that 
the flow velocity not change sign across x c implies 
II =£ pjCj2 so that M D ^ 0 . There are no steady solu
tions with M D < M < M R . 

Critical fronts 1 4 0 ' 1 4 1 are those for which the equality 
sign holds in Eqs. (55) and (56). They have M 2 = 1 
and are analogous to Chapman-Jouguet deflagrations 
and detonations.142 As in the case of ionization fronts, 
there is no a priori reason to assume that radiation 
pressure fronts are critical. 

Straightforward algebra using Eq. (54) shows that 
R fronts represent compressions (pt < p 2 . Mi > M 2), 
whereas D fronts are rarefactions (p, > p 2 , M! < M 2). 
Figure 4-51 indicates this distinction schematically. 
Thus, D fronts represent the density step familiar from 
plasma simulations.132"136 Plasma flows subsonically 
into x,. and then accelerates. The total pressure outside 
the critical surface (p 2 + p 2 v 2

2 + II) is balanced pre
dominantly by the thermal pressure p,. 

In contrast, R fronts have not yet received atten
tion in the laser plasma literature. Here plasma flows 
supersonically into the critical region. The upstream 
pressure thus cannot adjust to the added inward laser 
momentum II a t ^ . When the flow reaches the critical 
surface, its ram pressure p,v,2 must nearly balance the 
totaj pressure (p 2 + p 2 v 2

2 + 17) in the underdense 
region. Because the upstream flow cannot adapt to the 
laser's radiation pressure, matter piles up in the critical 
density region, rising somewhat above p c as shown in 
Fig. 4-51(b). 

Table 4-6 summarizes the above results and lists 
some additional properties of D and R fronts that may 
be derived from Eq. (54). The weak and strong solu
tions correspond to small and large density jumps, 
respectively. 

Fronts with M, in the range M D < M, < M R 

will be fundamentally unsteady near p c . In addition, 
we speculate that the strong R fronts described in Table 
4-6 are unstable. If one imagines a perturbation that 
lowers the peak density slightly below critical (see Fig. 
4-52), laser light will penetrate to a new critical surface 
well inside the original one. But at the new surface 
the Mach number M| > 1 is too large to maintain the 

Table 4-6. Properties of D and R radiation pressure fronts. 

D fronts 

M , 5 M „ = l - ( n / p 1 c , 2 ) 1 / 2 

" l v l 

Critical solution 
Weak solution 
Strong solution 

1>(P 2 /P 1 )>M D ,M 2 <1 
M D>(p 2/Pj)>0, M 2>1 

R fronts 

M 1 ? M R = i + ( n / p 1 c 1 

Compressions (p.>Pj) 
Mj = M R , M 2 = 1 
M R > ( P 2 / P J » 1 , M 2 > 1 

A2< 

2,1/2 
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preexisting D-type profile. Hence, the unbalanced out
ward force pushes die critical region back toward its 
original position, where die cycle can repeat. 

Shock-plus-D Fronts. For supersonic flows we 
suggest an alternative configuration that seems con
siderably more stable than an R front. As shown in 
Fig. 4-51(c), a simple shock can stand upstream of the 
critical surface, bringing the flow speed from super
sonic to subsonic. Because of die shock, die flow at 
p c may be subsonic also, allowing an ordinary D front 
to exist. Because p c is now permitted to lie quite far 
down on the D-type density step, a small perturbation 
to the peak density in Fig. 4-5I(c) will not be likely 
to affect die critical surface position, and the overall 
configuration should be stable. Such collisionless 
shocks have been seen in particle-in-cell computer 
simulations,143 for supersonic relative velocities of the 
plasma and critical region. Figure 4-53 shows an ex
ample of such a shock, from a simulation by A. B. 
Langdon. (Shock-plus-D ionization fronts are known to 
exist in astrophysical contexts.1 4 0 , 1 4 1) 

For a shock-plus-D-front configuration to exist, die 
flow between die shock and critical surface must adjust 
so that die jump conditions across these two discon
tinuities are consistent with each other. In spherical 
geometry this is particularly attractive, because mass 
conservation (pvr 2 = constant) allows flexibility in 
flow parameters between die shock and the critical 
surface. As a simple example of a shock-plus-D front, 
consider a case where die postshock Mach number is 
M 0 =s 1 and die region between die shock and p c is 

isothermal. Then, in spherical flow, die Mach number 
M, just on die high-density side of x c satisfies144 

M j 2 - l n M , 2 = M 0

2 - lnM„ + 4 In (r c/r s) , (57) 

where r c and r s are die critical and shock radii, re
spectively. For M 0 < 1, die Mach number decreases 
and the density increases between r s and r c . To have 
a D front, M, must also satisfy Eq. (56): M, =£ 1 -
(Il/piC, 2)" 2. For a given (II /p^, 2 ) , a value of M| con
sistent with Eq. (56) can be found simply by choosing 
the appropriate radius ratio (r c/r s) in Eq. (57). Ana
logous arguments show that a shock-plus-R front struc
ture is not allowed, if die flow is isodiermal between 
r s and r c . 

Thus, supersonic flows can produce two forms of 
compressionaJ structures: shocks just inside the critical 
surface, and R fronts right at the critical surface. As 
with detonations,142 an R front may be shown to be die 
limiting case of a shock-plus-D front, as die distance 
between the shock and die D front goes to zero. Hence, 
the two types of compressions are related. Botii require 
dissipation, presumably in die form of plasma turbu
lence. Such dissipation may have important conse
quences. For example, ion-wave turbulence produced 
in an ion-acoustic shock can inhibit heat transport and 
enhance absorption processes in die critical region. 

In parameter regimes where die shock is collision-
less and its Mach number is sufficiently high, some 
outward flowing ions will be reflected by die shock 
front and sent back upstream149. An example of tiiis 
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phenomenon is shown in Fig. 53(b). Under some cir
cumstances, the reflected ions may begin to affect the 
overall flow structure by carrying energy upstream. 
The expected velocity of the reflected ions is roughly 
given by the relative velocity of the shock and the 
upstream plasma, measured in the shock frame. Thus, 
in the lab frame, the velocity of the reflected ions is 
vi = 2 v s h . 

The shock velocity v s h is determined by pressure 
balance between the laser radiation pressure E 2/4ir on 
the downstream side and pv s l l

2 on the upstream side 
of die shock. This gives 

41T ' ^ s h ' u p s t r e a m - ' ' ' c s 'upstream 

where M is the Mach number of the shock and c s = 
(ZT e/M!)" 2 is the upstream sound speed in a plasma 
with ions of charge Z. Solving for the Mach number, 
we find 

1/2 l 1/2 

M = 4( inkT 
> 1 

where I 1 6 = I/(1016 W/cm 2), 0 k e V = kT e/(l keV), n 2 1 = 
iie/(10z' cm - 3 ) , and a Nd:glass laser, \ = 1.06 /u\m, 
has been assumed. 

The velocity of the reflected ions v, and their 
energy per unit charge EJZ are then 

E i/Z = 4 l / n i c^8 ( I 1 6 / n 2 ] )keV . 

The range Xs of the reflected ions is 

cm/s , 

(mm lim 

where In A is the Coulomb logarithm. Hence, for typical 
parameters Z = 6, n 2, = 2, I l 6 = I, fJ k e V = I, the 
range of the reflected ions is A S = 5.2ftm. Thus we see 
that, particularly at high intensities, the reflected ions 
can penetrate into the upstream plasma enough to poten
tially affect the flow structure there. 

Conditions for Supersonic Flow Relative to the 
Critical Surface. In current short-pulse implosion ex
periments, the critical region moves outward relative 
to the target surface prior to the peak of the laser pulse, 
and moves inward after the peak. 1 4 6 Hence, the second 
half of the laser pulse may favor supersonic flow, 
because the relative velocity between the plasma out
flow and the inward-moving critical surface may be 
large. 

Future experiments will emphasize use of longer 
laser pulses and more adiabatic, ablative implosions. 
If the laser risetime is long compared to the fluid's 
transit time from the ablation surface to the critical 
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Fig. 4-54. Shock-plus-D front seen in computer hydrodynamic calculation by Virmont et al.14* (a) Density relative to critical density, 
plpc, vs radius R; (b) Velocity relative to critical surface normalized to sound speed c | t as a function of radius R. 

surface, a global quasi-steady state will be set up. Plas
ma flow characteristics are then determined by the in
ward heat flux from the critical surface to the ablation 
surface. Efficient inward heat flow produces rapid 
ablation and thus high Mach numbers at p,.. 

This general conclusion can be illustrated by the 
following idealized example. Consider a regime where 
the electron mean free path near p,. is longer than the 
temperature gradient scale length, so that heat is carried 
by free-streaming electrons. A model for the heat-flow 
vector q in this situation that limits the heat-flow 
speed to a fraction of (kTV/m,,)"2 is q = -5</>pe3 

2171VT | , where the flux limit <j> - I fo~normal heat 
flow and <j>< < l for strongly inhibited heat flow."' In a 
global steady state, the heat equation inside x(. is (pv/2) 
(v 2 + 5p/p) + q = constant/r2. The constant may be 
shown to be zero by evaluating it in the unablated re
gion where q = T = v = 0. Then the heat equation 
yields M(l + M2/5) = 2<p, where M is the Mach 
number relative to the critical surface.147 Thus, in this 
example the flow will be supersonic only if the flux 
limit <j> exceeds 0.6; otherwise, it will be subsonic. The 
first case should lead to a shock-plus-D front, and the 
second gives a D front alone. In terms of the more 
usual flux limit f = Q/(n cm 0 v,t.3), the condition for 
supersonic flow is f >0.I2 for a spherical DT plasma. 
Here Q is the magnitude of the heat flux. 

Discussion. Recent hydrodynamic computer 
studies have found behavior typical of flows tor which 
M, > M D . 1 4 8 , 1 4 9 Our work allows interpretation of these 
previously puzzling results. Both Brueckner14" and 
Virmont et al. 1 4 9 noted compressional density profiles 
resembling those predicted in Fig. 4-5I(c), for the case 

of 1-jum laser light. In particular, Virmont et al. found 
that most characteristics of the compressional profile 
are stationary in a frame moving with the critical sur
face.'49 In light of our analysis, we interpret this struc
ture as a shock-plus-D front. It is illustrated in Fig. 
4-54. 

Mulser and van Kessel noted that density steps 
like that shown in Fig. 4-51(a) are seen only for sub
sonic flows.'44 This observation agrees with our predic
tion for D fronts. Because there was no dissipation 
mechanism in their model, they would not have been 
able to see an R front or a shock-plus-D front in the 
supersonic case. Instead, a density plateau near p (. was 
formed. (We have not analyzed density plateaus in the 
present work, but Virmont et al. have shown that such 
plateaus are unstable to «hort-wavelength perturba
tions.149) 

Several provisos must be added to the results re
ported here. Our steady-state solutions may suffer from 
varying degrees of instability. Our jump conditions con
tain no suprathermal electrons. The conditions for R 
and D fronts have been phrased in term of II, the nor
mal component of the radiation stress tensor just out
side the critical surface. The fields E and B that deter
mine II must of course be found self-consistently with 
the density profile outside the critical surface, in a full 
solution to the problem. 

In summary, compressions and shock-like struc
tures in the critical region are predicted to accompany-
supersonic outflow relative to the critical surface. Tur
bulence and reflected ions associated with these struc
tures may affect transport and laser light absorption in 
some regimes. Flows with near-sonic velocities have 
been shown to be fundamentally unsteady. 
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4.7.2 Self-Similar Solutions to Plasma Flow with 
Strong Coilisional Heating 

The purpose of this analysis is to understand the 
surprisingly low absorptions found in the high-Z disk 
experiments discussed in §6.7. Here we discuss a self-
similar solution to the plasma flow that gives the qual
itative features found in the LASNEX simulations of 
high-Z disk experiments: a sharp density drop at criti
cal, combined with a sharp temperature rise. This com
bination leads to a hot, very underdense plasma with 
little cotlisional absorption. 

A similarity solution corresponds to a quasi-
asymptotic flow state, where the initial conditions are 
"forgotten." Instead of the space and time variables x 
and t, we have a single similarity parameter £ — 
x/R(t), where the functional form of R(t) is determined 
either by dimensional arguments or by the boundary 
conditions at ± *. A familiar example is isothermal 
flow, where Rr") = c st, and c s is the sound speed. The 
density, for example, is given by p = pa exp ( - f). 

We start with the moment equations for the fluid: 

^ + f(pv) = 0, 
dt dx 

p (aT + v 9T) 
ap 
dx = o , 

(58) 

(59) 

P + 5/3 P r 1 * 2/3 f̂ - = 2/3 v f- . (60) 
OX OX 87T 

In these equations p , v, and P are the plasma density, 
velocity, and pressure, respectively; Q is the heat flux; 
and IJE2/STT is the absorbed power density. 

We will consider only one dimension appropriate 
for disk targets. The extension to higher dimensions is 
trivial. We neglect momentum deposition, because the 
light pressure is much less than plasma pressure. The 
heat flow vector Q is given by 

Q = min 
•v-E- 9x 2 

3T 
(61) 

0 ^ = -fnmvT

;> ^ 
/3x 
/3xl 

Authors 

C. E. Max 
C. E McKee 

where f is a number describing anomalous inhibition of 
the heat flux, T is the temperature, n is the density, and 
v T is the thermal velocity. For a high-Z material, large 
amounts of energy are deposited at critical density. 
However, the free-streaming limit of Q implies the 
formation of a temperature shock and thus the absence 
of a quasi-stationary solution. The long-time behavior 
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of the heat flow, as suggested in LASNEX simulations, 
is that the magnitude of the heat flux is set by the 
free-steaming limit, Q = 1/2 Q f s, but the sign of the 
heat-flux gradient is given by the classical result 

3Q 3 2 T 7 / 2 

3 x 3x 2 
(62) 

Now we go over to the similarity parameter, £ = 
x/R(t), R(t) = At", where A and a are constants to be 
determined. We define the nondimensional quantities, 

(63) 

g = P/Pc 

jr = P/pcF 2 

u = v/R , 

where R = -• dR/dt = Aat°- 1 . 
Equations (58) - (60) become 
du 
d* 

+ (u - ?)|"Eng = 0, 

(u- i) — 1 dTT 
+ g d? 

+ u = 0 
a 

(64) 

(65) 

(66) 

where vT„/c = 4.5 X lO"2, tu0 = 2 x 1015 Hz, and 
e=(m l,/m i)"2. For this system of equations to be self-
similar, t must not appear explicitly. This requires 

10* P T T | I I I I I I I | I ! I | I I |-

~ .pressure/critical pi JS'.ure 

i n - * . ' i i i I • i i I i i ' I • i i i i ' i 
I K l ^ 0.17 0.18 o 0.19 0.20 0.21 

Similarity ptramtter (• ••." 

F%. 4-55. DMMlty* tMNptnlMV, MM ptMMWtpnffM AMI 
AM iWnrity iMmtiiw. Tht c imi |H»n LASNEX raa to 
for a |oM dl*, hradtatod at 1»'< W/cm' tail* MWM. 

has a temperature dependence, a is changed. For 
example, if the plasma is in coronal equilibrium, Z ~ 
T1'2, and a = 5/4. 

A numerical solution to the system of equations is 
shown in Fig. 4-55. Note the density drop to about 0.2 
critical and th? temperature rise from about 1 keV to 
about 5 keV. 

An analysis of the equations shows that, near 
critical, 

£ - = A 5 t S a " 6 = constant R 

or a = 6/5. We now define A to make the bracket on 
the right side of Eq. (66) unity: 

dlng 'V/ 
d? 

M / c 6 n 
d In c z ~v 3eg / 

d$ = f r 

(69) 

(70) 

16000a 6 K): 
"TO 

11/S 
(67) 

Note that, because v2„s — <u -2, A is independent of 
wavelength. A characteristic temperature can be de
rived: 

T ( k e V ) = 52251 M 2 I t ) 2 / s 
e 2 c 2 

(68) 

For a gold disk, I = 101 4 W/cm2, t = 1/2 ns, T c = 11 
keV In this analysis, we assume that Z is constant. If Z 

where c is the normalized sound speed (ir /g) l / 2 . Near 
critical, g == 1 and c 2 < < 1 . Thus, there is a sharp 
gradient here, with scale length 1/3 f/e c 6/g. Because 
In ir = In c 2 + In g, Eqs. (69) and (70) show that the 
pressure is approximately conctant, as can be seen in 
the numerical solution. 

Using the near-constancy of ir, the asymptotic 
steady-state limit of Eq. (66) occurs when 

3 
7 / /V' 2 (71) 
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and 

c2 = V g = 3 2 ' V / 7 

(72) 

(73) 

For the situation illustrated, these asymptotic values are 
g = 0.12 and c 2 = 0.67, the latter crresponding to a 
temperature of 7 keV. 

The fractional absorption is given by 

f a b s = 1 - e x P / 
" / u k 0 d x (74) 

Using the scaling laws derived above, we see that 

'"<i-wW'0-4 (75) 

where r is the laser pulse length. 
Figures 4-56 and 4-57 show the agreement of 

these scaling laws with LASNEX simulations. Figure 
4-56 shows the temperature in the underdense region vs 
(I T). The theory predicts T ~ (I T ) 0 4 , whereas the 
slope shows ~ 0.35. Figure 4-57 shows that ln(l-f a t ) s) is 
proportional to T 0 6 / I 0 - 4 , as predicted. 

In summary, we have derived a self-similar solu
tion to plasma flow in a high-Z plasma that exhibits the 

r 
j . i 

b 
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qualitative density and temperature profiles observed in 
LASNEX and that also gives scaling laws for the 
plasma temperature and absorption. 

Author 
J. J. Thomson 

4.8 Stimulated Scatter 
4.8.1 The Competition between Inverse 
Bremsstrahlung and Brillouin Reflection 

In experiments with long-pulse-length laser light, 
the size of the underdense plasma can be quite large. 
When the underdense plasma is large, Brillouin scat
ter 1 5 1 becomes a significant loss mechanism, as sup
ported by recent experiments. 1 5 2 , 1 5 3 However, inverse 
bremsstrahlung also becomes more important in such 
plasmas, particularly when high-Z targets are used. It is 
then very important to understand the competition be
tween Brillouin scatter and inverse bremsstrahlung 
(collisional absorption). 

Some first estimates of this competition can be 
obtained by including collisional damping of the light 
wave in a theoretical model for Brillouin backscatter in 
a uniform plasma. It is shown that collisional absorp
tion can suppress Brillouin scatter only above a charac
teristic density. Hence, in an inhomogeneous plasma 
the scatter can be decreased but not eliminated. 

The analytic model treats Brillouin backscatter in 
a uniform underdense plasma with density np. 1 5 1 , 1 5 5 

From Maxwell's equations and the two-fluid plasma 
equations, we can readily derive coupled equations for 
the incident and reflected light waves and the ion-
density fluctuation: 

[3 2 3 2 3 2 

-pe" Af 
b 

4W 
m 

Abn. 
f ' 
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and 

r at 2 3 t 3x^ 

Zn e^ 

mMc2 dx 2 
— A f A b . ( 7 6 ) 

Here A is the vector potential of either the incident 
wave (Af) or the back-reflected wave (Ah), ofo is the 
electron plasma frequency, and v s is the ion sound 
velocity. The energy damping rate of the ion wave is 
r, and the damping rate of the light waves v = 
((OpVw2) x «Vi, where <>,., is the electron-ion collision 
frequency. In the usual way, we remove the fast-time 
und spatial variations and assume that the ion wave is 
heavily damped; i.e., that the damping length of the 
ion wave is much less than the growth length of the in
stability. Taking the ion wave and incident light wave 
lo have frequency to and oi„, respectively, and wave 
number k and k,„ respectively, we then obtain: 

enhanced, however, by scattering of the incident light 
wave from thermal ion density fluctuations. 

This solution has a very simple physical interpreta
tion. Defining an absorption length for the light waves 
Cabs = I//3). we observe that the above solution re
duces to that obtained by neglecting collisional damp
ing with the substitution 

L - > L , - l . b . | 1 - e * P ( - L / 1 . b . > (79) 

If L < < l a b s , L* = L. If L > > l a l l s , L* = \ a b s . 
The physical interpretation in this limit is straightfor
ward: the maximum relection is that obtained in a 
plasma of size L = X a b s . 

Using Eq. (78) and assuming that L > > 1 ai, s, we 
can now estimate the condition in which collisional 
absorption (inverse bremsstrahlung) prevails over back 
scatter as 

(77) 

k2t-2Z A f A b 

3A f w 2 

-2k n c 2 -; i'CJ.At = -r £ —A.n. , 0 ox ° f 2n b > P 
3 A b « . 2 

2 < k o - k > e 2 - 9 T + " w o A b = ! n _ A f n

i P 

The solution for the reflectivity for a plasma of 
length L is then determined by 

B exp (-0L) = r(l-D 

M-M(̂ )R 
(78) 

where 

L2L. V ° S k o (cj /n , 

ck 0 c 

Here v^ i - the oscillation velocity of an electron in the 
incident light wave, 0t is the ion temperature, and 0 e is 
the electron temperature (mv e

2 = 0C). B is the intensity 
of the back-reflected wave at x =L, normalized to the 
incident light intensity. Crudely this can be estimated as 
the noise level of the back-reffected wave, which is 

iv 
In more physical units, this condition is 

3/2 

(80) 

where 1 is the incident light intensity (W/cm2), 0 is the 
temperature (eV), and n„ is the critical density for the 
incident light (cm"3). In other words, collisional ab
sorption can suppress Brillouin scatter only above some 
characteristic density given by Eq. (80). This condition 
arises because the growth rate for backscatter is propor
tional to density, whereas the collisional damping of a 
light wave is proportional to the square of the density. 
As an example, consider l.06-/*m light, 1 = 10H, 
W/cm1, &v = I keV, and Z ~ 30. Then, even if the ion 
wave is very heavily damped (Tlta = 1), n B/n„ >0.15. 

For laser light incident onto an initially solid den
sity target, the light in fact traverses regions of different 
plasma density, as indicated in Fig. 4-S8. As shown 
above, the collisional absorption can suppress the 
backscatter above the characteristic density; the scatter 
prevails below that density. It is then clear that Brillouin 
scatter is not eliminated by collisional absorption, al
though in any given density profile it is reduced by 
being limited to lower densities. Although the simple 
uniform plasma model makes clear some of the impor
tant qualitative features of the competition, quantitative 
calculations must of course take into account how much 
plasma is at the various densities, how the gradients in 
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density and expansion velocity reduce the scatter, and 
how the finite mass and heat capacity of the plasma 
limit the scatter. I ! H J B 8 These questions must be ad
dressed in detailed computer calculations, which are 
now underway. 
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4.8.2 Forward Raman Scatter in Laser Fusion 
Reactors 

Besides the usual backscattering plasma instabil
ities, there are stimulated scattering processes that op
erate in the forward direction, the scattered photon 
traveling in a different direction from the incident 
photon. In a laser fusion target chamber, there is some 
background gas, either from hot walls, such as in the 
lithium waterfall concept, or from a buffer gas designed 

to protect cool walls. As the laser beams are focused, 
they eventually reach a high enough intensity that the 
background gas is ionized. The resulting plasma may 
then scatter the incoming laser beam. Here we consider 
the most efficient forward scattering process in a very 
underdense plasma, stimulated Ramam scattering, and 
find limits on the background-gas density so that only a 
small fraction of the incoming beam is sufficiently de-
cotlimated that it misses the target. The purpose of this 
analysis is to find a conservative overestimate of the 
scattering percentage. An important feature of this 
analysis is that the plasma is very underdense, i.e., <op 

< <o) 0. where o>p is the plasma frequency and eo0 is the 
light frequency. The dispersion relation for Raman scat
ter is obtained in the usual way:'" 

to 2 + ioJC - to 2 - 3 k 2 v T

2 = c o p

2 k 2 v o s

2 cos0 <|2wco 0 

+ t o 2 - c 2 ( k 2 + 2 k k Q cos0) + i(co + < o 0 ) e A | 

+ f-2t>xJ0 + u>2 -c1 (k 2-2kkQccs0) 

+ i(co-w 0)vA] J , (81) 

where v„s is the oscillatory velocity, $ is the angle 
between the electric vectors of the incoming and scat
tered waves, 0 is the angle between k u, the incoming 
wave vector, and k, the plasmon wave vector. v T is the 
electron thermal velocity, v is the plasma damping rate, 
and v\ =<ox?t<a'iv is the electromagnetic wave damping 
rate. Henceforth we stay in the polarization plane and 
let <j> = 0. 

If 0 — 0, either bracketed term in the braces may 
be resonant, but not both. The answer is the same for 
either, so we consider the second term only. 

The resonance condition is 

c 2 ( k 2 - 2kk Q cos0) = co 2 - 2coto 0 . (82) 

The maximum value for k in the forward direction 

kmax = < 2 " p < V 1 / 2 ' c 

and occurs for 

' "«<y w O> 1 / 2 

The corresponding scattering angle is 

^k/k 0 = (2co p /co 0 ) 1 / 2 

(83) 

(84) 

(85) 
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Because the growth rate of the instability is propor
tional to k, the most strongly growing mode corres
ponds to k m a x and has the growth rate 

W W I « p v 0 1 / c (86) 

with the threshold 

" = ^ " 0 v o s / c . (87) 

If we put in typical numbers, Eq. (87) shows that 
the instability is always strongly overdriven. 

Next we wish to estimate how much energy is 
scattered from the beam. The maximum level the 
plasma waves can reach is determined by particle trap
ping in the waves, given by 

E 2 / 4 J T ~ n m c w 2 / k 2 , (88) 

where E„ is the plasma wave field, n is the background 
gas density, and mt. is the electron mass. The plasma is 
locally heated by the plasma waves at a rato given by 2 
•y m a x E p

2/4ir. The number of photons lost by the main 
beam is the same as the number of plasmons created, 

AE 2 /4TTW 0 = AE2/4TTCO2 . (89) 

Thus, the power lost from the main beam is 

K*(E2/8ir) = 27 ( t o 0 / o y (Ep/4»r) , (90) 

where v* is a phenomenologicai damping rate given by 
this equation. The fractional energy loss over a ray path 
is approximately 

f E = / (ivcj0) k 0 dx = (iA/5) < " p / w 0 ) 3 

8 

t 
I k 0dx/(v o s /c) ,(91) 

i 
where we have used Eqs. (90) and (88). Distances are 
measured from beam focus. L is the ionization point, 
and E is the closest distance at which a scattered photon 
still hits the target: 

8 = d f + l l / ( 2 \ ^ ) ] ( c o 0 / w p ) 1 / 2 | , (92) 

where d is the target diameter and f the lens f-number. 

Because the beam is focused, v 0 5(x)~x ' , thus relating 
v„s(x) to the target plane x = fd: 

fE~ tl/(2>/2)] <cop/co0)3 lkL 2/v o s/c)fd] , (93) 

where we have used 8 < < L. Taking an ionization 
intensity of I(L) = 1012 W/cm 2, Eq. (93) can be written 

fE = [l0 3 /<2\/2)] ( n / n c ) 3 / 2 c o 0 / a J N d ) 

X d o / 1 0 1 2 ) ! k„fd .(94) 

Note that the frequency scaling is ci>0

-1- so C 0 2 

lasers are much more susceptible to this effect than 
glass lasers. For a given lens f-number, target diameter, 
and l„, Eq. (94) may be used to estimate how much 
background gas density is allowable in order to scatter 
not more than 10%, say, of the incoming beam. A typi
cal number n < I0 1 5 c m - 3 . 

Two effects may be used to reduce the scatter. It is 
well known that, if the laser has a frequency bandwidth 
much larger than the coherent growth rate, then the 
growth rate is reduced, in this case to 

7= 1 /2 (CO 2 /ACJ) (V 2

S /C 2 ) . (95) 

If yr < 1, where T is the laser pulse duration, the 
instability will not be able to grow. Thus bandwidth 
will eliminate the instability if 

Aw/co0 * I /2 ( C J 2 / W 2 ) (v 2

s /c 2 ) UQT (96) 

For Nd, this typically requires bandwidths much less 
than a percent. The scaling here is 6>o~3, so C 0 2 lasers 
may not be able to use this method. 

Another effect is that of random density fluctua
tions in the background gas. This tends to detune the 
instability by changing the local value of iap. A simple 
calculation shows that the instability is very sensitive 
to this effect, and reasonable guesses for density-
fluctuation parameters appear sufficient to quench the 
instability. 

In summary, we have derived an expression for the 
amount of light forwardscattered from a laser beam in a 
target chamber. For some situations, the scattering may 
be appreciable. However, laser bandwidth or 
background density fluctuations are efficient at quench
ing the instability. Lower frequency lasers are more 
susceptible to this scattering effect. 

Reference 
157. D. W. Forslund, I. M. Kindel, and E. L. Lindman, "Theory 

of Simulated Scattering Processed in Laser-Irradiated Plas
mas," Phys. Fluids 18, 1002 (1975). 

Author 
J. J. Thomson 

4-66 



4.9 Heat-Transport Inhibition 
4.9.1 Cross-Field Thermal Transport Caused by 
Ion-Acoustic Waves in Magnetized Laser Plasmas 

Introduction. It is now clear that large magnetic 
fields can be generated in laser produced plasmas. Re
cent measurements by Faraday rotation have indicated 
fields greater than 1 MG in the underdense plasma.158" 
1 6 0 Many mechanisms can produce such magnetic 
fields. These include the V n X V T term in the equa
tion for B , 1 6 1 1 6 2 the thermoelectric 161™,"""" the di
vergence of momentum flux of laser light,***"'87 cur
rents produced by energetic electrons,16* impurity 
seeding, 1 6 9 and even currents generated by turbulence 
in an unmagnetized plasma.17" We have elsewhere 
summarized the scaling laws expected for these various 
mechanisms for generating magnetic fields1 7 1. 

Although the magnetic field is large, laser-pro
duced plasmas are so dense, so hot, and so rapidly 
flowing that the fields observed and predicted are not 
large enough to affect the dynamics. However, the 
magnetic field does greatly reduce cross-field electron 
thermal conduction, or heat flow. Reducing thermal 
conduction requires that cote T,. » 1, where «„, is the 
electron cyclotron frequency and r e is the electron-ion 
collision time. This condition is not difficult to satisfy 
even for magnetic fields too small to affect dynamics 
oirectly. 

Thus, one expects the cross-field thermal energy 
flux in a magnetized plasma to be much less than the 
flux in an unmagnetized plasma. This inhibition of 
energy flux would in turn lead to much steeper electron 
temperature gradients than one would expect for an 
unmagnetized plasma. One could then ask whether the 
steep gradients so produced could lead to any kind of 
instability that would tend to raise the electron cross-
field thermal flux to a value closer to that for an un
magnetized plasma. 

Here we show that ion-acoustic waves that propa
gate perpendicular to both the magnetic field and the 
gradients can in fact be driven unstable. First, we de
rive the equilibrium. Then we calculate the linear 
theory for ion-acoustic waves in this equilibrium. Next 
we calculate the electron energy flux in a given spec
trum of ion-acoustic fluctuations. Finally, we discuss 
how to include the effects of enhanced cross-field 
transport in a fluid code. 

The Equilibrium. The basic configuration of a 
one-dimensional laser-produced plasma is shown in 
Fig. 4-59. The laser comes from the left at x = - » . The 
flow velocity and temperature gradient are in the nega
tive x direction, and the density gradient is in the posi
tive x direction. We assume a magnetic field B in the 
positive z direction (out of the plane of the paper), 
strong enough to affect the electron transport, o>ce r e 

> > 1. We also assume that the field is too weak to af
fect the dynamics; i.e., nMu2 > > B2/47r, a)pi. > > G^,,, 
and / 3 » 1, where n, M, u, and o>P(. are, respectively, 
the number density, ion mass, flow velocity, and elec
tron plasma frequency, and /8 = 47mT/B2. The ions are 
assumed to be unmagnetized, pt » L, where pt is the 
ion larmor radius and L is a macroscopic scale length. 
Electrons are assumed to be strongly magnetized, p e 

« L. Therefore, for the electrons to flow in the nega
tive x direction, there must be an electric field in the 
negative y direction with magnitude B (u/c). The above 
conditions are generally satisfied in a laser-produced 
plasma. 

To calculate whether such a plasma is stable, it is 
essential to consider the effect of collisions on the 
equilibrium. The equilibrium is governed by a flow 
velocity to the left and an electron thermal conduc
tion to the right. This thermal energy flux Q = - K 
dT/dx, where K is the thermal conductivity. Classical 
kinetic theory gives the result1 7 2 

K = 4.66 nT e /mw^T e . (97) 

If the laser energy flux is I and the fractional absorbtion 
is a, then conservation of energy flux (assuming for 
simplicity no change in fluid energy flux) across the re
gion of absorption gives Q = al. Thus, thermal energy 
flux, and therefore a nonzero collision frequency, is in
herent in the very nature of the equilibrium of a laser-
produced plasma. We shall require that p L < \ m h t < L, 
where PL and Xmlp are the electron larmor radius and 
mean free path. 
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Cross-field thermal conduction in the x direction is 
always accompanied by an additional thermal flux in 
the y direction (along isotherms). The magnitude of the 
thermal flux in the y direction is independent of 
collisions (for o>t.t. TC » 1) and is well known in clas
sical kinetic theory.172 In the next section we show that 
this thermal flux in the y direction can produce an ion-
acoustic instability, with wave vector in the y direction. 
Because the energy flux in the y direction is nearly in
dependent of collision frequency, we use the simplest 
possible collision model, a Krook collision term. The 
steady-state Vlasov equation becomes 

3f_ e_ df_ 
x 3x m x dv„ 

*. E 2L 
m y dv.. 

X B • :r = -v(f-f°) , (98) ov 

where P' is a Maxwellian distribution, n the local den
sity, u the flow velocity, and T,. the temperature, which 
are x dependent. The quantity E x is determined by the x 
component of the electron momentum equation. 

-ne E - r— n T x 3x e (99) 

where we have taken u2 < < TJm. Assuming that the 
first two terms on the left of Eq. (98) are small, one can 
solve for the perturbed distribution function by standard 

' Using 

f° = - n(x) m (v - u i r 

<2ffT(x)/m) 3 / 2 e X p " 2T(x) ' (100) 

the latter return current drives unstable ion-acoustic 
waves. 

Linear Theory. Given the unperturbed dis
tribution function in Eq. (101), we can calculate the 
perturbed electron distribution function with standard 
techniques.174 The result is 

f%nS£ 1 + 
8 

Jfl (
k\\\ k c d T c / l m ' v - u i x > 2 5 \ | 

-tco -co 

(102) 

Assuming that k is in the y direction, the fluctuating 
potential is <A(y,t) = d> exp i (ky - tut) + complex con
jugate and o>co » v. 

At this point, we use the fact that a> » «oc,, and 
kvt, > > o»ct„ where v,, = (T„/m)"2. A great deal of 
analytic work and also numerical simulation has shown 
that in this limit the magnetic field has no effect on the 
microscopic dynamics of the instability. Under these 
circumstances, it is appropriate to average Eq. (102) 
over cyclotron resonances. (This procedure is discussed 
in more detail in Ref. 175.) 

The dispersion relation for waves is obtained by 
setting n) = nj., or 

f S f 0 + 6 f = j l - j T 

1 m< v -« i xl 5. 
"2 

dT (v(v -u) + CJ v 
T dx (101) 

where v„ - u = v x cos0, v x = v sine. The first term in 
the parentheses of Eq. (101) causes an energy flux 
down the temperature gradient. The second term causes 
an energy flux in the positive y direction. In the limit v 
« WH,, this energy flux in the y direction is indepen
dent of collisionality.172 Notice that the energy flux in 
the positive y direction is carried by a flux of energetic 
electrons moving in the positive y direction and that it 
is balanced by a return current of slower electrons in the 
negative y direction. In the next section, we show that 

/ * • 

kc £ J W i m ( v - u i x > 5\ 
eB dx ^2 T e 2) 

kv.. 
(103) 

We have assumed that Tt = 0 and kXD < < 1 . 
As long as (c/eB)(dTe/dx) <<v t., the integral term 

in the square brackets is much smaller than unity, so to 
lowest order the waves are just ion-acoustic waves that 
propagate with phase speed v s = (Tp/M)"2. Making a 
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resonant approximation to (kv„. - o>)"', we find that the 
wave frequency is given roughly by 

H«h 1 - l<77/8) 

( , „ k c d T « V 
led- 3/2 — -7- I 1/2 \ eB d x / 

(104) 

In the configuration shown in Fig. 4-59, dT/dx < 
0, so, if k < 0, the ion-acoustic wave is unstable. This 
corresponds to a wave propagating in the negative y 
direction, or parallel to the return current in the y direc
tion. For cold ions, the condition for instability is 

3 / 2 - ^ - ~ ><m/M) 1 / 2 . eBv dx (105) 

This condition is easily satisfied in a laser-produced 
plasma. For instance, if Tt, = 5 keV and B = I MG, a 
hydrogen plasma is unstable if the temperature gradient 
scale length is less than about 75 /xm. If the ion temper
ature is not zero, one can subtract from the growth rate 
the ion Landau damping decrement. 

The fact that condition (IOS) is generously satis
fied in typical laser-produced plasmas allows an im
portant simplification in the sections which follow. The 
wave-vector spectrum for ion-acoustic waves can be 
taken to be nearly isotropic in the x-y plane, because 
the ion-acoustic instability is well above threshold. The 
presence of the magnetic field in the z direction also 
helps to isotropize the electron velocity distribution in x 
and y. 

Anomalous Thermal Conduction. In this sec
tion, we calculate anomalous thermal conduction aris
ing from ion-acoustic instabilities driven by cross-field 
temperature gradients. As discussed in the two pro
ceeding sections, the negative temperature gradient in 
the x direction causes a current of low-velocity particles 
in the negative y direction. This drives an ion-acoustic 
instability propagating in the negative y direction. 

In the reference frame moving with speed cE y/B, 
one can see how the instability causes an anomalous 
thermal flux. The instability exerts an average force on 
the electrons in the positive y direction that causes an 
average electron drift in the negative x direction. How
ever, this force is a decreasing function of the mag
nitude of the particle velocity.1'6 Thus, the lower vel
ocity particles have a greater drift velocity in the nega
tive x direction than do the higher velocity particles. 

In a frame with no net drift in the x direction, the 
lower velocity particles have a drift toward negative x 
(up the temperature gradient), whereas the higher vel

ocity particles have a drift toward positive x (down the 
temperature gradient). Because (v x ) = 0, this dis
torted distribution function has an energy flux down the 
temperature gradient. 

As long as u 2 < < Te/m, a condition easily satis
fied in a laser-produced plasma, the electron energy 
flux in the frame moving with speed cEy/B is just equal 
to the energy flux in a frame having no net drift minus 
5/2 (nu)T e, where {nu) is the instability-induced parti
cle flux. The quantity 5/2 (nu)T t, is that part of the total 
energy flux which is convected with the fluid motion. 

We now calculate (nu) and W, the particle and 
energy flux associated with the instability. If we make 
the transformation given below Eq. (101), the quasi-
linear equation for f(v) in a time-independent plasma is 

„9f 3f v. cosfl r— +00 -rr 1 dx « 30 

•nT,i m I 5(k'v-co)k-|^- ,(106) 

where a>cl! = eB/mc > 0. On the right side of Eq. 
(106), the summation over k also includes a summation 
over-k. 

By taking appropriate velocity moments of Eq. 
(106) and assuming p e < < L, we obtain 

<"->=E(!)"! 

k 

e<Mk) k _ 1 

[ 3_ kc dTc 
2 eB dx , (107) 

-.-Sff e0(k) 
Ik l GJ 1 I c 

( J_ kc_ 
2 eB 

dT 
dx -co . (108) 

The thermal energy flux corrected for fluid convection 
is then 

W = W . - - nu.T 
1 2 • e 

-sfe: e<t>(k) k~ 
v [ii.ii£ £L _i 

[ 4 eB dx 2 ' . (109) 
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Thus, as long as the plasma is unstable, the energy flux 
is down the temperature gradient. If one assumes 
k~ku/2, as is characteristic of ion-acoustic instabilities, 
Eq. (109) is an expression for the energy flux in terms 
of the fluctuating field strength. One can then write the 
anomalous thermal conduction as 

ce 

We close this section by noting that, if the effec
tive collision frequency in the turbulence ve!t is greater 
than &>CIM energy transport is not limited by the magne
tic field, but rather by ion-acoustic turbulence alone. 
Under such circumstances, a different expression for 
the thermal conduction would be appropriate. Ref. 170 
discusses one such derivation of K a n for ion-acoustic 
turbulence when B = 0. 

Application to Target-Design Computer Codes. 
As shown in the numerical example at the end of the 
section on linear theory, magnetized laser-produced 
plasmas are often unstable. Because laser fusion targets 
are generally designed by using computer hy
drodynamics codes, the presence of instability should 
be modeled in these codes. Eq. (110) gives an expres
sion for the thermal conduction in the x direction in 
terms of fluid parameters and e<£/Te. To model 
anomalous thermal conduction, one must first deter
mine if the plasma is unstable at a particular point. Ion 
Landau (and possibly collisional) damping must be fig
ured into the growth rate. If it is stable, one simply uses 
classical thermal conduction. If it is unstable, e$/T,, 
must be evaluated. To do this, one can refer to the liter
ature on the nonlinear theory of ion-acoustic in
stabilities.1 7 7"1 8 5 The consensus of those references is 
that trapping or resonance broadening limits the value 
of e<£Te to roughly 0.1 < e<£/Te < 0-2. Assuming such 
a value of e<t>TTe, Eq. (110) then gives the anomalous 
thermal conductivity in the unstable regions. Finally, 
one must check whether this value of e<f>ITe is so large 
that turbulence, rather than the magnetic field, domi
nates the thermal conduction. If it is, then instead of 
Eq. (110), the appropriate thermal conductivity is the 
unmagnetized value, either classical172 or anomalous. 

In summary, we have shown that cross-field ther
mal conductivity in magnetized laser-produced plasmas 
can be increased by ion-acoustic turbulence driven by 
heat flow. We have discussed how this effect may be 
modeled in laser hydrodynamics codes. 
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4.9.2 Qualitative Aspects of Underdense Magnetic 
Fields 

An important absorption process for high-intensity 
laser light is resonant absorption, which accelerates 
electrons in the general direction of down the density 
gradient.1 8 6 Consequently, the electrons are heated with 
an anisotropic velocity distribution. As was shown by 
Eric Weibel, a sufficiently anisotropic velocity dis
tribution causes the plasma to break into filaments and 
surrounding magnetic fields that exponentiate because 
the magnetic fields compress the filaments that in turn 
increase the magnetic field.187 A good reference for the 
minimum wavelength X^,,, the fastest growing wave
length Kf = 1.7A,,,,,,, and growth rate of that mode y, is 
Krall and Trivelpiece,188 from which we reproduce the 
following: 

^mi„ A 0=D n / n e)<V T

y - 1 >]" 1 ' 2 <»D 

V " P . = 0 - 3 , [ y K « 2 > J 1 / 2 < V T « ) 

X (T x /T y - 1 ) 3 / 2 . (112) 

These equations are in the limit of the growth rate much 
less than the wave vector times the electron thermal 
speed. T x is the average temperature in the heated di
rection, and T y is the average temperature in the cold 
direction. \ , is the vacuum wavelength of the light, ajpe 

is the electron plasma frequency at the density (n) 
where the Weibel occurs, n c is the critical density, m,, is 
the electron mass, and c is the speed of light. The fila
ments occur in the direction of the hotter particles, and 
the consequent wavenumber is in the direction perpen
dicular to the hot particles. The saturation of the 
magnetic field B s a l 

Ucai/fto ~ 4(-y/aiI)e)(n/nc)(VX0)(c/vex), 

where <%,„! = eB s a t /m e , e is the electron charge, y is 
the growth rate of the Weibel unstable wavelength A, 
and v e ! t

2 = T x/m e , was given by Davidson et al. and 
correlated with their one-dimensional simulations.189 In 
one-dimensional, initial-value, periodic simulati ,ns, 
the magnetic field stays near the saturated value for 
as long as the simulations were run. However, two-
dimensional, doubly periodic simulations by Morse and 
Neilson demonstrated that the magnetic field peaks and 
then rapidly drops for an initial-value problem because 
of wavenumbers of the magnetic field in the direction 
of the hot particles that, with the normal magnetic 
modes, rotate and isotropize the electrons.1 9 0 The con
sequence for laser fusion is that the Weibel instability is 
another source for magnetic fields that can inhibit 
energy transport.1 9 1"1 9 3 

Our problem differs from those studied in Kefs. 
187-190 (and references within) in that our electron 
distribution function is not a one-temperature Maxwel-
lian in one direction and one-temperature Maxwellian 
in the other directions. Rather, down the density gra
dient, a heated fraction of the density (nhotAicoid) °f the 
heated-electron distribution is hot, and an unheated 
fraction is the same 'temperature as the plasma in the 
other directions. Krall and Trivelpiece solve this pro
blem theoretically by simply using the average temper
ature in their equations for the fastest growing modes 
[Eqs. ( I l l ) , (112)]. 1 8 8 I ran a series of one-dimen
sional, electromagnetic, relativistic simulations with a 
TC„M in both directions and a fraction of the density 
having a T n o t in the nonperiodic direction to verify the 
fastest growing mode, its growth rate, and saturation 
from Ref. 188 and found that the average temperature 
model was indeed very good. 

The growth and saturation of magnetic fields due 
to the Weibel instability has been examined in two-di
mensional, relativistic, electromagnetic, kinetic simu
lations,1 9 4 in the same runs used to generate the data for 
Ref. 185 and other runs. We found, for laser intensities 
of 10 1 6 W/cm2 and cold temperatures of 4 keV, that 
typically several megagauss fields were generated, that 
the resulting heating was affected by the magnetic field 
with large variations in the ExJx at the critical surface in 
phase with critical-surface ripples, and that the acceler
ated electrons are filamented. 

Figures 4-60 through 4-63 present a simulation 
example in which the laser intensity was 2 x 10 1 6 

W/cm2 and the T c o , d was 2.2 keV, producing a T n o l of 
40 keV and a nnot/neou of about 0.2 in the underdense 
region. The density profile is shown in Fig. 4-60(a). 
The laser is incident from the lower left at an angle of 
20° to the critical surface. A plot of p x vs p y [Fig. 
4-60(b)l, where px.„ = (vw, y/c)/[l - (v x/c) 2 -
(v y /c) 2 ]" 2 over the underdense region, shows the 
velocity-space anistropy at early time. At later time, the 
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Fig. 4-60. (a) loâ lensfty profile of a laatr-irradiated plasma averaged over they direction at 40 laser cycles. The ripples are caused 
by the BriHouln scattering instabSity. (b) Contour plot of the log of a two-dimensional momentum distribution function where the 
average energy in the x direction is I keV and the average energy in the y direction is 3.6 keV. The laser intensity is 2 X10" W/cm1. 

anistropy is much less. Figure 4-61 shows the 
time-averaged magnetic field B z with direction out of 
the plane of the simulation. The averaging time is 
chosen so that the incident pump field is cancelled out. 
There are three sources for the magnetic fields shown 
here. First, at the critical density is a B z field produced 
directly by resonant absorption.11,5"'!'7 Second, the large 
diagonal field is characteristic of the Weibel instability 
but may also result from another source discussed 
below. Third, a field at the very low density region 
[see Fig. 4-60(a)] is caused by the electrons being 
rotated around the ambipolar electric field. The third 
field is not obvious in Fig. 4-61 because it has a much 
lower amplitude than the others. However, it is clear 
from plots B z averaged over y, because it does not 
change sign. Because the electrons are resonantly 
driven at a nonzero angle with the density gradient, 
away from the laser light, the Weibel occurs at a 
nonzero angle. Similarly, the electrons rotated around 
the ambipolar field have a preferred direction, driving a 
positive B z field there. 

As may be seen from the time-averaged two-di
mensional plots of EXJZ (Fig. 4-62) and vectors of the 
current density of the fast electrons (Fig. 4-63), the 
magnetic field has a significant effect on the heating 
and hot-electron transport. Note the EXJX is greatest 
where the J's are the greatest and where the magnetic 
field is nearest zero (although this is not always so). 
The critical-density surface of the ions and electrons 
shows small-amplitude surface ripples with the kink of 
the ripple in phase with the maximum E ^ . 1 9 8 The 
patterns of B z , ExJx, and J do move together on the 
critical surface but at a speed much less than the ion-
acoustic velocity at the wavelength of the periodic 
length. 

The localized heating is a feedback mechanism 
that probably affects the saturated magnetic field. We 
have tried to determine how much effect by comparing 
the two-dimensional saturated field with one-dimen
sional runs using the same distribution function as is 
found on the two-dimensional runs and an initial con
dition. The two-dimensional situation is complicated 

Fig. 4-61. TiHW-aTtrage*1 B z n sortie* 
a t * cycles. TWInterral between c'" 
is 0.75 MG. 
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by the finite length of the underdense plateau. One may 
estimate a spatial growth length by dividing the average 
particle velocity in the density gradient direction by the 
growth rate, which is in reasonable agreement with the 
simulations. If the underdense plasma is long enough 
that the magnetic instability has ample space 'o grow, 
then the saturated magnetic field is much higher than 
the one-dimensional simulations would predict. Two-
dimensional fixed-ion runs with a smooth critical sur
face but similar density profile show some Weibel in
stability but at much less amplitude. 

The dominant source of the magnetic field is un
clear. The fact that we see critical-surface ripples in 
phase with the edge of the magnetic field, the J's, and 
the EXJX indicates the possibility of a more encompas
sing feedback mechanism of which Weibel, is only a 
subset. It may well be that critical-surface ripples, not 
Weibel, is the initiating mechanism. 

The above simulations include runs in which the 
light was incident at a nonperpendicular angle to the 
critical surface. We made a run in which the light was 
perpendicularly incident on the critical surface, and the 
ripples were small enough that resonant absorption did 
not dominate. In this case, ion-acoustic decay and the 
oscillating two-stream instabilities heated electrons 
mainly along the critical-density surface that drove a 
Weibel-instability magnetic field with a wave vector 
along the density gradient. The magnetic field had the 

Fl{. 4-«2. EJ 2 contow plot la tkc criUcal-dcMit; refioa 
»veri|^ov«;e^ cysfa<rftte;ta».^^ 

Fli.4-«3. AirewiofcMTMtfcMkrCwitli 
ptiUn n m : c«»re«dmi to the m n 
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Note (hat the btriaatal —t ratal Kal« 
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beneficial effect of reducing the T h o l of the slowly 
heated electrons by deflecting them out of the heating 
electric fields after a short time. This war inferred by 
noticing that, after the time-averaged Weibel-induced 
B field had grown to 1 MG, the T h o , dropped a factor of 
two although other characteristics of the plasma (such 
as the density profile) were unchanged. 

It is not clear what the nh„,/n„,ia should be to match 
the experiment. The nh^/n,,,!,! and total underder.se shelf 
density will probably depend on the time history of the 
laser pulse and on the target materials. The maximum 
wavelength of the simulated Weibel instability [Eq. 
(111)] is artificially limited by the width of the periodic 
syste.n (the vertical direction in Fig. 4-60). Con
sequently, the experimental magnetic-field pattern and 
saturated amplitude would differ from those presented in 
this simulation. It is not clear what three-dimensional 
effects would be, particularly in view of the larger rip
ples expected in the direction perpendicular to the 
polarization (see also § 4.6.8). 1 9 8 In particular, in the 
lower density region [Figs. 4-60(a) and 4-6l], the ex
periment might have larger amplitude magnetic fields in 
wavelengths lower than the system width of the simula
tion with similar density and T x/T y. 

Because the sign of the magnetic field varies 
rapidly on a spatial scale of a few wavelengths, it is not 
clear how quantitatively one could observe this magne
tic field with a Faraday rotation experiment. One 
suggestion is to look for broad-band synchrotron radia
tion or perhaps to focus the synchrotron light (at fre
quency B(MG)/100 of the incident light at 1.06 fan) 
onto a detector array. One could use a prism and streak 
camera to get a frequency spectrum vs time. However, 
in order for synchrotron radiation to occur, <oc must be 
greater than otp. 

In conclusion, we have simulated magnetic fields 
in the underdense region of laser-produced plasmas on 
one- and two-dimensional self-consistent codes. For 
laser intensities of 10 1 6 W/cm2, the magnetic fields 
have megagauss amplitudes that would inhibit heat 
transport and help to isotropize the electron distribu
tion. 

Valuable conversations with W. L. Kruer and C. 
E. Max are acknowledged. 
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4.10 Analysis of Numerical Models for 
Simulation of Plasmas 

Theoretical analysis has improved the under
standing of the behavior and accuracy of simulation 
methods, for those who interpret results of such com
putations as well as for those who design and program 
the codes. This work, reported in full elsewhere, '"• 2 0 ° 
is summarized here. 

First we analyze the collective behavior of hot 
plasma, as modified by the numerical time-integration 
methods used to integrate the particle equations of mo
tion in computer simulation of plasmas. 1 9 9 No ap
proximation is made in analyzing the finite-difference 
algorithms. We find the dispersion function that de
scribes the response of the plasma to perturbing fields 
and whose zeroes give the dispersion and stability of 
free oscillations. This dispersion function is derived by 
two methods that illustrate different aspects and 
parameter limits. The analysis of plasma oscillations 
involves he same physics as in the classic Landau 
problem, and the results reduce to it simply and exactly 
in the limit At -* 0, where At is the time step. No unex
pected numerical instabilities are found. The results of 
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this and of previous papers are combined to describe 
exactly the effects of both the spatial and temporal dif
ference algorithms. We generalize the theory to a class 
of integration schemes, analyze some examples, and 
synthesize a new algorithm. We examine the possibility 
of developing algorithms stable at very large time 
steps. 

Fluctuations have been of interest in computer 
simulation of plasmas because they interfere with mod
eling of collisionless phenomena. However, computer 
simulation has also been used as a tool to study fluctua
tions and other processes involving discrete-particle 
effects in plasma, such as transport. 

Building on our previous results, we derived ex
pressions for Debye shielding and the fluctuation spec
trum. 2 0 0 The formulae are cast in forms that look as 
much as possible like the standard results of plasma 
kinetic theory, to facilitate comparison. We compare 
the results for a simulation plasma and a real plasma 
with a Maxv.ellian velocity distribution. As expected, 
the results agree exactly when the grid spacing and time 
step are small. Qualitative differences in Debye 
shielding and spatial spectrum arise when KD < Ax/2, 
where XD is the Debye length and Ax is the zone size; 
for example, the Debye potential oscillates as it decays. 
In the fluctuation spectrum, noise is found at high fre
quencies on the order of v,/Ax, where v, is the thermal 
velocity. A large time step (At > Ax/vt) redistributes 
this noise to all frequencies, producing a flatter spec
trum and contributing to velocity diffusion. 

Using these results, we have derived a collision 
operator that includes the familiar Balescu-Lenard 
operator in the Ax, At -» 0 limit. We found diffusion 
and drag caused by density fluctuations. The other con
stituent is caused by the polarization of the plasma as 
sensed by a specified particle. We hwe also studied 
conservation properties and the H-theorem. This work 
was summarized in Ref. 201 and will be discussed fully 
•na future pajes. 
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4.11 Microwave-Simulation Experiments 
4.11.1 Resonant Absorption, Hot-Electron 
Production, and Energy Transport 

We have measured resonant absorption of high-
power microwaves, hot-electron production, and hot-
electron energy transport in the Prometheus 1 device. 2 0 2 

This device models laser absorption and electron trans
port in a spherical segment of a laser-driven pellet. In
tense microwaves are incident onto an inhomogeneous 
plasma with the microwave electric field parallel to the 
density gradient so that the microwaves are resonantly 
absorbed. Strong high-frequency electrostatic electric 
fields are excited near the critical surface (where the 
plasma frequency equals the microwave frequency). 
These fields heat the electrons, and the ponderomotive 
force caused by these fields strongly modifies the de
nsity profile. 

The microwave-heated electrons have a 
bimaxwetlian energy distribution up to the highest 
powers we have investigated (vos/v,,u < 0.6, where os
cillation velocity v o s = eEi/mtu. E n is the peak electric 
field of the incident microwaves, <o is the microwave 
frequency, WIIIT = 1.2 x 10" GHz, and the initial 
electron thermal velocity vt,„ = (kTci/m)"2). The hot-
eiectron temperature T H increases with microwave 
power P; i.e., T H cc P1-4 (see Fig. 4-64). as predicted 
by particle simulation calculations.203 The hot-electron 
density n H increases linearly with power, as shown in 
Fig. 4-65. 

4-75 



OKillMkm v^odty/initial 
•tectron thw-mat vtloofty i* 

Flf.fCS. Tin nt»tt*»im*} it iktmimimtu >i»i« 
•MdnM to tn MMM! MfMity pi ft NMMM tf pmt* 

Beginning at low powers (v^/v,.,, > 0.1), a dc 
electric field is excited near the critical surface and ex
tends into the overdense region. The hot electrons are 
decelerated by this electric field, so the hot-electron 
energy flux is inhibited. The ratio a of the electron 
energy flux q e to the free-streaming value qr.s. is almost 
independent of power in the range 0.2 < v^/v,,,, < 0.5. 
a = qjq,s = V4, where q f s = (2/7r)" 2vHnHkTH, and the 
hot-electron thermal velocity v H = (kTH/m)"2. The po
tential of the critical surface relative to the potential of 
the undisturbed plasma well into the overdense region 
is driven positive by this electric field. This potential 
difference increases with microwave power, as shown 
in Fig. 4-66. Our measurements indicate that the source 
of the field is the gradient in the hot-electron pressure. 
This gradient is caused by the decrease in the heated-
electron density as the electrons spread out after leaving 
the critical surface. The spreading is the result of the fi
nite diameter of the heating region. Thermal electrons 
are accelerated toward the critical surface by the dc 
electric field. 

We observe large-amplitude ion waves and 
anomalous dc resistivity, as evidenced by the heating of 
the thermal electrons accelerated by the dc electric 
field. The thermal-electron temperature T, in the criti
cal region increases with power; i.e., T t « P°AB, as 
shown in Fig. 4-64. Thus, the temperature ratio TH/T, 
is essentially independent of power. 
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4.11.2 Electron Heating in a Plasma-Filled 
Capacitor 

When a quasi-static radio frequency (if) field is 
imposed on a plasma with a density gradient along the 
field, an electrostatic field is excited in-the region 
where the electron plasma frequency is approximately 
equal to the frequency of the rf field. In our experi
ment, a 10-jits, 1-kW, l-GHz rf signal is applied to a 
plasma-filled capacitor composed of a 15-cm grid and 
the vacuum chamber. The temporally oscillating field 
resonantly drives a large, localized electric field > 100 
V/cm at the location where the electron plasma fre
quency approximately matches the microwave fre
quency (~- 7 cm from the rf exciter). 

The resonant field accelerates electrons in both 
directions along the density gradient. The heated elec
trons are sampled by an electrostatic-energy analyzer 
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with a boxcar integrator. Figure 4-67(a) shows the ab
sorbed-power dependence of the hot-electron tempera
ture accelerated up and down the density gradient from 
the resonar: region. The density of the hot electrons is 
determined by extrapolating the value of the hot current 
at the plasma potential. Figure 4-67(b) shows the ab
sorbed-power dependence of the hot-electron density 
accelerated up and down the density gradient. Notice 
that both the temperature and the density of the heated 
electrons going downstream are greater than those 
going upstream. This can be explained by the fact that 
electron plasma waves propagating down the density 
gradient with low phase velocity can transfer energy 
readily to the hot electrons, whereas all electron waves 
are cut off beyond the critical surface. 

A very interesting observation in our experiment is 
the generation of a return current of thermal electrons in 
the overdense region. Thii current is driven by the hot 
current to maintain charge neutrality at the resonant lo
cation. The measured total current of electrons travel
ing up the density gradient, composed mainly of the 
resonantly accelerated electrons, is approximately 
equal to a downward cold return current. Because there 
are no hot electrons or background electron heating 
measured, the increase in the electron flux going 
downward and the apparent shift in the plasma potential 
indicate that the thermal electrons are drifting toward 
the resonant region. The estimated drift velocity v d is 
less than the electron thermal velocity v e but many 
times more than the ion-acoustic speed c s , and, in our 
experiment, T e ~ 10 Tt, where T e is the electron temp
erature and T[ is the ion temperature. Therefore, the 
electron drift velocity is well above the threshold value 
for the ion-acoustic instability. This is confirmed by the 
observation of large low-frequency fluctuations with 

frequency to = 800 kHz (co/wi = 0,2, where <t)| is the 
ion plasma frequency). These low-frequtpcy waves 
propagate at approximately 4 x 105 cm/s, are broad in 
angle, and saturage at about Sn/n — 12%. where 8n is 
the amplitude of the density fluctuations and n is the 
plasma density. The instability grows for four or five 
periods and becomes incoherent in time. The waves 
propagate into the underdense region and continue to 
travel long after the rf is pulsed off. Ion trapping has 
proved to be the principal saturation mechanism for the 
ion-acoustic instability; i.e., the saturation level can be 
estimated by a simple trapping argument to be 8n/n = 
Vi {[1/(1 +k 2 A2,*,)"*] - (3T,/T,)"2}, where A,*, is the 
Debye length and k is the wavenumber. ForT» = '.0T(, 
8n/n = 10%, which agrees quite well with the observed 
value. 
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4.11.3 Microwave Absorption and Hot-Electron 
Transport in a Weak Magnetic Field 

We beamed s-polarized strong microwaves ((D^ITT 
~ 1.2 GHz) onto an inhomogeneous plasma. The in-
homogeneous scale length L/AQ is about 0.8, or L/A^ is 
about 103, where AQ is the wavelength of the incident 
microwaves and ADe is the initial Debye wavelength. 
We applied a weak homogeneous dc magnetic field 
<uce/an> = 0.04 (which corresponds to a magnetic field 
of 4 MG in a Nd: glass laser plasma), perpendicular to 
both the density gradient and the microwave electric 
field.204 
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We observed that parametric instabilities are the 
most important absorption process of the microwaves. 
We delected significant absorption of the microwaves 
when the microwave power exceeds the well-defined 
threshold value of the parametric instabilities. The 
fraction of the absorbed microwave power increases 

with the incident microwave power [Fig. 4-68(a)]. The 
absorption coefficient increases from 20% to 8 5 ^ 
when the weak magnetic field is applied [ F : C . 
4-68(b)]. 

The anomalously absorbed microwaves result in 
electron heating by parametric instabilities. The elec-
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trons heat locally to a very high temperature because 
the transport is substantially reduced by the magnetic 
field.2 0 5 The electron transport along the magnetic field 
is reduced by an ambipolar potential. Heated electrons 
are transported together with the ions across the 
magnetic field [Fig. 4-69(a)]. The observed velocity of 
7 x 10° cm/s roughly agrees with that estimated from 
classical diffusion. The transport velocity decreases 
with decreasing collision frequency (electron-neutral 
collision frequency is controlled by changing the neu
tral gas pressure), as is expected [Fig. 4-69(b)]. 
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SECTION 5 

TARGET FABRICATION 

S.l Overview 
The current goal of the Laser Fusion Target 

Fabrication Program at LLL is the production of 
targets with which we can conduct meaningful, well-
determined experiments to test the principles of 
laser-driven inertial confinement fusion. The 
production and characterization of adequate targets 
require a combination of several technical and 
scientific disciplines, including glass technology, 
polymer chemistry and physics, metrology, optics, 
electron microscopy, radiography, and mechanical 
fabrication. 

A longer range goat is the development of a 
technology to produce future targets for research 
purposes, for the economic production of power. 

The development of laser fusion targets began 
with flat disks and simple glass spheres filled with 
DT. As information became available on laser beam 
interactions with matter, changes in the target struc
tures were inevitable. Targets such as the ball-on-
plate and ball-in-plate (Saturn) evolved and were 
tested. More complicated structures such as the 
multilayer assemblies shown in Fig. 5-1 have 
become necessary to test and understand the laser-
target interaction processes and to achieve the goals 
of "breakeven" and economical energy production. 

Many of the most difficult problems result 
from the stringent design requirements for surface 
finish, concentricity, and target material composi
tion. For example, the surface finish on a glass 
sphere required for a high-density implosion experi
ment may be 100 to 300/f (peak to valley) with a 
Tew peaks (5 or 6) of 2000 to 3000/f permitted on the 
entire surface of the sphere. Surfaces of such high 
quality are seldom found or studied in most 
materials research, development, or use situations. 
Not only must we produce extremely smooth sur
faces, but we must also characterize them and 
measure their quality. 

Section 4 of the 1976 annual report of the Laser 
Fusion Program1 and the references listed there 
describe much of the previous research and develop
ment in the production of laser fusion targets. 
However, in 1977 several notable developments oc
curred that we describe in the following subsections 
of this report. 

A laser fusion target often consists of fuel (for 

example, DT gas) contained in a gas-tight hollow 
shell of glass, metal, or polymeric material. This 
shell may be bare or may be enclosed by one or 
more layers, or shells, of other materials, as shown 
in Fig. 5-1. The surrounding layers may themselves 
be glass, polymeric materials, metals, or cryogenic 
or inorganic materials. We have developed several 
methods of producing glass shells to be used as fuel 
containers. Our initial efforts to produce ^ser fu
sion targets centered on the existing glass shells that 
are produced commercially as fillers for plastics and 
other purposes. For relatively simple targets of the 
exploding-pusher type (in which the laser energy is 
rapidly delivered to the entire thickness of the shell 
at once, literally causing the shell to explode), the 
quality of the glass shell is not extremely critical. 
Variations in wall thickness, surface irregularities, 
and some bubbles or voids in the wall can be 
tolerated. However, even with such relaxed 
tolerances, only a few in 106to 109of the commer
cially produced shells are acceptable, and even then 
the only shells available have limited thicknesses 
(0.5 to 1.5 mm) and diameters (40 to 250 Mm). As the 
requirements for higher quality became clear, it also 
became obvious that we needed an alternative 
source of spheres. 

We have developed techniques for producing 
highly spherical glass shells with uniform walls, 
remarkably smooth surfaces, and ranges of 
diameters (50 to 500 /im) and wall thicknesses (0.5-
20 itm) necessary for our purposes. 

After a glass sphere is filled with DT by per
meating the gas through the high-temperature glass, 
the sphere can be mounted on a stalk or stem to be 
used as a laser fusion target such as the one shown 
in Fig. 5-2. However, more advanced experiments 
leading to the compression of gaseous DT fuel to 
many times liquid density have required glass 
spheres with uniform polymeric coatings of very 
high quality. Because of the density and material 
composition specifications imposed on the layers, 
we chose coatings of polymerized fluorocarbon 
(CF2). Coatings of polymerized perfluorobutene up 
to 30 nm thick have produced and meet the same 
surface quality and uniformity standards as the 
glass spheres. Several techniques for depositing the 
polymers have been studied with varying degrees of 
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Fig. 5-1. Fusion target designs. 

success. Our current production method utilizes a 
plasma polymerization technique and provides 
high-quality coatings of a fluoronrbon with a 
chemical composition of approximately CF| 3 and a 
density of about 2.2 g/cm3. 

Other techniques are being studied and show 
some promise as means of coating various 
polymeric materials on glass and other types of 
shells. 

Many of the targets contemplated for future 
experiments, as shown in Fig. 5-1, are multilayered. 
We have anticipated these to some extent by 
developing the techniques for depositing polymeric 
coatings on glass shells. However, more complex 
structures are present in many target designs and in
clude organo-metallic layers, beryllium, lithium and 
its compounds, low-density polymeric foam, 
glasses, various other metals, .u'< organic and in

organic compounds. We have chosen glass and 
beryllium as an initial layer pair with target 
possibilities. Beryllium is present in many target 
designs as a pusher material and, because we have 
used glass spheres to contain DT gas, the combina
tion of glass and beryllium is a natural second step 
toward multilayer targets, following the develop
ment of the fluorocarbon-glass systems. The 
problems of achieving adequate surface and volume 
uniformity in the deposited layers of beryllium on 
glass are discussed in the subsection on multilayer 
coatings. 

To provide targets for meaningful experiments, 
the targets must be characterized as completely as 
possible. It is also necessary to have detailed 
knowledge of the target parameters so that im
provements in fabrication processes can be made 
and measured. 
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Many techniques are used to study the 
chemical and physical parameters of the DT fuel, 
the glass shells, and the various layers that compose 
a laser fusion target. Optical microscopy provides 
general surface configuration and dimensional in
formation. However, to optically measure thickness 
variations of only a few hundred angstroms, we use 
interferometric microscopy. We study surface varia
tions in the \00-A range by using electron 
microscopy. Internal variations not observable by 
interference techniques for various reasons (opacity, 
etc.) can be studied by microradiography. Analy
tical information on material composition is 
provided by x-ray fluorescence. Auger spectrom
etry, ion beam probes, and other more or less stan
dard techniques. 

At each stage in the fabrication of a target, a 
complete characterization must be done and the 
production processes must be studied in detail. Ade
quate characterization is a continuing problem as 
we produce better surface finishes on glass spheres, 
higher quality polymeric layers, and opaque mul
tilayer targets. As long as we were only concerned 
with exploding-pusher targets that could be ex
amined with a few interferometric views, charac
terization was relatively simple. However, as the re
quire:: -nts for surface finish and concentricity 
became more stringent and requests mounted for 
full 4ir characterization, the need for an automated 
or semiautomated system became more obvious. 

The apparently simple process of rotating a 
sphere in the field of view of an optical microscope 
or a scanning electron microscope becomes ex
tremely difficult, when the sphere is only a few ten
or hundreds of micrometers in diameter and has 
walls that may be only half a micrometer thick. 
However, because we do fully characterize the 
targets to accuracies of a few hundred angstroms 
before and after each layer is deposited, it is 
necessary to be able to manipulate the targets 
rapidly and accurately. The methods we have 
developed this past year are discussed in detail in 
#5.4. 

Many advanced target designs cal! for cryo
genic layers. The solutions to the problems of 
producing and maintaining one uniform, smooth 
layer of DT in the center of a target are relatively 
straightforward. However, if a second layer is added 
farther from the center of the target and if both 
layers must be smooth, uniform, and long-lived, the 
solutions are not as simple. 

While cryogenic targets have not yet been ex
perimentally used in laser fusion applications at 
LLL, many designs for future targets contain liquid 
and solid DT fuel. In anticipation of the need for 

Fig. 5-2. Ball-on-slick exploding-pusher fusion target. 

these '..ijp'i, we have developed the capability to 
produce uniform layers of frozen DT fuel in glass 
shells particularly, but also in opaque multilayer 
spherical structures. In transparent targets, optical 
access to the I T is possible for light-beam heating 
and manipulation and for characterization. How
ever, because we do not have optical access to 
opaque targets, we developed techniques to use light 
beams for mater, ll manipulation. 

It would be of little benefit to produce cryo
genic targets in a research laboratory environment if 
they could not survive a short trip to the laser target 
chamber. Thus, the targets could either be former! 
totally or partially in place in the target chamber, or 
they could be produced at a nearby location (the 
next room, for example) and transported the short 
distance in a carrier and "life support" system that 
would maintain the target at a temperature only a 
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few degress above absolute zero. Both techniques 
offer some promise, and even a combination of the 
two may be worthwhile. 

In any case, a cryogenic target insertion and 
cooling system is needed to place the target in posi
tion for laser irradiation. Together with the 
cryogenics group at the National Bureau of Stan
dards in Boulder, Colorado, we have designed and 
are constructing a cryogenic target "pylon" to be 
used in connection with the Shiva laser. 

The methods we have developed for producing 
cryogenic targets are discussed in ^ 5.6. In the Shiva 
laser system, we anticipate relatively near-term 
utilization of both the techniques for providing 
cryogenic targets and the cryogenic target inserter 
pylon. 

The future goals of the target fabrication effort 
include the production of targets for power-
producing reactors. As we develop techniques to 
produce today's targets for use in research experi
ments, we are simultaneously developing produc
tion techniques. Future use of inertial confinement 
fusion for power production will depend strongly 
on high-quality, low-cost target production. For ex
ample, the symmetry of the implosion process af
fects the maximum yield per shot, and only with a 
high-quality target can we approach calculated 
yields. 

The energy produced in any economical power 
production system must be worth more than the in
put power and investment costs to produce it. In ad
dition, to be suitable as an energy source, the cost 
per unit must be competitive with other production 
sources. Let us consider, for example, as an energy 
unit, a barrel of oil that costs about $13. A barrel 
yields a few times 10 9 J of energy, which also hap
pens to be the yield of a 1-ton nuclear burn. If a 1-
ton fusion event uses a target that costs $5, and, say, 
$3 is spent per shot for other expenses such as 
tritium recovery, energy processing, etc., then $5 of 
energy is available per shot to be usefully expended. 
At one shot every 10 s, available power is 4 X 
10 8 W. With a recirculating power of 25%, 300 MW 
will be the output power. With smaller yields per 
shot, we would fire more often and have available 
smaller resources per target. 

Such simplistic arguments must be refined and 
the economics must be examined in detail. 
However, the inescapable target requirements 
remain. We must be able to produce targets at rates 
of 1 to 10 per second at costs of a few cents to a few 
dollars per target. 

Critical target components are the fuel (pro
bably gaseous, liquid, or solid DT), the immediate 
fuel container (glass, metal, or plastic shell), and a 

series of concentric spherical layers or shells (metal, 
metal organics, low-density foam, glass, or other in
organic materials, around the central fuel-
containing shell). The inner shell may range in in
side diameter from a few hundred micrometers to a 
few millimeters. Successive shells may be con
tiguous, or there may be vacuum, gas, or rigid foam 
material, between some of the layers. 

In some cases, the target may be entirely 
cryogenic, composed of layers of DT, neon, xenon, 
argon, methane, and other materials that are gas
eous or liquid at ordinary temperatures. These types 
of targets can be produced in large numbers, as 
shown in the conceptual diagram in Fig. 5-3. We 
have conducted successful preliminary studies of the 
processes involved in the production of this "all 
cryogenic" target. Little doubt remains that such a 
cryogenic-layered target can be produced. 

We have also studied other targets that can be 
made of glass shells and multiple layers of non-
cryogenic materials. 

Section 5.7 describes the tasks needed to 
produce reactor targets at high rates and at low 
cost. Some possible solutions developed for the 
problems involved are also presented. 

We would like to acknowledge the assistance 
and aid of many organizations and individuals out
side LLL. Several organizations assist us on a con
tract basis. At the University of Arizona, a group 
under the direction of Prof. M. Bonner Denton 
provides research and development in the area of 
plasma polymerization, levitation coatings, and 
organic ion beams. 

In the cryogenics field, we have been ably 
assisted by groups at the National Bureau of Stan
dards in Boulder, under the direction of Jess Hord, 
and at the University of Illinois, under the direction 
of Prof. Kyekyoon Kim. 

Groups under the direction of W. L. Rooker 
and W. Ramer at the Rocky Flats plant of Rockwell 
International have been extremely helpful to us in 
areas of micromachining, model development, 
target assembly, and coating development. 

We would be remiss if we did not point out the 
helpful and enjoyable discussions we have had with 
R. J. Fries and his group in Target Fabrication at 
Los Alamos Scientific Laboratory. The exchange of 
information and ideas between our groups is excep
tionally good and very useful. 

Several laboratories have been very helpful to 
us in the analysis of materials and their spatial dis
tribution in samples. The Foremost-McKesson R & 
D Center, Dublin, California, has done chemical 
analysis; Applied Research Laboratories, Sunland, 
California, have used ion probe techniques to 
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Fig. 5-3. System for the production of completely cryogenic fusion reactor targets. 

analyze our samples; Physical Electronics In
dustries, Eden Prairie, Minnesota, have applied 
their Auger spectrometer methods to some of our 
work; and the Martin-Marietta Corporation 
laboratory in Denver has given excellent assistance 
in the analysis of gas fill of our nontritiated systems. 

Several consultants have been very helpful to 
us this past year, but outstanding among these is 
Dr. Ralph Wuerker, whose experience and ideas in 
several areas of optics and particle control have 
been invaluable. 

References 
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5.2 High-Quality Glass Spheres 
5.2.1 Production of Hollow 
Glass Microspheres 

A basic target for laser fusion experiments is a 
hollow glass microsphere filled with 10 to 100 atm 
of equimolar DT. Some current targets are usually 
100 to 200 pm in diameter with wall thicknesses 
from 1 to 12 urn, depending on the type of experi
ment being run. The criteria for target microspheres 
are very stringent. Sphericity, concentricity (Pj 
defect), and wall uniformity all must be better than 
5%, or no more than a 2000-zf deviation for a 4-jtm 
wall. In addition, the surface finish must be better 
than 2000 A, peak to valley. Finally, even the thin 
microspheres must hold up to 100 atm of DT over a 
long period of time. 

Until recently, we have acquired glass target 
microspheres by laboriously sorting through large 
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quantities of commercial microspheres obtained 
from either Minnesota Mining & Manufacturing 
Co. or Emerson & Cumming Co. These micro
spheres are produced for use primarily as a struc
tural filler in suitable resin composite materials. 
They are mass-produced, usually from glass frits or 
gels blown in gas flame furnaces.2 The process is not 
well controlled because commercial microspheres 
need not be of particularly high quality. Thus, we 
find very few target-quality microspheres in the 
commercial batches. Furthermore, as the criteria 
for target microspheres become more stringent, the 
already low probability of finding suitable 
microspheres from the commercial stock rapidly ap
proaches zero. 

For that reason, and also to have control over 
the various compositional and geometric param
eters, it has become imperative that we develop an 
in-house capability for producing high-quality 
ho'low glass microspheres. We have developed 
several processes to meet this need; among these are 
the liquid-droplet technique and the dried-gel 
technique. 

Liquid-Droplet Technique: Basic Principles. 
The liquid-droplet technique is based on the follow
ing basic principles: 

• An aqueous solution can be made that con
tains water-soluble glass-forming compounds such 
as sodium silicate. 

• A drop of this solution will attain a highly 
spherical shape in free fall as a result of surface ten
sion. 

• If the drop is subjected to a high tem
perature during free fall, water vapor can be entrap
ped within the sphere as the glass-forming com
pounds transform into glass. 

• Under the proper conditions, the entrap
ped water vapor will act as an interna! blowing 
agent, creating a hollow glass microsphere. 

• The right temperatures and droplet transit 
times will produce hollow glass microspheres with 
specified diameters and wall thicknesses in a con
trolled fashion. 

Liquid-Droplet Generator. To accurately con
trol the geometric parameters of the glass micro
spheres, the aqueous droplets of glass-forming com
pounds are introduced into a long vertical drop fur
nace by means of a piezoelectrically driven liquid-
droplet generator. By controlling the solution com
position and the size of the orifice in the liquid-
droplet generator, it is possible to control the 
diameter and wall thickness distributions of the 
resultant microspheres. The 1976 annual report 
describes the liquid-droplet generator.' 

Vertical Drop Furnace. Figure 5-4 is a sche
matic of the vertical drop furnace, which consists of 
segments of quartz tubes, 3 in. in diameter and 1/8 
in. thick, joined together to form a total length of up 
to 16 ft. The heating elements consist of insulated 
heater strips and clamshell multizone furnaces. 

The vertical drop furnace is composed of four 
distinct sections. The top is the insertion section 
where the droplet-generator is situated. Below that 
is the drying section, 6 to 10 ft long and maintained 
at temperatures of 200 to 400°C. Next is the fusing 
section, 3 ft long, and maintained at temperatures 
of 1000 to 1200°C. Finally, the bottom 3 ft forms 
the collector section. Here, the hollow glass micro
spheres drop into a suitable container, and the fur
nace gases are drawn out in a controlled fashion 
through a vent. 

Thermocouple-controlled power supplies drive 
the various heaters in the drop furnace. The furnace 
is well sealed and insulated throughout the heated 
regions. The amount of air drawn into the furnace is 
carefully controlled by the vacuum vent in the 
collector section. The lengths of the various sections 
have been established from an investigation of the 
transit times necessary during the various stages of 
transformation from water droplet to hollow glass 
microsphere. We estimate that vertical velocities of 
the droplet range from about 500 cm/s near the top 
to as low as about 5 cm/s at the bottom of the dry
ing region. 

Physical and Chemical Processes of Micro
sphere Production. Because the creation of a 
hollow glass microsphere" from a water droplet is a 
dynamic process occurring in a reasonably short 
time, and because the droplet travels through a long 
opaque furnace, we cannot directly observe the 
events rhat occur. Nevertheless, after extensive ex
perimentation, we have been able to infer the 
physical and chemical processes that take place. 

Microsphere production begins with the 
preparation of a solution containing mainly water 
and hydrated sodium silicate as well as lesser 
amounts of boric acid, potassium hydroxide, and 
lithium hydroxide. The solution is fed through the 
droplet generator and injected into the drying sec
tion of the oven. 

Four separate processes occur during the 
transformation of the aqueous droplet into the final 
hollow glass microsphere: encapsulation, dehydra
tion, transition, and refining. 

During encapsulation, the drying section of the 
drop furnace operates as two distinct temperature 
zones. In the first zone, the temperature is set at 300 
to 400°C. This zone is generally only about I to 2 ft 

5-6 



Water droplet 
about 200 Mm 

Droplet with gel 
outer membrane 

"Wet" gel 
microsphere /S5k 
about 500 Mm v&t 

Hollow "dry" 
gel microsphere 
about 1000 Mm o 
Glass microsphere /~\ 
about 300 jum ^ 

Glass microsphere r\ 
about i50pm v ^ 

Glass microsphere r\ 
about 150 Mm 

Droplet generator 

Encapsulation region 
12 in. long;T, about 
350°C 

Fij. 5-4. A schematic diagram of the 
vertical-drop furnace use* i» the liaiid-drop 
praceM. 

Dehydration region 
6 to 8 ft. long; 
T 2 about 250°C 

Transition region 
12 in. long; 
T 3 about 1000 to 1100°C 

Microsphere refining 
region 2 ft. long; 
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long. The second zone is 4 to 8 ft long, anu ..he tem
perature is about 200 to 300°C. 

As the 200-/*m-diam water droplet enters the 
first zone, the water rapidly vapoiizes from the 
outer surface. When the outer surface loses enough 
water, it forms a skin, or gel membrane. This gel 
fiembrane then encapsulates the rest of the water 
droplet in an elastic outer surface. As in all sections 
of the furnace, the temperature heru must be 
carefully selected. It is important to achieve rapid 
encapsulation and, subsequently, rapid dehydration 
to ensure proper operation within a reasonable drop 
length. However, if the temperature is too high in 
either the first or second zones, the gel-encapsulated 

droplet wili explode as a result of excessive water 
vapor pressure, thus producing improperly sized 
glass microspheres. If the temperature in the first 
zone is too low, encapsulation will result too far 
down the drying section, arH the gel microsphere 
will not be dehydrated enough for proper fusion 
into glass. We ha.'e found that temperatures of 300 
to 400°C in the first 1 to 2 ft of the drop furnace en
sure rapid encapsulation without explosion. 

Once the drople* is encapsulated, the water 
vapor entrapped within diffuses rapidly through the 
thin gel membrane. The nte of water vapor produc
tion within the gel capsule is determined primarily 
by the temperature in the second zone of the drying 
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region. We have found that temperatures of 200 to 
.WOT ensure rapid dehydration of the gel capsule 
through the gel membrane, while preventing rup
ture of the membrane caused by excess water vapor 
pressure. Because the gel membrane is very thin 
(about lOOO.-f) and very weak at these tem
peratures, the rale of diffusion of vapor through the 
memhrane must closely equal the rate of vapor 
production within, so that only a few tenths of an 
atmosphere pressure are allowed to build up within 
the gel microsphere. 

As the water vapor diffuses out of the gel 
microsphere, more of the glass-forming material 
—primarily sodium silicate—leaves the .solution 
and is incorporated into the gel membrane. The 
water-vapor pressure within causes the surface area 
of the membrane to increase; thus, the gel 
microsphere grows in si/e and becomes hollow. If 
the transit time in the second /one of the drying 
region is long enough, the resulting gel microsphere 
will be large, spherical, and hollow, with an outer 
gel membrane about 1000 / thick. These gel 
microspheres have been observed to be as large as 
2 mm in diameter (see Fig. 5-5). 

At the end of the dehydration region, the wall 
of the gel microsphere is quite hard, cannot easily be 
deformed, and will not collapse even though there is 
little or no excess vapor pressure within. 

After leaving the dehydration region, the gel 
microsphere enters the transition region, which is 6 

T 3 800" C 

I iji. S-(t X yi-t urn'rnsplHTi' tit^innill^ lit (ti-funn in llu- Irali-

sitimi ri-pmi. 

to 12 in. long and is kept at 10":) to HOOT. The 
lime in the transition region is the most crucial 
period in the liquid-droplet process, for it is here 
that the transformation to glass occurs. As the 
transformation begins, the gel wall turns to liquid, 
its viscosity drops, and the microsphere begins to 
collapse as a result of surface tension and the lack of 
excc> internal pressure I see lig. 5-fi). The collapse 
is partly offset by a buildup of some internal 
pres-- .re. !.au-ed by decreasing inner volume as well 
as b> the releu.ic of new water vapor and possibly 
other gases during the glass formation process. 

We have found that we can produce high-
quality concentric glass microspheres if the gel 
microsphere collapse is properly controlled. In par
ticular, we have determined that the glass-forming 
chemical reaction should occur fairly rapidly, thus 
ensuring that the gel microsphere will collapse uni
formly while remaining hollow and spherical (see 
lig. 5-7). On the other hand, we do not want the 
reaction to occur so rapidly that total collapse oc
curs before all parts of the gel wall turn to glass 
Therefore, we must regulate the average tem
perature of the transition region and the transit rate 
through that region. With the proper regulation of 
these two parameters, the microspheres emerge 
from the transition region as hollow glass spheres, 
smaller and thicker than the original gel 
microspheres. 

Below the transition region is the refining 
region. It is I to 3 ft long and is maintained at 1000 
to I200T. In this region, the glass microspheres do 
not undergo any major alterations, but rather a 
more subtle refining process. Here, the chemical 
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reaction is completed. \ny pockets o!' incompletely 
reacted material within the wall now turn to glass, 
and the wall becomes homogeneous \nv small gas 
bubbles trapped within the walls tuid to diffuse out 
and disappear. 

(leometnc parameters change somewhat as the 
microsphere traverses (his region, the gases and 
vapors trapped witlvn the microsphere diffuse out 
at a rate determined b> the glass composition and 
the temperature, and the microsphere becomes 
slightly smaller. Simultaneously, if the viscosity of 
the glass is low enough. any defects in .phencity will 
be eliminated by the surface tension of the molten 
glass. 

We have found that. by using these methods, 
we can obtain fairly high yields of glass 
microspheres with the desired geometric param
eters, as well as excellent sphericity and concen
tricity. Ixamples of some of the microspheres 
produced are shown in tigs. 5-7 and 5-S. 

Concentricity. As we previously stated, hol
low glass microspheres obtained from commercial 
sources cannot meet the co ^centriciiy specifications 
of high-density fusion targets (see tig. 5-91. We 
have found, however, that it is possible to produce 
glass microspheres with the liquid-droplet technique 
that do meet these stringent concentricity require
ments. 

The easiest way to examine hollow glass 
microspheres i.s to use a light interference pattern 
from which one can readily obtain both a 
qualitative and quantitative measure of concen
tricity alio wall uniformity' las shown in tig. 5-10). 

W hen a microsphere exhibits good wall uniformity, 
the interference fringes will consist of a series ol 
lug hi', ircular concentric rings, the numhei ol rings 
increa- ig as the wall thickness increa-es ll the 
micros nere is also concentric, then this intc: -
ferenci ittern will he centered on the geometric 
center . the microsphere the deviation of the in 
l.rl'crence pattern center from the geometric center 
is a measure of the concentricity delect I he devia
tion o\ the concentric rings from circular is a 
measure ol the wall unilonmty deled 

We previously slated that the transition region 
has the ni.uor influence on the concemr^iiv o( the 

Outside diam - - 80 p m 

Wall thickness -- - 0.5.um 

ConcentncitY defect - 20 to 100\-

ti(i. s - 4 . InNTh-mu'i' niiiriiyraplis nf 1M Kins* 
N[»llcrt's. s lmit inu pintr tmu-t'ijtm-ily ami wall uiiito 
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I ig. 5-10, \n interference niicmgritpli of n holhm l̂iiss 
microsphere Mini has good cmicculricit) and "all llilif'^rniilv. 

glass microspheres. The gel microspheres, in 
general, have a high degree of sphericity and con
centricity hy the time they exit the dehydration 
region. II' the conditions in the transition region are 
such as to ensure a rapid and uniform collapse dur
ing the gel-to-glass transformation, then the 
resulting glass microspheres will also have high 
sphencin and concentricity. 

Hi;. 5-11. Interference micmgnipln of I I I glass micro
spheres to.d, I5ll/mi: wall thickness 2.5//HU. I hese 
microspheres were prodmed with too low a iransiljiin tem
perature selling. 

In l-'ig. 5-11. we show a field of several 
microspheres in the interference microscope. These 
microspheres were produced with the transition 
region temperature set slightly too low. We can see 
that only a few of these microspheres have high con
centricity or wall uniformity. In Tig. 5-12. we show 

Fig. 5-12. The same microspheres as shown in Kip. 5-11. 
hut produced al a higher transition temperature, resulting in 
better concentricity. 

1-ig. 5-1.1. Interference micrograph of l.l.l. glass micro-
sphcrcsto.d. • 150 /mi: wall thirkness o toX/jitO- I hese 
microspheres Here produced with a shallow dchwlralion-
transition temperature gradient. 
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the output of a subsequent experiment in which the 
transition temperature is set at the right level Here, 
the concentricity and wall uniformity have im
proved considerably. 

1 igures>-l3 and 5-14 illustrate what happens 
lo the concentricity and wall uniformity as ihe tem
perature gradient between the dehydration region 
and the transition region changes. As the tem
perature giadient steepens, concentricity improves, 
"ihis improvement is a result of the fact that the 
steeper gradient allows the microspheres to :each 
the transition temperature more rapidly, thus 
producing a more uniform collapse. 

Target-quality glass spheres with inside 
diameters from 50 lo more than 300 nm have been 
produced by the liquid-droplet technique. Wall 
thicknesses range from less than I to more than 
l^Aim. Figures 5-15 through 5-19 are examples of 
interference micrographs of glass spheres made by 
the liquid-droplel process. 

Argon-Filled Microspheres. Our experiments 
clearly show thai gas rapidly diffuses out of the gel 
microsphere in the dehydration /one of the furnace. 
Obviously, those gases in the furnace atmosphere 
thai are absent in the gel microsphere must diffuse 
equally as vapidly into the microspheres. The in
ward diffusion process is driven by concentration 
gradients. Once the gas is inside the hollow gel 
microsphere, it will remain there during the 
transformation to glass if the partial pressures in
side and outside the spheres are the same. 

O u t s i l . M i i . m i M O ,•••'" 

I n ; V | < l n l , i l , i , n i . nmii>!!l.l|ili "I .1 lllill•wullril d . i " 
rtiK'u-.|ihrtr u i l h .* ini'.iMirvil i oin i t n m in i l i l n l nl aliiuil 
1 11:»» • I 

Outsidi' diani - 1 50 um 
VV.-ill tmckness - 6 iin\ 

1 iy. s-l(i . InlvrliTi'iKT niiiTourapli <if st'»or;il mi ini ' .phrrcs ' 
u i l h nuiiMiri'd ni.u-cnlru-iu i lrf ivls nf n n h 1 lu * ! , (Mill In I 
.1(1(111 \ i. j 
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We have !h. : re lore l o u n d n possible lo in 
; : o d i u e I I . ^L 'N such as a r g o n i n t o the glass 
: - . ' . ! . 'sphere simpiv bv i n t r o d u c i n g the gas in to the 
k i i i i . K e S ign i l i can l a m o u n t s o! a rgon have been m 
n o d Used b> this m e t h o d i up to (1.5 a i m i V n u r u l l v . 
unless the in te r io r o l ' the O'en is pressur ized, no 
m o r e than I a i m o l 'a g iven gas ean be m i r o d u e e d hv 
this me.ms. 

I he hqu id -d rop le t techn ique thus prov ides a 
'.erv s imple mechanism lo r i n t r o d u c i n g var ious 
gasc- i::to the glass microspheres 
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5.2.2 Surface I realment of I I I 
( . las* Microspheres 

\ s we have seen, i l Is ex t reme!) d i l f k u l l i n f i nd 
anv c o m m e r c i a l microspheres lhat can meet lhe 
s t r ingent surface smoothness o f 201X) I or better 
l ha t is requ i red lo r h igh-densi tv laser fus ion targe's 
(see f ig. s-_( l l . I he t w o ma in p rob lems w i t h these 
si irtaces are dev i t r i f i ca t i on and weather ing 

• I he basic glass c o m p o s i t i o n o f commer 
c ia l microspheres permi ts dev i t r i f i ca t i on or phase 
separat ion." 1 I his phase separa t ion . general ! ) i n to 
h i g h - S K ) . and l o w - S i O , phases, occurs s lowlv ai 
r o o m tempera tu re h u l much more rapidl> m the 
hvdrogen a tmosphere and 4(it) ( c o i u l i l i o u s o l the 
I ) I f i l l process 

• ( ommerc ia l glass mic tospheres ale a lka l i 
si l icates, and thus the surfaces temi m w c i t h e r m 
i l e l cno ra te w i th l ime \ \ ca lhc r ing o L u i i s when the 
a lka l i I "ns re.icl w i t h water vapor in the . ionosphere 
to lorn) a l ka l i - hvd rox ides I hese h \ d r o \ i d c s . m 
l u i n f o r m etch pi ts on ihe i n i c iosphere M U L K O 

dlass ( ompnsitiun. We have developed the 
compos i t i ons o l the 1 I 1 glass microspheres ;,, 
satislv the l o l l o w m g cond i t i ons 

• I he l i qu id -d rop le t techn ique requires the 
use o l an aqueous so lu t i on o l g luss- lo i ming oxides 

• I I ' . - me l t ing p o i n l o l Ihe glass must he 
several hund red degrees lower than the ope tu l i ng 
tempera tures o l the ovens to en s ine rap id and com 
plele gel-to-glass lus ion 

• I he viscositv nl ihe glass mi ls ! he low ,,| ihe 
opera t ing t empera tu ie o l the l un iace lo ensure high 
sphenci lv and conccn l r i c i t v 

• I he c o m p o s i t i o n shou ld he sucn as in in -
Inb i l b o t h dev i t r i f i ca t i on and wea lhenng 

\ n i n n g l l ie var ious g l . i ss - lo rm ing ovules. onlv 
a lka l i oxides are waler so luble m anv s ign i l i cant 
degree ( ) l these, ihe N a - O - S i U . l una r ) svstem nios i 
easilv t onus a glass at re lat ive!) low temperatures 

I h u s . the basic c o m p o s i t i o n used in the l i qu id -
d rop ie l svsiem is V i - O - S i O - m the weight percent 
ra t io o f app rox ima te ! ) "\" S i t ) , and 22'•' Na-<> 
I his p a r t i c u l a r c o m p o s i t i o n has been chosen 
because i l is close to the cutec l ic in the V i - O - S i O -
phase d i a g r a m , thus resul t ing in a low mel t ing 
tempera tu re . 1 ' In a d d i t i o n , a eulect ic c o m p o s i t i o n 
reduces the poss ib i l i t y o l dev i t r i f i ca t i on \ n o t h e r 
reason to choose the \ a ; ( ) - S i ( ) : svsiem is th i l this 
pa r t i cu la r a lka l i glass has a lower wscos in at tem
peratures helovv the 120(1 C opera t ing t e m p e r a l u i e 
o f o u r furnaces than d o ihe o ther a lka l i glasses. \ 
low viscositv is essential to ensure h igh sphenci lv 
and c o n c e m n c i l ) ol the nuc iospheres 
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Table 5-1. Glass tunning oxides. 

C o m p o n e n t So lu t i on , \\t", 1-inai glass, w t ' -

SiO, 66..1 

N:i 2<> 22.7 

l i2°.l 2.4 

K , l l S.O 

l i , l ) 0.10 

To date we have obtained the best results with 
Ihc liquid-droplet system, using aqueous solutions 
D' sodium silicate, hone acid, potassium hydroxide, 
and lithium hydroxide, 'he relative composition of 
the glass-forming oxides m the solution and in the 
final glass is sliown in I able 5-1. 

I he composition of the resulting microspheres 
dil'fers slightly from that of the solution. I his dif
ference primarily results from the loss of some of 
the alkali h> vaporization in the hot fusing region of 
the oven. 

We performed various experiments in w hich we 
altered the composition of the aqueous solution. We 
found that any significant alteration of the basic 
S i (KN ; i iO ratio m either direction increases the 
softening point, an expected result because we are 
close to a eutectic. The melting point cannot in
crease by more than 100°(" without encountering 
several difficulties. These difficulties are similar to 
those observed when the temperature of the transi
tion region is not high enough. 1 hat is. instead of 
high-qualit> microspheres, we obtain multicellular 
spheroids, or hollow microspheres with bubbles in 
the wall or with large concentricity delects. 

Similarly, we found that keeping the 
Si< ) : N ; i ; ( ) ratio at the required value, but changing 
the amounts ol the minor constituents, also 
decreases the quality of the resulting microspheres. 
Increasing the amount of B i O i significantly above 
y "• increases the melting point and gives us the same 
problems we encounter when we alter the 
S i O : : N u ; 0 ratio. 

Significantly increasing the amounts of K.1O 
and l.i iO in the liquid-droplet composition also has 
harmful results, promoting the occurrence of 
devitrification and fracturing of the glass during 
subsequent heat treatments such as the DT f i l l . 
These problems result from the severe lattice distor
tions caused by the large mismatch in ionic radius 
between N a + . K + . and L i + ions. On the other hand. 

decreasing the amounts of B < H K^O. or I.ivC) 
tends to decrease the durability of the glass. 

Furnace Atmosphere. We have found it 
necessary to supply a mild downdraft in the liquid 
droplet furnace. This downdraft helps guide the 
very light gel microspheres from the drying section 
into the fusion section. Without this downdraft. 
these extremely buoyant microspheres tend to he 
caught up in the connective currents present in the 
furnace In addition, the downdraft sweeps the 
alkali vapors released from the fusing microspheres 
out of the lumace If this is not done, these highly 
reactive alkali vapors tend to recondense on the 
cold microspheres in the collector and cause rapid 
deterioration of the surfaces (l-'ig. 5-21). 

The applied downdraft must be kept as low as 
possible. I f it is too great, the constant inflow of 
cold air creates a significant thermal load on the fur
nace, thus preventing it from reaching the correct 
processing temperatures. 

We have also found that introducing AIC'1, 
vapor into the furnace improves the durability of 
the microsphere surfaces. We believe that this im
provement is caused by the removal of free alkali 
vapor in the oven through reactions that form the 
alkali chloride. These reactions reduce the amount 
of alkali vapor that can recendense onto the glass 
microspheres. In addition, there may be some ion 
exchange at the microsphere surface whereby some 
of the alkali (Na or K) ions are replaced by A l ions. 
The presence of Al ions reduces the mobility of Na 
ions within the glass network, thereby reducing the 
rate of weathering. 
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Wash. Once the glass microspheres are 
produced, it is imperative thai they be carefully 
washed in a suitable acid wash to remove all the 
reactive alkali from the surface, leaving good, clean 
surfaces, However, a convcnlional acid wash, such 
as an H O or HF wash, does not prevent weathering 
or deterioration within a matter of days. In Tig. 5-
22 we show a batch of washed microspheres that ex
hibit the water-spotting marks indicative of etch-pit 
weathering, Figure 5-23 is an SFM micrograph of 
the surface of a weathered microsphere, clearly-
showing the NaOH etch pits. 

Alter extensile experimentation, we ha\e 
developed an acid wash procedure that not only 
cleans the reactive alkali from the surface, but also 
significantly inhibits weathering. This procedure in
volves several cycles of washes with a 0.5 V UNO; + 
O.I.V \ H 4 [ - solution heated to 90°C. followed by 
washes with hot distilled water, acetone, and finally 
ethanol/ Initial microprobe analysis indicates thai 
this wash procedure etches out a significant amount 
of the alkali (primarily N'a) from the first micron of 
the microsphere wall. This alkali depletion 
significantly inhibits the weathering process at the 
surface. 

Figure 5-24 shows microspheres that wen: 
washed with this procedure and left out in humid air 
for several weeks. There is no sign of weathering. 
Figure 5-25 consists of SEM photographs of 
washed LLl. microspheres. Surface smoothness is 
belter than 1000 A, thus meeting the requirements 
of high-density targets. 

Long-Term Surface Passivation. We have 
conducted long-term passivation studies In these 
studies, we coat the microspheres with a silane or 

other passivalmg agent. I he coating need only be a 
few monolayers deep to protect the surface from 
weathering. We have found that coatings with a 
Dow Corning silane /-d()7(l m cyclohexene -t I! 1''.' 
diethylamine gives the best long-term protection 
from weathering. 

There are. however, question* about the 
desirability of such a coating during the I'M fill 
process. Preliminary experiments indicate that, 
unless this coating is washed off prior to IVI fill, the 
400° C hydrogen atmosphere react* with ihe 
coaling, leaving small particles of debris on the >ur-
face. It is thus necessary to remove the •alaiR-
coaliiii: before the i)T till. 

f"\0 f~V^ 
lij». 5-2-1. (tlavs nticrusphcu'v ircsiU'il in Hit* h»u tmrii- ;uut 
wash, showing tin nnlut'iililv m-iithm'ng sm-r s.«ur:il mvf»> 
in humid air. 
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Long-Term Storage. Because the long-term 
passivation method is not without problems, we 
have relied on long-term storage oT washed 
microspheres in evacuated dessicators. We found, 
however, thai evacuated dessicators cannot prevent 
eventual surface weathering. We have, therefore, 
developed a much more effective long-term storage 
procedure. In this procedure, freshly-washed 
microspheres are placed in plastic vials filled with 
ethanol. These vials are then sealed. The ethanol li
quid and vapor coat the microspheres completely 
and prevent weathering. We have found that 
microspheres stored up to two months in these vials 
are still completely clean and show no signs of 
weathering. Thus, they can be held indefinitely and 
filled with OT at any time, with no additional 
washes needed before filling. 
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glass micros[fhcrcs treated »illt (he hot nitric acid HHSII. 

5.3 Polymer Coating 
Ablatively driven laser fusion targets require a 

thick shell surrounding the l)T fuel. A practical 
shell design is a composite of an inner glass ball, to 
contain and subsequently drive the gas inward, and 
an outer plastic ablater. This ablator must satisfy 
several special conditions. It must be density-
matched to the glass shell, have a low atomic num
ber, and be smoolh and uniform to prevent 
Rayleigh-Taylor instabilities from disrupting the 
spherical symmetry of the fuel compression. Many 
technologies exist lor the deposition of thin films. 
The semiconductor industry has refined several 
techniques (such as evaporative and chemical-vapor 
deposition) for depositing multiple thin layers of 
controlled composition onto integrated circuit 
wafers. However, exposure of DT-filled glass 
microspheres to environments of these coating 
processes would cause excessive heating of the glass 
shell, allowing the DT fuel to escape. 

5.3.1 Plasma Polymerization Techniques 
A study of the literature indicated thai plasma 

polymerization of organic monomers appeared to 
satisfy some of the design constraints of fusion 
target coatings. Plasma coatings had been found by 
previous investigations8-9 to be homogeneous, 
pinhole-free. and of the required density. A wide 
range of monomers, including hydrocarbons, 1 0 

fluorocarbons." and silanes, 1 2 have been plasma-
polymerized. This technique also offered the flex
ibility to adapt to future coating requirements. The 
plasma polymerization technique, in addition, does 
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ions to pan 

Fig. 5-26. A parallel-plate plasma coaler adapted to coat 
microspheres. 

not heat the glass microspheres above I00°C. thus 
preserving the DT fill. However, surface finishes 
that are possible with known processes did not meet 
the target design criteria. Therefore, we developed 
plasma polymerization into a routine production 
procedure for coating laser targets. 

To adapt plasma polymerization to coal glass 
shells, we developed a piezoelectrically driven 
bouncer pan. This vibrating pan. which circulated 
the microspheres to allow uniform coating, was the 
lower electrode in the early parallel-plate-discharge 
coater (Fig. 5-26). The parallel plate design, 
described extensively in the literature, had several 
problems as a plasma coater for shells. First, the 
electrodes became coated: arcing on the electrodes 
then dislodged polymer particles that stuck to the 
glass shells. Second, ths power per unit volume is 
almost a constant in a parallel-plate discharge 
regardless of power input: increased power simply 
resulted in increased plasma volume. This restric
tion limited coating rate to 0.5 inm/h at a pressure 
of 70 mTorr. the optimum condition for coating 
smoothness. An improved plasma source was 
developed to alleviate these problems. 

10.5-MHz helical -
resonator 

RF shield for small-
diameter tube 
Quartz reactor -

vessel 

Viewing port -

Bouncer pan-
for microspheres 

Bias to draw 
electrons or 
ions to pan 

Fig. 5-27. The tielical resonator plasma confer, an ad
vanced coating system, which provides a reproducible, 
controllable discharge with which to activate the monomer. 

5.3.2. Plasma Source Development 
The disadvantages of the parallel-plate ap

paratus were overcome h\ developing the helical 
resonator (Fig. 5-27) as a plasma source. The helical 
resonator inductively couples energy to the plasma, 
eliminating electrodes and the problems associated 
with them. The helical resonator is unusual in n> 
ability to produce low-pressure discharges in elec
tronegative gases because the magnetic field lines in
hibit the llow of charged species to the walls. The 
plasma is ignited within an interchangeable quart/ 
reaction lube. Changing the reactor tube size 
provides a means for altering the electron tem
perature (which affects plasma composition). \n rf 
shield thai varies the length of the discharge regior. 
controls the amount of lime the flowing monomer i» 
subjected to the plasma environment. These im
provements increase the coating rate to 2jim h at 
optimum surface-finish conditions and provide a 
controllable, reproducible discharge with which to 
activate the monomer. 

A third system for producing a plasma consists 
of a resonant 2.45-GHz microwave cavity sur
rounding a lO-mm-diam quartz tube (Fig. 5-28). 
The monomer in the tube is activated by this elec-
trodeless microwave discharge and then flows down 
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Fig. 5-28. The microwave plasma coaler, 
which produces an electrodeless discharge 
in a flowing gas stream. The plasma does 
not contact the coated microspheres. Argon ——C 
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ambient roughness on the order of 100 to 300.1 
when observed over the entire 4TT sleradians of the 
surface. These surfaces meet the current require
ments for ablatively driven laser fusion targets. 
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5.4 Multilayer, Nonplanar Structures 
The advanced target designs for high-density, 

ablatively driven implosions require complex, mul
tilayer structures. Considerations of hydrodynamic 
instability, preheat, and maximized compression 
necessitate exacting specifications on layer density, 
uniformity, and surface finish. Achieving the high 
degree of perfection required is'a difficult task; each 
coating step must be designed to preserve the in
tegrity of the preceding layers. The entire structure 
must also withstand thermal contraction stresses 
from the cryogenic temperatures necessary for a 
solid DT la^er inside the structure. 

Multilayer structures under development in
clude low-density plastic and metal foams, sub
stituted hydrocarbons forming CC1-CF-CH pro
gressions, and various metal, plastic, and glass com
binations. To this end, we have coated glass spheres 
with CF, CH, AIN, Si0 2, and AI in thicknesses 
from 10 to 20 nm. We have explored the properties 
of other materials coated on glass substrates, in
cluding gold, carbon, boron, copper, beryllium, and 
low-density fluorocarbon foam. For applications 
involving shells within shells, we have thoroughly 
developed the method of coating a precision-
machined mandrel, then etching the mandrel away, 
leaving a freestanding film. We have used this 
method to form hemispheres of gold, uranium 
alloys, SiOi, and Be/SiC>2 double layers. The man
drel technique can be extended to almost any com
bination of materials and layers needed for ad
vanced target designs. 

In 1977, we developed the multilayer called for 
in the advanced target design shown in Fig. 5-31. 
The following discussion of the specific design in 
Fig. 5-31 details many additional general considera
tions involved in constructing multilayer structures. 

Note that, while a large body of literature exists on 
coatings, we found no reports about thick non-
planar coatings with specifications of appropriate 
bulk density, and peak-to-valley surface finish and 
uniformity of ±1%. The principal difficulty in ob
taining such desirable layer properties by vapor 
deposition is the tendency for all defects to grow 
proportionally faster than the surrounding unper
turbed layer. Thin films less than a few micrometers 
thick always look impressive. Considerable effort is 
necessary, however, to obtain thick films with the 
same structure and surface finish. Section 5.3 
describes the production of fluorocarbon-coated 
glass spheres, and • 5.6 discusses solid DT layers in
side such spheres. 

5.4.1 General Fabrication Approaches 
The direct approach to the design in Fig. 5-31 

would be to start with a glass microsphere of the ap
propriate wall thickness and diameter, fill it with 
DT fuel, and then deposit each successive layer. 
Each layer in turn would serve as the substrate for 
the succeeding coating. Unfortunately, a low-
density plastic foam with a cell size less than 1 nm is 
currently unavailable. A second problem is that the 
high deposition temperatures currently used for 
glass and Be would destroy any plastic. The present 
approach involves joining two finished hemispheres 
around a DT-filled. CF-coated glass microsphere 
held in piuce with Parylene films. The resulting joint 
may introduce a defect in the shell, limiting the 
design appeal. 

Our process uses a diamond-turned hemi
spherical mandrel on the end of a Kovar rod. The 
rod is a convenient handle for position, tem
perature, and electrical control during the coating. 
Kovar mandrels appear to be the best choice for the 
Be/SiOj-layer study for three reasons: the linear 

Fig. 5-31. An example of a multilayer, 
mullishell target design for high-density, 
ablatively driven implosion. 
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Fig. 5-32. Cross section of the relative 
position of mandrels and source during 
sputter coating. Calculations indicate the 
resulting coating should be uniform over a 
hemisphere. 

Vacuum 
chamber 

Kovar mandrel 

Thermocouple 

thermal expansion coefficient of Kovar is midway 
between that of S i 0 2 and Be; glass adheres well to 
Kovar: and nitric acid dissolves Kovar but not Be. 

5.4.2 Coating Process 

The specifications of the Be/SiC>2 shell call for 
a 7-/tm SiQ2 layer and a 20-tim Be layer. The 
tolerance is 0.5 ^m, including long-wavelength 
thickness variations (uniformity) and short-
wavelength surface roughness. Density variations, 
cracks, and bubbles are equivalent to thickness 
variations that are limited by the integ'al of density 
along a radial line. Of course, the smallest varia
tions are the most desirable to minimize potential 
hydrodynamic instabilities during the implosion. 

We routinely coat glass microspheres uni
formly with plastic by maintaining them in con
stant, random motion during deposition. In con
trast, the uniformity on mandrels is chiefly a func
tion of deposition geometry. Uniformity may be 
achieved by either a complicated mechanical move
ment, similar to a single crystal x-ray goniometer 
designed to convert a directional vapor flux into a 
uniform coating, or by achieving an isotropic vapor 
flux. We chose a cylindrically symmetric source 
with axial rotation for simplicity and adaptability to 
multiple mandrel coating. The disadvantage of our 
approach is an increase in the oblique flux compo
nent, which makes achieving the required surface 
finish more difficult. 

The source used for the initial study of both Be 
and SiC>2 coatings is a Sloan Mode, S-300 sput-
tergun with a 3-in.-diam by 0.93-in.-long target, as 
shown in Fig. 5-32. Calculations indicate that a 
mandrel on the gun axis would receive a uniform 
coating with the hemisphere 0.7 in. below the mid-
plane of the intense plasma region and rotated 
around the target axis. For higher production, a 
ring of mandrels on a 1-in. circle, 0.5 in. below, 
should receive a uniform coating, provided they are 
rotated around both the mandrel axis and the target 
axis. A diamond-turned Kovar mandrel coated with 
both Be and SiOi by this method but without any 
rotation is shown in the microradiograph in Fig. 5-
33. The pole-to-equator variatt •• thickness is 
about 15%, indicating that the vt . . ,al position in 
the sputtergun was too low. Note that both the glass 
and Be layers can be independently measured for 
both thickness and uniformity by the micro-
radiographic technique. 

S.4.3 S i 0 2 Coating 
Figure 5-34 shows an SEM photomicrograph 

of the surface of an 8-><m layer of SiC>2 sputtered 
onto a Kovar mandrel. This coating was rf-
sputtered at a temperature of 400°C and pressure of 
5 Pa. The coating shows several large conical 
growth defects and, at higher magnification, a sur
face composed of small, closely packed bumps. The 
layer has good mechanical properties and adhesion. 
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Kig. 5-33. Computer-enhanced microradiograph of He and 
'SiO 2 layers on a Kovar mandrel. Note both layers arc visible. 
The pole-to-equator thickness variation is about 15"!, in
dicating the mandrel was too low during coating. 

and is transparent and colorless. Because vapor 
deposition usually tends to amplify substrate 
defects, the glass surface shown in Fig. 5-34 is not 
desirable for subsequent Be coating even without 
the cone growths. 

Much research has been published on the 
growth structure of both evaporated1 3 1 4 and 
sputtered 1 5 1 6 coatings. The consensus is that both 
the cone growth and the granular surface common 
to coatings of most materials are caused by low sur
face mobility and geometric shadowing processes. A 
surface bump receives more coating flux and 
shadows the adjacent areas; hence, bumps grow 

larger. The large cones are probably caused by large 
isolated substrate defects such as flakes, dirt, or 
tooling marks and defects on the mandrel surface. 
Small-scale granularity results from smaller scale 
roughness on the machined surface, or ultimately 
from statistical fluctuations in the vapor flux. 
Typically, higher temperatures increase the surface 
adalom mobility, allowing the transport of material 
from bumps to valleys. However, large cone defects 
will persist to very high temperatures because of the 
large transport lengths required. 

5.4.4 Be Coating " 

The SEM photomicrograph in Fig. 5-35 shows 
a preliminary result of the Be/Si02 shell study. The 
mandrel pictured is coated with 20 nm of Be over 
7 ixm of SiOi. The Be was sputtered at 250°C and 
3 Pa of argon. A 100-V negative bias drew an argon 
ion current from the plasma to bombard the man
drel. Ion bombardment effectively suppressed the 
shaggy growth caused by the oblique vapor flux. 
The open granular surface suggests that the Be is 
highly crystalline and has a density somewhat less 
than bulk Be. Be is well known for its tendency to 
crystalize. and is difficult to prepare in the amor
phous state. 

The bumps evident in the Be/SiC>2 coating may 
be caused by several factors. Thermodynamically, 
Be should be able to reduce SiOi to form BeO and 
Si. A local reaction might cause a bump to form in 
the coating, or it might erratically affect the entire 
interface. Arcs in the glow discharge during initial 
target clean-up are known to cause spits of cathode 
material that may initiate cone growth. Dc sputler-

Kig. 5-34. SEM photomicrographs of 8-/j;n-thick Si02 coating on a Kovar mandrel, showing both the granular surface and large 
cone growth. 
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Fig. 5-35. SKM photomicrograph of 20-/jm Be coating on 
SiOi-coated Ktnur mandrel, Three types of defects arc 
visible: thermal contraction cracks, cone growths, and a 
porous, granular surface. 

ing is particularly prone to these spits when the 
target is oxidized after cycling the deposition 
system. Cone growths in the Be layer may be mere 
continuations of bumps already present in the SiOi 
layer, or may nucleate on shards of glass deposited 
on the surface during cool-down and removal from 
the glass coating system. 

The cracks in the Be layev are thermal contrac
tion fractures from the cooling down after Be 
deposition; this is always a problem with any brittle 
material. The brittle Be is unable to withstand the 
tensile stress caused by the large expansion coef
ficient mismatch between Be and Kovar. Sub
stituting Ni mandrels and soft glass for the S i 0 2 is 
one way to avoid cracking. 

5.4.5 Conclusions 
This year's developments demonstrate the 

basic soundness of our approaches to multilayer 
structures. Perfecting both the sphere and mandrel 
coating processes will enable construction of a wide 
variety of advanced targets. The remaining 
challenges are to refine and extend processes to ad
ditional materials, to extend the techniques to a 
much larger number of layers, and to develop 
methods suitable for high rate production. 
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5.5 Developments in Characterization 
Precise measurement of the targets used in laser 

fusion experiments remains a vital part of the target 
fabrication process, both to ensure the quality of the 
final targets and to aid in developing fabrication 
techniques. Most of the techniques used to charac
terize targets are described in detail in previous 
reports. 1 7" 2 2 In this subsection, we review briefly 
the techniques currently used and describe the ad
vances achieved during 1977. 

The dimensions of target parts are currently 
measured with an image-splitting microscope that 
has a precision of about 1 jim. The mass of target 
parts is measured with a quartz torsion micro-
balance to an accuracy of a few nanograms. The 
amount of DT gas in a target ball is determined by 
counting the x rays that result from the tritium 
decay—a measurement that is accurate to 10 to 
20%, depending on the type of microsphere. The 
wall thickness and uniformity of the targets are 
measured by several techniques, including optical 
interferometry, contact microradiography, and 
scanning electron microscopy. Interferometry is ac
curate to about 0.05 ftm for measuring the wall 
thickness and the height of defects more than a few 
mircometers wide. The SEM is used to measure the 
height of defects with small lateral dimensions. 

The major advances in target measurement 
during 1977 were associated with the target fabrica
tion for high-density experiments. Exploding-
pusher targets used in early fusion experiments were 
relatively insensitive to nonuniformities in micro
sphere walls. We only needed to examine the targets 
in one or two orientations to ensure that no gross 
defects had been overlooked. High-density, ablative 
implosions, on the other hand, are much more sen
sitive to nonuniformities in target wall thickness. 
The entire surface of these targets must be examined 
for defects. To do this, we developed a manipulator 

5-23 



that enables us to scan the entire surface of a 
microsphere easily and rapidly.23 This manipulator 
has been coupled with both an interference 
microscope2''and an SEM.25 

Many of the targets used in high-density ex
periments have multilayered walls. Such targets re
quire techniques for independently measuring the 
thickness and uniformity of the different layers. To 
this end, and for the inspection of opaque targets, 
we have developed new techniques for contact 
microradiography of targets.26 The most notable 
developments are a manipulator for rotating the 
microspheres during inspection without con
taminating them, and least-squares titling routines 
for analyzing the radiographs. 
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5.5.1 A Microsphere Manipulator 
for Target Inspection 

The conventional techniques for manipulating 
a target microsphere during inspection have been to 

roll it with a fine probe, or to hold the sphere on a 
vacuum chuck and rotate it. Both methods have 
serious drawbacks. Rolling a spiiere with a probe 
cannot be done precisely. It is often impossible to 
know the relative orientation as the microsphere is 
moved. Vacuum chuck manipulators are cumber
some, slow, difficult to align, and impossible to use 
in a vacuum chamber. 

We have developed a manipulator that over
comes these problems. The principle of operation is 
illustrated in Fig. 5-36. The microsphere is held be
tween two flat, pliable surfaces at the ends of sm. i! 
capillary tubes. As the tips are translated par' = t 
the surfaces, the microsj-Here rolls between i' -
the two tips are moved simultaneously in ; 
directions, the ball does not translate, but s.,..L..y 
rolls about its center. Because the tips can be moved 
in either of two perpendicular directions, the 
microsphere can be rolled about either of two 
orthogonal axes. 

We tried several methods of fabricating the 
rolling surface. The most satisfactory tips were 
formed by extruding silicone rubber from the end of 
a small capillary tube (see Fig. 5-36). To form the 
flat surface on the tip, the extruded silicone rubber 
was pressed against a glass slide coated with collo
dion (as a release agent). 

This new manipulation scheme has proven sim
ple and versatile. It can be used in any orientation, 
can be made quite compact, requires no precise 
alignment, and can be used in a vacuum chamber or 
other special environment with no modifications. 
The accuracy of positioning is limited only by the 
accuracy of the manipulators used to move the tips. 
The manipulator is very gentle. We have never unin
tentionally broken a ball with it. Two versions of 
the manipulator are described in 4 5.4.2. One is used 
with an interference microscope and the other with 
an SEM. 

Author 
B. W. Weinstein 

5.5.2 Total Surface Inspection 
Using Interferometry 

We use a double-pass, Twyman-Green inter
ference microscope for the bulk of our sorting and 
inspection of transparent laser fusion targets 
(hollow glass and polymer-coated microspheres). 
This instrument is well suited to measure trans
parent fusion targets. It is very sensitive to the 
defects that are important in high-density implosion 
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100 Mm 

Fig. 5-36. Operation of the microsphere manipulator, (a) The ball is inserted between two flat, pliable tips, (bt The tips are moved 
together to hold the ball. 1c) Differential motion of the tips causes the ball to rotate about its center without translating. 

experiments (bumps or depressions a few mi
crometers in diameter and a few tenths of a 
micrometer high). Also, large numbers of micro
spheres can be scanned in the interferometer with 
relative ease. 

We have developed a modified version of the 
Twyman-Green interference microscope that is 
compatible with our manipulator. Figure 5-37 
shows a diagram of the modified microscope. Or
dinarily, a mirror surface is placed in the object 
plane of the interferometer, and the sample is placed 
on this mirror. In our modified design, a new objec
tive lens in each arm transfers an image of a mirror 
into the object plane of each of the microscope ob
jectives. To preserve high-quality white light inter
ference, the two new objectives must be a matched 
set, and the distance between these objectives and 
their associated mirrors must be equal within the 
coherence length of white light (about 1 Mm). With 

this modification, the manipulator tips can be in
serted in the focal plane of the interference 
microscope. Figure 5-3S shows the integrated sys
tem and Fig. 5-39 shows an interference photo
graph of a microsphere between the manipulator 
tips. We use a vacuum chuck mounted on an x-y-z 
manipulator to insert a ball between the tips (as 
shown in Fig. 5-40). 

As shown in Fig. 5-38, each manipulator tip is 
attached to a pair of stepper motors. The stepper 
motors are interfaced to an LSI-II minicomputer 
that can be programmed to drive the tips. 

The controlling program that we use has a 
"manual" mode in which the operator specifies in
dividual rotations, and a "scanning" mode in which 
the microsphere is continuously rotated so that the 
observer systematically sees its entire surface. Dur
ing these rotations, the minicomputer keeps track of 
the orientation of the microsphere and continuously 
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target. If necessary, special measurements such as 
radiography or SEM examination can be performed 
as final measurements of the structure of the sphere. 
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Fig. 5-39. Interference photograph of a microsphere in the 
interferomefric inspection sisrem. 
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5.5.3 47T Total Surface Inspection 
with the Scanning Electron Microscope 

Scanning electron microscopy provides the best 
means of observing target defects. Those defects 
with lateral dimensions less than a few micrometers 
are difficult or impossible to measure with an inter
ference microscope. Thus, SEM provides a method 
of examining these smaller defects and is applicable 
to actual target characterization when coupled with 
the 4w manipulator. 

SEM Examination System. In 1977, a 
manually operated version of the Air manipulator 
that would fit within the chamber of a Cambridge S-
180 SEM was fabricated. Because of chamber size 
limitations, this stage must be smaller than the in
terferometer versions and must have controls that 
operate the stage through the vacuum-vessel wall. 
In addition, because the insulating target and 
manipulator tips may cause charging problems, it is 
necessary to conductively coat both. 

Figure 5-41 shows the SEM 4TT manipulator 
stage being loaded with a microsphere held by a 
vacuum chuck. The tips are gold-coated and are at
tached to their holders with conductive epoxy. In 
the present SEM, only one tip is moved and other 
remains stationary. The pillar on the right holds the 
fixed tip that is attached to a simple actuator to ad
just tip spacing. On the left, a cross slide provides y 
motion to the moving tip and causes a rotation 

about the electron beam axis (Oz). The assembly is 
in turn raised and lowered by a stage z-motion plat
form, thus providing the Oy motion. A combination 
of these two motions can be used to rotate a sphere 
through 4ir steradians. Both motions feed through 
the stage to micrometer act' ators with mechanical 
position readouts. Position adjustments can be 
made to about 2/im. This is marginally adequate 
for 4JT mapping. The difficulties in s'age operation 
currently account for a large part of the time ex
pended in making a 4?r examination. An additional 
difficulty is that, with one fixed tip, every rotation 
requires either a focus or a position change. . 

Manipulation of the microsphere is only part 
of the system required for full surface examination. 
The mapping of a typical 140-ĵ m-diam sphere at 
3,000 X magnification requires over 140 different 
photographs. These photographs can be assembled 
into a photomontage, but this is time consuming 
and geometrical map distortions can make the 
result difficult to interpret. As an alternative image 
storage device, a raster-scan video disk is incor
porated into the system. An SEM can be used to ex
amine samples at television sweep rates; however, 
there is a large amount of noise in the recorded im
age and many distortions in the picture as a result of 
problems in the electron becm scanning system. A 
standard video Upe or video disk will not work ef
fectively because the inherent image contrast is low 

Fig. 5-41. The 4n- SEM manipulator 
stage. The left tip is moved by the cross 
slide and the /-stage platform to provide 
microsphere rotation against the fixed tip 
on the right. 
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ftfttB^ Fig. 5-42. Microsphere coaler for SF.M 
examinations. Two motors rotate eccen
trically mounted tips with a microsphere 
between them. The head on top is used to 
obtain an evaporated carbon coating. 

!2flHtt~~~*fi •L) 

and most small details would be hidden in the noise. 
Thus, for this application we have incorporated a 
new version of a video disk that raster-scans at nor
mal electron microscope recording rates, resulting 
in a 1000-times increase in electrons per pixel and a 
corresponding improvement in signal-to-noise 
ratio. 

The disk can store 300 images that can be dis
played on a TV monitor and played back at a 
variety of speeds to give the operator a total view of 
rotating microsphere in the SEM. Permanent 
storage is made by recording the disk onto 
videotape. 

As an additional feature, the video disk can 
play back two images superimposed on each other. 
This feature can be used to display stereo images of 
the sample or to overlay elemental maps. 

Sample Preparation. In contrast to the inter
ferometer, sample preparation is very important for 
4ir examinations in the SEM. A conducting film 
must be applied uniformly to the microsphere to 
reduce charging. Approximately 100 A of vapor-
deposited carbon is applied, using a coating process 
adapted from tho 4;r manipulation technique. This 
coater is shown in Fig. 5-42 and is composed of two 
eccentrically driven tips that orbit at differing rates. 
A microsphere between the tips will rotate through 
4ir and expose the entire surface to the evaporator 
head. Deposition monitors measure the amount of 
carbon evaporated. An aperture is located between 

the sphere and the evaporation head to reduce sam
ple contamination from carbon flakes generated in 
the deposition system by the coating process. 

Inspection Procedure. Contamination of the 
microspheres is an ever-present possibility, so can
didate samples are handled in a laminar-flow clean 
bench. The handling components are cleaned prior 
to all operations. This is especially critical with the 
tips because they contaminate very easily and then 
transfer particles onto the sphere. To clean the tips. 
solvent-softened electron-microscope replicating 
tape is clamped between the tips and allowed to dry. 
This removes both large debris and microdust, leav
ing very clean surfaces. 

The coater is loaded by using a vacuum chuck 
to bring the microsphere between the tips, which are 
then brought together until contact on both surfaces 
is obtained. Two orthogonal microscopes are used 
to ensure that the sphere is centered. The loaded 
coater is placed in a vacuum system and the 100-,-f 
carbon coating applied. The sphere is removed with 
a vacuum chuck (again under the flow bench) and 
transferred to the manipulator stage for SEM in
spection (see Fig. 5-43). 

For SEM examination, we use 15-keV elec
trons and a beam current of 10 pA. Because the car
bon coating is kept as thin as possible, sample-
charging remains somewhat of a problem. We use 
an analog homomorphic signal processor to reduce 
the image effects of charging. A distinctive feature 
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lahle by interferometry. \ lull map such as this re
quires up to 24 h lo prepare 

l o resolve difficulties with this system ,tm.\ to 
speed up examination time. we are building a com
puterized stage so that a complete!) automated 
system will he possible. 

\uthor 

('. M. Ward 

5.5.4 Microradiography 

( onlacl microradiography is a technique we 
have developed lo further characterize largets with 
either opaque or transparent coalings. It has several 
advantages over other measurement techniques. 
Microradiography can distinguish defects in trans
parent coatings from those in the glass shell, and il 
can measure the internal structure in targets with 
opaque coalings. 

C onhicl microradiography is a straightforward 
procedure. The microspheres are placed directly on 
a high-resolution glass film plate, typically Kodak 
IIRP film, and the film plate is exposed to \ rays in 
a vacuum chamber as shown in I ig. ?-4d. The 
brcnisslrahlung \ ray s used for exposure arc emitted 
from a tungsten anode that is excited by electrons 
with an accelerating voltage from 3 lo 10 kY. We 
choose ihe electron voltage to match microsphere 

thickness and diameter Heca..-.- ' 
arc on the order o! 1 to i'' K . I 
quired to minimize alleihialio --. 
Ihe film plate is located j i i ' . i : -•' • 
rav source, which itselr h.o- a d . . : : v ..-: • 
I mm. Ihe x-ray images arc "-.v.-•.!<••• ••• • 
magnilication and have .. gromc' i •. rr-. 
about (1.2 uni lor a 2(>n-i,m-di.oi. :' •. • •••.. 
I ilm-densiiy mottling liimis i h s icsoi..:.! ' 1 .• , : 
tice to abou! O.s i,in I x.irnplcs o! n.ag;.. ' . ; ' •' , • 
radiographs are shown in l i e "-4" :,.; 
walled glass microsphere, a ( I i • <';'. . 
microsphere, and a kova r manure. ..'..:>. . • '• 
S iO . and He Measurements o; .o.r.r.'.e a:.. • 
wall thicknesses and nonuiulorimtic* _ a" ^r • 
with about l-uin accuracy by e\aiii'.r:iii f' tr.c r •• 
under a microscope at high niagmlicaiioi, s l i . ro 
and small-scale detects ^.n, he dele-led. .'•.: • 
possible to distinguish rmilliplc layers ,q t".i'.;iig- i-
shown m I ig s -J- 'c i 

W t have encountered three problems in :OI:;L' 
microradiography tor routine chaiactcrizalion how 

__ 

\ .: 

V 

lili. 5-46. XrraniitfnH'nl for niuktni! annuel micro-
radiographs of laser fusion litrgi-ts. 
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Glass shell 

Be on SiCL on Kovar mandrel 

CF, 3 on 
glass shell 

Glass shard 
inside CF. 

Fig. 5-47. Microradiograph of (a) single-walled glass microsphere: (b) CF,,-coated glass microsphere: (c) Kovar mandrel coated with 
SiO , and Be; (d) shard inside a coated sphere. 

to hold the microspheres in position for measure
ment without damage, how to make x-ray images of 
several views of the target, and how to get high-
precision measurements of defects from the 
microradiographs. To meet these problems, we have 
developed a batch microsphere manipulator /holder 
and computer analysis techniques.27 These ap
proaches are different from v/ork done at other 
laboratories. 2 8 , 2 9 

The microspheres must be held in place during 
exposure. If glue or oil is used as a holding agent, 
the microspheres are contaminated and are not 
useful for high-density implosion experiments. Our 
novel solution to this difficulty is to hold the balls 
between two plastic films, one of which is directly 

against the photographic emulsion. A batch of 
microspheres can be rotated in an arbitrary direc
tion by keeping the plastic film fixed against the 
plate, and by translating the second film [ as shown 
in Fig. 5-48(a)]. Optimum resolution is achieved 
because the microspheres are at most only a few 
micrometers from the phoiographic plate. These 
microspheres can be routinely recovered for future 
use as targets. The microsphere holder is shown dis
assembled in Fig. 5-48(b). The plastic films are 
made of 2-/itm-thick Formvar. The ring on the righ', 
is inserted face down in the fixed part of the stage. 
The microspheres can be loaded onto either film, 
using a vacuum chuck. The ring on the left is then 
inserted onto the movable part of the translation 
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Kig. 5-48. Batch manipulator/holder for microradiography, (a) iV ciple i>f operation, (b) Disassembled manipulator. 
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Fig. 5-49. Microradiograph of a glass microsphere and its computer representation. 
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this wedge and compute a calibration curve, using 
this image and the known exposure parameters [see 
Fig. 5-51(c)]. A nonlinear relation also exists be
tween the HRP Film density and the LSB film den
sity. It is determined by exposing a photographic 
density edge onto the LSB film before it is 
developed. From the digitization of this wedge im
age, we can determine the correspondence of LSB 
film density to HRP density, as shown in Fig. 5-
51(d). The relation between x-ray path length and 
LSB film density is now established by combining 
the data shown in Fig. 5-51. 

One of the most prevalent types of defects that 
occur in hollow microspheres is a nonconcentricity 
(see Fig. 5-52). For a single-walled sphere, a non-
concentricity defect is the offset between the inner 
and outer centers. This type of defect is also the 
easiest to model and cross-check with inter-
ferometric measurements. We developed a com
puter model to characterize nonconcentricity with 
high precision and accuracy. This model relates the 
outer diameter, wall thickness, and nonconcen-
tricity of 'he microsphere to the x-ray path length 
through it. The x-ray path length as a functir i of 
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Fig. 5-52. Concentricity defect in a single-walled microsphere. 
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We have developed a microradiographic 
procedure that enables us to measure microsphere 
targets coated with single and multiple layers. We 
use the batch manipulator/holder to make 
microradiographs of several views of the micro
spheres so they can be recovered for use as laser fu
sion targets. We have also developed computer 
analysis techniques to quantitatively characterize 

'Single-walled targets and are extending these tech
niques for application to coated microspheres. 
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5.6 Cryogenic Targets 

In advanced designs for high-performance laser 
targets, the DT fuel is at cryogenic temperatures, 
thus adding a completely new dimension to target 
fabrication. Not only must we prepare the DT fuel 
in the proper form and symmetry, but we must also 
ensure the integrity of the entire target at low tem
peratures. In addition, because the cryogenic targets 
can survive for only a very short time when sur
rounded by room-temperature radiation, special 
equipment for transporting and maintaining the 
targets in the laser target chamber is also needed. 
One example, as illustrated by the significant-
thermonuclear-burn target shown in Fig. 5-54, is a 
hollow, multilayered sphere with an inner shell of 
uniformly frozen DT. As discussed in previous sub
sections, the individual layers must be properly in
terfaced and uniform because imperfections can 
seriously degrade target performance. The target 
design for scientific breakeven, which incorporates 
a liquid DT center, displays another possibility that 
may necessitate special low-temperature assembly 
techniques. In general, successful cryogenic laser fu

sion experiments will require methods and ap
paratus for fabricating and handling a variety of 
low-temperature targets. 

As a first step, we have developed techniques at 
LLL for freezing and characterizing a uniform layer 
ot DT on the inside surface of hollow glass 
microspheres.30 The gas-filled microsphere is placed 
inside a freezing cell and cooled to about 5 K. The 
cell volume surrounding the microsphere is filled 
with low-pressure (0.5 Torr) helium that acts as a 
heat-exchange gas. Upon initial cooling, the DT 
freezes in a nonuniform manner because gravity and 
surface tension act on the DT layer as it passes 
relatively slowly through the liquid state. However, 
by subsequently vaporizing and then rapidly 
refreezing the DT, we produce a uniform layer as il
lustrated in Fig. 5-54. 

We use two methods of vaporizing the DT. In 
the first method, a light pulse focused on the 
microsphere vaporizes the DT without significantly 
affecting the freezing cell. The cold He gas in the 
freezing cell cools the microsphere, and the DT 
quickly refreezes. This method was first dem
onstrated by J. Miller31 of LASL. We have ad-

Fif. 5-54. Technique for forming a 
uniformly frozen DT layer. 
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vanced this technique by using a much simpler and 
smaller freezing cell and Dewar, thus showing that a 
completely isothermal environment for the target is 
not required. The freezing cell temperature is not 
controlled, and there is no need to measure the tem
perature to better than about ±1 K. Because the 
freezing cell surrounding the target must be 
removed before firing the laser, it is advantageous 
for the system to be small. This permits rapid 
removal of the cell with a minimum of disturbance. 
In addition, we are able to bring microscope objec
tives close to the target to obtain a high spatial 
resolution and adequately characterize the frozen 
DT layer. 

The light-puise method of vaporization re
quires optical access to the target and depends on 
the optical properties of the target. To overcome 
these limitations, we have developed a more general 
technique. A heat pulse from an electrical heater 
momentarily warms the freezing cell to about 40 K, 
thus vaporizing the DT. The small freezing cell has 
a fast thermal response and returns to 5 K within 
5 s. This is quick enough for the DT to refreeze uni
formly because it passes through the liquid state to 
the solid state in a few tens of milliseconds. The 
heat-pulse technique should work for the more 
complicated, multilayered transparent or opaque 
targets to be used in the future. Also, because op
tical access to the internal structure of the target is 
not necessary, interfacing with the laser target 
chamber is easier. 

The heart of the apparatus is the copper freez
ing cell (shown in Fig. S-SS) that is attached to the 
cold tip of a Helitran Model LT-3-110 refrigerator. 
The glass microsphere is suspended between two 
500- A -thick Parylene films sandwiched between two 
copper washers as shown in Fig. 5-56. This suspen
sion minimizes the discontinuity at the contact 
points because the films are tangent to the surface. 
The assembly is mounted in the center of the cell. 
The cell volume surrounding the microsphere is 
filled with He gas to a pressure of about 0.5 Torr. 
Quartz windows cemented to stainless steel insets in 
the cell provide optical access. The windows in the 
room-temperature vacuum jacket protrude through 
the liquid N 2 radiation shield. The distance from the 
center of the cell to the outside surface of the ex
terior windows is only 7 mm. 

To characterize the quality of the DT layer, we 
use the optical arrangement illustrated in Fig. 5-57. 
Parallel light from an argon laser illuminates the 
microsphere. The light is collected by a microscope 
objective, passed through an optical wedge, and 
then imaged on the face of a silicon vidicon TV 

Fi{. S-5S. Dewar and freezing cell for fabricating cryogenic 
User fusion targets. 

camera. The interference pictures of the freezing 
process are recorded on a video disk and video tape. 

Because both surfaces of the wedge are 70% 
reflective, the wedge produces multiple images of 
the microsphere. Light that passes through the 
microsphere and DT layer overlaps and, therefore, 
interferes with light that passes next to the 
microsphere. The symmetry of the interference pat
tern on the microsphere image indicates the unifor
mity of the DT layer and the glass shell. 

We have specially designed the wedge inter
ferometer, illustrated in Fig. 5-58. to be compatible 
with a high-spatial-resolution microscope objective. 
The important parameters are the separation of the 
multiple sphere images and the phase uniformity of 
the background illumination. For a given focal 
length objective and image magnification, the 
wedge angle determines the separation. The image 
separation should be at least two to three times the 
diameter of the magnified sphere image, so that the 
interference patterns associated with each image do 
not overlap. Superimposed on the microsphere im
ages is a background bull's-eye pattern, consisting 
of the Newton rings produced by the illumination 
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(b) 

< / • 

Fig. 5-59. Interference phulos of glass microsphere during frozen DT layer formation. The images on the left are an artifact of the in
terference process, (a) Initial nonuniform freezing of DT, temperature about 5K. Note mosaic pattern caused by DT distribution. (b> 
\apori/ationof DT b> lust heal pulse, temperature -3(1 K. Residual pattern of glass microsphere, tel Quick uniform refrce/ing. tem
perature about 5K. Circular fringes similar to those in 4b! indicate that the DT has fro/en uniformly. 
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5.7 Production of Power-Plant Inertial 
Confinement Fusion Targets 

For the inertial confinement approach to fu
sion energy production to be economically feasible, 
some means must be provided to produce the 
targets in a completely automated system at rates of 
about 10/s. This system must reliably produce a 
high-quality, well-controlled product. 

The general concept of the targets to be con
sidered is shown in Fig. 5-60. Although these targets 
are specific, the generalized concepts for 
automating the fabrication of these targets will be 
useful for other targets and will display one ap
proach to the problem of a target factory. 
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Table 5-2. Ball-on-stalk target specifications. 

Ball diameter 

Wall thickness 

Sphericity 

Surface finish 

Fuel nil 

Stalk 

Assembly 

Selected to ± 5 Mm 
Measured to better than 1 p m 

Selected to ± 0.2 mm 
Measured to better than + 0.05 jam 

Selected to better than 1% 
Measured to better than 1% 

Selected to better than 1000 A 
Measured to better than 100 A 
(contour mapped over entire 

surface if necessary) 

Filled to ± 20% 
Selected and measured to - 10% 
(5'/ if necessary) 

Pulled from glass tube or rod or 

Kpoxy or other suitable bonding 
agent 

Under microscope by hand or with 
use of micromanipulators 

than one man-day of effort. However, when the 
research mode of inertial confinement fusion is 
joined by the power production mode, the targets 
must be produced at high rates, must be of high 
quality, and may need to be produced at costs of 
less than about 50 cents if ICF power production is 
to be economical. 

To approach the problems of production of in
expensive targets, several aspects of the fabrication 
processes must be reconsidered: 

• Fuel container production (glass, plastic, 
or metal shells, or the fuel itself as its own con
tainer). 

• Layer coating. 
• Surface and interface characteristics. 
• Fuel state. 
• Required production rate. 
Let us examine first the unlikely situation in 

which the target is a solid, cryogenic sphere of DT. 
Solid spheres of cryogenic materials including 
hydrogen have been produced at high rates. For ex
ample, Hendricks and his colleagues at the Univer
sity of Illinois have generated hydrogen spheres at 
rates of up to 105/s and diameters greater than 
100 nm. The unused spheres can be recirculated and 
the fuel reused. 

Because simple solid spheres are unlikely 
targets, modifications must be considered. A target 

that is again somewhat unlikely in its simplest form 
is the simple hollow spherical shell of frozen 
hydrogen (DT). Such hollow shells have been ex
perimentally produced by Hendricks' group at 
Illinois.33 The shells have been generated at high 
rates and very low cost per target. 

Such unlikely targets are only stepping stones 
to more realistic, more complicated ones. Consider 
a possible multishell target composed of a frozen 
core of fuel (DT) surrounded by several concentric 
shells of various materials, possibly including neon, 
argon, and hydrogen. Studies leading to production 
of such multilayer cryogenic shells have been un
derway for some time with experimental success. 
Experimental and analytical research is being 
carried out on similar layered structures with a cen
tral hollow shell of DT. Such targets can be formed 
in a sequence of steps in a column or columns con
taining the coating materials. Each of the coatings is 
in an isolated chamber at a temperature suitable for 
condensation on the previous layer. 

However, we must consider the possibility that 
the layered structures may not be totally cryo
genic—only the innermost layer of DT fuel may be 
at a low temperature. For such a target type, can we 
still consider depositing coatings and layers on the 
target in a production-line mode? It should be ob
vious that we can do so. Consider a spherical mul
tilayer target in which the fuel is contained inside a 
thin hollow shell of glass as with current targets. By 
perfecting and optimizing current techniques of 
glass shell production, such as those used by LLL, 
KMSF, 3M, etc., we expect that a high yield of 
target-quality shells can be produced at high rates 
(about 103/s at LLL; similar rates are assumed for 
the KMSF processes). In a production system, the 
glass shells must be characterized as they come from 
whatever unit generates them. Computer-sensed, 
-analyzed, and -controlled techniques must be used 
to measure the appropriate parameters and either 
accept or reject the shells—all at a rate of perhaps 
103/s. Current technology in computerized image 
dissection and analysis as well as optical matrix sen
sor methods are capable of performing such tasks. 
For example, a hologram of an ideal spherical shell 
can be stored in digital form in the computer 
memory. As a real shell passes through a suitable 
optical system, a holographic image of the real shell 
can be produced and projected onto a matrix of sen
sors. The output of the sensors can then be com
pared with the stored image elements of the ideal 
shell. If the two sets agree well enough, the shell is 
accepted and passed to the next stage of the system. 
If the sets do not agree, the shell is rejected. 
Throughout the target production process, similar 
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techniques will be used for characterization after 
every step. At no point in the process can we afford 
to manually pick up and examine or manipulate one 
target. At $25 per hour, one second of manpower 
costs 0.69 cents. One minute of effort to "look at" 
or "pick up" a target costs about 42 cents. 

Assume the characterization is accomplished 
and we have 103 high-quality, empty, hollow shells 
arriving each second at some point in our produc
tion line. If they accumulate for just over one day, 
there will be enough microspheres for a one-shot-
per-second power plant for one year, if every 
process in the production line were perfect. Because 
the various steps are not perfect, enough shells must 
be made so that the unsatisfactory targets may be 
thrown away, with still enough targets remaining 
for power plant operation. The shell generation 
system must run almost continuously to allow for 
rejection of some targets at each coating step. After 
perhaps 106 satisfactory shells have accumulated, a 
batch DT fill process may be done. The time con
stant for DT filling is a few hours: to ensure uniform 
results, a 24-h period should be satisfactory. 
Following the batch DT fill process, the shells 
would again enter the production line individually 
to be coated with various required layers of 
material. There are coating processes under 
development that should enable us to deposit many 
micrometers of polymers on glass shells in a short 
time. Coating processes used by the chemical in
dustry may be adaptable to our needs. Cor.ting 
materials, their properties, and the methr>cis by 
which they can be deposited will require creative 
research and development before the targets can be 
produced for a few cents, but it can be done. 

The successful development of inertial confine
ment fusion for power production depends critically 
on the feasibility of high-rate, high-yield target 
production. The production rates and allowable 
cost-per-target scale with the output power yield of 
the target. Target yields of 0.01, 0.1, and 1.0 tons (1-
ton yield is approximately 4 X I0 9 J) require 
production rates of 10, I, and 0.1/s, respectively, 
and allow economic power production in projected 
power plant designs with per-target cost of 0.01, 
0.10, and 1.00 dollars, respectively. These estimates 
are based on the current assumptions of driver and 
target performance scales to a power-producing 
target. 

With these rate and allowable cost require
ments, and considering the delicate nature of the 
product, this process system in all probability must 
be totally automated. 

Each process will occur in a controlled environ
ment. The overall production yield of the process 

must exceed 95%, or much of the output power will 
be used to drive defective targets. 

Another constraint on the process is that the 
inventory of tritium be low. The largest part of the 
inventory exists in the form of targets, and the total 
inventory scales with process time for a target. The 
absolute value of the inventory also depends 
critically on the target concept and at which step in 
the processing the fill occurs. 

5.7.1 Design Features of Power-Production 
Class Targets 

Production-class targets as shown in Fig. 5-60 
consist of multilayered concentric shells. The out
side surfaces of these shells and the interfaces be
tween the layers must be smooth enough to satisfy 
Rayieigh-Taylor stability requirements. At the out
side surface of the target, which ranges from 1 to 
10 mm in diam, the most unstable Rayleigh-Taylor 
spatial wavelength is approximately 50 urn with an 
allowable defect height of 100 A. (Other wavelength 
defects have allowable heights similar to those 
described in Fig. 5-61.) These successive layers on 
the target must be concentric with tolerances of 1 to 
3 /urn. In the multishell targets, one or more of the 
layers can be voids, thus creating the need to levitate 
the shells. The concentricity of levitated shells is the 
same as for the layers (1 to 3 ,um). 

The outermost layer is composed of low-Z, 
low-density materials that perform efficiently as 
ablators. Some examples are Be, LiH, or frozen Hi. 
intermediate pusher layers are mostly low-atomic-
number materials seeded with a small atomic frac
tion of high-Z material. The inner pusher, ex-

I 

I " 
™ 10" r 

10 - 3 _ 

1 0 -

(a) Near-term jxperiments 
(b) Scientific breakeven 

I I I L 
10 u 10 10z 10-* 10* 
Defect lateral dimensions, ixm 

Fig. 5-61. The black curve describes the maximum initial 
amplitude of defect as a function of lateral dimension for 
current experimental targets, while the red curve Indicates 
the requirements for a high-gain, perhaps reactor-class target. 
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Fig. 5-63. Tali schematic siows the typical process of producing on a reactor basis a single-shell, multilayer target. 

5.7.3 Layered Shell Fabrication 

In a double-shell target, the inner shell has a 
diameter up to several hundred micrometers with a 
diameter-to-wall ratio of about 10:1. This shell is 
the inner pusher and can be made of higher-atomic-
number materials. It may consist of a thin mandrel 
coated to produce the proper shell material. 
Processes currently used to generate glass shells and 
subsequently coat them with polymerized fluorocar-
bon must be greatly refined, until only a few easily 
detectable defects can be expected to limit the yield 
of that process. 

In the single-shell target, the shell must be 
about 1 to 10 mm in diam. Shells of this size have 
been made of glass and plastics, but techniques 
must be extended to materials of low atomic num
ber, perhaps seeded with high-atomic-number ele
ments. Techniques must be developed to construct 
the shells' h a fuel fill tube attached, or to attach a 
fill tube on a production basis without degrading 
surface finish. 

The coating of the shells, while preserving the 
surface finish, requires much development. We 
must study grain boundary growths, stoichiometry 
of materials, and coating conditions to ensure 
amorphots material deposition. We must develop 
methods to adapt the coating-material-atmosphere 
production processes to the target transport and 

manipulation system. If we have to coat fuel-filled 
shells, we must then further develop systems by 
which surfaces can be coated at cryogenic tem
peratures. 

If we condense layers on a cryogenic mandrel 
for target production, we must determine the nature 
of materials coated below the freezing point of DT 
(20 K). 

Therefore, to produce an ;nner or single shell, 
we must develop processes to fabricate shells of 
various materials within design specifications. 
Techniques also must be generated to coat shells 
fc'/d to make these processes compatible with the 
transport and manipulation systems. 

5.7.4 Layered Hemishell Fabrication 
In double-shell targets, the outer shell may be 

constructed from hemishells. Micromachined man
drels coated in layers may have the hemishell 
mating edge machined before the mandrel is etched 
away. As with the shell coating, we must also 
develop coating techniques and etching methods. 

5.7.5 DT Fill 
In reactor targets, the fuel must be at high den

sity in the single shell. The filled shell must be 
coated to form a layered structure that meets the 
design constraints to avoid Rayleigh-Taylor in
stability during the implosion process. 
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There is considerable advantage to Ailing a 
target with fuel after much of the processing is com
plete. In the double-shell target, most of the tritium 
is contained in the outer shells. Thus, the hemishells 
can be made with reasonably standard non-
cryogenic techniques, allowing the frozen fuel to be 
added just before the hemishell sealing process. The 
amount of tritium in inventory depends primarily 
on the time the tritium spends in targets being 
processed. The procedure to fill targets after they 
are assembled could reduce, by as much as a factor 
of five, the tritium inventory needed if the fill 
remains with the target throughout processing. 

5.7.6 Assembly 
To produce reactor targets, we need to assem

ble hemishells with internal concentric shells to the 
required high accuracy and at production rates. If a 
fill tube is not feasible, assembly and bonding must 
be accomplished at <20 K to avoid excessively high 
pressures and to retain the fuel. Methods that sup
port concentric shells with minimal material are re
quired. Polymeric films as thin as 100 A are used to 
support spherical shells in a concentric configura
tion. Other techniques of support, using gas jets or 
electric or magnetic fields for example, represent the 
next level of development. Because small-scale 
defects are allowed on production targets (1 to 5-ixm 
wavelengths with I to 5-jjm height), the seam and 
some minor surface damage can be tolerated if 
relatively long-wavelength tolerances (approx
imately 50 ftm) are met. 

5.7.7 Characterization 
The defect in production targets that concerns 

us most has an extremely low aspect ratio: defect 
height/spatial wavelength ~I0" 4. Many of the 
materials suggested for these layered shells or 
hemishells are opaque to visible light, precluding 
the use of highly developed optical techniques. The 
lack of intense coherent radiation sources at short 
wavelengths makes it very difficult to attain resolu
tions as low as 100/f. 

Assembled targets or subassemblies are dif
ficult to characterize quickly and efficiently. The 
pR-type defects in seams of hemishells as well as 
pieces damaged during assembly are particularly 
difficult to measure. Production processes need to 
be developed to the point where it is necessary to 
monitor, at most, one or two easily detected defect 
types per process step to be assured of quality con
trol. Occasional (say, one out of a thousand) targets 
can be withdrawn and completely characterized for 
statistical monitoring of the processes. 

-Accelerating 
electrodes 

FIR. 5-44. Electrostatic transport and control system. The 
shells are transported through and between the processes. 

5.7.8 Transport and Manipulation 
The surface finish requirement makes it dif

ficult to transport and manipulate the shells, 
hemishells, and partially or totally assembled 
targets. Support and transport methods include 
electrostatic, electrodynamic, gas jet, acoustic, 
magnetic, and focused laser-light-beam levitation. 
Of these, the electrostatic or electrodynamic tech
niques currently appear to offer the most useful 
methods. Other methods, including reliable con
tainment and manipulation of small parts without 
damage, must be developed. 

A schematic of a target factory is shown in 
Fig. 5-63. The glass shells are produced by means of 
a droplet generator that delivers droplets of glass 
solution into vertical furnaces. Axial airflow centers 
the glass solution droplets and particles in the dry
ing and blowing sections of the heating cycle. Ver
tical airflow and gravity move the particles through 
the furnaces. These furnaces can be sectional to ob
tain any length required. An electrostatic transport 
system can transport particles between furnace sec
tions and into and through subsequent portions of 
the system. The electrostatic transport and control 
system consists of quadruple rails, as shown in 
Fig. 5-64. Electrodes, located in the rail, sense the 
particle charge and velocity, while other stations ad
just the charge and velocity to the required values. 
Masuda et a l . 3 4 ' 3 5 have given much attention to 
these systems of particle transport. 

The transport system receives the particles 
from the furnace section and delivers them to a 
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Fig. 5-65. Coating batch processor. This system allows a batch of shells to be sequentially processed to achieve uniform surface. 



References 

33. C. D. Hendricks, I. Foster, and R. J. Turnbull, "Hollow 
Hydrogen Spheres for Laser Fusion Targets," Applied 
Physics Letter 26, 580 (1975). 

34. S. Masuda and K. Fujibayashi, "Advances in Static Elec
tricity," in Proc. of the 1st International Conference on 
Sialic Electricity (Vienna. Austria, 1970), Vol. 1. pp. 384-
397. 

35. S. Masuda, K. Fujibayashi, and K. Ishida, "Advances in 
Static Electricity," in Proc. of the 1st International Con
ference on Static Electricity (Vienna, Austria, 1970). Vol. I, 
pp. 398-414. 

36. R. E. Wuerker, H. Shelton, and R. V. Langmuir. J. Appl. 
Phys. 30, 342 (1959). 

37. R. L. Woerner. "Cryogenic Laser Fusion Target Fabrica
tion at LLL," unpublished post-deadline talk a> the 
Cryogenic Engineering Conference (Boulder, Colorado. 
Aug. 2-5. 1977). 

38. J. R. Miller, "A New Meth: ; for Producing Cryogenic 
Laser Fusion Targets," in Proc. of APS Plasma Physics 
Meeting (San Francisco, California, Nov. 15-19, 197f|. 

39. J. R. Miller, "A New Method for Producing Cryogenic 
Laser Fusion Targets," in Proc. of 1977 Cryogenic 
Engineering Conference (Boulder, Colorado, Aug. 2-5, 
1977), to be published in Advances in Cryogenic 
Engineering. 23. 

Authors 
C. D. Hendricks 
W. L. Johnson 

5-50 



SECTION 6 
LASER FUSION EXPERIMENTS 

AND ANALYSIS 



SECTION 6 
CONTENTS 

6.1 Overview 6-1 

6.2 Determination of the Scale Height and Density Jump at Critical Density from Measurements 

of the Polarization Ellipse of the Scattered Light 6-1 

6.3 Interferometry for Absorption Physics Studies 6-5 

6.4 Polarization and Angular Dependence of 1.06-ju.m Laser Light Absorption by Planar Plasmas . . . . 6-7 

6.5 Brillouin Scattering in Laser-Produced Plasmas 6-12 

6.6 Time-Resolved High-Energy X-Ray Spectra Measurements 6-17 

6.7 Experimental and Theoretical Investigation of High-Z Disks Irradiated with 1.06-/*m Laser Light . .6-21 

6.8 Exploding-Pusher Target Experiments on Argus 6-28 
6.9 Images of High-Energy X-Ray and Thermonuclear Alpha Particle Emissions from 

Exploding-Pusher Targets on Argus 6-31 
6.9.1 High-Energy X-Ray Images 6-31 
6.9.2 Thermonuclear Alpha Particle Images 6-34 

6.10 A Simple Model for Exploding-Pusher Targets 6-38 
6.10.1 Derivation of the Simple Model 6-38 
6.10.2 Compression Phase 6-38 
6.10.3 Explosion Phase 6-38 
6.10.4 Acceleration or Useful Energy Phase 6-39 
6.10.5 Neutron Production 6-41 
6.10.6 Comparison of Simple Model with Experimental Results 6-41 
6.10.7 Conclusions 6-46 

6-iii 



SECTION 6 

LASER FUSION EXPERIMENTS AND ANALYSIS 

6.1 Overview 
Experiments performed in 1977 determined 

critical parameters in the interaction of intense laser 
light with plasma. Using plastic disks and the Janus 
laser, we measured the variation of the absorption 
fraction with the angle of incidence and polariza
tion, the spatial and temporal density profiles in the 
critical density region, and the x-ray spectral emis
sion history. The results of these experiments 
generally agreed well with theory and computer 
calculations. We also conducted experiments with 
high-Z disks on the Argus laser in which we varied 
the laser intensity, spot size, and pulse length, and 
measured the absorption fraction and x-ray emis
sion. The results of these experiments — and the 
results of experiments with other targets — 
emphasized important theoretical uncertainties in 
the mix of collisionless and collisional absorption, 
in inhibited transport of thermal and superthermal 
electrons, in fast-ion losses, in stimulated scatter, 
and in multi-frequency non-LTE opacities. More 
sophisticated experiments are planned to improve 
our understanding of these complex physical 
processes. 

Authors 
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6.2 Determination of the Scale Height and 
Density Jump at Critical Density from 
Measurements of the Polarization Ellipse 
of the Scattered Light 

In §5-7.2 of the 1976 annual report, we dis
cussed a method of estimating the scale height and 
density jump from ellipsometric measurements of 
the scattered 1.06-fim light. An instrument to 
measure the Stokes parameters of the scattered light 
was also described in §3-3.3. In 1977, we measured 
the polarization ellipse of the light specularly 
reflected from tilted Parylene disks irradiated by 30-
ps, 1.06-jtm light pulses focused by an f/10 lens. We 
present those measurements here. 

The s- and p-polarized components of the light 

incident upon the titled disk obey different wave 
equations and have different complex-amplitude 
reflectivities. In particular, the difference in phase 
shifts between the s- and p-polarized components 
increases approximately monotonically from 0 to 
180° as the scale length for an assumed ramp den
sity profile decreases from infinity to zero. If the 
density ramp is truncated at some finite plateau 
density at the higher density end, the phase dif
ference approaches some limit 180°-1 short of 180° 
as the scale length becomes very short. However, 
the phase difference is independent of this upper 
plateau density for scale lengths long enough to pre
vent the evanescent field from seeing this plateau. 
Knowledge of the phase difference does not 
uniquely specify either the scale length or the den
sity jump, because an infinity of combinations of 
stale lengths and upper and lower plateau densities 
gives the same phase difference However, there is a 
definite upper limit to the possible scale length and 
a lower definite limit to the possible density jump. 

The ellipsometer (Fig. 6-1) measures the 
amounts of light 1(0) polarized in four different 
linear polarization states (electric field at angles 
6 = 0, 45, 90. or 135°). and in the left and right cir
cular polarizations (l |n and l R | ( , respectively). 
Only four of any such set of measurements can be 
independent. Because the amounts of light 
polarized in orthogonal slates must sum to the total 
light energy, we have the two linear relationships: 

1(0°)+1(90°) = 1(45°) * 1(135°) = I R H + I L H -

This redundancy will reveal an incorrect measure
ment. 

The ellipsometer looked at the light reflected 
back at an angle of 45° to the beam axis (Fig. 6-2). 
The target was tilted by 22.5°. so we observed the 
peak of the specularly reflected light. The laser 
beam had its electric vector at approximately 45° to 
the plane of incidence, ensuring that the s- and p-
polarized components had nearly equal amplitudes. 
The short pulse length of 30 ps and small spot size 
of 80-fim diam minimized the importance of 
stimulated Brillouin scattering. At the high inten ; 

silies of about 4 xlO 1 5 W'cnr . particle code simula
tions predict substantial profile modification. The 
light was collimated by a concave gold mirror. 
Because the light was normally incident upon this 
mirror, the only effect on the polarization state was 
to reverse the handedness of the ellipse. 
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Fig. 6-1. (a) Ellipsometer for determining the polarization ellipse of the scattered light, (b) Polarization analyzer block. 
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Fig. 6-5. Observed phase difference, 
which establishes a lower limit to the 
magnitude of the density jump. The 
shaded 'area is the measurement. The 
angle of incidence is 22.5°. 
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Fig. 6-6. Observed phase difference, 
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magnitude of the density jump. The 
shaded area is the measurement. The 
angle of incidence is 20°. 
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6.3 Interferometry for Absorption 
Physics Studies 

The ultraviolet probing/holographic in
terferometry technique has been improved during 
1977, to the point where it now plays a significant 
role in contributing to our understanding of absorp
tion physics.1"3 The system uses a 15-ps, 2660-A 
probe pulse and provides a spatial resolution 
somewhat better than 1 ^m. New experiments, per
formed with ball and disk targets at the Janus laser 
facility, show that for short (30 ps) irradiation 
pulses the density scale lengths are &10 Mm every
where, and that in the critical-density region they 
are &1 ^m. Further, these results show that radia
tion pressure affects the transverse nature of 
isodensity contours, producing both large- and 
small-scale electron-density depressions. 

An example of a well-focused interferogram, 
along with its analysis, is shown in Fig. 6-7. In this 
target experiment, a 41-^m-diam glass microsphere 
was irradiated with a 30-ps, 1.06-^m laser pulse at 
an intensity of 3 x 10 1 4 W/cm 2. The resulting in
terferogram [Fig. 6-7(a)] has been Abel-inverted, 
with axial electron densities plotted in Fig. 6-7(b). 

These results demonstrate that radial density pro
files are indeed steepened by radiation-pressure ef
fects. A simple but instructive model for this effect 
is to consider a static balance of partial pressures at 
the critical surface, where the high-density side has 
only particle pressure, while the lower density laser 
side has both a thermal (particle) component and a 
portion caused by momentum transferred by 
photon reflections, viz. nukT = nikT + 2I 0 /c, where 
n u and nj are the upper and lower shelf densities, kT 
is the thermal temperature, 1 0 is the laser intensity, 
and c is the speed of light. The model must then be 
modified for flow field dynamics, temperature dif
ferences across the interface, and fractional absorp
tion on a realistic density profile. Typical numerical 
results from the model indicate an equivalence of 
thermal and radiation pressures at 10 2 1 e/cm 3, 1 
keV temperature, and a laser intensity of 3 x 10 1 5 

W/cm 2. The density step in Fig. 6-7, where the in
tensity is only 3 x 10 1 4 W/cm 2, is thus larger than 
expected, probably because of temperature dif
ferences localized by inhibited energy transport in 
the critical region. This is discussed in §4.4,1, where 
radial profiles are calculated with and without 
transport inhibition. 

6 urn. ~3 X 10 1 4 W/cm2.41 ui 
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Fig. 6-7. Demonstration of profile steepening caused by radiation pressure in target irradiation experiment. I« 3 X 1014W/cm2. 
(a) Interferogram of shot No. 77052504. (b) Axial electron densities. Density scale lengths 1 are evaluated in the upper (lu), 
lower (l|), and critical 0C) density regions. 
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Fig. 6-8. Demonstration of cavity formation caused by radiation pressure in flat-disk (lollypop) experiments. I s 3 X lO 1 4 

W/cm2. (a) Interferogram of shot No. 77051205. (b) Abel-inverted densities. 

As a practical matter, these results show that 
for 30-ps experiments the scale lengths are less than 
10 nm everywhere, and approximately 1 /J.TI near the 
critical surface. The measured profile in Fig. 6-7 
suggests that resonance absorption plays the major 
role in absorbing laser light. The shallow profile of 
100-f4m scale length or larger, required for efficient 
absorption by classical inverse bremsstrahlung or 
parametric decay, does not exist. Further confirma
tion of density-contour deformation is observed in 
our experiments with flat disk targets, often re
ferred to as "lollypops." An example is shown in 
Fig. 6-8(a), with the Abel-inverted densities shown 
in Fig. 6-8(b) for a plane transverse to the incident 
light. The density cavity or well formation shown in 
Fig. 6-8(b) has a transverse scale approximately 
equal to that of the incident light. Large-scale, two-
dimensional density depressions such as this have 
recently been calculated by Randall and DeGroot, 
as discussed in §4.6.3. 

In addition to large-scale density cavities, we 
have also observed small-scale rippling of the 
critical surface in our higher intensity experiments 
with Parylene lollypop targets. An example is 
shown in Fig. 6-9. 

Localized fringe variations are primarily 
caused by density changes because optical path 

lengths are essentially equal within small areas of 
the target. These density variations are most likely 
produced by hot spots in the incident light beam. 

^ **1™ 

^^Vv Vac"-
^ ^ I F x,<v 

s«#SS 

^^^Ei^v "... '"̂  
^^^•Klg^*^- i : v H 

Fig. 6-9. Locally rippled fringes. uggesting densi ly fluc-
tuations of 20% amplitude and 1C -jum scale size. l > 3 x 
1 0 l 5 W / c m 2 . 
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The hot spots push electrons out of their way with 
the increased radiation pressure. This process is 
unstable because the low-density region is of higher 
refractive index, thus tending to focus the incident 
light farther. This process of "filamentation" 
causes a localized mixing of angle and polarization 
of the incident wave, leading to a smoothing of 
measured absorption characteristics expected for 
the dominant resonance-absorption process.4 In ad
dition, these localized ripples very likely have strong 
surface currents because of the partial absorption 
of light (transverse momentum of the partially 
reflected waves is not conserved, a portion having 
been transferred to the electrons). These randomly 
oriented surface currents would then lead to ran
domly oriented magnetic fields, estimated by 
particle-in-eell computer simulations to be in the 
megagauss range. These predictions have appeared 
in previous annual reports, are updated in §4.6.4 of 
this report, and are discussed in the literature.-

In summary, using holographic interferometry 
with a 2660-A probe wavelength, we have studied 
the plasma surrounding laser-irradiated targets with 
a resolution of I jjra and 15 ps. Results indicate that 
for short-pulse experiments gradient lengths are 
sufficiently short, and density depressions suffi
ciently large, that only resonant absorption plays a 
significant role, and that density fluctuations pro 
vide mixing of s- and p-po!arization at the absorp
tion surface. We anticipate different results in 
future experiments with nanosecond irradiation 
pulses. 
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6.4 Polarization and Angular Dependence 
of 1.06-̂ m Laser Light Absorption by 
Planar Plasmas 

The production of laser-heated inertially con
fined thermonuclear plasmas involves several 
stages. Foremost among these is the coupling til 
laser energy into the target plasma; therefore, the 
nature of this laser-light-absorption process has 
been the subject of much theoretical and ex
perimental research.6 2 I ) Estabrook, Valeo, and 
Kruer have carries.' out two-dimensional relativistic 
simulations of plasma absorption. 6 Their calcula
tions show a maximum absorption efficiency of ap
proximately 50%, generation of suprathermal par
ticles, and strong steepening of the density profile in 
the vicinity of the critical density. The dominant 
mechanism in these calculations is resonance ab
sorption, which, in this context, refers to a eolli-
sionless plasma-heating mechanism arising for obli
quely incident radiation. If the radiation's electric-
field vector has a component along the density-
gradient direction, electron plasma waves may be 
excited, leading to plasma heating. 

Recent experimental evidence supports the 
proposition that an important process governing 
the absorption of laser pulses less than MOO ps in 
duration with intensities between M O 1 4 and ~1() 1 6 

W/cm- is resonance absorption.1'1 "" Here, we 
report the results of an experimental attempt to 
observe the polarization and angular dependence of 
the absorption of 1.06-fjm optical plane waves inci
dent on flat slabs, i.e., conditions similar to those 
used in Estabrook, Valeo, and Kn.er's .simulations. 
Using the Janus laser facility, we have produced 
direct experimental evidence of resonance absorp
tion. 

The experimental design used for these meas
urements is indicated schematically in Fig. 6-10. 
The M00-GW 1.06 Mnt laser pulses (30±6 ps in 
duration) were provided by one beam of the Janus 
laser/target interaction facility."' The Janus 
oscillator-amplifier laser system is capable of 
routinely delivering ^400 G\V in two beams to laser 
fusion targets; however, for this siudy Janus was 
limited to ^,100-GW single-bear; irradiations to 
avoid the complications that nonlinear intensity-
dependent phase dis tor t ions might have 
introduced." The laser pulses were focused onto 
the ~300-jmi-diam, ~20-f/m-thick Parylene (CsH(0 
disk targets by an aspheric f/10 lens. The input-
beam profile at the f/10 lens was approximately rec
tangular ("top hat" beam); thus, the diffraction-
limited focal-spot diameter should have been ~26 
\im. In practice, the full aperture of the lens was not 
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I ig. 6-10. Kxpcrinuntal setup to determine polarization and angular dependence of laser-tight absorption. Approximately 
lOO-CJW pulses from Janus were focused through a small opening in the box calorimeter onto the rotatahle targets. Scattered 
1.06-jum light not accounted for by forward- and back-scatter calorimeters was transmitted by the WG 280 shield an'l absorbed 
by the BG 18 glass. The subsequent temperature rise of the BG 18 glass and C'u plate assembly was monitorec .y thermo
electric modules. 

used and astigmatism <I wave was observed in the 
beam. A typical target and target-plane intensity 
distribution are shown in Fig. 6-11. The intensity 
distribution, Fig. 6-11(c) and (d), was recorded on 
every target shot and varied slowly because of laser-
disk heating and minor misalignment; however, the 
focal-spot diameter at the target was always within 
the range 40±17 Mm.13 Using a microscope, we 
prealigned each target so that we knew the orienta
tion of its normal with respect to the target 
manipulator. After insertion into the target 
chamber, the target was illuminated by diffused 
1.06-Mm light through the f/10 lens and moved into 
focus by using the f/2 lens. The target manipulator 
was then rotated through the desired angle 0. 
Because the laser spot in the target plane was 
observed through the same f/2 lens, it could be 
located to within ± 5 Mm of the center of each trans
parent target. The Rayleigh range calculated for 
this f/10 focusing geometry is between 200 and 500 
Mm. As expected, the laser-spot area changed only 
slightly for a several-hundred-micron axial transla
tion of the f/10 lens. 

Laser-pulse duration was determined on every 
target shot by an optical streak camera located at 
the laser output. A typical temporal pulse shape is 
displayed in Fig. 6-11(b). Because the plasma ex
pansion velocity has been measured to be 
(3±l)x 107 cm/s, the plasma front moves only 12 
Mm during the laser pulse. In summary, the target 

was presented with an almost planar wavefront, 
and the pulse duration was short enough to preserve 
the angle between the laser beam and the target nor
mal to reasonable accuracy. We chose the intensity 
range attained in this experiment, I0 1 5 to 1016 

W/cm2, because it was within the range of Esta-
brook, Valeo, and Kruer's simulations, relevant to 
spherical target work, and high enough to minimize 
classical collisional (inverse bremsstrahlung) ab
sorption. 

After striking the target, the scattered laser 
light was collected by an enclosing box calorimeter 
indicated in Fig. 6-10. 1 3 , 1 8 ' 2 3 The 1.06-Mm radiation 
was transmitted by the WG 280 glass shield and ab
sorbed by the BG 18 glass. Because the shield stop
ped ions, electrons, and all but the most energetic x 
rays (>15 keV), this calorimeter provided an ac
curate measure of scattered light. A backscatter 
calorimeter measured light reflected back into the 
focusing lens cone and, similarly, forward-scattered 
radiation was directed into another calorimeter. 
Each of these calorimeters was calibrated in situ 
and corrected for extraneous effects such as stray 
flashlamp light, because the experiment required 
better than 1% accuracy from each detector. We 
recalibrated the laser calorimeters after each con
figuration change, i.e., prior to p-polarization 
shots, upon changing to s-polarization, and when 
returning to p-polarization to check several points 
at the end of the experiment. In addition, the 
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Fig. 6-11. Typical target and target-plane intensity distribution: (a) target, (b) target-plane intensity distribution and temporal 
pulse, (c) beam image, and (d) beam profile provided by a scan through (he beam image. A streak camera located at the laser 
system output measured the temporal shape of th» pulse reaching the target on every shot. 

transmissions and reflections of all optical elements 
were measured in place for each polarization. Fi
nally, the polarization of the incident laser light was 
measured by polarimetry of the pulsed beam and 
was adjusted to within I ° of the desired state. 

Figures 6-12 and 6-13 show the measured ab
sorptions for p- and s-polarized light, respectively. 
The absorption measured at normal incidence 
should be the same for both polarizations, and in
deed it is the same, within measurement accuracy. 
For s-polarized radiation, the absorption decreases 
monotonically with angle of incidence, as expected 

from the simulations. For p-polarized light, a max
imum of =35-45% occurs between 0 = 20 and 25°. 
For comparison, the calculated absorption of 
p-polarized light reached a maximum value of 
^50% at an angle of =24°. The data points fell into 
two target-surface intensity gioups, as indicated in 
Figs. 6-12 and 6-13. The shaded regions indicate the 
approximate extremes of our measurements, and 
the higher values of absorption at each angular set
ting correspond to higher intensity at the target sur
face. This intensity effect is particularly evident in 
the s-polarized light-absorption measurements and 
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Fig. 6-12. The measured absorption of p-polarized light 
vs the angle 0 between the target normal and the incident 
beam's k vector. The shaded region indicates the extremes 
of the data, and the error bars indicate relative errors: 
however, the calorimeters were absolutely calibrated to 
5 i 57». Dots and circles indicate intensity range: • = 5,6 
*0.4'x l0 1 SW/cm 2, O = 2.S±0.9X l0 l sW/cm 2 . 

probably accounts for the elevated p-polarized lighl 
absorptions observed at 20 and 50°. Even with the 
range of intensities and absorptions encountered on 
different trials. die resonance for p-polarized light 
is clearly evident while no similar maximum was 
observed in the s-polari/ed light measurements. 

The angle corresponding to the absorption 
maximum for p-polarization, coupled with Ginz-
burg's resonance-absorption function,2 4 implies a 
scale length of 

1. I ° - 8 \< • 1 to 2 |jm.. 

in agreement with previous results obtained by 
polarimetry. 1 9 Here, c is the velocity of light and u> 
is the laser lighl frequency. 

A seven-channel x-ray spectrometer was used 
to measure the continuum thermal x-ray tem
perature on several shots.- ? Typical temperatures 
obtained were of the order of 600 eV. By assuming 
a linear-ramp electron-density profile with a scale 
height of 1 to 2 urn, we may estimate the classical 
collisional absorption: 

A 3 [l - cvp( j j £cos 5 6)] ** 0.08 

where v is the electron-ion collision frequency. 
Hence, at 6 = 0°, a substantial (>20%) absorption 
caused by anomalous or nonlinear effects was 
observed, which is more than the ^15% vaiue 
predicted by the simulations. 
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Fig. 6-13. The absorption of s-polarizcd light, showing 
monotonical decline with increasing 9. The shaded region 
indicates the extremes of the data, and dots and circles 
indicate intensity range: • = 8.5 t 4.0 X I 0 1 5 W/cm2, 
O=2.6±0.4x IO l sW/cm2. 

Quantitative differences between the calculated 
and measured p-polarized light absorption may be 
caused partly by the departure of the experiment 
from the ideal illumination configuration assumed 
in the calculations, which treated plane waves inci
dent onto a planar target. Indeed, the incident 
radiation was not perfectly collimaled, and the 
targets were not identical or perfectly flat. A three-
dimensional rippling of the critical-density surface 
either by instabilities or by inhomogeneities in the 
intensity profile of the light beam may also account 
for some of the discrepancies.' 6" 7 These surface 
distortions can broaden the angular dependence of 
the absorption and reduce its dependence on 
polarization. 2 S In addition, other mechanisms may 
be playing some role in the absorption. These 
mechanisms include short-wavelength ion tur-
bulenc resonance absorption due to self-

and the 2a>[u. instabili-generated magnetic fields 
,„ xi 

The fraction of the incident energy back-
scattered into the IVIt) focusing lens reached a max
imum of 2"o for b.- 0", but was 1 "o or less lor all 
other angles investigated. Ibis small percentage of 
directly back-scattered radiation suggests a diffuse 
scattering surface and may present indirect experi
mental evidence of ctateiing; however, the initial 
roughness of the target face could have the same ef
fect. In any case, this low hackscattei suggests that 
stimulated back-reflection was not significant in 
this measurement. 

In summary, we observed a clear maximum in 
the p-polarized laser light absorption by Parylene 
targets at angles of incidence between 20 and 25 - in 
qualitative agreement with theory. 6 The s-polarized 
light measurements exhibit a monotonic decrease of 
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the absorption with the angle of incidence. This 
clear signature of the resonance-absorption phe
nomenon, observed at intensities and pulse dura
tions typical of exploding-pusher laser-fusion 
studies, identifies resonance absorption as a signifi
cant absorption mechanism for this class of ex
periments. 
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6.5 Brillouin Scattering in Laser-Produced 
Plasmas 

Laser fusion experiments33"41 concerning the 
absorption of 1.06-ptm laser light with intensity 
>10 l 5 W/cm 2 generally found that Brillouin 
scatter42"45 is limited at a low level, an effect that 
has been attributed theoretically to the small mass 
and heat capacity of the small, underdense 
plasma.43"45 With the advent of more powerful 
lasers, it is becoming common to investigate the 
absorption of intense light in experiments with long 
pulses and large focal spots. These experiments, 
characterized by a much larger region of under-
dense plasma, more closely approximate future ex
periments with shaped pulses. For example, a sim
ple estimate shows that the size of the underdense 
plasma L = R, where R is the radius of the focal 
spot, provided the pulse length is long enough for 
plasma to expand that far. 

With large regions of underdense plasma, stim
ulated scattering of the incident laser light becomes 
a concern. First, we briefly present a simple esti
mate for Brillouin scattering that takes into account 
the finite heat capacity of the underdense plasma. 
Although crude, this model suffices to estimate 
magnitudes and to emphasize the strong ion heating 
concomitant with the scatter. Then, we present 
results of experiments in which Parylene disks are 
irradiated with intense 1.06-f4m light by using long 
pulse lengths and large focal spots. The absorption 
is found to be significantly degraded, as predicted. 
From the suprathermal x-ray spectrum, we estimate 
the energy spent in generating fast electrons. That 
energy, when normalized to the laser energy, is also 
very much reduced. Because much theoretical and 
experimental evidence indicates that these fast elec
trons originate near critical density, this finding 
also indicates scattering. 

At intensities so high that the light pressure is 
much greater than the plasma pressure, the induced 
reflectivity can self-limit by simply pushing the 
underdense plasma aside.45 However, in general, 
we must consider the complementary regime in 
which the light pressure is less than the plasma 
pressure. For example, this regime is obtained when 
the laser intensity It. ~ 3 x 1015 W/cm2 and the 
plasma with density & 1 /3-1/2, critical density n c r is 
rather hot (electron temperature 6e ~ 3-5 keV, as 
indicated by the high-energy x rays). The induced 
reflectivity can then be estimated by postulating 
that long-term ion heating controls the level of the 
scatter. In the scattering, a small fraction of the in
cident light energy is transferred to an ion wave and 
then damped into the ions. Because the massive ions 
transport energy slowly, even a small energy deposi

tion drives them to a high temperature, i.e., ion 
temperature 0j ~ O (6e). This heating, in turn, 
reduces the reflectivity by making the ion waves 
heavily damped. 

A simple description illustrates the numbers. 
Assuming that the intensity is well above the 
threshold set by gradients, we model the underdense 
plasma as uniform with size L. We consider only 
backscatter and anticipate that strong ion heating 
will lead the ion waves to be heavily damped in the 
final stage. Then, an analytic solution of the 
coupled wave equations gives for the induced reflec
tivity r: 4 3- 4 4- 4 6 

B_ 1-r 
r exp [x(l - r ) ] - r ' 

where 

x- ( , / 4 , ( f e ) k 0 L(^( + g) . 

Here, B is the noise level of the back-scattered 
wave, relative to the incident intensity, n p is the 
plasma density, L is the plasma size, v L is the 
oscillation velocity of electrons in the incident light 
wave with free-space wavenumber ko, and ve is the 
electron thermal velocity; 9e is the electron 
temperature, d\ is the ion temperature, VJ is the ion 
wave damping, Z is the mean ionization state, and 
a), is the ion wave frequency; v-, is assumed to be 
given by ion Landau damping and so is a function 
of Zee/6j. 

To close this description, we need to estimate 
the ion temperature. The simplest assumption is 
that all the ions are heated and that they carry away 
energy as rapidly as possible, i.e., in a free-
streaming limit. We balance this energy flux with 
that deposited into ion waves, giving 

where AQ)/co0=2kovs/a)o is the fraction of the 
reflected energy given to the ion waves, and vs is the 
ion sound velocity. 

The solid lines in Fig. 6-14 show 0, and r as 
functions of plasma size from this simple model. In 
this example, (vi/v e) 2=0.4, which corresponds to 
I L = 3 x 1015 W/cm2 and 8 e =3 keV. Note from Fig. 
6-14(a) the strong ion heating as anticipated. Even a 
modest reflectivity deposits sufficient energy into 
the ions to drive them to a mean temperature com
parable to the electron temperature. Fig. 6-14(b) 
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Pig. 6-14. Estimates for (a) the mean ion temperature and 
(b) the induced reflectivity vs plasma size. n„/ncr = 0.5 
and B = 10"*. The S3 symbols denote the results of a 
particle code simulation. The solid lines represent the 
solution of the simple model, while' the dashed line is 
for an improved model in which only a fraction of the 
ions are heated. 

provides an estimate for the magnitude of the in
duced reflectivity. For L= 10 x wavelength A0) r = 
10%. For L = 50-100 A0, r s 50%. Note that r does 
not increase very rapidly with L in this model. As r 
increases, the ion heating increases, which acts to 
reduce the increase in r. 

Improved models for the ion heating give 
similar results. Simulations43'45 have shown that in 
genera! only a fraction of the ions are heated (by 
trapping in the ion waves). To model this effect, we 
balance the energy deposition into ion waves with 
that carried off by a faction of the ions (nh/np) 
heated to an effective temperature By, = Mvf, where 
M is the ion mass. The dashed line in Fig. 6-14(b) 
shows the reflectivity thus obtained. Note that the 
magnitudes are similar. Finally, using a code with 
particle ions and fluid electrons, we carried out 
some simulations of this model. These simulations 
account for the microscopic nature of the heating as 
well as its spatial dependence. The calculated reflec
tivities in the heated state vwith n p = 1/3 the critical 
density) are denoted by the crosses in Fig. 6-! 4(b). 

These one-dimensional estimates are probably 
conservative because several effects are overlooked. 
First, both back- and side-scatter occur. Well above 
threshold, the scattered light is expected to come 
back in a broad range of angles as the side-scattered 

light refracts out of the plasma. This side-scatter oc
curs primarily out of the plane of polarization, 
which is another signature for Brillouin scatter. 
Secondly, it takes some time for the ions in the 
underdense plasma to heat to a steady state. During 
this time, the reflectivity is larger than that shown in 
Fig. 6-14(b). Finally, we have assumed a rather 
modest noise level (B = I0~4); but the estimated 
reflection length is only logarithmically sensitive to 
this value. 

Experiments were carried out at the Argus laser 
facility with 1.06-um light focused by f/1 lenses.4' 
The pulses were Gaussian with a duration of 
150-400 ps measured between half-intensity points 
and had iittle substructure. The laser beam was only 
a few times diffraction-limited, and little aberration 
was visible at the spot sizes used in these ex
periments. The minimum detectable energy in any 
prepulse is 70 to 73 dB lower than the main pulse 
energy. No prepulse was detected on any shot for 
which data are presented here, although for a cou
ple of the shots in Fig. 6-15, no prepulse photo was 
obtained. The spot diameters (100-250 jira) are 
measured between half-intensity points, which in 
the near field corresponds to the ray cone having 
18° half-angle. Ninety percent of the energy is 
within the ray cone of 24° half-angle, while the 
average intensity near the axis is correctly given if 
one assumes a uniform beam of 20" half-angle. The 
targets were Parylene disks (CsHg, 22 urn thick, 300 
^m diam), which were oriented normal to the beam. 

The light absorption was measured in two in
dependent ways. One technique was to measure the 
nonabsorbed light, using a box calorimeter.48 An 
innermost glass box that was thermally isolated 
from the rest of the calorimeter transmitted only the 
scattered light, not x rays or particles. Calorimeters 
measured both the incident light and the light col
lected by the focusing lenses. Even though the box 
calorimeter was rotated by 15° from perfect align
ment with the laser electric field, the two side panels 
out of the plane of polarization saw almost twice as 
much energy as the other two side panels. On 
similar shots with the box calorimeter not in place, 
an array of photodiodes confirmed this strong 
polarization dependence, which is expected of 
Brillouin scattering. 

The second technique was to measure the 
energy in the plasma blowoff and x rays by using an 
array of plasma calorimeters.48 These calorimeters 
were position 'd both in and out of the plane of in
cidence; however, no polarization dependence in 
the ion blowoff was observed. No plasma 
calorimeter could be placed closer than 52.5 ° to the 
incident beam direction because of mechanical in-
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Fig. 6-15. Absorption fraction for Parylene disk targets. 6 - box calorimeter, Janus laser facility, g = plasma calorimeters, 
Argus. A = box calorimeter, Argus. In the Arguscxperiments, the intensities were 2.5-SX 1015 W/cm2 (400 ps) and 1-2 X 10'° 
W/cm2 (200 ps). In the Janus experiments, the intensities were 2 X 101S W/cm2 and 4-5 X 10I6W/cm2. 

terference with the focusing lens assembly. There
fore, we needed to know the general shape of the 
plasma blowoff energy distribution. To obtain this 
information, on one shot the Parylene disk was 
tilted 26° from the normal and the distribution was 
mapped by a ring of calorimeters in the plane of in
cidence. Assuming the plasma blowoff to have re
mained symmetric about the normal, we found the 
form A + Bcos58 to fit the data for the blowoff to 
the front. The angle of incidence 9 is measured 
away from the target normal. To obtain the energy 
in the blowoff to the back, the calorimeter 
measurements there were averaged and multiplied 
by In solid angle. 

In Fig. 6-15, we compare the measured absorp
tion efficiencies with those observed in previous ex
periments with shorter pulse lengths and smaller 
focal spots (and hence smaller regions of 
underdense plasma). The results are grouped into 
two intensity regimes, one in the 2-5 x 1015 W/cm2 

intensity range and the other in the 1-5 xlO 1 6 

W/cm2 range. In each case, the circles are previous 
results 3 6 ' 3 7 obtained with the Janus laser by using 
80-ps pulses of 1.06-(im light. The data at the large 
spot sizes are those obtained with the Argus laser. 

Note that, in each intensity regime, the absorption 
is degraded by a factor of ~2 in the experiments 
with longer pulses and larger spots (and hence 
larger regions of underdense plasmas). The reduc
tion in absorption is not just a function of focusing. 
The data in Fig. 6-15 indicate that, at a fixed spot 
size (~90 (im diam), the absorption degrades with 
increasing pulse length. 

In the Argus experiments, a large fraction of 
the incident light (~30-50%) is reflected back into 
the f/1 focusing lens. The frequency spectrum of 
this light provides additional evidence for the role 
of stimulated scattering. Fig. 6-16(a) shows the 
spectrum obtained for a 140-f/m-diam glass ball ir
radiated by two opposing beams (north beam: 220 
ps FWHM, 220 J, and south beam: 150 ps FWHM, 
198 J). The light collected by the north focusing lens 
was imaged onto the 25-̂ m slit of a 5/4-meter 
Czerny-Turner-type spectrograph. The spectrum 
was recorded by an optical multichannel analyzer 
with a resolution of about 1 A. At least 85% of the 
back-reflected light was shifted to the red side of the 
laser line. If the critical-density surface moved out
ward during most of the laser pulse, this result im
plies that almost all this light was Brillouin-
scattered. As additional support for this conclu-
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Fig. 6-16. Spectrum of the back-reflected light for (a) a glass microsphere and (b) a Parylene disk Irradiated by the Argus laser. 

sion. the light absorption was measured to be only 
12 + 5% by an array of plasma calorimeters. 

In general, the Doppler shift caused by plasma 
expansion can overcome that caused by the ion 
waves. This is the case with the disk experiments. In 
Fig. 6-l6(b) the spectrum for a Parylene-disk shot 
(100-/im-diam spot, 148J. 198 ps FWHM) is shown. 
Note that the reflected line is rather broad and ex
tends only partially to the red (longer wavelengths). 
The line has a width of ^ 2 k|)Vs, as expected, 
because the ion waves are heavily damped. In con
trast, in a disk experiment in which little Brillouin 
scatter was expected (28-ps pulse length, ~-50-nm-
diam focal spot), the back-reflected line was 
narrower (II A wide) and had its center shifted 
farther (23 A) to the blue (shorter wavelengths). We 
therefore regard the broad spectrum in Fig. 6-16(b), 
which is in part red-shifted, as enidence for 
Brillouin scatter. 

Collisionless absorption processes, such as 
resonance absorption or the parametric decay and 
oscillating two-stream instabilities that all occur 
near critical density, can efficiently transfer light 
energy into fast electrons by wave breaking. From 
the suprathermal x-ray spectrum, we can easily es
timate the total energy spent creating these fast elec
trons if we make several simplifying approxima
tions: namely, that these fast electrons lose most of 
their energy collisionally, that the concomitant 
breamsstrahlung radiation is fairly isotropic, and 
that the opacity is not important. Because Parylene 

is low Z. we know the last approximation at least to 
be good for photons having energies on the order of 
the observed creation temperatures. We assume 
isotropy because the x-ray measurements were 
made with the seven-shooter and four-shooter x-ray 
diagnostics in a single location, and we have no idea 
of the angular variation of the high-energy x rays. 
For the experiments on Argus, the seven-shooter 
looked at the target edge-on (disks were 500 fan in 
diameter), while in the Janus experiments to which 
we compare these results, the seven-shooter looked 
at the irradiated side of the disk at an angle of 30° to 
the face. 

For simplicity, the creation spectrum of fast 
electrons is assumed to be Maxwellian, and each 
electron is assumed to be collisionally slowed at the 
mean rale. The nonrelativistic bremsstrahling cross 
section derived by Bethe and Heitler in the Born ap
proximation is used. The total x-ray spectral inten
sity in the dimensionless units keV/keV at energy 
•fio) is then 

E r ad(ha)) = f N h 

o kT h 

-E„/kTh r 
J 0 

,„(E0.fla)) 
Ni< 

Maxwellian distribution of electrons 

16<»roZ , / (x / in + \/E-titU| 
fico 

'¥) dx dE„ 

bremsstrahlung cross section 
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Fig. 6-17. The x-ray spectra for two high-intensity Pary 
lene disk shots, showing that the suprathermal tail is 
drastically reduced when the region of underdense plasma 
is large. Circles represent short-pulse, small-spot shots 
(7.28 J, 51 ps, 30-jum-diam spot, 1 = 2 X 10 f 6W/cm 2 , 
8h (fit) = 21 keV, 1.9 J (26%) absorbed at critical density). 
Squares represent long-pulse, large-spot shots (237 J, 307 
ps, 104-fun-diam spot, 1 = 0.9 X 10 1 * W/cm2, flh (fit) = 
22 keV, 4.9 J (2%) absorbed at critical density). 

where the outermost integral sums over the possible 
creation energies Eo, and the innermost integral in
tegrates over the distance each electron travels 
before it is slowed down to a kinetic energy equaling 
the photon energy ho> at distance x m a x (Eo, fico). 
Also, Z is the atomic number, r 0 is the classical elec
tron radius (2.818 x 10"13 cm), a is the fine-
structure constant (1/137), /? is the fraction of light 
speed at which the electron is currently moving, and 
E (En, x) is the energy of an electron created with 
energy E() after traveling a distance x. 

The integrals can be evaluated if, to get the 
range, we use the mean loss rate for a nonrelativistic 
electron moving in fully ionized plasma: 

where E/u is the ratio of the kinetic energy to rest 
energy and A is the ratio of the maximum to mini
mum impact parameter. The bremsstrahlung spec
trum thus obtained is 

E r a d ( f i a ) ) = - . 3 i r N h . ( ^ ) < | f ^ e ^ K ( , ( , / 2 ) , 

where K0 is a modified Bessel's function and/i is the 
ratio of the photon energy hco to the creation 
temperature 6|„ expressed as an energy. 

Figure 6-17 shows the >:-ray spectra for two 
high-intensity Parylene-disk shots. We observe that 
the suprathermal tail is drastically reduced when the 
region of underdense plasma is made large. The 
x-ray spectral intensity in keV/keV has been nor
malized to the incident laser energy in joules. The 
open symbols show the experimental points ob
tained by unfolding the seven-shooter and four-
shooter data, while the solid symbols show the fit to 
a Maxwellian suprathermal-electron-creation spec
trum of temperature 0h- Half-filled-in symbols 
designate the experimental points used for fitting. 
The order-of-magnitude difference in relative levels 
between the tails argues strongly for reduced ab
sorption at critical density in the long-pulse, large-
spot Argus experiments. Another surprise in this 
data is that the suprathermal temperatures are 
nearly the same although both intensities are near 
101 6 W/cm2. The suprathermal temperature 8), in
creases with U 2 and with the cold background-
electron temperature 0C. Thus, we would have ex
pected 9h for t r | e Argus experiment to be lower, 
because the actual intensity at critical density 
should be less. 

The only approximation made that can sub
stantially alter this conclusion, namely, that in the 

Argus experiments only a small fraction is absorbed 
near critical density, is the assumption that most of 
the suprathermal electron energy is lost collision-
ally, not to the ambipolar electric field. 
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6.6 Time-ResoJved High-Energy X-Ray 
Spectra Measurements 

In laser-produced plasmas, most of the electro
magnetic radiation the plasma emits lies in the soft 
x-ray egime. The x rays generated from brems-
strahlung and recombination radiation yield direct 
information about the electron temperature. On the 
other hand, suprathermal or "hot" electrons are 
generated by the resonance-ab.vorption mechanism 
as well as by other collective instabilities such as 
parametric decay, oscillating two-stream, and ion-
turbulence heating. The hot x-ray emissions arise 
from the nonthermal high-energy tail on the elec
tron energy distribution. For ablatively driven laser 
fusion targets, calculations show thai suprathermal 
electrons generated by plasma instabilities tend to 
preheat the fuel and thus have a detrimental effect 
on target performance.49 It is, therefore, important 
to study the temporal behavior of x-ray emission 
spectra of laser-produced plasmas for a better 
understanding of laser-plasma interactions and fu
sion target performance. 

We have obtained temporally resolved x-ray 
emission spectra from laser-irradiated high-Z disk 
targets that show the evolution of hot x rays in time. 
The disk targets were gold or gold alloy, and the 
laser pulses were 200-400 ps FWHM with intensities 
~ I 0 1 5 W/cm2. 

The instrument used for the measurements is 
the X-l x-ray streak camera described in detail in 
earlier laser program annual reports.50-51 For the 
present purpose, we used filter packs with a number 
of separate K-edge filters to produce a temporal 
variation of the x-ray spectrum transmitted through 
the various K-edge filters. A typical 11-channel 
filter pack used with the streak camera is shown in 
Fig. 6-18. Filter elements from chlorine to silver 
provide the energy range (M-20 keV), and chan
nels with the same element but different thicknesses 

Element -
K-edge -
(keV) 

Channels —*• 

Slit of • 
x-ray streak 

camera 

• C I 
(2.8) 

Ti 
(4.96) 

Co Zn Y 
(7.71 (9.7) (17) 

Mo Ag 
(20) (25.5) 

1 2 3 4 5 6 7 8 9 10 11 

Fig. 6-18. A typical filter pack used 
with the x-iay streak camera to give 
temporally and spectrally resolved x-ray 
spectra. 
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provide a large dynamic range in emission inten
sities and error-bar estimates. 

A typical streak record is shown in Fig. 6-19. 
This is a record for a gold-disk target irradiated by a 
240-ps FWHM laser pulse with an intensity of 
~3 x 1015 W/cm2. The result was obtained by using 
a 9-channel filter pack. From streak records like 
these, one can obtain the temporal response of each 
filter channel, i.e., the x-ray intensity vs time for 
each channel. 

The hot x rays, i.e., emissions at the higher 
energy channels, have a temporal behavior that 
qualitatively follows the laser pulse. This can be 
seen from Fig. 6-20. These results were obtained 
from gold-disk targets irradiated by ~200-ps 
FWHM pulses with intensities of ~3 x " ) 1 5 W/cm2. 
The fact that the temporal x-ray emissions frr n the 
higher energy channels behave like the laser pulse 
for =hort laser pulses (~200 ps) can be explained 
qualitatively by arguing that the hot electrons, and 
therefore the hot x rays, are generated by the 
resonance-absorption mechanism.52 Because the 
ratio of the electron quiver velocity to the thermal 
velocity is maximum at the peak of the laser pulse, 

the highest-energy electrons are generated at the 
peak; also, generation of electrons is most copious 
at the peak. For laser pulses longer than ~200 ps 
FWHM, it is not necessarily true that the time 
behavior of the hot x-ray emissions follows the laser 
pulse; we do not have enough data to be certain. 

From the „ time-resolved emissions obtained 
from each filter, the time-resolved x-ray spectra can 
be constructed. Figure 6-21 shows an example for a 
gold-disk target irradiated by a 416-ps FWHM 
Gaussian pulse. The laser intensity was 1.69 x 1015 

W/cm2 (Shot No. 37102612) and an 11-channel 
filter pack was used. This figure illustrates how the 
suprathermal tail evolves in time. The high-energy 
tail is being detected at about 180 ps before peak 
x-ray emission, increasing to a maximum value of 9 
keV at the peak, and then decreasing with decreas
ing laser power. It is interesting to note in this case 
that, although the laser pulse is Gaussian in time, 
the high-energy x-ray spectra are not symmetric in 
time with respect to peak emission, having 
somewhat higher values before the peak than after 
the peak. On the other hand, the cold x-ray 
temperature 6C appears to be decoupled from the 
hot x-ray temperature 8h, having a value of approx
imately 0.7 keV throughout the laser pulse. It 
should be noted that the presence of prominent gold 
spectral lines at about 2.5 keV makes the determina
tion of 8C somewhat uncertain. 

The experimental results are compared with 
LASNEX code predictions in Figs. 6-22(a) and (b) 
for the hot and cold x-ray temperatures, respec
tively. The code predictions of fli, and S c were ob
tained operationally by taking slopes of the x-ray 
power spectrum as computed by LASNEX. The er
ror bars on the LASNEX curves represent the dif
fering values of 8 one obtains when choosing dif
ferent sets of points for slope measurements. The 
LASNEX computation is made under the assump
tion that inverse bremsstrahlung is the principal ab
sorption mechanism and that about 20% of the 
light that reaches the critical surface is absorbed 
resonantly, creating a suprathermal tail. The elec
trons are put into a distribution such that 

TH = TB + 49.4(IA2)0«5T»<M ( I + ^ X L - ) 0 2 5 , (1) 

where TB is the average electron temperature, Tj is 
the ion temperature, I is the laser intensity in units 
of 1017 W/cm2, A is the incident laser wavelength in 
microns, and Z is the charge state of the target 
material. Note that TH is the hot-electron tem
perature and is not the same as the operationally 
defined 8^. Equation (1) is based on particle simula-
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tions done by Kent Estabrook. For the case where 
the heat flux is inhibited by ion-acoustic turbulence, 
thought to occur readily in high-Z plasmas,5 3 there 
is qualitative agreement between code predictions 
and experiment, the code predicting somewhat 
higher values than the measurements [see Fig. 
6-22(a), inhibited-traiisport curve]. On the other 

hand, if the heat flux is not inhibited, the plasma 
corona is cooled, thereby increasing the inverse 
bremsstrahlung, and only 10% of the light ends up 
being resonantly absorbed. Figure 6-22(a) clearly 
shows how such a mix of absorptions [see 
noninhibited-transport curve in Fig. 6-22(a)] does 
not match the observed data. The code predictions 
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for the cold x-ray temperatures yield values that are 
slightly lower than the measured values [see Fig. 
6-22(b)], but, again, the major feature is in good 
agreement with the experiment; namely, 6C is fairly 
constant throughout the laser pulse. 

Independent measurement on the same experi
ment with the seven-shooter54 yields time-integrated 
data of 8C=0.7±0.15 keV and 0 h=14.1±3 keV, 
which are in reasonable agreement with the x-ray 
streak-camera data as well as the code predictions. 

The spectra for the ~200-ps high-intensity 
shots are not presented because, for short pulses 
with high intensity f>3 x 1015 W/cm2), the x-ray 
spectra become quite hard; i.e., the spectrum is not 
decreasing rapidly enough with increasing energy. 
This creates a difficulty with the K-edge filter 
technique because the filters become very "leaky" 
and the energy channels become unacceptably 
broad. The result is that the high-energy tail slope 
on the unfolded x-ray spectra becomes horizontal 

or even has positive slope. Both the x-ray streak 
camera and the seven-shooter54 have experienced 
such difficulties. This problem has been resolved 
for time-integrated measurements by using the 
filter-fluorescer technique,55 and the same ap
proach is being implemented by using the x-ray 
streak camera. 

In conclusion, we have succeeded in obtaining 
time-resolved high-energy x-ray spectra measure
ments by using the x-ray streak camera with multi
channel filter packs. The results enable us to 
observe the hot x-ray temperature evolve in time 
and to qualitatively predict the experimentally 
observed values by LASNEX computations when 
the inhibited-transport model is used. 
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6.7 Experimental and Theoretical 
Investigation of High-Z Disks Irradiated 
with 1.06-nm Laser Light 

High-Z disks have been irradiated at 1.06 ^m 
using one beam of the Argus laser system. The light 
intensity has been varied from 7 x 1013 to 3 x 101 5 

W/cm2 by changing laser energies from 100 to 500 
J, laser pulse widths from 200 to 1000 ps, and 

irradiated spot diameters fron 150 to 500 yim. 
Because of the high Z of the material (typically 
gold), inverse bremsstrahlung, he classical light-
absorption mechanism, become an important ef
fect and competes strongly with esonance absorp
tion and stimulated scatiering. The details of the 
competition among these processes ate quile subtle, 
and the present experiments represent an extension 
of previously reported work56'^ into longer pulse, 
higher intensity parameter regimes. 

Plasma and x-ray energy is directly measured58 

by using calorimeters that detect ions and x rays but 
subtract out the scattered 1-̂ irn light. The distribu
tion of the target energy is integrated, which gives 
the absorbed energy. The scattered light is 
measured with Si PIN diodes (100-A bandwidth 
filter) and 1.06-f4m calorimeters, giving a measure
ment of the light not absorbed by the target and 
thus the absorption. Finally, an enclosing 1.06-̂ m 
calorimeter performs the same task as the PIN 
diodes, but covers the solid angle around the disk 
continuously. The absorptions for the various in
tensity shots are listed in Table 6-1. (The error bars 
to be placed on the data are roughly 10%. Thus, a 
50% absorption could be 45 to 55%.) Sub-keV five-
channel L- or K-edge filtered x-ray detectors, with 
300- to 500-ps time resolution, measure the low-
energy x-ray distribution wherein most of the x-ray 
energy lies, as do flat-response sub-keV calorim
eters.5 9 Because of the .imited number of these 
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Table 6-1. Experimentally measured absorptions. 

Intensity <W/cm2) 3 x l 0 , s 3 x 10 1 J 3 x 1 0 " 
Energy (J) 450 450 45 
Absorption (%) at 
angle of incidence 

e=o° 36 50 54 
45° 33 42 

detectors and their limited access to a target en
closed in a box calorimeter, the targets are shot in 
two configurations: first at 0° to the incident laser 
pulse, and second at 45 °. In this way, we determine 
the angular distribution of the x rays, integrated 
over 4n, which contributes to our understanding of 
the energy balance in these experiments. Angular 
distributions for two intensities are shown in Fig. 
6-23. Crystal spectrometers above 1 keV give infor

mation on characteristic line emission and on the 
continuum between 2 and 5 keV. Suprathermal 
electrons produce hot x-ray tails in the spectra, 
which are measured by using K-edge filtered Si PIN 
diodes. Thus, we can obtain a rather complete spec
trum, an example of which is discussed later in this 
subsection. An x-ray microscope gives spatially 
resolved emission regions, also discussed later in 
this subsection, while an x-ray streak camera gives 
time-resolved information discussed in §6.6 of this 
report. 

We use the LASNEX60 code to model the rele
vant physics of these experiments. The absorption 
model we use allows for inverse bremsstrahlung as a 
light ray refracts through the underdense plasma. In 
addition, 30% of whatever light that reaches the 
critical surface (some of which has been absorbed 
on the way in by inverse bremsstrahlung) is ab
sorbed by collective effects such as resonance ab
sorption. This 30% number is based on plasma 

Incident 
energy 
= 480 J 

Absorbed 
energy 
= 153 J 

Intensity = 
3x 1 0 1 5 W / c m 2 

30 

Shots No. 38011309 
and 38011709 

Intensity = 
3x 1 0 1 4 W / c m 2 

Shots No. 38011605 
and 38011205 

Fig. 6-23. X-ray angular distribution for two laser-light intensities. Dashed lines represent laser liglit. Heavy solid line indicates 
a fit to experimental points (X's and O's). Numbers on concentric circles are energy in J/sr. 
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simulations61 and on absorption experiment? on 
Parylene disks.62 The important physical effect of 
stimulated scattering is not include J in the 
LASNEX modeling, although we estimate its effect 
on the absorption later in this subsection. 

The general energy balance of these experi
ments can be described as follows. The absorbed 
laser light heats electrons at the critical surface and 
below. Electron thermal conduction then heats the 
overdense region, where the electron-ion coupling is 
strong. Energy is lost in ionizing the high-Z atoms 
and in heating the electrons and ions. Further losses 
are caused by radiation and convective energy of 
ion blowoff into the vacuum. LASNEX simulations 
without inhibited electron thermal transport, stim
ulated scattering, and non-LTE ionization physics 
predict 99% absorption for the nanosecond-pulse 
experiments. The high-Z material cooled the elec
trons radiatively, increasing the collision frequency 
(vei ~ ZTj=3/2, where T e is the electron temperature) 
and thus increasing the inverse bremsstrahlun , ab
sorption. In addition, the long pulse created a long 
scale length in which the absorption could occur. 
However, the experimental results showed absorp
tions of 50% or less (recall Table 6-1). We have 
found that inhibited electron thermal conduction, 
non-LTE ionization physics, and stimulated scatter
ing are important effects to be included in the 
modeling. The inhibition reduces transport imo the 
overdense region. Thus, only a small amount of 
material is heated to several keV temperatures and 
forms a hot, low-density corona. This results in a 
sharp transition from cool, overdense material, 
which has not been reached by the inhibited thermal 
front, to the hot corona. This sharp transition 
reduces the absorption scale length. At critical den
sity, an electron-electron collision can take tens of 
picoseconds. An ion moving at the sound speed 
across this thin transition layer (a few microns 

thick) takes only a few picoseconds. This is shorter 
than characteristic relaxation times, so a steady-
late treatment is inaccurate. In addition, radiati\e-

ly induced transitions dominate over collisional 
three-body recombination in the hot, low-density 
corona. Thus, non-LTE ionization physics must be 
used instead of the usual Saha equilibrium model. 
The non-LTE physics tends to lower the Z and thus 
further reduces the absorption towards experimen
tal levels. 

Figure 6-24 illustrates the mechanics of a 
leading candidate for inhibited conduction: the ion-
acoustic instability.63-65 The cold return current 
neutralizing the hot-electron current causes a 
shifted Maxwellian distribution centered around a 
drift velocity v .̂ Once vj becomes greater than the 
sound speed cs, the positive slope at c s causes elec
tron Landau growth, leading to ion turbulence and 
the enhanced collisionality and transport inhibition 
associated with it. This result assumes that c s > ion 
velocity v, so that there is no ion Landau damping 
to counter the instability. The simplest nonlinear 
model is to assume that the resulting ion turbulence 
causes vj to hover near the point of onset of signifi
cant growth, i.e., v d = c s. Thus, the inhibition is 
roughly cs/electron velocity ve = 0.01. The condi
tion cs > VJ is equivalent to ZTe > ion temperature 
Tj, which is achieved in much of parameter space in 
high-Z plasmas. However, theoretical uncertainties 
in growth rate and saturation level lead to some 
questions about the actual level of transport inhibi
tion produced. Other possible mechanisms are 
macroscopic and microscopic magnetic fields. 

Figure 6-25 constrasts electron density and 
temperature profiles for an inhibited-v;-non-
inhibited LASNEX calculation. Note the steepened 
profile and hot corona of the inhibited modeling. 
The position of the critical surface xc moves further 
out in the noninhibited case than in the inhibited 

Sound speed 
Drift velocity 

Electron 
distribution, f. 

Velocity 

Fig. 6-24. Ion-acoustic instability, which 
inhibits Ileal flux. Electron distribution 
with supratlietmal tail and cold return 
current satisfies current J ~ / l ' e vd v = 0. 
but heat flux Q - / f e v 3 d y * 0. As pic
tured here, drift velocity v^ > ion sound 
speed c s > > ion thermal velocity Vj. and 
ion turbulence will grow. 
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Fig. 6-25. Electron density n e and temperature T e pro
files for inhibited (colored lines) vs noninhibited (black 
lines) LASNEX calculations. 

one, because enhanced thermal transport inwaiJ 
blows more bulk plasma outward. Figure 6-26 
shows how the absorption and emission profiles dif
fer in the two cases. Note the much wider emission 
region for the noianhibited case. This large width 
implies too much energy lost through radiation 
(70% of the absorbed energy), whereas the ex
perimental levels of 35% (± 10%) are much closer 
to the 40% implied by the thinner emission region 
of the inhibited case. 

Table 6-2 compares the LASNEX absorption 
results (both inhibited and noninhibited modeling) 
vs experiments at normal incidence, and clearly 
shows the importance -<f including the inhibition. 
Nonetheless, there are still discrepancies even in the 
inhibited case. Theoretical estimates of stimulated 
Brillouin scattering can be obtained by interfacing 
the models66 and simulations67 with the density and 
temperature profiles from LASNEX runs. The 
estimates for the 3 x 1015 W/cm2 shots predict that 
=50% of the laser energy can be lost because of 
backscattering, never to reach the critical surface. 

In support of the estimates is the strong ex
perimental evidence that such processes are indeed 
occurring. Light that is back-scattered through the 
lens shows clear red (longer wavelength) shifts, a 
signature of Brillouin backscatter. Figure 6-27 
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Fig. 6-26. Laser-light absorption and emission profiles for 
inhibited (colored lines) vs noninhibited (black lines) 
LASNEX calculation. 

shows these red shifts for the high-intensity shots, 
for both 0 and 45° disk tilts. Because backscatter 
red shifts are reduced by Doppler blue (shorter 
wavelength) shifts of the outwardly moving matter, 
the 45° tilted disk has its blue shift component 
reduced by cos 45°, and thus the 45° case shows a 
larger red shift. From the different shifts at 0 and 
45 °, we have two equations in two unknowns (red 
shift and blue shift), and T e can be determined to 
within a factor of two or three. That factor is 
caused by uncertainties about where (in n/n c, where 
n is plasma density and n c is critical density) the 
backscatter occurs. The T e values of a few keV for 
3 x 101 4 W/cm2 and 20 keV for 3 x 1015 are sup
ported by the simulations to within the uncertainties 
of these measurements. The 50% loss figures are 
approximately what is needed to bring the 
LASNEX absorption numbers into agreement with 
the experiments for the high-intensity cases (40% 
becomes 20%, and 60% becomes 30%). For lower 
intensities (3x l0 1 4 W/cm2), 15% loss caused by 
stimulated scattering is predicted, reducing the 70% 
absorption figure to 60%, in close agreement with 
the 50% experimental number. These corrections 
are summarized in Table 6-3. 

Table 6-2. LASNEX absorption results vs experiment at normal incidence. 

Intensity, 
Time, ps W/cm2 

Absorption of laser light, % 

Energy, J 
Intensity, 

Time, ps W/cm2 

Noninhibiled Inhibited 
LASNEX LASNEX Experiment 

300 
450 
450 

200 3x10" 
1000 3x10" 
1000 3x10" 

60 40 
90 60 
99 70 

20 
36 
50 
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Asymmetries detected in the light scattered in 
and out of the plane of polarization are another in
dication that Brillouin side-scatter is occurring. In 
fact, it was the polarization dependence of the scat
tered light that provided the first experimental 
evidence of the importance of Brillouin scattering. 
The LASNEX simulations do not yet model 
stimulated scattering. Another effect not included 
in the simulations (this time in the direction of rais
ing the absorption) is an enhanced collision fre
quency (and hence enhanced absorption) caused by 
the ion-acoustic turbulence that has created the flux 
inhibition. Without quantitatively treating these 
two effects, we cannot be certain that our model is 
completely accurate. 

There is additional evidence that the model is 
correctly simulating the experiment. Figure 6-28 
shows an x-ray microscope picture of a 2-keV emis
sion region for low-intensity runs compared with 
LASNEX simulations, with the obvious conclusion 
that only the inhibited model can match the experi
ment. Figure 6-29 shows the time behavior of the 
400-eV x rays (which are near the peak of the emis
sion spectrum) for the two models. Once again, the 
experiment agrees more closely with the inhibited 
model. Figure 6-30 shows the close agreement of the 
predicted spectra with the experimentally observed 
one as long as the inhibited non-LTE model is used. 
In contrast, LTE's overestimation of the ionization 
(its neglect of photorecombinative processes) results 

Table 6-3. LASNEX absorption results (corrected for stimulated scattering) vs experiment. 

Time, ps 
Intensity, 
WVcm2 

Stimulated-
scallering 

factor 

Absorption of laser light, ^ 0 

Energy, J Time, ps 
Intensity, 
WVcm2 

Stimulated-
scallering 

factor 
Inhibited 
LASNEX 

Corrected 
LASNEX Experiment 

300 
450 
450 

200 
1000 
1000 

3x10" 
3x10" 
3 x l 0 1 4 

0.5 
0.5 
0.85 X

X
X 

40 
60 
70 ': 

20 20 
36 
SO 
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Fig. 6-28. 2-kcV x-ray microscope image of the edge of the target disk (a) and LASNEX simulations (b) compared with densito
meter trace through the image in (a), implying that transport inhibition exists. 

in the superenhancement of high-energy spectral 
lines and thus fails to match the experimentally 
observed spectrum. In addition, we note that even 
the inhibited non-LTE model has a hot x-ray tail 
that is too high in absolute level. We interpret this 

discrepancy as another indication of Brillouin scat
tering that denies the incident light access to the 
critical surface. This restriction cuts down the 
resonance-absorption fraction and thus the level of 
the hot x-ray tail. 

Fig. 6-29. Time behavior of 400-eV 50 Fig. 6-29. Time behavior of 400-eV 50 I AJh I x rays for inhibited (colored line) vs non-
inhibited (black line) LASNEX calcula
tion. Experiment values are l.S ns FW
HM, 2.0 ns FW(0.2)M. 
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103 Fig. 6-30. Inhibited LASNEX model 
matching experimental spectrum. Non-
inhibited and LTE models do not match. 

103 
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Fig. 6-30. Inhibited LASNEX model 
matching experimental spectrum. Non-
inhibited and LTE models do not match. 
Open circles and squares are experimen
tal points. 
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Although the model described here gives 
results that generally agree with the experimental 
data, we have not determined that this model 
uniquely fits the data. Both two-dimensional effects 
and zoning affect the simulations. The assumed 
degree of transport inhibition seems uncomfortably 
high theoretically and has not been determined ex
perimentally. Nor are the amounts of stimulated 
scattering or absorption by collective processes 
reliably known theoretically or experimentally. Fur
ther, the laser pulse duration has been varied over a 
factor of only five. 

In conclusion, inhibited electron thermal con
duction, non-LTE ionization physics, and stim
ulated scattering are important effects to consider 
when modeling the interaction of 1.06-nm laser 
light with high-Z materials. Our model correctly 
predicts many aspects of these experiments. Further 
work is needed in several areas, particularly on 
quantitatively simulating Brillouin scattering and 
self-consistently treating the ion-acoustic tur
bulence, which not only inhibits thermal transport 
but also enhances absorption. The effects of two-
dimensional plasma expansion and zoning are un
certain as well and are under study at this time. 
More experimental work is needed to develop a way 
to look at the spectral shifts of the side-scattered 
light (not just the back-scattered light, as is pres
ently done) to quantify the total amount of stim

ulated scattering. In addition, we need to develop 
methods of measuring the transport inhibition and 
the collective and collisional absorptions. 
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6.8 Exploding-Pusher Target Experiments 
on Argus 

A series of thin-walled, large-diameter, spher
ical targets were irradiated at the Argus laser fusion 
facility during 1977. Two f/1 aspheric lenses fo
cused approximately 3 TW of 1.06-/jm light tangen-
tially down on 100- to 150-fjm-diam microsphere 
targets. Gaussian pulse widths (FWHM) between 
150 and 200 ps were used. Departing significantly 
from previous high-power, short-pulse exploding-
pusher experiments at LLL in which the incident 
power was delivered in times between 30 and 80 ps, 
these experiments extended the pulse duration of 
exploding-pusher parameter space investigated to 
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Fig. 6-31. Absorption fraction for microsphere targets 
as a function of pulse width. The targets absorb less at 
longer pulses. 

date at LLL. In particular, a nonopiimized 
exploding-pusher target regime was examined. 
Here, we report the results of these long-pulse, 
large-diameter experiments, comparing them with 
the previous short-pulse, small-diameter exper
iments. We compare the absorption characteristics, 
the neutron yields, and the energy loss (or gain) of 
the thermonuclear alpha particles generated within 
the compressed core of the imploded microspheres. 
Table 6-4 summarizes and compares the parameters 
and pertinent results. 

Figure 6-31 shows the absorption fraction for 
microsphere targets as a function of pulse width. 
These absorption data result from a variety of 
techniques, including energy balance from discrete 
Si-PIN-diode scattered-light detectors, plasma 
calorimeters, and near-4n scattered 1.06-̂ m light 
calorimetry (box calorimeter). Similar f/1 focusing 
optics and tangential marginal-ray focusing strat
egies were used for all these experiments. At the 
longer pulse widths, the target absorbs only about 
10% of the light; the short-pulse absorption frac
tions are approximately twice that amount. 

Table 6-4. Parameters and results of previous and present microspbere implosion experiments. 
Previous experiments 

(short pulse, small diameter) 
Present experiments 

(long pulse, large diameter) 

Target parameters 
Laser parameters 
Absorption fraction 
Yield ratio 
Alpha and proton energy shifts 

Back-scattered spectrum 
Ion temperature 

85-|jm-diam, 0.8-MIU wall, 2 mg/cm 
120 J, 40 ps, 3 TW 
12% 
2 x l 0 ~ s 

-2S0keV(He4) 
-100 keV (D-D) 

5-6 keV 

150-pm-diam, l.O-pm wall, 2 mg/cm3 

550 J, 150 ps, 3.8 TW 
10% 
6x10"" 
+ 300keV(He4) 
+ 200 keV (D-D) 
~80% red shifted 
3-3.5 keV 
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Fig. 6-32. Spectrum of the back-reflected light, which broadens and shifts to the red in large-spot, long-pulse, high-intensity 
experiments, fa) Spherical glass microsheU, f/1 lenses, 140-fum spot diam, 150 ps, 420 J, 5 X 10'^ W/crn2, 12% absorbed, 
(b) Parylene disk, f/1 lens, 100-̂ m spot diam, 198 ps, 148 J, 10 1 6 W/cm2,12% absorbed. 

This trend for long-pulse results is accom
panied by an increased red shifting of the 1.06-̂ im 
light back-reflected into the focusing lens. While 
the back-reflected spectrum has not yet been direct
ly measured for short-pulse, spherical-target condi
tions, planar targets irradiated at similar intensities 
and with short pulses exhibit primarily blue-shifted 
spectra. In contrast, the typical long-pulse back-
reflected spectra from spherical targets, illustrated 
in Fig. 6-32, appear to be nearly 80% red shifted. 
The long-pulse conditions are favorable for forma
tion of long density gradients in the underdense 
plasma, which in turn produce favorable conditions 
for stimulated Brillouin scattering (SBS). The lower 
observed absorptions and the red-shifted reflectiv
ity spectra are consistent with SBS, playing a 
significant role in these long-pulse experiments. 

In Fig. 6-33 we plot the long-pulse, large-ball 
neutron yields against the absorbed specific energy 
and compare them with other short-pulse results. 
Variations in target geometry (i.e., microsphere 
diameter and wall thickness) have been accounted 
for by the normalizations indicated. The solid line 
reflects the neutron dependence on the Maxwellian-
averaged DT thermonuclear cross section, assuming 
that the ion temperature is proportional to the ab
sorbed specific energy. Clearly, the normalized 
long-pulse yields do not fall along the curve. Simple 

scaling models better correlate the apparent varia
tions in neutron yield for exploding-pusher 
microsphere targets. One such model postulates a 
simple relationship between the laser-energy ab
sorption times and the hydrodynamic implosion 
times (see §5.6.3). Obviously, laser absorption after 
the implosion of the microsphere target can no 
longer contribute to the increase in thermonuclear 
events. The more exact specification of this laser-
absorption cutoff time results in the definition of 
useful rather than absorbed specific energy. Upon 
replotting the data with useful energy as the in
dependent variable [Fig. 36(b)), all the neutron data 
appear consistent with the anticipated temperature 
dependence of the Maxwellian-averaged thermo
nuclear cross section <av>. The reduced ion 
temperatures implied by these degraded yields were 
indeed directly measured, as presented in Table 6-4. 
Hence, the significantly reduced thermonuclear 
gains correspond to the nonoptimum matching be
tween the incident pulse and the target geometry 
parameters as anticipated. 

Finally, we obtained interesting results con
cerning the net energy change experienced by the 
3.52-MeV alpha particles born within the core of 
the compressed target as a result of the ther
monuclear events. The energy spectra of the alpha 
particles were determined by time-of-flight tech-
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Fig. 6-33. Neutron yields, which scale with useful (a) rather than with absorbed (b) specific energy. Circle data points are for 
Hyperiod I. Square data points are for Hyperion I, long pulse. Triangle data points are for Hyperion II. The neutron yield is nor
malized to N/[(rg/r* "*'3(w/w*)2/3], where N is neutron yield, TQ is initial radius, r* is normalized radius (42.5 ion), w i: wall 
thickness, and w* is normalized wall thickness (0.8 ma). 

niques, using magnetic spectrometers for both the 
short- and long-pulse experiments. As indicated in 
Table 6-4, the net change in the alphas' 
energy appears to vary with incident laser pulse 
width. In short-pulse experiments, the peak of the 
alpha-particle distribution is downshifted approx
imately 250 keV in traversing the fuel and pusher. 
In several long-pulse experiments, on the other 
hand, net energy gains are observed. 

Upon closer examination, the amount of alpha 
energy upshift depends on the time relative to the 
peak of the incident laser pulse, where the ther
monuclear reaction products traverse the coronal 
region of the microsphere target. One may estimate 
this time by using the exploding-pusher scaling 
model discussed earlier with respect to neutron 
yields. Inputing the target geometry (diameter, wall 
thickness, DT fill) and laser conditions (power, 
pulse width, absorption fraction), one may cal
culate thermonuclear burn times with respect to the 
peak of the pulse. Assuming that the alpha particles 
exit the TN burn region with a constant velocity 
characteristic of their 3.5-MeV creation energy, one 
may estimate alpha transit times from the core to 
the outer absorbing coronal region, assumed to be 
at the initial radius of the microsphere. The time of 
TN burn and the alpha transit time combine to 
define an alpha escane time with respect to the peak 

of the incident laser pulse. The alpha energy data 
from all the experiments may then be examined by 
plotting net energy shifts against these relative 
escape times, which have been normalized to their 
respective laser pulse's FWHM, as is done in Fig. 
6-34. To help show the correlation, a represen
tative, normalized Gaussian laser temporal profile 
has been superimposed on the data in Fig. 6-34. 

Only where the alphas exit the pellet at times 
near the peak of the laser pulse is the alpha energy 
distribution upshifted (i.e., long-pulse, nonopti-
mized, exploding-pusher experiments). Conversely, 

Normalized Gaussian 
aser temporal profile 

- 2 - 1 0 1 2 3 4 
Normalized alpha escape time, ps 

Fig. 6-34. Alpha particle energy shifts. 
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where the alphas are calculated to exit the outer 
regions of the pellet at times after the incident 
pulse, a nearly constant energy loss is observed. 
This energy loss is associated primarily with the 
nominal energy loss encountered through the 
pellet's fuel and pusher. On the other hand, we 
postulate that the observed energy upshifts are 
related to electrostatic accelerations that occur as 
the alpha particles traverse the regions near critical 
density, where the ongoing absorption processes 
have generated incident-intensity-dependent (hence, 
time-dependent) electric fields. 

Author 

M. J. Boyle 

6.9 Images of High-Energy X-Ray and 
Thermonuclear Alpha Pariicle 
Emissions from Exploding-Pusher 
Targets on Argus 

Using the zone-plate coded-imaging (ZPCI) 
technique, we have obtained high-resolution images 
of thermonuclear alpha particle emissions and high-
energy x-ray emissions (~10-20 keV) from 
exploding-pusher targets. Introductory concepts of 
the ZPCI technique and its suitability for imaging 
low-level emissions from laser fusion targets have 
been discussed previously.68 Our emphasis here is 
on recent advances that extend the technique to 
higher energy x-ray emissions (Jt'O keV) and 
significantly improve resolution in images of alpha 
particle emissions. In particular, the discussion 
highlights, first, our improved understanding of the 
ZPCI spectral response for high-energy x rays and 
advances in zone-plate fabrication that allow ZPCI 
of high-energy x rays, and, second, work on coded-
image reconstruction in higher order for improved 
resolution of alpha particle emission. 

6.9.1 High-Energy X-Ray Images 
The motivation for high-energy x-ray imaging 

of laser fusion targets is to obtain information 
about the generation and distribution of suprather-
mal electrons that may in turn provide important 
details concerning laser light absorption processes 
and fuel preheat. The signature of the suprathermal 
electron distribution appears as a high-energy tail 
on the measured x-ray spectrum (Fig. 6-35). We 
have developed a capability—which is being con
tinually improved—for imaging the time-integrated 
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Fig. 6-35. Hyperion tuget x-ny emission spectrum. 

spatial distribution of the suprathermal x-ray emis
sion from exploding-pusher targets. 

Imaging suprathermal x-ray emission presents 
three primary challenges: the relatively low intensity 
of suprathermal x-ray emission requires efficient 
radiaf'^n collection; the fractional high-energy 
x-ray transmission through the opaque zones of a 
coded aperture requires a more detailed spectral un
fold of the final reconstructed image; and accurate 
interpretation of the spectral components in the 
reconstructed image requires an unamabiguous 
determination of the supraihermal component in 
the measured x-ray spectrum. 

Use of a coded-imaging technique allows high-
resolution imaging while maintaining a large solid 
angle for radiation collection, thereby obviating the 
first of the above problems. On the other hand, 
coded-imaging techniques suffer from their own 
special class of problems in broadband x-ray imag
ing applications. These problems are particularly, 
troublesome when attempting to image high-energy 
x rays that are fractionally transmitted through the 
"opaque" regions of the coded aperture.69 Figure 
6-36 provides a simple illustration of this problem. 
A pair of x-ray point sources of equal power 
(photons/s) are imaged, using a Fresnel zone-plate 
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Fig. 6-36. The Iwo-step ZPCI technique. First, hard x rays cast a low-contrast zone-plate image and soft x rays cast a high-contrast 
zone-plate image. Second, reconstruction of the coded image produces two source images of unequal intensity. 
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pressed region, and a portion of the target stalk at 
the top. 

LASNEX computer simulations of this target-
irradiation experiment show that the high-energy 
x-ray emission within the spectral window of the 
zone-plate camera can be separated into two 
distinct phases in time and space. Details of these 
emission phases are presented in Figs. 6-38 and 
6-39. Figure 6-38 is a plot of the high-energy x-ray 
emission under discussion vs time, where time zero 
corresponds to the peak of the laser pulse. A dashed 
vertical line separates the emission in time between 
an implosion phase (produced by suprathermal-
electron bremsstrahlung emitted during the early 
implosion stages of the glass shell, when it has 
moved only slightly from its original position) and a 
stagnation phase (bremsstrahlung produced by elec
trons heated in the stagnating pusher as peak com
pression is approached). Figure 6-39 shows the 
numerical simulations of two-dimensional x-ray im
ages and associated spectra for the two separate 
phases of emission. During the implosion phase, the 
dominant high-energy x-ray emission occurs in the 
glass shell in its nearly original position. This supra-
thermal emission has a temperature of =24 keV, in 
agreement with the measured value. During the 
stagnation phase, the integrated high-energy x-ray 
emission is roughly 10 times greater than that dur
ing the implosion phase. The dominant high-energy 
emission occurs in the compressed pusher region 
closest to the hot fuel and has a temperature =4.5 
keV. Comparing this analysis of the high-energy 
x-ray emission processes with the ZPCI data, we 
can surmise that a volume compression greater than 
60 x was achieved in this experiment. 

6.9.2 Thermonuclear Alpha Particle Images 

Zone-plate coded imaging has been used to im
age the alpha particle emissions from exploding-
pusher targets.70 Using coded-image reconstruction 
in higher order — an idea first proposed by re
searchers at the University of Rochester71 — we 
have significantly improved the resolution of alpha 
particle images. 

Figure 6-40 illustrates the concepts underlying 
this innovative procedure for image-resolution im
provement. In simple terms, when a corted image is 
recorded with sufficiently short wavelength radia
tions, the high-spatial-frequency information is ac
curately recorded. If one can appropriately extract 
the recorded high-spatial-frequency information, a 
high-resolution image can be produced. The use of 
a Fresnel zone plate as the coded aperture in ZPCI 
allows a very convenient optical means for recon
structing the high-spatial-frequency information 
that has been recorded. The reconstruction of the 
high-spatial-frequency information is achieved by 
merely recording the higher order images during 
normal image reconstruction. 

Figure 6-41 shows the results of an application 
of the higher order reconstruction technique to laser 
fusion diagnostics. Reconstructed images of the 
alpha emission from laser-compressed microsphere 
targets are shown in first and third order. The three
fold improvement in resolution in the third-order 
image is evident by the high degree of spatial struc
ture within the thermonuclear burn region. Such 
structure does not exist in the first-order image 
(resolution =10 urn) and is highly suggestive of a 
moderate scale breakup of the glass shell at stagna
tion. Imperfections in the glass shell, or nonuni-
formity of the laser irradiation pattern, or both, can 
result in a nonspherically symmetric compression. 
Even though the implosion/explosion phase of the 
shell is stable against fluid instabilities, the stagna
tion phase (during which the DT reactions take 
piace) may not be stable. In addition, the alpha im
ages show that the majority of the DT reactions oc
cur in the central region of the core, not in its 
periphery. This is consistent with calculations show
ing that the glass pusher wall moderates the DT ion 
temperature at the periphery to a value roughly 1/4 
that at core center. 

Figure 6-42 shows experimental results that 
directly illustrate the resolution improvement that 
can be achieved by image reconstruction in higher 
order. A coded image corresponding to a point-
source pair separated by approximately 6 pm is 
reconstructed in first, third, and fifth order. In first 
order (resolution =9 fim), the point pair is not 
resolved. In third order (resolution =3 pm), the 
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Fig. 6-39. Two-dimensioml image f Jr implosion (a) and stagnatiol (b) phases. X-iay intensity for implosion (c) and stagnation 
(d)phises. 

6-35 



Laser 
light 

^ _H3I 
m = 5 m = 1 

Processed 
shadowgraph 

Reconstructed 
images 

Fig. 6-40. Image reconstruction in higher order for improved resolution. The coded image, when illuminated, will project real 
images at all odd orders: m = 1. 3, 5 The planar resolution 6 and tomographic resolution A of the ZPCI technique improve 
linearly with the reconstruction order: i.e., f>m = 6|/m (planar resolution), A m = A|/m (tomographic resolution). Limitations: 
I. The coded image (shadowgraph) must have been recorded with sufficiently short wavelength radiations to cast crisp zone-
plate shadows. The higher order reconstructed images arc particularly sensitive to edge definition in the shadowgraph. 2. The 
image (S/N) suffers in the higher order reconstructions because image intensity varies inversely as the square of (he order number. 
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Fig. 6-41. Image of the thermonuclear burn in a laser fusion target, reconstructed in first and third order. A zone-plate coded 
image acts as a generalized diffraction grating, 'reusing incident laser light into multiple, well-separated, reconstructed images -
each image a complete, three-dimensional rep- mentation of the source. Each separate reconstructed image is designated by an 
order number M. Higher order (shorter recor> .truction distance) images are reduced in intensity by l/M^ -- therefore, reduced 
signal-to-noise ratio - but their resolution is improved Mfold. A third-order image, having a threefold resolution improvement, 
allows us to see spatial detail not apparent in a first-order image. 
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Hg. 6-42. Higher order reconstruction of zone-p'ate coded images, giving improved resolution. 



point pair is well resolved. In fifth order (resolution 
=2 f<m), the points are even more effectively re
solved. 
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6.10 A Simple Model for Exploding-
Pusher Targets 

In the 1976 annual report, we presented a sim
ple scaling law for exploding-pusher targets.72. At 
that time, the scaling law was limited to targets with 
i fixed initial DT fill, and we made no attempt to 

derive the individual scaling parameters from first 
principles. In this report, we describe our progress 
in understanding the basic physical behavior of 
exploding-pushei targets and our resulting im
proved modeling capability. Relying on both 
LASNEX simulations and empirical fits to ex 
perimental results, we have upgraded the scaling 
law tc the point where we derive the scaling 
parameters introduced without justification in last 
year's report and develop the simple scaling law in
to a simple model. 

6.10.1 Derivation of the Simple Model 
We will approximate the behavior of an ex

ploding pusher by assuming that it consists of three 
distinct phases. In order of temporal sequence, 
these are: 

• The pusher heating phase during which 
the pusher/fuel interface accelerates to a significant 
velocity. 

• The acceleration or useful energy phase. 
• The compression phase. 
For pedagogical reasons, let us consider these 

processes in a slightly different order from that 
listed. 

6.10.2 Compression Phase 
Detailed LASNEX simulations indicate that, 

once the pusher has exploded and the initial shock 
and electron thermal waves have propagated 
through the fuel, the final compression phase of an 
exploding-pusher target is nearly adiabatic with an 
effective y = l.S. To use this fact to determine the 
compression and the fuel conditions at peak stagna
tion, however, we must know the initial postshock 
conditions. Rather than try to solve this complex 
problem, we use the fact that LASNEX one-
dimensional simulations show that the average 
compressed fuel density can be approximated by 
that produced by filling the initial target volume by 
the imploding fraction (!/4) of the pusher mass M p. 
In other words, the compression can be written as 

4/37T(r 0 -w/2) 3 p 0 

where t>o is the initial DT fuel density, w and r 0 are 
the shell wall thickness and radius, respectively, and 
P is a parameter that is determined by experiments. 
For targets of interest, w/r 0 <? 1 and Eq. (2) 
simplifies to 

C=P(3/2)(pp/ w)(w/r 0), (3) 

with p p the pusher density. We thus assume that the 
compression is independent of the pusher 
dynamics. Comparing this expression with a imag
ing experiments suggests that /? = 3.5. This result ap
pears to be independent of the incident laser power 
and final neutron yield as long as we are in the 
exphding-pusher regime. An interesting conse
quence is that the final DT ion fuel temperature can 
be determined independently of the compression. 
This consequence will be explored further during 
the discussion of the acceleration phase. 

6.10.3 Explosion Phase 
This phase is characterized by rapid heat addi

tion to the glass pusher caused by energy disposition 
both by suprathermal electrons and by > thermal 
wave (propagating at near supersonic speeds) driven 
by laser absorption at the critical-density region. 
The explosion phase is assumed to be complete 
when the Shockwave or supersonic thermal wave 
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has propagated through the pusher and thus in
itiated the large-scale, rapidly accelerating motion 
of the pusher/fuel interface. This time we define as 
t e. 

Using the same arguments as presented in the 
1976 annual report, we use this assumption to write 
the explosion condition as 

—00 

where *] is the laser absorption fraction, and P(t) is 
input laser power. The numerical constant differs 
from that in the 1976 annual report. Here, we 
assume that during the explosion phase the shell ex
pands to four times its initial thickness. We used the 
value 10 in the 1976 annual report. Equation (4) 
agrees well with detailed LASNEX one-dimensional 
simulations. 

The simple model prescription for determining 
the point on the Gaussian input pulse when the 
pusher explodes is, thus, given by Eq. (4) and the 
assumption that the pusher/fuel interface has 
moved in twice the original pusher wall thickness at 
thii'. time. 

6.10.4 Acceleration or Useful Energy Phase 
During this phase, the pusher/fuel interface is 

assumed to reach its peak velocity, at which time 
the implosion process is assumed to be effectively 
uncoupled from further absorption of the laser 
light. This condition was reached when the pusher/ 
fuel interface had moved in 32% of the initial 
radius in the specific one-dimensional simulation 
mentioned in the 1976 annual report. Truncating 
the laser pulse at this time in the LASNEX calcula
tion pioduced 2/3 of the maximum neutron yield 
with no significant change in the pusher/fuel inter
face trajectory. The final compression for that 
calculation was 75; i.e., the pusher/fuel interface 
traversed 76% of the initial radius before stag
nating. For the simple model, we assume that these 
two ratios of 32% to 76% (0.42) are canonical 
values determining the fraction of the absorbed 
energy that is useful for determining the neutron 
yield. Using the expression for the compression 
given by Eq. (2) and the results from the discussion 
of the explosion phase, we can then find the cutoff 
condition by solving 

to 
Jvp(t)dt = 0.42r 0 (l-C- 1 / 3 )-2w (5) 

for the cutoff time t c, where vp(t) is the instan
taneous pusher/fuel interface velocity and w/r 0 « 1 
is assumed. The useful absorbed energy E c is thus 
defined as 

> 
Ec=»?J P(t)dt, (6) 

— 00 

where f is that fraction of the absorbed energy that 
goes into the imploding portion of the pusher mass. 
The pertinent questions now are: 

(1) Given E c, how do we determine the fuel-
averaged DT ton temperature? 

(2) How do we find vp(t)? 
(3) What is f? 
(1) Assuming that a cutoff condition has 

merit (i.e., that the laser pulse may be truncated at 
t = t c without significantly affecting the target per
formance) and ignoring conduction losses during 
the compression phase for t>t c, the simplest 
approach is to set 

E c = o(KE)p+^NpkTp + |N ckTe+|N ikT i. (7) 

Here, N p, N,, and N e are the total number of pusher 
particles, fuel ions, and fuel electrons, respectively; 
T p , Ti, and T e are the pusher temperature, the fuel 
ion tenyoerature, and the fuel electron temperature, 
respectively; and o(KE)p represents that fraction of 
the pusher kinetic energy that has not been con
verted to thermal electric energy at stagnation. This 
statement is also consistent with the earlier deriva
tion of the average compression. LASNEX calcula
tions suggest that T e= 1/5 T,- at stagnation. A sim
ple estimate of electron-ion equilibration time? 
shows that the pusher electrons and ions are in ther
mal equilibrium with each other and that T p =T e . 
Assuming that the average charge state of the 
pusher is 9, we can easily evaluate Eq. (7) to give 

E C 1 2 

—- a— V 
Ti = 69.6—!Iie f__, (8) 

l + 1.28xlO-3!^2 
w 

with E c in joules, M p = 1/2 of the pusher mass in 
nanograms, v c=the pusher velocity at t = t c in J/ng, 
p in mg/cm3, ro and w in \an, and w/ro"? 1 assumed. 

(2) Experimental measurements of the space-
and time-resolved x-ray emission from exploding-
pusher targets suggest the relationship 

t 
yMpV£(t) = 0.15 J „P(t)dt. ( 9 ) 

—oo 
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Substituting Eq. (9) in Eq. (5) produces peak implo
sion velocities in excellent agreement with those 
reported in §3-4.2 of the 1976 annual report. Good 
agreement is also obtained with the average implo
sion velocity measurements discussed in §8.5.5 of 
the 1975 annual report. 

(3) Measurements of the asymptotic ion ex
pansion energy indicate that approximately 20-30% 
of the absorbed energy escapes in the form of fast 
ions that do not contribute to the implosion 
process. Simply dividing the remaining absorbed 
energy equally between the inward- and outward-
moving portions of the pusher rmss results in 
f~0.35. Using this v&lue in Eqs. (6) and (8), 
however, produces fuel-averaged ion temperatures 
greater than those observed experimentally and sug
gests a value for f of approximately 0.25. Rather 

than making an attempt to derive an expression for 
f and a, we simply normalized Eq. (8) to experimen
tally determined fuel temperatures, with the result 

T i = 7 

/ nP(t) dt M n 

l+(1.28xlO-3)(rop0/W) 
(10) 

A graphical representation of this three-phase 
modeling of the exploding-pusher behavior, and 
thus the prescription for finding E c, is shown in Fig. 
6-43, where we compare the pusher/fuel interface 
velocity and trajectory history as determined from 
solving Eqs. (2)-(ll) with a LASNEX one-
dimensional simulation. The solid curve is the one-
dimensional result when the Gaussian input pulse is 
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Fig. 6-43. A graphic representation'of three-phase modeling of the exploding-pusher behavior, and thus the prescription for 
finding useful absorbed energy E c . We compare the pusher/fuel interface velocity and trajectory history (dashed lines) as deter
mined by solving Eqs. (2)-(ll) with a LASNEX one-dimensional simulation (solid lines) when the imput pulse is truncated to 
give a neutron yield ~2/3 of maximum. The dotted line is from Ref. 72. 
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truncated at the time when the shell has moved 32% 
of the initial radius. The dashed lines show the 
result of applying the prescription outlined above. 
The difference between the present model and the 
assumptions made in the 1976 annual report is also 
shown. This model is thus equivalent to assuming 
that the shell integrates the absorbed energy until 
the shock wave has propagated through the pusher 
and completed the explosion phase at time t = t e, as 
found from Eq. (4). At this point, the pusher/fuel 
interface is assumed to have moved in a distance of 
2 w and acquired an initial velocity proportional to 
the square root of the absorbed energy until that 
time. It then continues with velocity proportional to 
the square root of the absorbed energy at any given 
time, until t = tc. We then assume that at this time 
the inward-moving pusher and fuel are uncoupled 
from further absorption of laser energy and con
tinue with constant velocity until the final radius, as 
determined from Eq. (2). Comparison of Eqs. 
(8)-(10) shows that, for fixed target parameters, T\ 
~ Ec/Mp ~ v§; i.e., the final fuel-averaged DT ion 
temperature is proportional to the square of the 
peak pusher velocity obtained. This result agrees 
with LASNEX one-dimensional simulations. 

6.10.5 Neutron Production 

LASNEX simulations suggest that the neutron 
production has a Gaussian temporal behavior. 
Thus, in the nomenclature of Ref. 72, N=nDnT 
<o v>Vr g at the maximum ion temperature, where 
nrj and HT are the final D and T number densities, 
<ov> is the DT Maxwell-averaged cross section, V is 
the final compressed volume, and r g is the temporal 
FWHM of the neutron production curve. Detailed 
LASNEX simulations suggest that Tg=l/2AT, 
where AT is the estimate for the burn time derived in 
Ref. 72. 

The simple model estimate for the neutron 
yield of an exploding pusher target is thus 

N = 4 .5xl0 5 pj ;C 2 / 3 ( r 0 -w) 4 T- 7 / 6 

x exp(-19/T , / 3) , (11) 

with p 0 in mg/cm3, r 0 and w in pm, C found from 
Eq. (2), and T found from Eq. (10). For w/r 0 < 1, 
Eq. (11) can be written 

N = 2 . 5 x l 0 8 p * / 3 w 2 / 3 r i 0 / 3 r i 0 / 3 T - 7 / 6 

x exp(-19/T l / 3) . (12) 

6.10.6 Comparison of Simple Model with 
Experimental Results 

The neutron yield is one of the more sensitive 
indications of the success of any implosion fusion 
experiment. Plotted against an improper param
eter, however, trends and proper scaling relations 
are not apparent. This is shown in Fig. 6-44, where 
the neutron yield from a variety of experimental 
conditions is plotted as a function of peak input 
power. The open data points are from LLL Janus, 
Cyclops, and Argus 1.06-nm Nd:glass laser facilities 
using f/1, f/2.5, and lens/elliptical-mirror focusing 
optics with Gaussian temporal pulses. The solid 
points are results from LASL, using their 10.6-jjm 
CO2 laser having a triangular temporal pulse with a 
10-90% rise time of M60 ps and a fall time of ~2.2 
ns. 7 3 The absence of any relevant trend or scaling 
parameter is obvious. Taking the optimum results, 
the peak neutron yield appears to be increasing ap
proximately as the peak power squared. This cor
relation, however, would clearly not tell an ex
perimenter in which direction to change his target 
and laser parameters from a nonoptimal result. In 
comparison, Fig. 6-45 shows the same data nor
malized by p(J/3 w 2 / 3 rQ0 / 3, as suggested by Eq. 
(12), and plotted as a function of the model-inferred 
fuel-averaged DT ion temperature from Eq. (10). 
The correlation has clearly improved, collapsing 
nearly all the data to the model-predicted curve. 
The verticn' error bars indicate experimental uncer
tainty in the neutron yield, while the horizontal er
ror bars indicate the uncertainty in the absorbed 
energy, which ranged from (13 ±4)% for the f/2.5 
Cyclops results up to a maximum of (40 ±5)% f̂ -
the Hyperion results on Argus that yielded 1.6 x 10b 

neutrons. Considering that the experimental param
eters ranged from P ~ (0.2-4.4) TW, w ~ (0.4-1.2) 
urn, r 0 ™ (20-100) um, and p 0 <%, (0.53-9) mg/cm3, 
the agreement is indeed satisfactory. The model-
inferred DT ion temperatures also agree reasonably 
with those inferred from alpha and neutron time-
of-flight measurements, as indicated in Table 6-5. 

Figure 6-46(a) shows the model-predicted vari
ation of neutron yield with initial DT fill for a range 
of laser and target parameters. The curves show 
that both the optimum fill and the rate of change of 
N with po are strong functions of laser and target 
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Fig. 6-44. Neutron yield as a function of 
peak input power for experiments utinf 
a 1.06-Mm Nd;gbM luer with f/0.07, 
f/1, and f/2£ optics (open symbols) and 
a 10.6-jim C 0 2 laser7* using f/2 optics 
(closed triangles). Uncertainty in power 
~ t 10%. Uncettainty in neutron yield 
~ ± 20%. Target diameter * 40-150 fim. 
Target wall thickness = 0.4-1.2 pm. Pulse 
length-25-200 ps. 
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Table 6-5. Comparison of model-derived fuel-
averaged DT ion temperatures with neutron and 
alpha time-of-flight data. 

Fuel-averaged ion temperature 

From neutron and alpha 
Shot No. time of flight From model 

36100115 7.9 7.6 
36100116 7.5 7.3 
36120702 5.5 5.1 
36120906 7.5 7.1 
36120910 5.8 5.6 
36120911 7.2 9.1 

parameters. Because the laser and target parameters 
varied during the experiment sequence, the ex
perimental points cannot be plotted in Fig. 6-46(a). 
Becausepo also strongly influences the peak DT ion 
temperature [see Eq. (10)], there is no simple way to 
normalize the data. A direct comparison between 
the model prediction and experiments is shown in 
Fig. 6-46(b), where we plot the ratio of predicted vs 
measured yield as a function of pr> All experiments 
with po > 3 mg/cm3 andpo < 1.6 mg/cm3 have been 
plotted, while only a small subset representative of 
the experiments with 1.6 mg/cm3 < po < 3 mg/cm3 

are shown. The data plotted cover the same laser 
and target parameter range indicated in Fig. 6-45. 
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Fig. 6-46. (a) Model-predicted neutron yield as a function of initial DT fill for a range of laser and target parameters indicated by 
the sequence power (TW)/FWHM (ps)/diam <yum)/wall thickness (jum) next to each curve. Absorption is 22% in each case.(b) 
Ratio of experimental to model-predicted neutron yield as a function of initial DT fill. Uncertainty in experimental results of 
neutron yield < ± 20%. Variation in model-predicted neutron yield < * 50% because of uncertainty in absorbed energy. Un
certainty in initial DT density *S ± 20%. 

Figure 6-47 shows the variation of neutron 
yield with initial target diameter. Here, the neutron 
yield is normalized as indicated to remove the den
sity, wall thickness, and laser condition variations, 
as the data again span more than a decade in inci
dent peak power and nearly a factor of seven in 

laser pulse FVVHM. The least-squares fit through 
the data, giving a slope of 3.28, agrees with the 
expected slope of 10/3. Finally. Fig. 6-48 shows an 
example of specific experimental results compared 
with the model predictions. The experimental pa
rameters are listed in the caption and were chosen to 

i 10c 

10-

10" 

— i 1 1 1 r 
= , T 1 i c ,r,8 4/3 2 '3 T -7/6 , , , n n - 1 / 3 , m 

FI/j-.w.Tt 2.5 ••• 10 PQ W T expt-19/T ) • > 

Experiment. Error bar is 
caused bv uncertainty in 
neutron yield and absorbed 
energy. 

Least-squares fit to data. 
Slope = 3.28. 
Expected slope = 10/3. 

60 80 100 

Initial target diameter, jum 
150 

Fig. 6-47. Normalized neutron yield 
plotted as a function of initial target 
diameter. The least-squares fit gives a 
slope of 3.28, in reasonable agreement 
with the model-predicted value of 10/3 
(tg/w » I). T is the model-derived, 
fuel-averaged ion temperature. 
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D w 
i V°. 3, (mg/cm 

P T '1 
lym) (jiml i V°. 3, (mg/cm (TW) Ips) (absl 

A 87.8 0.63 9.20 0.18 100 0.20 
B 39.0 0.60 1.95 0.47 73 0.24 
C 85.0 0.60 0.53 0.36 73 0.15 
D 83.3 0.75 1.97 0.27 69 0.26 
E 86.5 0.70 4.00 0.40 70 0.20 
F 60.0 0.45 2.10 0.45 57 0.79 
G 147.0 0.01 1.49 3.66 154 0.07 
H 106.0 0.85 2.19 2.48 205 0.22 
1 83.8 0.72 2.61 1.67 47 0.20 
J 87.0 0.65 2.37 2.83 29 0.22 
K 88.5 0.88 3.10 4.00 32 0.22 
L 88.5 0.88 3.44 4.44 36 0.31 
M 350.0 2.20 1.90 19.90 90 0.29 
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represent a cross section of the experimental param
eter space with neutron yields from JO3 to 1010. The 
agreement is reasonable, and, together with Figs. 
6-44 through f "8, lend considerable after-the-fact 
credence to the simplifying assumptions that were 
made during the development of the model. It sug
gests not only that much of the physics was not 
"swept under the rug," but that the picture of an 
exploding pusher that is defined within the limita
tions of the assumptions is reasonable. 

6.10.7 Conclusions 
We have developed a simple model that can be 

used to predict neutron yields for variations in in
itial DT fill, wall thickness, target radius, and laser 
input conditions. The model also elucidates the 
more important processes occurring in exploding-
pusher experiments. We have obtained agreement 

with experimental results to within a factor of two 
over six orders of magnitude in neutron yield for a 
large portion of the target and laser input-
parameter space. 
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SECTION 7 
VANCED LASERS 

7.1 Introduction and Summary 
We anticipate using single-pulse laser systems 

and facilities that are currently operating (Shiva), 
under construction (Antares), arid in design (Nova) 
to achieve the scientific milestones of the DOE Iner-
tial Confinement Fusion (ICF) Program. Achieving 
the major ICF applications milestones, however, 
will require more average power than these single-
pulse laser facilities can attain. Accordingly, the 
ICF program includes as a necessary element the de
velopment of advanced drivers capable of deliver
ing both high peak and average powers to fusion 
targets and meeting other stringent technical and 
cost performance objectives. We can project a 
nominal set of laser system performance require
ments for power plant service (Table 7-1). We com
bine the results of current implosion experiments 
with LASNEX computer code simulations of high-
density implosions and with preliminary analyses of 
fusion reactor concepts. Determining a precise set 
of parameters for an optimized laser system from 
the ranges given in Table 7-1 will require detailed 
tradeoffs among all reactor subsystems that lie well 
beyond the precision of current technical knowl
edge. However, we believe that operation at longer 
wavelengths will require the iaser system to deliver 
higher energies at higher system efficiency for cons
tant reactor performance. We expect the leser per
formance requirements given in Table 7-1 to evolve 
with improved understanding of pellet physics and 
reactor design, particularly with respect to oper
ating wavelength and efficiency. However, for now 
they serve as a useful guide for the identification 
and exploratory development of advanced laser 
systems for fusion applications. 

Table 7-1. Laser system performance require
ments for fusion power plants. 

Property Value range 

Laser wavelenrth 250-2000 nm 
Pulse energy 1-3 MJ 
Pulse duration 5-10 ns 
Peak power 200 TW 
Pulse-repetition rate A few hertz 
Average power 10 MW 
Overall efficiency 2=I# 

The first major milestone of the ICF program 
toward the development of a fusion reactor driver 
system calls for the demonstration by the end of FY 
81 of a single-pulse kilojoule laser system capable of 
further scaling to the performance levels given in 
Table 7-1. This requirement dictates that laser 
system scaling models, each validated at a reason
ably high energy level — say about 100 J — are 
needed before selection of a candidate medium can 
be made for this development scenario. Moreover, 
the most significant figure of merit for differen
tiating between energetically scalable systems is the 
overall laser system efficiency. The effort reported 
in this section is directed toward achieving the ap
plications milestones of ICF. Our emphasis in the 
past year has centered necessarily on the kilojoule 
milestone; however, we have kept in mind through
out the average power character of the longer term 
goals. 

We have viewed laser media and systems con
cepts capable of the performance specified in Table 
7-1 in terms of two basic types: 

• Energy-storing media in which the popu
lation inversion is radiatively and nonradiatively 
stable for times >1 ps. 

• Highly radiating laser media in which the 
population inversion decays radiatively on the 
timescale of a few nanoseconds. 

By early 1977, we had identified and begun ex
ploratory work on four new laser media concepts 
(see Table 7-2) with the potential for meeting ICF 
applications requirements. The photolytic and rare 
earth systems use energy-storage laser media, two in 
the gas phase and one in the solid-state phase. The 
Raman system uses a highly radiating medium (rare 
gas-monohalide excimer-KrF) whose long-pulse, 
coherent output is compressed in time via a non
linear Raman-scattering process. 

The time available is relatively short to proceed 
from concept identification and scientific valida
tion, through technical demonstration, to milestone 
demonstration, for both the kilojoule and suc
ceeding average power laser systems. Accordingly, 
in 1977 we conducted preliminary systems assess
ments of these four laser approaches to provide a 
quantitative basis for system comparison, to iden
tify high-leverage physics and technical areas of 
risk, and to set priorities for future technical effort. 
To conduct this assessment, wc developed pre-
'iminary device and system models for each laser 
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Table 7-2. Potential iaser systems for fusion applications. 

Generic species concept Active species Pump source Medium type 

Sulfur <S), selenium (Se) E-beam-driven rare gas 
excimers <Kr2*, Xe2

::i) 
Storage 

Tb-Al-Cl,TbThd3 E-beam-driven rare gas 
monohalide excimer (KrF) 

Storage 

Tin3*: glass, crystal E-beam-d; iven rare gas 
monohalide excimer (XeF) 

Storage 

Methane (CH4) E-beam-driven rare gas 
monohalide excimer (KrF) 

Nonstorage 

Photolytic group VI atoms 

Rare-earth molecular vapors 

Rare-earth solid-state hybrids 

Raman stacker/compressors 

candidate. We then iteratively exercised these 
models for a number of alternative device 
geometries to arrive at preliminary technical designs 
for kilojoule/terawatt laser systems. (While we 
were conducting these studies, the ICF Advanced 
Laser Milestone was characterized as a nominal 
kilojoule/terawatt system. The Office of Laser Fu
sion has recently modified the milestone definition; 
it is now characterized as a nominal kilojoule/10 ns 
system.) Throughout these analyses, we integrated 
into the comparative assessment new experimental 
and theoretical data generated for these media by 
ongoing parallel efforts. We also examined each 
system for any major physics or technological 
breakpoints in scaling to energies >100 
kJ/beamline. In particular, we emphasized the pro
jection of overall systems efficiency at the kilo
joule/terawatt level on the basis of "comparable 
technical risk." Such analyses necessarily entail 
considerable technical judgment in projecting effi
ciencies of individual laser subsystems and pro
cesses (power conditioning, deposition, medium 
conversion, extraction, beam transport, etc.). We 
have made a major effort to be equitable in these 
judgments and have used an advocacy process; we 
believe that the projected systems efficiencies are 
quantitatively significant in relation to one other 
and, as a set, they are the likely achievable efficien
cies to within a factor of two. Achievement of the 
projected system efficiencies is predicated on the 
demonstration of assumed values for a few impor
tant physics parameters identified in the various 
models that have not yet been directly measured. 

In our comparison, we analyzed seven 
kilojoule-level laser designs. For the photolytic 
Group Via atomic laser media, we analyzed three 
multipass power amplifier designs that are differen
tiated by the methods of photolytic pumping. In 
one design, coherent 172-nm radiation produced in 
a xenon excimer pump laser photolyzes the OCSe 
fuel. In the other two designs, incoherent fluo
rescence radiation from xenon excimer molecules 

photolyzes the OCSe fuel. In the "solid window" 
version, the fluorescing xenon gas is physically 
separated from, but closely coupled to, the 
photolytic laser medium through a solid window 
capable of transmitting hard (172-nm) ultraviolet 
radiation. In the "v indowless" version, the 
fluorescing xenon gas medium flows in streams 
parallel and adjacent to the flowing laser medium. 
Matched pressures and velocities lead to the 
elimination of potentially troublesome solid 
ultraviolet transmitting windows. In studying 
photolytic Group VI laser media, we have strongly 
emphasized the use of selenium as the active species 
and system operation on the visible-wavelength 
transauroral transition. This selection stems from 
the observation that operation on the infrared 
auroral transitions of either sulfur or selenium will 
lower attainable efficiencies inversely with the tran
sition wavelength, other factors being equal. For 
sulfur, evidence suggests that the stimulated emis
sion cross section of the transauroral transition is 
about an order of magnitude lower than that of the 
auroral transition. This precludes the ready devel
opment of large energy-storing amplifiers for 
operation at the shorter wavelength. For selenium, 
the two transition cross sections are essentially 
equal; we anticipate operation on the transauroral 
transition in large, energetic amplifiers. In view of 
these considerations, we must base the utility of the 
KrJ/OCS system on compensating efficiency fac
tors associated with the Krf pump medium or other 
dynamical process, or both. To date we have been 
unable to identify such compensating factors. 

We examined three specific designs of kilo-
joule-class lasers that use trivalent rare earth ions as 
the active species.The first was an XeF excimer 
laser-pumped Tm 3 + :glass laser system character
ized by a relatively low specific thermal loading of 
the glass medium. This system can be directly com
pared with rare earth molecular vapor laser systems 
in which the average power-thermal loading prob
lem is solved by flow cooling of the laser medium. 
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We explored deigns based on two different molec
ular carriers of the optically active terbium ( T b 3 + ) 
ion to illustrate the issues associated with the 
distinct chemical, physical, and kinetic properties 
ot these vapors. For the final system, we analyzed 
the performance of a backward-wave pulsed 
Raman stacker-compressor laser that uses the KrF 
excimer medium as a pump and methane gas (CH4) 
as the Raman medium. 

Because "system efficiency" is a singularly im
portant parameter in comparing the potential of 
various systems, we must make a few general com
ments to define the term. As developed below in 
§7.2.1, total laser system efficiency (er,) is defined 
as 100 times the ratio of the optical power delivered 
to the target (PL) to the total power consumed (PIN) 
in generating the delivered power 

P I N P E C + P F C 

where PEC = total electrical power input to the laser 
pump medium, and Ppc=power consumed in flow
ing and reconditioning the spent laser and pump 
media. The Ppc must be made large enough to 
achieve beam quality at the laser exit adequate for 
further transport to the target, as well as to recycle 
the laser media for reuse on a closed-cycle basis. 
The transport efficiency &r °f the laser output 
power (Po) to the target will in general be a func
tion of the optical quality of the beam and therefore 
a function of Ppo 

(1) 

and 

e L = ( p ° P 1 e T = e o e T > ( 2 ) 
\ r E C r F C / 

where tj depends implicitly on P F C . The quantity 
« O = P O / ( P E C + P F O E ) is the efficiency of the laser 
system up to the exit aperture and may be rewritten 
as 

_ 1 _ 1 

(P E c \ / P F C \ 1 1 

where EEC is the laser electrical efficient - and £FC is 
the laser flovv factor of merit (becaus. tpc m a y 
exceed unity, it is improper to refer to the quantity 
as an efficiency). In the analysis below, we do not 
explicitly evaluate the beam transport efffc ency tj. 
However we have incorporated the issue of 
transport by estimating the ratio of « F C = P L / P F C 
required to produce optical beams such that *r wi:l 
be high enough to prevent significant degradation 
of total laser system efficiency «L-

The data h Table 7-3 summarize the n:ajor 
conclusions of our analyses of the seven aser 
systems. In this table, we have divided laser Ti-
ciency s 0 into two parts: pump source and U >er 
medium that converts pump radiation into a format 
useful for target irradiation. These two subsystem 
blocks are further partitioned into constituent effi
ciencies or factors to display the processes or sub
systems that dominate the reduction of overall 
system efficiency and thereby command our future 
attention. For each system we have identified an 
approach to significantly improve efficiency of the 
most limiting process or subsystem; these items are 
identified by the use of a square containing a higher 
projected efficiency in order to flag it as a higher 
risk situation. 

The first conclusion we draw from these data is 
that, based on information available to date, all 
analyzed systems potentially can meet or exceed the 
Table 7-1 minimum efficiency requirement of 1%. 
All systems also appear technologically scalable in 
energy to reactor-class systems, although the tech
nological issues differ among systems. 

The second major conclusion is that, on an 
"equal risk" basis, the KrF/CH 4 Raman stacker/ 
compressor laser system concept offers a system 
efficiency significantly higher than the others, pos
sibly reaching 4-6%. Because this laser system also 
operates at the shortest wavelength (0.27 van), and 
enjoys a large range of system architectures and 
technological options for implementation, we con
clude that it has the highest potential of those 
studied to meet anticipated fusion application 
needs. 

Our third major conclusion is that projected 
system efficiencies are relatively low (1-6%) pri
marily because of basic inefficiencies of the pump
ing sources when they are coherent. The laser 
medium that converts this coherent radiation into a 
format useful for fusion applications is, by com
parison, relatively efficient. We, therefore, must 
seek and identify intrinsically more efficient 
coherent pump sources. Otherwise, we must find 
more efficient processes for utilizing efficiently pro
duced radiation from incoherent pump sources 
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Table 7-3. Projected system efficiencies (%) of several potential fusion lasers. 

Efficiency 

Potential fusion lasers 

Efficiency 

Xe.» pumped OCSc Rare-earth ions Raman 

Efficiency Laser Fluorescence Fluorescence ExF pumped KrF pumped KrF pumped KrF/CH, 
Symbol component pumped (windowless) (window) TnT'̂ glass Tb-lhd, Tb-AI-CI compressor 

/ e, E-beam generation. 
transport, and deposilion 65 65 65 65 65 65 65 

6 . Pump medium, electron* 5-10 45 45 5-7.5 10-15 10-15 10-15 
to-light conversion U BE n m QD Pump 3.2-6.5 3.3-4.9 6.6-9.8 6.6-9.8 6.6-9.8 

source «3 Pump electrical efficiency 13" 29 29 9.S If, 16 16 
J.2-6.2 3.0-1.4 6-H 6-H «•» 

\ ep Total pump efficiency 12 23' 27 « 12 12 12 
' t l Transport/coupling 90 20-40 

ED 
20-40 0 90 90 90 80 

*\ Fill factor 80 no 80 80 80 80 80 
Laser CM Extraction * quantum 22 22 22 35 28" 28 55-75" 

0.5-1.0 0.8-1.6 0.9-1.8 0.8-1.0 1.2-1.6 1.2-1.6 2.1-4 
«Kr Laser system eleclrkal /.» 2.4 2.6 2.0 2.4 2.4 6 

0.S-I.0 0.H-I.S 0.9-1.7 0.S-I.O l.l-I.S 1.1-1.5 2.0-4 
^ Co Total system after flow l.» 2.3 2.5 2.0 2.3 2.3 It 

"Percent efficiency with possible breakthrough. 
Totals with breakthrough increment. 
1 Requires cleaner pump medium - more flow. 

''Assumes unit quantum efficiency. 
'Second Stokes gain suppression. 

(e.g., xenon excimer fluorescenece — Table 7-3) or 
develop laser media that operate in a fusion pulse 
format using conditioned electrical energy directly. 

Of course, efficiency projections such as those 
given in Table 7-3 do not present a complete pic
ture. Each system offers its own, generally distinct 
technological advantages and challenges; and each 
carries with it a currently incomplete description of 
all important physical processes. We develop this 
aspect of system assessment below, however. Table 

7-4 briefly summarizes the principal physical and 
technological issues for these systems. 

For photolytic Group VI lasers, the most in
fluential items are associated with the pump source. 
The efficiency of a xenon rare-gas excimer laser 
pump is strongly dependent on three factors: 

• Photoionization cross section of the Xe*-
excimer. 

• Mixing rate of the two populated excimer 
excited states (lj; and 3jj. 

Table 7-4. Key physics and technology issues for several potential fusion lasers. 

Potential fusion lasers 

Rare-earth Raman 
Issue Group VI Solid-state hybrid molecular vapor stacker/compressor 

Efficiency 
after flow, % 0.5-1.9(2.5) 0.8-1.0(2.0) 1.1 = 1.5(2.3) 2.4(6) 

Leverage 
items 

Pump laser efficiency; 
fluorescence; coupling 
efficiency. 

Pump laser efficiency; 
low ji2 material; high 
thermal conditions. 

Pump laser efficiency; 
single-component vapors 

Pump laser 
efficiency; 
second Stokes 
suppression. 

Physics risks Storage time at high 
inversion density; 
minority quenchers. 

Nonradiative decay 
channels 

Unit quantum yield; 
spectral homogeneity. 

High-order 
nonlinearities. 

Technology 
risks 

vuv optics; gas 
reconstitution. 

Transverse temperature 
gradients; cyclical stress. 

High-temperature 
optomechanical 
design; fuel 
integrity. 

uv optics; gain 
control of pump 
medium. 
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• Nonsaturable losses present in the elec
trically excited medium. 

The cross sections (rates) characterizing these 
processes are not yet sufficiently known to 
definitively project the ultimate efficiency of an 
optimized xenon excimer laser pump. Accordingly, 
we are currently focusing significant experimental, 
theoretical, and computational effort in this area. 
By contrast, the fluorescence dynamics of the 
e-beam-excited xenon excimer medium are fairly 
well understood and characterized; the major gain 
would lie in developing concepts for more efficient 
coupling of the fluorescence radiation to the Group 
VI fuel. We are pursuing novel optical design and 
"sandwich" geometries in this area. 

In our efficiency projections for Group VI 
selenium lasers, we have assumed long storage times 
(>l^s). This assumption appears technically war
ranted, although deleterious quenching of excited 
Group VI atoms by photo-generated electrons and 
heavy-particle minority species requires additional 
study to optimize energetic amplifiers with 
microsecond-long storage times. The major tech
nological risks associated with Group VI lasers 
center on the development of vacuum ultraviolet 
(vuv) optics able to withstand the intense pump 
fluxes at 170 nm. For coherent pumping, we need to 
develop high-reflectivity, large-aperture mirrors 
and windows. For fluorescence pumping with a 
solid window geometry, the vuv-transmitting win
dows must withstand large cumulative doses of 
both vuv radiation and relativistic electrons. In the 
"windowless" geometry, the vuv optics problem is 
largely nonexistent; but the added problem of 
mixed pump and fuel gases arises, and systems effi
ciency may be decreased because of increased flow 
power requirements. We have not considered effi
ciency reduction due to pump and fuel medium 
reconstitution in our analyses to date. While we do 
not expect this factor to dominate the overall 
system efficiency, we must treat it quantitatively if 
this design concept is to be pursued further. 

We consider next the Tm 3 +:glass hybrid 
system (excimer laser-pumped solid-state laser). 
High-leverage areas include using a pump laser with 
substantially higher efficiency than projected for 
the XeF excimer laser (5-7%), and identifying and 
using host materials with lower nonlinear refractive 
index and higher thermal conductivity than glasses. 
As a class, crystalline materials offer considerably 
higher thermal conductivities and, in some cases, 
very low nonlinear refractive indices. We are cur
rently searching for host materials that are compa
tible with useful active ions and that can be scaled 
to large sizes with acceptable optical quality. In 

terms of physics issues, we have estimated non-
radiative decay rates due to multiphonon and ion-
ion interactions for the Tm:glass system. Expe
rimental documentation of the important non-
radiative (thermal) rates would be needed before the 
selection and development of such a hybrid laser 
system. Preliminary analysis suggests that axial-
gradient cooling techniques can achieve usefully 
high average power from a solid-state laser. The op
tical quality of radiation extracted from such a 
system will depend largely on the extent to which we 
can control transverse temperature gradients. We 
judge that adequate temperature control can be 
achieved in principle; however, design solutions de
pend on the specific details of the pump deposition 
and laser medium dynamics. In view of the pro
jected performance of the Tm 3 + :glass system — in 
comparison with alternative systems — we feel this 
particular hybrid laser system does not warrant 
such detailed analysis. Rather, further effort in this 
system area will center on identifying intrinsically 
better pump and medium combinations. 

We consider next the rare-earth molecular-
vapor laser systems. Again we are forced to 
recognize the importance of identifying more effi
cient pump sources. Although we considered laser 
pump sources for the Tb-based systems analyzed to 
date, the long population inversion lifetimes pos
sible in selected rare-earth molecular vapors appear 
amenable to incoherent pump sources, such as 
flashlamps, provided efficient spectral coupling can 
be achieved. This is particularly true for the 
aluminum halide complexes, although laser 
amplifiers based on aluminum halide complex 
vapor media must operate at a relatively high total 
pressure (2-4 atm A12CI6) because of their two-
component chemical nature. For this reason, we 
anticipate significant design issues with respect to 
maintaining adequate beam quality in the extracted 
radiation. Accordingly, we put a premium on using 
single-component rare-earth ion carriers, such as 
the thd-chelates suitably buffered with a rare gas, as 
amplifier media. 

In our efficiency analyses of the rare-earth 
molecular-vapor systems, and in the absence of 
direct experimental measurements, we have as
sumed unity quantum yields (one molecule in the 
upper laser level for each photon absorbed) for the 
two Tb-vapor media. The relative simplicity of the 
electronic structure of the Tb-Al-Cl molecule pro
vides a technical rationalization for this assump
tion. However, this is not true for the more complex 
thd-metallo-organic molecule; the true quantum 
yield is a more open issue. This situation represents 
a major remaining physics uncertainty for these 

7-5 



vapor systems. Quantum yields that are much lower 
than unity will reduce projected efficiencies for 
these systems below the minimum level of interest. 
In this respect, we are currently conducting laser 
oscillator experiments with these vapor species to 
place a lower bound on the quantum yield. A sec
ondary physics issue concerns the spectral homo
geneity of the gain-medium transition for pulse ex
traction times =10 ns. To date, there has been no 
quantitative characterization of the transition 
lineshape at the temperatures and pressures of in
terest for fusion amplifiers. While we can assume a 
nominally homogeneous gain line due to collisional 
coupling of Stark and rotational states within the 
fluorescence envelope, this issue must be addressed 
experimentally before development of large-scale 
devices. 

Technologically, the principal issues associated 
with rare-earth molecular-vapor laser systems 
center on successful optical-mechanical designs of 
amplifier structures for the relatively high operating 
temperatures anticipated (300-500 °C). The design 
must also accommodate the flow of working mate
rial consistent with optical pumping requirements 
and maintenance of fuel purity. Devising successful 
design solutions for lasers using the two-chemical-
component aluminum halide vapor medium ap
pears to be a particularly great challenge. 

Finally, we consider the KrF/CH 4 Raman 
stacker/compressor laser system. Although it uses 
the most efficient and energetically scalable excimer 
laser pump yet demonstrated, developing tech
niques to increase the efficiency of KrF or other 
narrow-band excimer laser pumps is clearly 
desirable. Considerable current effort at LLL and 
elsewhere to understand the full kinetics of the KrF 
and other excimer lasers should lead to significant 
improvement in laser efficiency under narrow-band 
conditions. From the viewpoint of systems scaling, 
developing techniques to suppress gain at the se
cond Stokes frequency will be singularly advan
tageous. Such techniques will allow a high compres
sion ratio per Raman stage and will greatly reduce 
system complexity. Several techniques to suppress 
second Stokes gain have been proposed; they will 
receive considerable attention in the near future. 

As discussed more fully below, we have already 
conducted an array of key experiments to demon
strate the scientific feasibility of the Raman com
pressor concept. These include the following: 

• Measurement of the Raman gain coeffi
cient in the backward direction and its dependence 
on pressure and pump linewidth. 

• Demonstration of pump saturation and 

measurement of the backward wave saturation in
fluence. 

• Demonstration of stable spatial growth of 
the backward Stokes wave when pumped with a 
spatially scrambled pump beam. 

The favorable experimental results and their 
agreement with theoretical models increase our con
fidence in our performance projections of large-
scale systems for fusion applications. However, 
much remains to be done to refine our physics 
models, particularly with respect to the dynamics of 
second Stokes generation and its coupling to higher 
order noniinearities. Suppression of the second 
Stokes wave will reduce uncertainty concerning 
higher order noniinearities and will provide the 
system-scaling benefits cited above. 

The major technological issues for the Raman 
systems are fairly obvious. First, transmitting and 
reflecting optics at 0.27 pm must be substantially 
improved over those now available. Current con
ceptual designs of large systems call for optics 
capable of handling beam fluences up to 4 J/cm 2 

(i.e., a factor of about five over currently available 
optics). No significant effort has yet been expended 
to develop high-damage-threshold optics at 0.27 
ion. Although fewer optical materials are suitable 
for service at 0.27 pm than are suitable at 1 fxm, we 
feel that adequate optics can be developed by using 
the methodology that successfully developed l-pm 
optics for Nd:glass systems. The second significant 
technological issue is the mode control of the intrin
sically high-gain KrF pump amplifier medium. We 
have been successful in presaturating KrF power 
amplifiers pumped by electrical discharges. These 
relatively small (<1-J) amplifiers have been 
demonstrated to be spectrally and energetically con
trollable with modest levels of injected radiation. 
Using this information, together with a preliminary 
analysis of the stabilization of KrF power amplifier 
of large transverse dimensions (~40 cm), we judge 
that adequate gain control can be achieved. How
ever, we must still demonstrate this experimentally. 

To summarize, we conclude that the KrF/CH* 
Raman pulse stacker/compressor concept offers the 
highest programmatic potential of all systems 
studied. We expect to develop this concept through 
continuing experimental, analytical, and theoretical 
efforts on the problems and issues identified in our 
preliminary studies. These activities will include the 
following: 

• Refined determination of limiting physical 
processes. 

• Characterization and improvement of op
tical components for system use. 
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• Demonstration of combined stacking and 
compression. 

• Technical demonstration of an e-beam 
KrF power amplifier capable of operating in a con
trolled manner at the 100-J level. 

We will technically coordinate these activities 
through continued development of Raman stacker/ 
compressor laser system models. 

Parallel efforts will recognize the tremendous 
value of laser-driver systems with efficiencies 
>10%. We will continue searching for more effi
cient pump sources to significantly improve the 
potential of systems already identified and to use in 
entirely new laser media and systems concepts. 

In the sections that follow, we discuss the 
theoretical, analytical, computational, and exper
imental research on advanced lasers systems con
ducted during 1977. Section 7.2 addresses several 
laser systems issues common to all the laser system 
candidate media studied: definition of laser sub
system efficiency factors, laser system architecture 
options, and laser medium homogeneity and laser 
beam focusing requirements. Sections 7.3-7.6 
discuss in succession, photolytic Group VI atomic 
lasers, rare-earth molecular vapor lasers, rare-earth 
solid-state hybrid lasers, and Raman stacker/ 
compressor lasers. We develop an assessment of 
each laser systems in terms of the following: 

• Concept definition and microscopic laser 
parameters. 

• Laser experiments. 
• Laser system model. 
• Laser scaling and efficiency projection. 

Authors 

W. Krapke 
E. V. George 
C. Bender 

7.2 System Considerations 
7.2.1 Computational Objectives and Capabilities 

Analysis of laser system performance require
ments for fusion power plants enables us to identify 
the physical and technological constraints that a 
candidate laser medium must satisfy. In general, the 
candidate laser must operate in a wavelength regime 
where high optical power and energy transport can 
be achieved with low loss. Laser media excitation 
and extraction techniques must be both efficient 

and scalable, and efficient average-power operation 
mast be possible. Finally, the overall laser system 
must be reliable and economical. 

The above constraints limit the technical pa
rameter space of candidate fusion lasers. Accord
ingly, we put a premium on high-level, sophis
ticated laser system modeling for critical evaluation 
of candidate laser media before undertaking even 
preliminary scaling. We are using an extensive set of 
computer codes to analyze all advanced laser con
cepts being pursued at LLL. These codes are of two 
types: simulation codes that evaluate and verify the 
basic physics of a laser element and rapid lumped-
element codes that approximate each element for 
integration into a total system design and optimiza
tion code. Table 7-5 summarizes the specific major 
computational tools developed and used in our 
analytical assessment, which includes Raman pulse 
compression, Group VI, and rare-earth systems. 

For example, Fig. 7-1 is a detailed block 
diagram of the computational method used to 
analyze the dynamics of electrically excited media. 
This code calculates self-consistent electron energy 
distribution functions and excited-state populations 
for electrically excited laser medi;,. The code treats 
electron beam and discharge electric field energy 
depositions self-consistently by developing a source 
function for the secondary electrons produced by 
slowing down a high-energy primary. It then uses 
this source function in the electron Boltzmann 
equation that governs the dynamics of secondary 
electrons in the presence of the electron beam and 
applied electric field. Next, the code employs the 
electron distribution that results to compute rate 
constants for electron collisional processes. It uses 
these rate constants in a kinetic rate equation 
analysis of the charged-particle and excited-state 
populations present in the medium. At prescribed 
time intervals, the code employs these populations 
to recompute the electron distribution function by 
resolving the appropriate Boltzmann equation until 
the population and electron distribution function 
reach a steady state. If a laser radiation field is 
present, spontaneous and stimulated emission, and 
photoabsorption processes are included in the 
kinetic model. The estimated run time for this code 
on a standard CDC 6600 is greater than one hour. 
However, we have exploited the vectorization and 
overlay software features of the LLL CDC 7600 
computer system for a greatly reduced run time. 
For the full calculation presented in our discussion 
of rare-gas excimer and rare-gas halide laser model
ing, typical run times were 0.5 to 1.5 min. (This in
cludes media kinetics and amplifier performance 
analysis.) 
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I'able 7-5. Synopsis of computer codes used to assess advanced laser concepts. 

Computer code application Features 

Electrical)} excited media: 
• Electron beam 
• Discharge 

• Electron heain/suslainer 
discharge 

Optical!) pumped media: 
• Bleaching or photodissneiation 

Raman compressor dummies: 
• Extraction 
• Purasitics 

Short-pulse laser s.vstcm energy 
extract ion: 

• Electrical!) excited media 
• Optical!) excited media 
• Raman compressors 

• Electron beam deposition 
• Non-Maxvvcllian electron kinetics 
• Centralized heavy particle kinetics 
• Generalized photon kinetics 
• Oscillator 
• Amplifier 

• II) bleaching wave with generalised 
kinetics 

• Fluorescence-driven 21) bleaching 
wave 

• Pump coupling efltcicne) 

• »t-uuvt' Raman interaction (pump 
laser, forward 1st Stokes, 
backward 1st and 2nd Stokes) 

• d'enerali/ed r'runt/Aodvik multipass 
• Finite pump, transit, and lower 

level relaxation times. 
• Nonuniform gain and pump depletion 
• Pulse focusing and stacking 
• Laser system staging and 

optimization 

The major Raman amplifier code simulates 
compressor physics. It includes the four major 
waves coupled in the transient semiclassical theory. 
Some spinoff codes used for approximate analyses 
include a rapid two-wave code that simulates the 
two major waves in varying geometries and con
figurations, estimating parasitic growths and phase 

Input parameters 

Gas composition 
E-beam 
Dischsroe 
Colluionaldata 

E-beam deposition 
Excitation fractions 
Secondary electron distribution 

wiim 
Bolumann analysis ot low energy electrons 

Elastic inelastic collisions 
Ionization, recombination, attachment 

superelBStic collisions 
lonizatio 

L E-E and 

~ 1 Kinetics ai 

distortion integrals. We have also used a rapid two-
wave code to study statistical aspects of beam in-
homogeneities, verifying much analytic work on 
this problem. Finally, we have developed a rapid 
lumped-element code for total system design 
optimization; it uses the Frantz-Nodvik equations. 

We have approximated the KrF* pump ele
ments using the Schultz-Dubois theory, and have 
constructed several codes of varying sophistication. 
We have incorporated one of these, together with 
the compressor code, into a design code that can 
rapidly evaluate the performance of various system 
concepts. It gives details of pulse shapes and 
parasitics and estimates the beam quality of the out
put. The average running time of this optimization 
code is about 10 s on the LLL CDC 7600. 

In general, the computational capability sum
marized in Table 7-5 has provided a rapid quan
titative assessment of both basic physics and 
technological feasibility of several laser concepts. 
We view it as a mechanism for identifying key 
technical issues and scaling limitations for advanced 
laser concepts. 

In the remainder of §7.2 we consider several 
average-power fusion laser systems issues addressed 
during the past year: in §7,2.2, the effect of flow 
conditioning on total laser system efficiency; in 
§7.2.3, laser system architecture configurations and 
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multipass amplifier extraction analyses; and in 
§7.2.4, the relationship between laser beam focus-
ability and laser medium homogeneity require
ments. 

Author Major Contributors 

R. A. Haas D. Eimerl 
R. D. Franklin 
W. L. Morgan 
C. W. Werner 

7.2.2 Total Laser System Efficiency 
Efficiency and scalability are two very impor

tant and separate aspects of a large laser system. A 
power plant laser system of high efficiency will have 
lower recirculating power needs and lower capital 
equipment costs. Efficiency depends on several 
factors: 

• Losses due to power conditioning. 
• Electron beam generation. 
• Optical pump photon production. 
• Coupling to the laser molecule. 
• Optical extraction. 
• Pumping, cooling, and chemical regener

ation of the flowing gases. 
By "scalability" we mean the ability to reach 

the high pulse energy requirements of a laser fusion 
reactor by creating power amplifier modules of 
significant size. A laser with large single aperture 
and high energy per pulse lowers costs by reducing 
complexity in the number of beams and compo
nents. In any given laser system, a tradeoff between 
efficiency and scalability to achieve an optimal 
system is usually possible. It now appears that 
achieving high efficiency — rather than high energy 
per pulse or high average power — will be our most 
difficult problem in visible gas fusion laser systems. 

A number of considerations in the determina
tion of overall laser system efficiency are often 
overlooked. We can view a high-average-power gas 
laser system as three separate conditioning sub
systems: optical, electrical, and gas (see Fig. 7-2). 
We then define the total system efficiency t L of a 
fusion reactor as the laser power Pi_ delivered to the 
target divided by the total power, electrical P E C . 
and flow conditioning P F C , required to operate the 
laser: 

P L _ V P 0 _ eT 

' L = PEC + P F C = ^ E C + fre = _±_ + _L < 3 ) 

P 0 P 0

 eEC 6FC 

where Po is the laser output power; E T = P L / P o the 
laser energy transport efficiency; £ E C = P O - / P E C . the 
electrical efficiency; and E F C = P I / P F C > t n e f ° w 

conditioning factor. The laser energy transport effi
ciency ej takes account of laser beam power losses 
incurred by the beam as it travels from the output 
of the final amplifier to the pellet. In a well-
designed optical transport system tj might be in the 
90-95% range. The electrical conditioning effi
ciency is the ratio o f laser output power to electrical 
power input to operate the laser. For an e-beam-
pumped laser, it is the product of the component ef
ficiencies for the e-beam electrical pulse forming 
network (80-90%), e-beam formation and deposi
tion (70-80%), laser medium excitation, and laser 
power extraction efficiencies: 

£EC = £PF«EB£LM«EXT 

The flow conditioning efficiency accounts for the 
power required to circulate the gas, adequately 
damp acoustic disturbances, remove waste heat, 
and chemically regenerate the laser gas. 

From Eq. (3), we can see that total laser system 
efficiency ti_ is effectively the product of the optical 
transport efficiency and the smaller of the electrical 
or flow subsystem efficiencies. Usually, most of the 
power invested in the system will operate a large 
final amplifier, where most of the laser energy will 
be generated. Consequently, the performance char
acteristics of this amplifier will largely determine 
overall laser efficiency. The average output power 
of this amplifier can be written 

P 0 = £ 0 L F A L , L . (4) 

PEC Etsctrfotl povwr 
GOOdltlOfmtQ 

1 

\ U N r 

P 0 

<OC 

P L 
\ U N r 

<OC 

P L 

, mC F>T0 

Us. ,, Flow .-..' 

t :-2. User system p owcr flow diagram. 
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J 

where & O = E I A T V > the laser output energy per 
pulse per unit volume. The volume of the final 
amplifier is 

V = L F A L , 

where L F is the amplifier's length in the gas flow 
direction, and A L is its corresponding cross sec
tional area. The laser system produces pulses at a 
repetition frequency vL. 

If we disregard chemical regeneration, the flow 
conditioning power for this final amplifier is: 

r FC • ^ , \ ( ~ ) . (5) 

where U L is the speed of the flowing laser gas, PL is 
the pressure of the laser medium, TL is the 
temperature of the laser medium and To is the 
stagnation temperature of the gas. If we treat the 
laser flow system as an ideal wind tunnel' and 
disregard the energy added to the laser medium 
from excitation, then 

fc^M' (6) 

direction. (Laser medium exchange factors of 
approximately one to two are typical of subsonic 
gas lasers.) From Eq. (7), we can see that three 
dimensionless parameters determine the flow effi
ciency: ( S O / P L ) . f. and Ap/pL. To achieve high 
flow-system efficiency, we must keep the medium 
exchange factor and pressure drop as low as possi
ble. In addition, the laser output energy per unit 
volume must be as large as possible in comparison 
with the laser medium pressure, which is equal to 
two-thirds of the gas thermal energy density. In 
energy density units, P L = 1 0 2 J/litre-atm. (The 
ratio ftc/PL is sometimes called the volumetric effi
ciency or the specific laser output energy of the laser 
amplifier.) For most applications, the flow pressure 
drop is due to the acoustic damping devices2"4 that 
must be positioned both upstream and downstream 
from the laser excitation region. We can write the 
cumulative pressure drop across a given section for 
subsonic flow systems as 

*Pi ~ *lj titf (8) 

where, for the ith section, Kj is the loss coefficient, 
Pi is the density at the section entrance, and Uj is the 
gas velocity at the section entrance. The loss coeffi
cient Kj is related to the dimensionless coefficient of 
resistance K\ by 5 

where y is the gas specific heat ratio, Ap is the 
pressure drop required to maintain the gas flow 
against losses from acoustic damping devices, etc., 
and p 0 is the reservoir or stagnation pressure. Sub
sonic flows are needed to minimize the generation 
of entropy (thermal) or acoustic disturbances. Fur
thermore, if we use low-pressure-drop acoustic 
damping schemes, the expression for £ in Eq. (6) 
simplifies considerably because the reservoir and 
laser sections are at nearly the same temperature 
and pressure, and £ - Ap/pL. The flow-conditioning 
power is then simply Ppc - APULAL-

We can obtain the flow-conditioning factor by 
combining Eqs. (4) and (5): 

L F i \ 
(9) 

where L F | is the length and d^ is the hydraulic 
diameter of the /th section. We can approximate the 
cumulative pressure drop for subsonic flow systems 
as 

Ap = E K i 7 ^ f •(?"<H pV2 K—pV2. 
2 

(10) 

CFC 
VPL 

f(Ap/pL) 
(7) 

where f=VJi/LFVL is the laser medium exchange 
factor — the ratio of the distance the gas flows be
tween pulses to the optical cavity size in the flow 

Experience suggests that values of K in the 5-30 
range are achievable.2"4 If a 0 is the gas sound speed, 
we can relate the relative pressure drop to the flow 
Mach number M = U / a 0 : 

T"(f)- (11) 
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The flow system factor is then 

C FS 
2 V P L 

f«7MJ 
(12) 

We can maximize the flow system factor by mini
mizing the flow Mach number, medium exchange 
factor, and loss coefficient. We can write this result 
in terms of more fundamental quantities by noting 
that, if T s=Lp/a0 is the acoustic transit time in the 
flow direction, then 

M = 
U ^ " L 

a 0 a„ • - « M) (13) 

Substituting Eq. (13) into Eq. (12) gives the flow 
conditioning factor as 

2S0/P, o'*L 
C FS - ^2 f3 «M 

(14) 

2Xl<r2a0(JAitre)pL(atm) 
e T C = . (15) =FS 

7" V L 3 f 3 

The flow system efficiency is a sensitive function of 
the medium exchange factor f, the product of 
acoustic transit time and laser repetition frequency 
TSVL, the total acoustic damping system flow loss 
coefficient K, and the specific laser output energy 
&o/PL- Clearly, from Eq. (15) the flow system fac
tor is maximized by minimizing the medium ex
change factor, the acoustic transit time, the laser 
repetition frequency, and the loss coefficient and by 
increasing the specific laser output. The acoustic 
transit time depends directly on the laser amplifier 
aperture size, atomic weight of the laser gas, and 
gas temperature (i.e., T? * LpM/T). 

Figure 7-3 illustrates the significance of the 
volumetric efficiency of a laser amplifier. We have 
plotted total laser system efficiency as a function of 
laser electrical conditioning efficiency for represen
tative high-pressure-drop2"3 [Fig. 7-4(a)J and low-
pressure-drop4 [Fig. 7-4(b)] flow-conditioning 
systems. (We took the energy transport efficiency t 0 

Eltetriett oooditionini«fttetaocy (c ( c ) 

Hg,M. TaMlwr 

- - - ) tMJ%.*4(«) l l# 
2-3 

t*UM 
>•< - > [ « 

to be 95 % and the volumetric efficiency as a 
eter.) In the high-pressure-drop system, tr e 
and flow screen arrangements require a sv al 
pressure drop. For a total pressure drop si 
around the flow-conditioning circuit we a 
pressure ratio of three for the pumps, v. so 
assumed that a medium exchange factor of :. ; was 
required. Figure 7-3 clearly shows the iv ; rtance 
of achieving a high volumetric efficiency n iue laser 
medium for this case. For example, if the laser 
system electrical efficiency is 4*7* and the laser 
medium can only operate at a volumetric efficiency 
of 1 J/litre-atm, then total system efficiency is 
0.4%, an order of magnitude lower than the elec
trical efficiency. To achieve its full electrical effi
ciency, this laser would have to operate at >50 
J/litre-atm. 

Figure 7-3 further illustrates the potential ad
vantage of a low-pressure-drop system. Let us as
sume a low-pressure-drop system — as illustrated in 
Fig. 7-4b — with a 5-psi pressure drop (comparable 
to an ordinary wind tunnel) and a medium exchange 
factor of 1.5. Again, if the laser system electrical 
efficiency is 4% and the laser medium operates with 
a volumetric efficiency of 1 J/litre-atm, the total 
laser system efficiency is 1%. The flow penalty 
diminishes as the volumetric efficiency increases. At 
30 J/litre-atm, total system efficiency is nearly 
equal to the electrical efficiency of 4%. Figure 7-3 
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Fig. 7-4. Representative (a) high-pressure-
drop2"3?<id (b) low-pressure-drop4 flow-
conditioning systems used to control 
acoustic disturbances generated after laser 
excitation for high-average-power laser 
systems. 
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clearly shows the profound implications that flow-
conditioning penalties can have for a laser system. 

Figure 7-3 suggests that a laser medium must 
operate at as high a volumetric efficiency as pos
sible — preferably 10 J/litre-atm — to achieve its 
full electrical efficiency with a low-pressure-drop 
acoustic damping system. In some laser media we 
can anticipate that high electrical efficiencies are 
achievable only at low volumetric efficiencies. For 
instance, excited-excited-state kinetic losses involv
ing the laser species may preclude operation at high 
volumetric efficiencies. Also, operation at high 
volumetric efficiency or specific laser output may 
produce large specific thermal loadings and pres
sure pulses that must then be dissipated. For exam
ple, take the case of the 4%-efficient laser operating 
at a specific output of 10 J/litre-atm: if 40% of the 
electric energy appears as specific thermal energy — 
100 J/litre-atm — very strong acoustic disturbances 
will be generated. In this case, a high-pressure-drop 
system may be needed to achieve the required 
acoustic damping and optical medium quality. On 
the other hand, if the laser medium is highly 
radiative so that only 4% (or 10 J/litre-atm) of the 
electrical energy appears as thermal energy, then a 
low-pressure-drop system may be sufficient to 
achieve high medium optical quality. This example 
illustrates the potentially strong interplay between 

the total laser system efficiency requirement, op
tical transport, and laser kinetics. In general, 
gaseous laser media that are radiatively efficient 
and that operate at volumetric efficiencies in the 
10-to-30-J/litre-atm range have the greatest 
promise of achieving the highest average-power 
total laser system efficiencies. 
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7.2.3 Laser System Architectures — Energy 
Extraction 
As noted in §7.1, a fusion reactor laser system must 
deliver a multi-100-TW pulse of short-waveler,; 'h 
radiation to each fusion pellet. Design of such a 
laser system requires careful consideration of the 
energy and power extraction characteristics of each 
of its amplifier elements and the staging or systems 
architecture within which these elements must func
tion. In addition to the physics and technology 
issues associated with the development of large-
scale amplifier elements, economic and reliability 
constraints will require the development of inno
vative systems architectures. In current Ndiglass 
laser designs, the systems architecture consists of a 
cascaded chain of amplifiers [Fig. 7-5(a)] driven by a 
master oscillator. The final amplifier stores most of 
the energy in these amplifiers; however, it accounts 
for perhaps 20-30% of the total cost of the laser 
system. This suggests that architectures based on 
large-scale regenerative [Fig. 7-5(b)] or multipass 
[Fig. 7-5(c)] amplifier configurations may be em
ployed to achieve significant economic and reliabi
lity benefits. In these systems, a large amplifier is 
used to build up a low fluence or intensity input 
pulse to the level at which efficient extraction oc
curs. The "front end" on such a system can be sim
ple and reliable and would account for only a small 
fraction of overall system cost. Currently, the 
technology of large-aperture, fast (<1 ^s) electro-
optical switches permits only 5-to-10-cm apertures 
to be practical without segmentation; thus, large-
scale regenerative systems appear compelling only if 
the switch aperture scaling can be developed. On 
the other hand, for many media it is possible to 
build large-aperture, high-energy, and power-gain 
amplifiers suitable for multipass operation. In these 
systems after only a few passes, say five, a small 
signal can be efficiently amplified to high intensity. 
These systems are particularly promising because 
they are simple, potentially more reliable, relatively 
inexpensive, and potentially more efficient. All this 
is because the effective relaxation time may be ex
tended to allow lower level extraction and gain 
recovery. In the most general case, we consider a 
large-scale amplifier that is pumped one or more 
times and through which an extraction pulse re
petitively passes to remove the available energy. 
The optimum pump-extraction scenario will depend 
on the character of the laser medium. In the follow
ing we analyze the scaling and multipass energy ex
traction characteristics of large-scale storage laser 
amplifiers. 

Multipass Amplifier Scaling — Storage Laser 
Media. Efficiently pumping and extracting energy 

Ht>. 7-5. Advanced laser sy^cm architectures Ma) cascaded 
amplifiers, (b) regenerative amplifier, and (c) multipass am
plifier. 

from a storage laser amplifier requires tht.; the colli-
sional and radiative lifetime T L of the upper laser 
level must exceed the pump time Tp. The output 
fluence must be less than the optical damage fluence 
•"damage and the initial small signal gain-amplifier 
length product o0L must be as large as possible. At 
high energy densities, the maximum o0L is deter
mined by fluorescence depumping and parasitic 
oscillation limitations. For storage lasers with large 
radiative lifetimes (3=I0/us), parasitic oscillation sets 
the more severe limitation. 

Along the propagation axis of a laser ampli
fier, optical damage and parasitic oscillation limita
tions require that the upper laser level line density 
N 0 0 L must be less than the smaller of rdamage,/h1'L 
and 0 0 L ) m a x / o , where o is the stimulated emhsion 
cross section. Therefore, the amplifier is damage-
fluence-limited if o>o 0 = ( a 0 L) m a x h v L / r d a m a g c . For 
a damage fluence of 10 J/cm 2 and (<*0L)niax~4, the 
optimal cross section is o 0(cm 2)~8x KT2OA0im), 
or 3 x 10' 1 9 cm2 at 0.25 nm and 8 x 10"20 cm2 at 1 
(jm. 

Of course, for larcer damage fluences, smaller 
cross sections are optimal. The maximum energy 
that can be extracted from such an amplifier 
module is 

E , < E = r . -—'— max . (16) 
L L m a x damauc , a N . 2 * " ' 

This result shows the advantage of operating at high 
damage fluences, low sni»Jl signal gains, and large 
gain-length products or large amplifier lengths. For 
the previous example, if ao~10"~2 cm"1 (corre-
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sponding to an amplifier length of 4m), the max
imum amplifier energy capacity is about 1 MJ. In 
practice, it is generally not technically feasible to ex
cite the volume or build optical components for a 
4-by-4-m aperture; hence, smaller apertures will 
likely be used. 

Multipass Amplifier Energy Extraction — 
Storage Laser Media. In energy storage laser media, 
both the characteristic pump time and the upper 
level lifetimes are long in comparison with the ex
traction time. In addition, for many circumstances 
of interest, the lower laser level is either rapidly 
relaxed or remains unrelaxed (bottlenecked) during 
extraction. Under these circumstances, the laser 
pulse output energy fluence rfj at the end of the nth 
extraction pass is determined by integrating 

n . I - r n ( x . z»/l\ 

IT, • (v) 
(17) 

from the input fleunce rj,Caj., z). The quantity x± 
accounts for the possible variance in the small 
signal gain o0 and pulse energy fluence r n across the 
amplifier aperture in the directions normal to the 
z-propagation axis. The small signal gain prior to 
the nth pass is 

N.. - £)• •u (18) 

where N u and N L are the upper and lower total 
population densities and g u and gi. are the cor
responding upper and lower degeneracies, respec
tively. The quantity y accounts for nonsaturable 
photoabsorption losses that may be present. The 
saturation fluence for a bottlenecked system is 

hi>. 

r = 

'£)• 
(19) 

If the lower level is rapidly relaxed during ex'rac-
tion, we can use the current formulation, provided 
we impose the limit gu/gL ~* 0. We have studied Eq. 
(17) in some detail; it admits an analytic solution 
only when the nonsaturable loss vanishes. 

If the optical transmission per pass of the 
multipass pulse optical relay system is T and non

saturable loss is absent, the solution of Eq. (17) 
becomes 

» . = 0 lnjexp/ J a0n dz I 

(20) 

+ 1' 

The laser pulse energy fluence depends on the input 
fluence TrjJ.i, the saturation fluence and the small 
signal gain integrated from the input. The extrac
tion efficiency after the nth pass is 

r . _ r i 

N u 0

h " L L 

r° _ r\ 

K* 
.(21) 

u » 

where o0L is the initial small signal gain that would 
be achieved in the absence of any upper or lower 
laser level relaxation during excitation. In general, 
the amplifier gain distribution immediately before 
the first extraction pass depends on the pumping 
mechanism. For example, if the upper laser level 
lifetime is T L and the laser medium is pumped 
uniformly for a time TP, then 

/ a 0 dz = (a0L) f — | < l - e x p 
•* ' \ T p / ( 

,(22) 

If the amplifier is pumped transversely from two 
sides along the x-axis by a bleaching wave, then 
excited-state quenching produces a nonuniform 
transverse initial gain profile after the bleaching 
wave has excited the medium. When the two 
bleaching waves meet at the center of the amplifier, 
the gain distribution is 

f a 0 j dz = (tt0L)exp ~(~j^~j 

(23) 

< x < 
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0.01 

Tj . J/ciTiz 

Fig. 7-6. Xenon fluorescence pumped OCSe photolytic laser operating on the transauroRj line: (a) the calculated extraction 
efficiency t^XT ina multipass amplifier geometry as a function of normalized input fluence I}/ rj, with numberOf amplifier 
passes as a parameter; (b) the calculated normalized input fluence as a function of the pumping time-to-lifetime ratio T_/TL for 
several extraction efficiency values. In (a), the pump timt was r. = 400 ns, the transit time between extraction passes was r L 

= 100 ns, and the 8e< *S) lifetime was talren to be 1 jis. The smahsignal gain length product <t0 L along the amplifier axis was 4. 
The optical transport loss per pass was e = 0.05. The input fluence had a fifth-power super-Gaussian transverse profile. 

where the transverse amplifier width is Li. In deriv
ing Eq. (23), we have assumed that the excited-state 
density decay is exponential and does not lead to 
population of the lower laser level. By using conser
vation of energy, we obtain the small signal gain in
tegral for the wth pass (n > 1) given by 

/ a o n dz = ae(~TT/TL> / N dz 
Ja •'o n _ 1 

-•(£).f »>..-,* ik) (24) 

( r 0 „ - , -T r»_ 2 ) j ^ + e< -^ L ) : 

where rr is the time between extraction passes. The 
simultaneous solution of Eqs. (20)-(24) constitutes 
the model of the multipass amplifier. For initial 
gain and input fluence distributions that are non

uniform across the amplifier, we solve these equa
tions by partitioning the transverse aperture into 40 
elements and solving Eqs. (20)-(24) for each ele
ment. We have used this multipass amplifier anal
ysis method to study Group VI, Rare Earth Hybrid 
and RGH/Raman Pulse Compressor systems. We 
discuss the results of these calculations later in §7. 
Figures 7-6 and 7-7 show results of a multipass ex
traction analysis for a Group VI laser amplifier. 
Figure 7-6(a) shows extraction efficiency as a func
tion of centerline input fluence, parametric i •• x-
traction pass number. (The input pulse was a fifth-
power supergaussian and a 0 L=4. ) Figure 7-6(b) 
shows the effect of a finite T P /TL ratio on the extrac
tion efficiency of a two-pass amplifier. Figures 7-7 
(a) and (b) give the initial gain distribution and 
transverse extraction characteristics for this Group 
VI amplifier as a function of extraction pass 
number for a 0 L = 4 and for a centerline input flu
ence of 10~2 J/cm 2 . [Because of quenching during 
bleaching, the initial gain at the amplifier's edge is 
0.67 (o0L)-] The nonuniform initial gain distribu
tion leads to a significantly nonuniform transverse 
output pulse shape and extraction efficiency char-
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acteristic. As Fig. 7-7(b) shows, optical transit losses 
begin to reduce the centerline extraction efficiency 
before the energy at the edge of the amplifier can be 
efficiently extracted. We present a more exiensive 
discussion of these results in §7.3.4. 
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7.2.4 Propagation of Laser Energy 
Focusing requiremer*- for target irradiation 

place constraints on the op.real quality of media in 
which the laser light is generated and through which 
the laser light must pass on its way to the target. 
Early Ndrglass laser development experiments 
revealed that nonlinear phase %.nd amplitude distor
tion produced by small-scale self-focusing could 
cause serious defocusing at high peak power. Since 
then the development of laser glasses with much 
lower nonlinear indices and the development of 
spatial filtering and optical relay beam-transport 
techniques have greatly reduced this problem. In 

this section, we identify sources of phase and 
amplitude distortion in gaseous media and compare 
them to establish their relative importance. We then 
consider focusing of beams and the constraints im
posed by beam aberrations. 

Phase and Amplitude Distortion Processes. 
Phase and amplitude distortions due to several 
mechanisms degrade the propagation of high-
intensity laser light through gaseous media in a laser 
system. The more important mechanisms are likely 
to include the following: 

• Gas flow turbulence in amplifiers and 
beam transport tubes. 

• Density disturbances generated by vol
umetric energy deposition. 

• Saturation. 
• Shock-wave generation by hot electrodes 

or electron-beam foil energy loading. 
The index of refraction for a gas is close to 

unity and can be written n = 1 +/J(p/ps), wherep s is 
the gas density at standard conditions (1 atm, 
273 K) and p is the Gladstone-Dale constant, which 
depends only weakly on wavelength in the visible 
for most gases of interest. Table 7-6 lists represen
tative values of p at S89.3 nm reduced to 1 atm and 
20 °C. Note that p is approximately an order of 
magnitude smaller for helium and neon than for 
other common gases. 
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Table 7-6. Gladstone-Dale refractive index coef
ficients" for 589.3-nm light reduced to I atm and 
20°C. 

Gas H x in' Gas li x in1 

Air i.<n Hydrogen 1.32 
Ammonia 3.76 krtpton 4.27 
Argon 2.81 Mercur\ V.M 
Hell/cnc 17.62 Methane 4.44 
Bromine 1.32 Neon 0.67 
Carbon dioxide 4.51 Nitric oxide 2.07 
Carbon monoxide 3.38 Nitrogen 2.97 
Carbon tetrachloride 17.68 Nitrous oxide 5. In 
Chlorine 7.73 Ox.tgcn 2.72 
Kluorine l.»5 Water vapor 2.54 
Helium (1.3d Xenon 7.(12 

"11. W. C. ku.U'undT. II. l.ab\ * Tables uf Physical tind Chemical 
(.'ouMaiitx (Longman. New York, 1973). 

For geometric optics, nonuniformities in the 
refractive index across the beam AnJL=/?Ap1/ps can 
produce average phase variations: 

k0Po r] L (Ap^dz kj3p, 

Po (25) 

and average angular deflections 

p 0 /-LlV^ldz Po/flVjPlH 
A0, = 0 - I = P—[ |L(26) 

Ps •* P0 Ps \ Po I 

where p 0 is the density of the medium; X denotes 
displacement normal to the axis of propagation, k is 
the laser light wave number, and L is the propaga
tion distance in the medium. The mean quantities 
A0i and A 6i depend on the character of the density 
fluctuations and are nonzero only if the density 
fluctuations are not random or are not fully tur
bulent. This is often the case in high-average-power 
lasers because acoustic disturbances set up charac
teristic density variations that depend on specific 
boundary conditions and are, therefore, not fully 
random. If the medium is turbulent, the average 
phase and angular deflection of a ray vanishes, but 
its mean-square value does not. As an example, if 
we can characterize the density (refractive index) of 
the turbulence by a Gaussian correlation function 
with scale length I, then the square roots of the 
mean-square phase and angular deflection quan
tities are approximately6"7 

<K) 2> 
1/2 1 

ir l /"(CL) , / 2k|3 G) 
A Po I 

1/2 (27) 

and 

HviM^r* <( A-\ 2 

P0) 

1/2 

(28) 

These results, when compared with Eqs. 
(25) and (26), indicate that random fluctuations 
produce less distortion than nonrandom cor
related or ordered inhomogeneities of comparable 
scale length. In general, the density fluctuations 
generated in an average-power gas laser amplifier 
are neither fully ordered nor random; they have 
properties specific to the scale size of the device and 
the acoustic damping devices. Therefore, Eqs. 
(25)-(28) are useful only in estimating the bounds 
that distortions can have and the approximate con
ditions that must be achieved for adequate beam 
quality. For example, for density fluctuations of the 
same magnitude, small-scale-length turbulence 
(i <i L) produces larger deflections than large-scale 
(L ~ I) or ordered disturbances. Phase fluctuations 
are larger for smaller wavelength, whereas average 
deflections are virtually independent of wavelength. 
(We clarify significance of these results below.) 
Laser operation at a density p 0 less than or equal to 
standard density with a gas mixture composed 
primarily of helium or neon is highly desirable. For 
example, density fluctuations of the same character 
and magnitude in xenon at 10 atm produce distor
tions 200 times those produced in helium at I atm. 
For a 500-nm laser amplifier of length 4 m contain
ing helium (argon) at 1 atm, and for (Apj/p0) ~ 
10~3, the relative phase variations are (A0j/27t) ~ 
0.28(2.3), respectively. Recent experimental and 
theoretical studies2"4 of average-power lasers in
dicate that we can achieve (Api/p0) values in the 
10"4 to 10"3 range. 

Focusing Aberrated Laser Beams and Laser 
Media Optical Quality Constraints. The output 
beam of a fusion laser system must satisfy focus-
ability constraints that are governed by the re
quirements of target irradiation. Several criteria 
and formulations relating focusability requirements 
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to laser medium homogeneity have been proposed. 
However, as we show here, some of these criteria 
are inadequate; in some cases they are misleading. 

The simplest criterion is to require the laser 
spot size to be equal to or somewhat smaller than 
the pellet cross section (on the order of a few 
millimeters). For a near-diffraction-limited system, 
the Straehl focal plane intensity ratio has been used 
to estimate the ratio of the diffraction-limited spot 
size to the aberrated spot size. For a Gaussian 
beam, this gives the radius constraint 

r, > 1.22 
' D iw -1/2 

(29) 

The quantity l-J(A0j)2 is the Straehl ratio (the ratio 
of the intensity on-axis in the focal plane to the in
tensity for a diffraction-limited spot size). Because 
this expression is not rigorous and only approx
imately valid for ?(A0j)2 <i I, it is of relatively little 
value here because fusion lasers operating in the 
visible and ultraviolet will likely have 5(A0j)2 > 1. 
Also note that misapplication of Eq. (29) can lead 
to erroneous conclusions, particularly for media 
and laser wavelength dependence of the focusability 
constraint. 

A more accurate approach than Eq. (29) to the 
requirement that beam spot size be less than target 
diameter is to use the results of Talanov's com
pletely rigorous and very powerful moment theory8 

for the propagation of aberrated laser beams. Ac
cording to this theory, several integral invariants or 
spatial moments of the intensity distribution of a 
propagating laser beam remain invariant through
out beam propagation. 

Application of this theory indicates that, after 
passage through a focusing lens of focal length fL, 
the minimum mean-square radius of an aberrated 
laser beam is 

<r2>„ ««#y-^ 
(30) 

where 0o(rj.) and E 0 (ri) are the phase and 
amplitude distributions, respectively, of the beam 
across the input to the lens. The quantity <f> 

denotes the intensity-weighted average of the func
tion f across the beam profile at the input to the 
lens. We can also derive expressions similar to Eq. 
(30) for the focal length and depth of focus of the 
aberrated laser beam. If the input phase distribu
tion 0 O is due primarily to linear sources, then the 
geometrical optics term Vx&A is essentially in
dependent of laser wavelength and only the diffrac
tion term (Vj.Eo/kEo)2 contributes a wavelength 
dependence. (We discuss the implications of this 
below.) With Eq. (30), the focusability condition 
becomes r,2 > < r 2 > m j n . To estimate the constraint 
imposed by this condition, suppose Li is the 
averaged density fluctuation producing the phase 
distortion 0 O . The focusability condition is approx
imately 

(31) 

If the density fluctuations are sufficiently large that 
the diffraction contribution is small, then the condi
tion of Eq. (31) becomes a constraint on the relative 
density fluctuations in the laser medium: 

' J / * W ) p w L (32) 

From this simple criterion, the medium quality con
straint is reduced by minimizing the focal length of 
the focusing lens, the Gladstone-Dale constant p of 
the working medium, and the operating density p 0 

relative to standard density p s and by maximizing 
the transverse scale length of the characteristic den
sity fluctuations of the medium. As an example, 
suppose the working medium is helium at 1 atm, 
that mirror damage requires a standoff distance of 
fL = 50 m, and that the target specification is r t = l 
mm (5 mm). If the density disturbance in the 
amplifier is such that L/Lj.= 10, then Eq. (31) re
quires that the average density fluctuations in the 
medium satisfy < A p i / P o > ^ 5.7 x 10 - 4 (2.8 x I0""3). 
These constraints are not trivial; however, in high-
average-power CO2 lasers, values of <Api/po> in 
the range of 10"4 to 10"3 have been achieved. 
Clearly, if the working gas were xenon at 1 atm, 
these constraints would approach the boundaries of 
the current state of the art in optical quality control 
for average power laser media. 

The condition r 2 J> < r 2 > m l n is useful because it 
uses a rigorous result from Talanov's moment 
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theorems. However, it is still not precise enough for 
our use since it does not specify the fraction of inci
dent laser energy contained within the specified 
radius r,. It is easy, for example, tc construct inten
sity distributions in which a significant fraction of 
the energy in the beam lies outside the mean-square 
radius <r 2 > m i n . A more accurate and useful cri
terion, therefore, is that the fraction of total laser 
power incident on the target that lies outside the 
radius rt, AP r ( /P 0 , be less than a certain value, say 
0.01: 

(AP r /P 0 ) < 0.01. 

Although we have not made this calculation 
for the general case of arbitrary phase and 
amplitude distortion, a simple example gives insight 
into the possible character of the general result. If 
the refractive index fluctuations of the medium are 
statistically random with a Gaussian correlation 
function whose scale length is I, and if diffraction 
effects are not important, then 6 , 7 

AP. 
e(-^\ (33) 

Fig. 7-8. Mtdhun fcomofMMitjr eoaibakt on tatn betm 
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where 

'eff 

(34) 

Here, we assume that gas density fluctuations make 
the principal contribution to the root-mean-square 
refractive index fluctuation. Note that we can 
derive this Eq. (34) expression for the mean-square 
radius from the Talanov theory by using 
<r2>min = f£ <(Vi^,/k) 2> and the approximations 
of Tatarski and Chernov.6-7 From Eqs. (33)-(34) the 
radius outside which 0.01 of the total beam power 
resides is 

r, = 2.15r e f f = 5.7 fL 

(35) 

Again, because of the large aberration geometrical 
optics limit, the criterion is essentially independent 
of wavelength. We note that the primary difference 
between the current criterion and the one developed 
approximately from the Talanov theory applied to 
ordered density fluctuations [i.e., Eq. (31)] is the 
ratio of the medium length to the characteristic 
inhomogeneity scale length entered as the square 
root for the random and linearly for ordered-
density fluctuations. Random scattering tends to 
reduce the refractive spreading. From Eq. (35), the 
medium quality condition becomes 

(36) 

Figure 7-8 plots the constraints imposed by Eq. (36) 
for several gases. The results indicate the potentially 
significant advantages associated with the use of 
such low p gases as helium or neon, operation at 
low pressure, and elimination of small-scale tur
bulence or density inhomogeneities. 

Although these results are somewhat qual
itative, they indicate the type of analysis that must 
be performed to relate visible and ultraviolet laser 
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media optical-quality requirements to fusion reac
tor target irradiation constraints. The Fig. 7-8 
estimates show that, for gaseous media, control of 
density fluctuations in large-scale average-power 
fusion laser amplifiers will be an important — but 
apparently tractable — technological problem. 
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7.3 Group VI Lasers 
7.3.! Introduction 

We and others have discussed the possibility of 
energy storage lasers based on the 'S metastable 
state of Group VI atoms, oxygen, sultur, or seleni
um (see annual report for 1974, 1975, and 1976, and 
Refs. 9-10). If we can produce excited-atom densi
ties on the order of 101 6 cm"' in a buffer and main
tain them for times of order 10"6 s, the 'So-'D2, 
electric quadrupole transition and in some cases the 
'So-3Pi, magnetic dipole transition of these atoms 
should produce usable gain coefficients. Figure 7-9 
shows the energy levels and transitions of interest 
for selenium as an example. The selenium laser 
transitions of possible interest are the "auroral"line 
at 776.9 nm and the "transauroral" line at 488.7 
nm. The terminology arises from the analogous for
bidden lines of oxygen, which are well known in 
atmospheric spectroscopy. 

As we noted earlier, the laser pumping mecha
nism for 's metastables need not directly produce 
an inversion because collisional deactivation of the 
lower laser state — 'D2 or 3P2 — is typically much 
faster than collisional deactivation of the 'S state. 
Note, for the case of selenium, the 3Pi lower laser 
level at 1989 cm"1 is sufficiently high to prevent its 
thermal population from the 3P2 ground state at 
room temperature. Inversion of the 'So- 3Pi transi
tion for sulfur and oxygen is more restricted, since 
their 3Pi levels are at 397 cm"1 and 159 cm"1, 
respectively. 

We calculated stimulated emission cross sec
tions for these electric-dipole-forbidden transitions 
assuming Doppler-broadened linewidths and theo
retically calculated radiative lifetimes." Table 7-7 
gives the resulting values at line center, together 
with the optical pulse fluence (hv/o) required to 
deplete the inversion density to e"1 of its initial 
value. The two cross sections for selenium represent 
the possible range, which depends on the spectral 

Table 7-7. Laser properties of group VI metastable atoms. 

Wavelength 557.7 nm 772.5 77o.S 
Gain cross section 8.7i-2()icm'-' 4.51-19) 4.8—9.M-I9) 
Satutalion fluence 4.(1,1/cill- (1.57 11.5.1—(1.27 

'S„ - 3 P, () s 
Wavelength 
Gain cross section 
Saturation fluence 

297.2 11111 
5(-221 cm-' 
1.100 J'cnr 

458.9 
31-201 
14 

Se 

488.7 
4—81-191 
1—0.5 
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overlap of the lines produced by different selenium 
isotopes in natural abundance. The larger value 
assumes precise spectral overlap. The smaller value 
assumes no overlap (i.e., an isotope shift much 
larger than the Doppler linewidth, approximately 
800 MHz). Hyperfine splitting is of no significance 
because of the lack of nuclear spin for these atoms. 

For buffer pressures greater than a few hun
dred torr, collisional broadening of the atomic lines 
reduces the cross sections below the values shown in 
Table 7-7. Buffer gases also give rise to the 
collision-induced molecular emission near the 
'So-'D2 atomic line. This phenomenon is well 
known for 0 ( ' S ) l 2 1 4 a n d S('S). 1 5 In the past year 
we have shown that it also occurs for selenium and 
can be a convenient monitor of Se('S) decay. 
Collision-induced emission results when the 'S 
atom and its collision partner are in close proximity 
because of the transition-dipole moment induced by 
the collisional perturbation. 1 6 , 1 7 Because the atomic 
levels are shifted during collision, the molecular 
emission occurs in a broad band whose width is 
typically greater than kT, 6 x 10 6 MHz. Because the 
molecular emission is broad, the gain cross section 
for collision-induced emission rivals that of the 
atomic line only for buffer pressures of many atm. 
Nevertheless, the total collision-induced fluo
rescence integrated over its spectrum dominates the 
the atomic fluorescence even for buffer pressures as 
low as 100 Torr. 

During 1977, we directed our experiments 
toward low-pressure Group VI lasers, where 
photolysis of simple triatomic molecules using an 
external light source produces *S excited atoms. 
Several factors led to our concentration on low-
pressure photolytic devices in preference to e-beam 
excited, high-pressure, collision-induced lasers 
which we previously studied: 

• Minimizing the index of refraction of the 
laser medium to reduce flow costs and improve 
medium homogeneity for possible repetitive opera
tion. 

• Improving laser medium efficiency by 
using photolytic radiation at a wavelength with a 
high quantum yield for *S atom production. 

• Investigating laser possibilities on S('S) 
and Se('S) atoms, which are not significantly pro
duced by direct e-beam excitation. 

Fluorescence and laser emission from rare-gas 
excimers conveniently match the spectral bands 
needed for production of 'S metastable atoms. 
Figure 7-10 shows the fluorescence spectrum of XeJ 
at 172 nm produced by e-beam excitation of high-
pressure xenon, along with the spectrum trans
mitted through 1.1 torr-cm OCSe. The strong ab-

Fif. 7-kO. Fiat ipectrum of XeJ fluoreiotiice, iti tiuu-
mMon though OCSe, nd the Se( •s) quantum yield i% 
waveknjth. 

sorption band of OCSe corresponds to the region of 
high quantum yield of Se('S) shown below. 1 8 The 
quantum yield, as weighted over the XeJ spectrum 
is approximately 0.8. Similarly, Fig. 7-11 shows 
that the KrJ fluorescence at 146 nm overlaps the 
region of high quantum yield of S('S) by 
photodissociation of OCS. 1 9 Finally O('S) is pro
duced by Ar| photodissociation of N 2 0 near 126 
nm. 2 0 (Black and coworkers measured the quantum 
yield curves under LLL contract support.) 

The use of rare-gas excimer radiation as a 
pump source for Group VI metastable atoms is 
attractive not only for its spectrum but also for its 
high fluorescence efficiency. Careful measurements 
that were described in the 1975 annual report de
termined that the ArJ, KrJ, and XeJ fluorescence 
efficiency is about 50% at I atm when excited with 
an e-beam depositing about 10 mj/cm 3 . As dis
cussed in the 1976 annual report, these high values 
give rise to the possibility of high-efficiency rare-gas 
excimer lasers operating in the vuv. Analysis of 
these lasers, 2 1 however, has indicated that effi
ciency is limited by optical absorption by excited 
species in the laser media, specifically photoioniza-
tion of the excimers themselves. This difficulty is 
not apparent in fluorescence efficiency measure-
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Fig. 7-11. Film Spectrum of KrJ fluorescence, its trans
mission through QCS, and the S( !S) quantum yield VJ 
wavelength. 

merits, where the volume studied is optically thin to 
the emitted radiation. 

In §7.3.2 we describe both the experimental 
and theoretical 1977 work that was directed toward 
understanding rare-gas excimers as drivers for 
Group VI photolytic lasers. We discuss the per
formance of a superfluorescent device operating at 
high pressure (~ 10 atm) and high e-beam current-
density (~100 A/cm 2). While this excimer laser 
does not operate with either high efficiency or good 
beam quality, its output is sufficient to perform 
both Se('S) and S('S) laser experiments. We also 
describe a separate experiment designed to measure 
both the XeJ gain at 175 nm and the medium 
absorption at a slightly longer wavelength. The 
measured gain-to-loss ratio at the XeJ laser 
wavelength can be used to compare to laser per
formance predicted by modeling calculations. 

Theoretical work on the rare gas excimers has 
included completely ab initio calculations of the 
XeJ and Xe/potential curves. We compare calcu
lated emission wavelengths and radiative lifetimes 
with experimental measurements. Also we have 
used uhi Stieltjes imaging method described in the 

1976 annual report to calculate photoionization 
cross sections for Ne* and ArJ. These calculations 
provide input data for modeling rare-gas excimer 
laser performance. 

In §7.3.3, we describe experiments and 
theoretical calculations of the production and 
quenching of 'S metastable atoms. Photolytic ex
periments have concentrated on determining the 
time decay of S('S) and Se('S) atoms produced at 
concentrations greater than 10 1 6 cm"3. We discuss 
the important role that photo-produced electrons 
can play in 's decay. In late 1977 and early 1978, we 
demonstrated laser oscillation for the Se('So- 3Pi), 
Sef'So-'D^, and Sf'Sn-'Dz) atomic transitions. We 
include a preliminary description of their laser per
formance. 

Theoretical work on ! S photolytic production 
treats the potential surfaces relevant to OCS 
dissociation and the origin of the structure in the 
dissociative bands. We discuss possible mechanisms 
for S('S) deactivation by collisions with other 'S 
atoms, self-deactivation, and associative ionization. 
Finally, we present a semiempirical method for 
determining 'S photoionization. This work pro
vides a basis for predicting electron densities in the 
photolytic media. 

In §7.3.4, we synthesize our results to obtain a 
systems model of a Group VI photolytic laser. We 
discuss critical issues concerning the performance 
of a rare-gas excimer driver, as well as general 
schemes for using efficient rare-gas excimer fluo
rescence. We discuss the optical coupling efficiency 
and deposition profiles of a fluorescence driven 
system and novel geometries designed to produce 
high coupling efficiency. Our estimates of the effi
ciency of various components of a hypothetical 
Group VI laser are consolidated to predict overall 
laser system efficiency. 

Finally, in §7.3.5 we describe the possible scal
ing of Group VI lasers to the very large sizes re
quired for laser fusion. Because they are optically 
thick to the pump radiation, the Group VI parent 
molecules must be totally bleached to excite a large 
aperture amplifier (Fig. 7-12). We discuss the prac-

Low input fluence High input fluence 

Depth 
Fig. 7-12. Schematic diagram of the *S metastable density 
vs depth for low input fluence without bleaching and high 
input fluence, bleaching several absorption depths. 
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tical relationship between the amplifier aperture 
and length. We show how scalability depends on 
excited-state density, storage time, and pump in
tensity. We summarize this information in a con
ceptual design of a 1-kJ Group VI photolytic laser. 
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7.3.2 Rare-Gas Excimer Pumps 
Xc| and KrJ Superfluorescent Light Source. 

We have used the MEG II e-beam facility as a high-
intensity, rare-gas excimer light source to perform 
Group VI photolytic experiments. The high-
pressure "10-pass amplifier" described in the 1976 
annual report, together with pure rare gases, pro
duces Xe£ radiation at 172 nm and KrJ radiation at 
146 nm. The MEG II machine produces a 1-MeV 
50-ns e-beam with an average current density of 100 
A/cm2 over an area of 10 by 50 cm. The e-beam 
energy of 2500 J is coupled through a 5-mil-thick 
titanium foil into a high-pressure gas cell with an 
e-beam absorption depth of 3 cm. 

At high Kr and Xe pressures, the rare-gas 
amplifier operates in a superfluorescent mode, re
quiring no mirrors and producing a high-intensity 
output in the long direction of the cell. Identical 
photolytic cells are mounted symmetrically at each 
end. One is used for photolytic experiments; the 
other houses a simple carbon sheet calorimeter to 
monitor the viiv energy on each shot. The output 
beam passes through a 1-cm-thick MgF2 window 
with an open aperture of 0.8 x 8 cm. Because of the 
geometry of the vuv source, the long axis of the 
photolytic cell is aligned vertically (see Fig. 7-13). 
At low operating pressure, the vuv output is pro
portional to pressure. Above 75 psi Xe or 200 psi 
Kr, the output energy exhibits a rapid increase with 
pressure, indicating the onset of superfluorescence. 
The increase in the vuv output is accompanied by 
spectral narrowing, as shown in Figs. 7-14 and 7-15. 
(We recorded these spectra on film with a 0.5-m 
spectrometer operating in second order.) The XeJ 
superfluorescent linewidth is about 3 nm and is 
clearly red-shifted from the peak of the 20-nm-wide 
Xe| fluorescence. The KrJ spectrum in Fig. 7-15 
shows various absorption lines. These absorptions 
become more prominent in the superfluorescent 
regime as small differences in the amplification 
coefficient are exponentiated. The strongest 
absorption lines are the Xe impurity line at 147 nm 
and various CO absorption bands. 

The maximum output energies into the 
photolytic cell that we obtained are 2.1 J at 172 nm 
from exciting xenon at 200 psi and 1.3 J at 146 nm 
from krypton at 400 psi. We estimate the Xe| out
put from both ends to represent about 1% of the 
deposited energy in the available optical aperture. 
Figure 7-16 shows the time dependences of the 
superfluorescence to be similar. At the leading edge 
of the excitation pulse both the XeJ and KrJ super-
fluorescence exhibit a sharp spike whose source is 
unknown. However, it may indicate a more favor
able ratio of medium gain to medium loss in the 
transient regime compared with steady-state excita
tion. 

We obtained the maximum energy perform
ance with extremely pure rare gas. We purified the 
rare gas with a titanium getter system and passed it 
through a molecular sieve cooled to dry ice temper
ature for a total impurity level of ~1 ppm. The out
put on the second shot typically declines by 
30-50%. We attribute this decline to impurities 
liberated into the gas that either absorb the excimer 
radiation or collisionally intercept the excimer pro
duction chain. Obviously we are careful in pre
venting Xe impurities in the case of Kr. After 
several tens of shots, the output fluence degrades to 
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one-tenth the initial value, approximately the level 
we expected from simple fluorescent operation. 

Two different results suggest the importance of 
absorption by excited states. A single reflecting mir-
roi, having either a MgF2-overcoated Al coating or 
a commercial dielectric coating, has little effect on 
the output energy, even when carefully aligned with 
the photolytic cell window to form an optical cavi
ty. (The reflecting mirrors are extensively damaged 
during each shot.) A second pass produced by a 
mirror apparently does not cause further light 
amplification. Note that the maximum observed 
output powers are about 6 MW/cm2 for XeJ and 4 
MW/cm2 for KrJ. These values are considerably 
less than the calculated saturation fluences, and 
imply substantial nonsaturating loss in the rare-gas 
excimer media. 
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however, on the sidelight emission as a function of 
axial intensity. This result also suggests that non
saturable medium absorption limits the vuv super-
fluorescence power to a value less than the fluence 
required for saturating the rare-gas excimer popula
tion. 

XeJ Absorption/Gain Measurements. We have 
measured the XeJ gain at 175 nm in e-beam-excited 
xenon and the absorption at 219 nm for the same 
experimental conditions. From these measurements 
we can infer the medium-gain-to-loss ratio of 172 
nm and predict the efficiency of a XeJ amplifier. 
Our results indicate that, under certain conditions, 
photoionization from the excimer states is not (he 
only important absorption process. 

Figure 7-17 is a schematic of the experiment. 
The probe laser is a z-pinch, pulsed-discharge 
device operating at 10 mTorr Kr pressure that emits 
50-100-ns laser pulses from Kr + + + . (See Refs. 22, 
23.) The probe laser operates at either 219 nm or 
175 nm, depending on mirror selection. The laser 
radiation is directed through a beam splitter that 
allows most of the laser beam to enter a 10-cm-long 
experimental cell. The remaining portion of the 
beam, I m , is directed through an appropriate 
10-nm-wide bandpass filter onto a phoiodiode. This 
serves as a signal that allows us to monitor shot-to-
shot variations of the probe laser. The radiation 
passing through the cell, IT, traverses a 7-m vacuum 
beam pipe to a 0.3-m monochromator and finally to 
a second photodiode. The long propagation path 
and spectral selectivity reduce the background XeJ 
fluorescence in relation to the probe signal. A third 
filter-photodiode combination monitors the fluo
rescence from the xenon cell. 

Xe, CO impurity 

120 130 140 150 100 170 
Wavelength, nm 

Fig. 7-15. Sp«tnln»nrowilito( theend-conptodtoiiiMon 
from Kr2, Indicating mperflnorescenc*. The one-naif in-
•Muity ipoints show* repraimt n< opticaMenaity dacit-
mmt of 0.3. 

In a second experiment, we inserted a small, 
evacuated calorimeter mounted behind a reentrant 
MgF2 window into the excited gas volume from the 
back of the rare gas cell. We compared the Xe| 
sidelight fluorescence (approximately 50 mj/cm 2) 
both with and without high-intensity superfluo-
rescence in the axial direction. To prevent super-
fluorescence, we inserted beam blocks into the rare 
gas cell to limit the gain length. We saw no effect, 
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Fig. 7-17. Experimental setup used to make Xe z gain and absorption. 

Transient digitizers acquire all signals which 
are then stored on floppy disks for subsequent 
analysis. A minicomputer processes the data and 
corrects for shot-to-shot probe laser variations. We 
measure both the transmitted and monitor signals, 
IT and IM> before each run. The measured absorp
tion or gain is Rlt(t)/IjO), where the normalization 
constant 

R=; iS , ( t )d t / ; i M ( t )d t 

accounts for changes in probe laser energy. The 
temporal jitter in the laser pulse makes a time-
dependent normalization factor unreliable. We ac
count for jitter by varying the time center of the 
reference signal If(t) as indicated by the relative jit
ter of the monitor signal between the reference and 
data shots. 

We select xenon cell pressures and electron 
beam current levels that permit us to observe both 
gain and loss over a 10-cm path length and to make 
comparisons with other available data. Figure 7-18a 
illustrates the results of an absorption measurement 
at 100 psi Xe, 850 A / c m 2 excitation current, and a 

219-nm probe laser wavelength. I 0 is the computer-
normalized input intensity ( I 0 = Rlf; and lj is the 
transmitted beam. The peak absorption is about 
0.12 cm" 1; it is approximately constant during the 
50-ns e-beam excitation. If we assume a quantum 
defect scaling of the photoionization cross 
section, 2 4 we can extrapolate the 0.12 cm" 1 absorp
tion coefficient at 219 nm to yield an absorption 
coefficient of 0.06 cm"1 at 172 nm. Figure 7-18b 
illustrates a net gain of 0.09 cm"1 at 175 nm under 
identical conditions. Combining this result with the 
absorption data, we calculate a total gain of 0.15 
cm" 1. This result agrees well with the gain values 
computed from calibrated XeJ fluorescence inten
sity measurements made earlier with this device. 2 5 

We measured the absorption coefficient at 
several pressures at constant e-beam current. Fig. 
7-19 shows the results. If the absorption were only 
from the X e ^ ' l ) and Xe2(32) states, we would ex
pect an approximately linear dependence between 
pressure and absorption coefficient. The observed 
dependence is weaker than linear, indicating that 
absorp. on from states other than excimer laser 
states may be significant at low pressure. One such 
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Fjg. 7-18. Optical absorption data in electron-beam-excited xenon at 219 nm (a) and gain data at 175 nm (b). 

process could be photoionization from the Xe*(6p) 
state. 

We conclude that photoionization as a signifi
cant loss process is not limited to XeJ. The uncer
tainties in the current experiment, specifically the 
proper wavelength-scaling of the photoionization 
cross section, prevent us from accurately determin
ing the absorption coefficient at 172 nm. However, 
the pressure scaling of the photoabsorption at 219 
nm indicates that several states are responsible. The 
estimated gain-to-loss ratio at 172 nm is 2.S 
(0.15/0.06). This suggests that the extractable 
stimulated emission power may be limited to 1.5 
times the XeJ saturation fluence. 

3are-Gas Excimer Potential Curves and Life
times. Designing kinetic and radiative models to 
describe the fluorescence and coherent emission of 
rare-gas excimers requires knowledge of radiative 
lifetimes, cross sections for photoionization, optical 
absorption, and stimulated emission. Previous 
theoretical studier on the states of Xe£ are limited to 
the empirical potential energy curves estimated by 
Mulliken. 2 6 , 2 7 We have computed potential energy 
curves for the ground 'XgState of Xe 2 , the first four 
states of the Xe 2

+ ions, and the eight Xe 2 excimer 
states corresponding to the addition of a 6so g 

Rydberg electron to these ion cores. We used aver
aged relativistic effective core potentials to approx
imate the inner shell electrons and the self-
consistent field approximation for the valence elec
trons. The calculations used the LS-coupling 
scheme with the effects of spin-orbit coupling em
pirically included in the resulting potential energy 
/ .nrvoc 28 

A comparison of results using nonrelativistic 
and averaged relativistic core potentials indicates 
that relativistic effects are not important for many 
properties of Xe2 molecules. The calculated spec
troscopic constants for Xejf are in good agreement 
with all-electron, configuration-interaction calcula
tions, suggesting that the computed values for XsJ 
excimers should also be reliable. 

Table 7-8 gives a summary of the calculated 
spectroscopic and radiative properties for the three 
lowest excited states of Xe2. Potential energy curves 
for Xe2 Xe 2 and Xe 2

+are given in Fig. 7-20. The 
curves for Xe 2 do not include interactions with the 
attractive potential curves arising from the 6p states 
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Table 7-8. Calculated spectroscopic constants and 
radiative lifetimes for Xe* . 

I'mpt'di) KliTtnmic stuiv 

I U II 
Ki'la.,1 5.7J 5.7J S.72 
l ) . l i \ ) U.79 n.7« (1.77 
W.iim 'I 1IH.<> 117.1 118.5 
KifVi" b.H<) (,.<M) 6.W 
MM 172 — 5.55 

''A HTlii-ul viiurf*> HI the iMiltiitn of Ihu excitcri-stiile potential well 
t» the repulsive ground slate of Xe s. 

of Xe*. The calculated vertical excitation energies 
for these states are generally too low by about 0.4 
eV when compared with experimental results. This 

error is consistent with errors found in previous 
Hartree-Fock calculations on Rydberg excited 
states. 

Our computed lifetime for the 0$ laser state is 
5.6 ns. The estimated uncertainty is 0.6 ns from 
comparison of experiments with similar calcula
tions on the Xe atom. Experimental values for the 
0^ excimer lifetime lie in the range 5.5-6.5 ns. 2 9 

Because of the lack of configuration-interaction 
with the excited 6p states, the calculated lifetime of 
172 ns for the l u state is less accurate. The best ex
perimental values give radiative lifetime for this 
state of 100 ns. 2 9 

Photoionization of Rare-Gas Excited States. 
Excited-state photoionization has been identified as 
a key loss mechanism that determines the ultimate 
efficiency obtainable from rare-gas excimer lasers. 

.+ |2, X e T r P 1 / 2 ) + Xe( , S) 

X e + ( 2 P 3 / 2 ) + Xe! 's) 

XeU = 0,1l + Xe(1S> 

XeU =2,1 l + Xe( 1S) 

_1_ 

-. r 
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Although direct excimer photoionization is prob
ably the dominant absorption process at high 
pressures, experiments suggest that photoionization 
of both transient and metastable excited atomic 
species, which are important precursors in the ex
cimer formation cycle, may be important at lower 
pressures. 

Theoretical studies at LLL have concentrated 
on obtaining accurate photoionization cross sec
tions for the l,3Iu"excimer states of both NeJ and 
ArJ, 3 0 as well as the 3 P° metastable states of Ne* 
and Ar*.31 In obtaining these cross sections, we 
have used fully ab initio all-electron wavefunctions 
and have paid careful attention to the importance 
of many-electron effects, such as electron correla
tion and core polarization. Our computational 
method (see the 1976 annual report) is based on the 
construction of a large set of excitation energies and 
oscillator strengths in a discrete set of normalizable 
Gaussian basis functions. The resulting "pseudo-
spectrum" is then input to a moment analysis that 
provides an approximation to the photoionization 
continuum. We have demonstrated the applicability 
and usefulness of this technique in studies on a 
number of other atomic and molecular systems.32 

In Fig. 7-21 we show for the 3 P° state of neon 
the total photoionization cross section as a function 
of photon energy that was obtained from our most 
extensive calculations. The results use both the 
dipole-length (dashed curve) and velocity (solid 
curve) form of the transition moment; these would 
coincide for an exact caicula'jon and their closeness 
is a measure of the accuracy of our results. For 
comparison, we show the cross section dependence 
obtained by others33 using a model potential (dot
ted curve). Both our results and the model calcula
tions show that the cross section passes through a 
"Cooper minimum" near threshold, although the 
minimum we find is not as deep. The minimum 
calculated by the model potential is incorrect 
because it fails to account for the three ways in 
which the photo-ejected electron can be coupled to 
the 2p s ion core to produce an allowed transition; 
each such channel produces a minimum at a dif
ferent energy. At higher energies, however, there is 
generally good agreement between the two studies. 

The valeice shells of the lowest excited man
ifold of the rare-gas excimers are isoelectronic and 
described by a single configuration: 

[njr«njr*m^ma u(m + l ) a g j 1 , 3 £ u . (37) 

For Ne|, n= l and m = 3; for ArJ, n=2 and 
m = 5. Photoionization can lead only to production 
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of the lowest, weakly bound 2Z£ state of the 
residual.molecular molecular ion in a simple frozen-
core model where core-relaxation and channel-
cjup'.ing are ignored. We have found, however, 
that the frozen-core model may seriously under
estimate the cross section for an open shell con
figuration, where the photoionization profile may 
be dominated in certain energy regions by elec
tronically excited autoionizing states. Specifically, 
we have found that it is essential to consider an in-
travalence excitation described by the configuration 

| ™t n < m < 7g mal <m + Va

s\ I > 3 ]E (M) 

This state, which must be regarded as autoionizing, 
may be thought of as the lowest member of a 
Rydberg series converging to the fourth state (^g*) 
of the molecular ion, corresponding to the highest 
state in Fig. 7-20. This state has a very large 
oscillator strength to the initial 'Zj" excimer state, 
since the transition corresponds to the excitation 
mog -* mou. The transition moment is large because 
the wave functions overlap strongly. Furthermore, 
this autoionizing Rydberg state does not appear in 
the spectrum as a narrow transition, but rather as a 
broad band that couples strongly to the background 
continuum in the low-energy portion of the spec
trum. Others have calculated the analogous ab
sorption band for the diatomic rare gas ions, 
I J 34,35 

-= •=-. Figure 7-22 shows the total photoab-
z u z g 

sorption profile of ArJ calculated for an intir-
nuclear spacing of 4.8 Bohr. There are two im
portant features to note: the large peak centered at 
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3.9 eV, due to the 'l^autoionizing state, and the 
small value of the cross section at the Ar/fluores-
cence energy, 9.8 eV. Note that, at photon energies 
above 12 eV, the photoionization cross section 
begins to increase again, due to the opening of 
channels associated with higher states. 

We have also studied the dependence of the 
'2^-* '^profile on internuclear spacing. The peak 
value of the cross section does not vary signifi
cantly, but its position shifts as expected for a 
repulsive final state. The cross sections for the 3ZjJ" 
state of Arj are very similar to the 'Sj"values. 

On the basis of these calculations, we conclude 
that the vertical photoabsorption of Arj at the ex-
cimer wavelength, 126 nm, is not a sensitive func
tion of the internuclear distance and is given with 
good accuracy by 4 x 10"19 cm2. However, to obtain 
an accurate value for the cross section in the low-
energy region (0-5 eV) dominated by autoioniza-
tion, it will be necessary to properly account for the 
vibrational motion of the nuclei. 
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7.3.3 Photolytic Production of *S Metastable 
Atoms 

Photolytic Experiments. Using the MEG II 
vacuum ultraviolet (vuv) source described in §7.3.2, 
we performed experiments to study production of 
Se('S) and S('S) atom concentrations greater than 
10 1 6 cm"3. Figure 7-23 shows the experimental 
setup. A GaAs photomultiplier tube (PMT) with a 
10-ns response time measured the time dependence 
of fluorescence emitted from the photolyzed gas. A 
10-nm-wide band pass filter isolated the spectral 
region of intrest. In some cases, the photomultiplier 
was coupled by fiber optics to a translatable, lens-
pinhole spatial filter to obtain spatially resolved 
kinetic signals. Subsequently, we installed an 
intensified-silicon, intensified-target optical multi
channel analyzer (OM A) to view the photolyzed gas 
from the other direction. The OMA was attached to 
a 0.3-m spectrometer; it provided the time-
integrated fluorescence spectrum. Both the PMT 
and OMA require extensive rf and lead shielding to 
prevent interference from electrical noise and x rays 
produced by the e-beam source. 

The stainless steel photolytic cell has a vacuum 
and fill system that is separate from the super-
fluorescent rare-gas cell. The bore of the photolytic 
cell is 2.5 cm; it is excited over a length of 8.S cm 
and width of 0.8 cm by the vuv light source. Inter
nal mirrors with feedthrough micrometer adjust
ments and separation of 12 cm could be mounted 
internal to the photolytic cell for laser experiments. 
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The carbonyl sulfide (OCS) generally used was 
of commercial purity. We found that careful 
distillation of the OCS caused no apparent change 
in the observed kinetic signals. Carbonyl selenide 
was prepared and purified for us by standard pro-
ceedures,3 6 and stored in glass containers at dry ice 
temperature (see also Ref. 18, §7.3.1). Carbonyl 
selenide is not readily available commercially, 
presumably because of its instability to chemical 
decomposition.3 7 Typically OCSe was filled from 
the cooled, glass storage-vessel immediately before 
use. However, in separate experiments with a mass 
spectrometer, significant OCSe decomposition was 
not found, even after 24 hours' exposure to the 
photolytic cell. 

Exciting a photolytic laser aperture of signifi
cant width requires bleaching the parent molecules. 
Calculated values of the saturation fluence hv/o for 

photo-dissociating the parent to e~' of its initial 
concentration are 12 mJ/cm 2 for OCSe at 172 nm 
and 100 mJ/un 2 for OCS at 146 nm. These values 
are only approximate for XeJ and KrJ radiation 
because the absorption coefficient varies consid
erably over the emission band width. If the quan
tum yield results of Black are maintained at high 
pump power, bleaching a given density of parent 
molecules by excmer radiation should produce very 
nearly that density of 'S-excited atoms. 

The fluorescence from SeJ, B3Eu •* X 32g, pro
vides a convenient method for observing the OCSe 
bleaching. The chemiluminescent quenching reac
tion 3 8 Se('S) + OCSe -* SeJ + CO produces strong 
fluorescence that extends for 400 to 700 nm. This 
emission requires the presence of both Se('S) and 
OCSe. Thus regions of the photolytic cell that are 
unexcited or where the OCSe is completely removed 
by photolysis appear to be dark. Open-shutter 
photographs (Fig. 7-23) through the bore of the 
photolytic cell illustrate this effect. For small vuv 
fluence,. the SeJ fluorescence is concentrated near 
the input window, as expected from an absorption 
depth of about 0.6 cm at 0.5 Torr OCSe. As the XeJ 
fluence increases, the region of brightest emission 
occurs farther across the photolytic cell, corre
sponding to deeper penetration of the higher 
fluence pump beam. Figure 7-23(c) shows complete 
bleaching across the cell aperture and SeJ 
fluorescence appears only from the edge of the vuv 
beam. These photographs are qualitatively consis
tent with an expected OCSe saturation fluence of 
about 10 mJ/cm 2. 

The temporal and spectral dependence of the 
fluorescence signals are a strong function of spatial 
position under bleaching conditions. We eliminated 
end effects by using reentrant windows in contact 
with the photolyzed gas. We further defined the 
observed volume by using pinholes or — in some 
cases — by limiting the photolyzed volume by plac
ing a solid metal insert in the photolytic cell. 

We generally employed collision-induced emis
sion to increase the 'S fluorescence signal. This 
emission occurs from either weakly bound or colli-
sional rare gas-'S molecules that have a much 
greater emission rate than the unperturbed atom. 
Such induced emission is linearly proportional to 
the perturber density, and it responds rapidly to 

•langes in the 'S atom density by collisional 
equilibration. Figure 7-24 shows examples of the 
spectra of Sef'So-'Da) caused by collisions with 
rare gases. We obtained these spectra with the 
OMA; they are somewhat distorted because of 
reduced response near the edges. Emissions peak at 
the position of the Se atomic line, 776.8 nm; they 
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exhibit a blue wing that is more extensive for the 
heavier rare gases. These spectra are analogous to 
those reported in the 1974 annual report for 
collision-induced emission of Of'So-'Dj). Unlike 
XeO, but similar to KrO and ArO, the rare-gas 
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selenide bands show no apparent vibrational struc
ture. The sharp feature near the atomic line 
probably represents emission to a shallow 'n lower 
state, which correlates with Sef'D), the blue wing 
emission to a deeper bound ]1 state. Similar 
collision-induced emission also occurs for the 
Sf'So-'Dz) transition. 

We studied the decay kinetics of S('S) pro
duced by photolysis as a function of KrJ fluence. 
Typically we added several hundred torr krypton to 
the photolytic mixture to increase the S('S) 
fluorescence. The OMA was not available during 
S('S) experiments; however, we confirmed S('S) 
emission around 770 nm by its proportionality to Kr 
pressure. We assumed, as we found previously at 
low densities of O('S), that the presence of a rare 
gas does not significantly affect the collisional 
decay of 'S atoms. 

The S('S) quenching time is a strong function 
of absorbed photolytic energy. At very low input 
fluence, the S('S) decay observed for 2 Torr OCS 
and 1000 Torr Kr is exponential with a time cons
tant of about 20 MS, as expected for quenching by 
OCS, as well as possible impurities. As Fig. 7-25(a) 
shows, the S('S) dependence becomes nonexponen-
tial at 25 mj /cm 2 input and the decay time reduces 
to ~1 (is. The dependence of decay rate on energy 
deposition is demonstrated by its change with 
distance from the photolytic window. Although the 
peak signal is highest near the window, it displays a 
rapid initial decay. Careful comparison shows a 
crossover at about 1 JJS (i.e., more deposition gives 
less signal). This conclusion is strongly evident at 85 
mj/cm 2 fluence. The fluorescence shows a large 
spike with a 100-ns decay to a low level. Longer 
lasting fluorescence is clearly observed farther from 
the window and at lower deposited energy. 

The very great change in decay kinetics with in
put fluence — virtually a threshold effect — made 
careful variation of parameters quite difficult. The 
short storage times are incompatible with a pro
posed energy-storage medium, and laser attempts at 
772 nm using a Kr buffer were unsuccessful. We did 
not know the source of rapid S( !S) quenching dur
ing these experiments, although we considered self-
quenching a prime candidate. 

The OMA became available for Se^S) kinetics 
experiments using XeJ photolysis of OCSe. The 
quenching of Se^S) by its parent, OCSe, is quite 
rapid, having a measured rate constant of 
1.6x 10" 1 0 cm 3 s"1 (Ref. 38). We might expect the 
Sef'S) storage time to actually lengthen at high 
fluence, where the OCSe is bleached, because Sef'S) 
quenching by the product CO has been measured to 
be small. 3 9 To observe Sef.'S) fluorescence signals, 
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Tig. 7-25. Fluorescence decay of S( *S) following Krj photolysis of 2-Torr OCS in 1000-TOTI Kr at (a) 25 mJ/cm2 and (b) 85 
mJ/cm2. The distance from the window is shown and the amplitude scales are constant. 

we used xenon both to collision-induce the 
Sef'So-'Dj) transition and to quench SeJ back
ground emission at 780 nm. 

Figures 7-26(a) and (b) show the variation in 
the Set's) decay caused by changing the input 
fluence used to photolyze OCSe. In Fig. 7-26(a), a 
0.8-Torr OCSe, 250-Torr Xe mixture is excited by a 
vuv fluence of 6 mJ/cm2, somewhat less than the 
OCSe saturation value. The Sef'S) decay is expo
nential and depends on OCSe density with a rate 
constant of about 3 x 10"11 cm3 s"1. It is not clear 
why, but this value is about a factor of five smaller 
than the previously measured value. The observed 
spectrum is the broad, blue-degraded XeSe 
('Scr^D^ emission. The top of the spectrum is 
"wrapped around" and appears near the baseline 
because the peak signal exceeds the digital counter 
scale of the OMA. 

Figure 7-26(b) shows a similar mixture excited 
by 15 mJ/cm2. The Se^S) atoms are rapidly 
quenched; the phenomenon is reminiscent of high-
intensity, S('S) experiments. However, the OMA 
reveals a number of Xe lines from states above 12 
eV at this input intensity. Further, use of an Ar buf
fer produces highly excited Ar lines. The disap
pearance of the 'S atoms appears to be correlated 
with these unexpected buffer emissions. 

These observations suggest the presence of hot 
electrons that can excite various states of the rare-
gas buffer. Some electrons are expected from Se('S) 
photoionization by the pump radiation. These elec
trons are heated in superelastic collisions with the 
excited 'S atoms. These hot electrons can both 
excite the atomic buffer and produce additional 
electrons by impact ionization. Thus, the 's density 
effectively drives an electron avalanche until the 
excited states are depleted. This mechanism 
explains the rapid, threshold-like behavior observed 
for both S('S) and Se('S) quenching. This same 
electron-avalanche mechanism has been proposed 
to explain the rapid and complete ionization that 
follows high-intensity excitation of alkali 
atoms.40-41 

Molecular buffer gases can counter this 
electron-heating instability by providing a reservoir 
for electron cooling through vibrational excitation. 
This is demonstrated in Fig. 7-26(c), which reflects 
the same conditions as Fig. 7-26(b), except for the 
addition of 250 Torr CO2 to the photolytic mixture. 
The electron problem is apparently suppressed: the 
Xe lines are absent and the Se('S) atoms become 
long-lived. 

The use of molecular buffers was a major ele
ment in demonstrating laser oscillation of Group VI 
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Fig. 7-26. Fluorescence intensity in a 10-nm-wide bandpass about 780 nm vs time, along with the integrated fluorescence 
spectrum. A mixture of 0.8-Torr OCSe and 250-Ton Xe was photolyzed at 172 nm by (a) 6 mJ/cm2; (b) and (c) IS mJ/cm2. 
The photolyzed mixture additionally contains 250-Torr C0 2 in case (c). 

atoms, in the Se laser experiments, we photolyzed 
approximately 1 Torr OCSe in 50 Torr CO. We 
used a CO buffer to quench any population in 
either the Se( 3Pi) or Se^D^ lower laser level 4 2 (pro
duced either directly or by quenching), while caus
ing only negligible quenching of the Sef'Sg). Figure 
7-27 shows a comparison of fluorescence and laser 
signals obtained with and without cavity mirrors for 
the 'So^Pi case. Separate experiments with mirrors 
optimized for the two different Se lines produced 
comparable performance, as we expected from their 
similar gain cross sections and common upper state. 

We collected the fluorescence signal from the entire 
cell aperture; the signal includes contributions from 
both Se('S) (the sharp line) and Se 2 (the undulatory 
background). 

After mirrors were installed, we observed laser 
oscillation, identified by its distinct time-
dependence and relatively high cavity intensity, as 
monitored through a 0.1% transmission mirror. 
The peak laser signal outside the cavity was com
parable to the peak fluorescence signal without mir
rors. The observed emission spectrum in the laser 
case is reduced to the Sef'So-'Pi) line alone. Using 
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Fig. 7-27. Fluorescence time-dependence and spectra without mirrors (a) and laser time-dependence and spectra with mirrors (b) 
for the Se( ' S 0 - 3 P, ) forbidden transition. The photolytic cell mixture was 0.8-Torr OCSe, SO-Torr CO. The amplitude scales of 
the two diagnostics are unchanged between the two cases. 

Ar reference lines, we measured the laser line posi
tions to be within 0.1 nm of the 488.8- and 
777.0-nm forbidden Se transitions. For subsequent 
laser shots, we were required to clean deposited 
selenium from the lower laser mirror. 

Early in 1978, we also obtained laser oscillation 
for the Si^S-'D^ line, using KrJ photolysis of 
1.5-Torr OCS in 50-Torr SF 6 (see Fig. 7-28). We 
selected an SF 6 buffer to both cool and attach 
photoelectrons. The peak laser output intensity in 
this case is 25 W, approximately 106 times the 
fluorescence output. The spectrum confirms the 
772.5-nm, SC'Sn-'Dd line. 

The output intensity of the Se and S lasers is 
limited by small gains and relatively short storage 
times. The laser builds up from a small fluorescence 
level until the gain decays to the cavity threshold 
level due to collisions. The higher output from 
sulfur corresponds to a longer buildup period 
because of slower S('S) quenching. The demonstra
tion of lasing confirms the presence of 'S concen

trations of order 10 1 6 cm' 3, which are needed to ex
ceed an estimated loss of 1% per pass. Experiments 
are continuing to determine the optimum photolytic 
mixture and to verify the energy content of the 
photolyzed medium. 

Electronic Structure of OCS. The electronic 
spectrum of OCS consists of three distinct con
tinuum transitions at 5.54 eV, 7.44 eV, and 8.12 eV, 
with Rydberg structure at shorter wavelengths.43 

Absorption into the 8.12 eV band produces 
CO( ' l + ) and S('S) with a high quantum yield (see 
Ref. 19, §7.3.1). However, the spectrum in this 
region has considerable structure and suggests a 
bound-to-bound transition (see Fig. 7-11, §7.3.1). 
Structured absorption bands such as this can be 
produced by bound-to-free transitions, as Pack has 
shown.44 However, this requires the excited-state 
potential curve to have a maximum or a flattening 
along the dissociation coordinate in the Franck-
Condon region of the ground state, so that the 
bound-free Frank-Condon factors have a narrow 
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energy dependence. Such a maximum is apparent 
for symmetric triatomic molecules such as CO2, but 
not necessarily for OCS. 

Simple considerations of bonding in the excited 
states of OCS suggest that the ' Z + states arising 
from the CO('Z + ;+S( 'S) and CO( 3n) + S( ?P) 
asymptotes should interact, leading to an avoided 
crossing. We performed configuration interaction 
calculations to quantify the nature of the excited 
*Z + states of OCS for linear geometries and several 
OCS distances. Figure 7-29 shows the calculated 
potential curves. The important features are the 
avoided crossing at about 3.7S a 0 and the deep 
minimum in the 2 ]Z + curve at 3.0 a 0 . The small 
splitting of the two upper 'Z + indicates that ab
sorption into the 3 'Z + state at 12.8 eV will likely 
also produce S('S) by dissociating along the 
diabatic potential curve. The we!! in the2'Z + state 
shows that the structure observed for the 8.12-eV 
absorption band is probably due to bound-to-
bound transitions. The calculated transition energy 
for this state has considerable error, which is 
characteristic of mixed valence and Rydberg states. 
Further work now in progress should refine and im
prove the potential energy curves. 

We have performed calculations on several 
other low-lying excited states of OCS to calibrate 
the potential surface calculations on the 'X + states. 
Table 7-9 compares the vertical excitation energies 
with the results of configuration interaction calcula
tions and experiment. The agreement with experi
ment for the 'Z and 'A states is good, as we found 
with earlier calculations on N 2 0 (Ref. 45) and C 0 2 

(Ref. 46). The Hartree-Fock calculations did not in

clude 3d polarization functions, while the con
figuration interaction calculations did. The 1.4-eV 
disagreement for the 'A excitation energy predicted 
by the two calculations arises primarily from the 
difference in basis sets. Understanding why the 
more extensive calculations for this state disagree 
more with experiment than the simple ones is, in 
our view, quite important. Test calculations on N 2 0 
and CO2 indicate that the simple calculations 
benefit from cancellation of errors caused by elec
tron correlation and limitations in the basis set. 
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Table 7-9. Calculated and experimental excitation 
energies for OCS. 

Configuration 
Stale HartrwF' 

X ' S * 0.0 cV 
3v->- 4.5 

3A 4.8 
l ,3v- 5.1 

I j i 5.2 
' 1 • 7.0 

111 7.2 
2'S' 
3 ' i -
OCS ! V 10.7 

The last important point for this theoretical 
study to clarify is the actual mechanism for the 
dissociation of the 2!Z + state to yield S('S). We are 
currently undertaking calculations for bent 
geometries to answer this question. 

'S-'S Quenching Processes. We have carried 
out semiquantitative ab initio molecular structure 
calculations to assess collisional processes that may 
limit the lifetime of the upper laser level. The 
processes of main concern are self-quenching: 

' S + ' S -» 'D + 3P, (39) 

and associative ionization: 

'S + 'S •+ S* + e- . (40) 

The latter process is energetically possible because 
the minimum in the diatomic ion lies below two 
separated *S atoms. The calculations we describe 
below show that neither process makes a significant 
contribution to *S quenching. 

We used a double-zeta quality contracted-
Gaussian basis set 4 7 augmented with a full set of 
d-polarization functions (a=0.8) to determine the 
ground state, 32g and the lowest seven 'instates of 
the S2 molecule. We also determined the doublet 
states 

%, J z ; , 2 n g > a n d 2 n u > <«> 

which asymptotically approach S(3P) + S +( 4S). We 
used valence orbital full configuration interaction 

(CI) wavefunctions to describe these states. The 
number of spin eigenfunctions used for most states 
was about 130; about 50 were used for 3£g~ and ll£. 
A calculation for a fixed internuclear distance pro
ceeds as follows: after computing all necessary one-
and two-electron integrals, the self-consistent field 
equations were solved for the ground state of 2g. 
Then the CI wavefunctions and eigenvalues 
(energies) were determined for the neutral and ion 
molecules. The internuclear separation was varied 
between 2 and 10 a. u. 

The asymptotic energy separations of the ex
cited states are in reasonable agreement with experi
ment. The S('D)-S(3P) separation is approximately 
0.3 eV in error and the S(*S)-S(3P) approximately 
0.1 eV in error. The computed positions of the 
equilibrium internuclear separation for the ground 
state of the neutral molecule and the ion are within 
10% of the experimental values. However, the 
binding energy of both the neutral and ion are 
nearly 1 eV in error. We can reduce this error by in
cluding more configurations.48 

Using standard techniques,49 we have con
structed semiquantitative potentials that yield ex
perimental asymptotic properties and internuclear 
separations. (Figure 7-30 shows these curves.) The 
curves indicate that direct self-quenching to lower 
states via curve-crossings will not be a problem. The 
barrier for associative ionization appears to be at 
least >2 eV; hence, the process will have a very 
small rate at room temperature. By depressing the 
ion curves to correspond to excited Rydberg states 
of S2, we have also shown that self-quenching 
caused by curve-crossing with excited Rydberg 
states will have a barrier no lower than 0.25 eV, 
which is still sizable. These calculations indicate 
that neither self-quenching nor associative ioniza
tion will lead to significant losses in the upper laser 
level. We have drawn similar conclusions from 
scaling the S2/S2+curves to the Se2/Se2+system. 

Photoionization of 'S Metastable Atoms. In 
both the KrJ/OCS and XeJ/OCSe systems, the 
energy of the excimer pump photons is sufficient to 
photoionize the ]S state producing the ground, 4 S 
state of the ions (see Ref. 50). As a result, we must 
consider the photoionization of O('S), S('S), and 
Se('S) a potentially serious loss mechanism. If the 
appropriate cross sections were large, photoioniza
tion would be detrimental in two ways: by directly 
depopulating the 'S state and by producing low-
energy electrons that can rapidly deactivate the ex
cited states via superelastic collisions. 

Figure 7-31 is a schematic of the energetically 
possible photoabsorption processes from the *S 
state. Ionization of a p-electron from the (np 4)'s 
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state can lead to the (npVs state of the positive ion: 

(np")'S + hv -* (np 3 ) 4 S + e"(ksorkd). (42) 

The parity selection rule requires that the ejected 
electrons be either s or d. Thus, the continua asso
ciated with the *S state of the ion are 3 , 5 S and 3 , 5 D , 
and electric dipole transitions from the *S state to 
the "S state of the ion are spin-forbidden in L-S 
coupling because of the AS=0 selection rule. In 
principle, there are two mechanisms by which the 
photoionization of the ! S state can gain intensity: 

spin-orbit coupling of the LS states and transitions 
occurring via magnetic quadrupole radiation.51 

However, in the current case, magnetic quadrupole 
transitions are forbidden because of the AL=0, ±1 
(L=0x> L=0) selection rule. We have assumed 
that the most important effect is the spin-orbit 
coupling between the 'So and 3Po states of the initial 
(np4) configuration. (The spin-orbit coupling in the 
final states has been neglected.) With these assump
tions, the 'S absorption cross section, at frequency 
co, is given by 

°('S,co) 
co + AE 

X 2a( 3P,co + AE), (43) 
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Fig.7-31. Schematic diagram of stale coupling involved in Sphotoianization. 

where o( 3P) is the corresponding 3 P cross section, A 
is the spin orbit mixing coefficient between 'S and 
3 P , and AE is the energy difference between 'S and 
3 P . 

Figure 7-32 illustrates the results obtained for 
sulfur where o( 3P) has been measured.5 2 At the KrJ 
wavelength of 146 nm, the predicted S('S) cross sec
tion is about 2 x 10* 2 0 cm 2. Unfortunately, no ex
perimental cross section is available for Se(3P). We 
have calculated o( 3P) for selenium using a technique 
applied previously to rare-gas excited states, 5 3 ob
taining a 'S cross section of 2.5 x 10~ 1 9 cm 2 at the 
Xe | wavelength of 172 nm. Table 7-10 summarizes 
the calculated photoionization cross sections for 
O('S), Sf'S), and Sef's) at the appropriate excimer 
pump wavelengths. 

In studying the photoionization of open-shell 
atoms or molecules that have several low-lying 
states of the positive ion, we must consider the 
potential contribution of autoionization to the total 
photoionization cross section. In the current case, 

several series of Rydberg states converge to the 
(np 3) 2D and 2 P states of the positive ions and lie 
above the first ionization threshold. In particular, 
we have studied the (np3n's)'P and (np3n'd)'P 
states, which are connected to the (np) 4 'S state by 
allowed electric dipole transitions. The calculations 
predict that the (3p 4)'S -» (3p34d)'P transition in 
sulfur occurs near 146 nm with an f-number of 
0.026. A similar, (4p 4) 1S -* (4p34d)'P transition in 
selenium, lies near 173.5 nm with f=0.09. How
ever, we expect these transitions to contribute 
negligibly to the total photoionization cross section 
because of their small widths. The widths of these 
'P levels, lying above the ''S threshold, are deter
mined by the rates of autoionization. In LS-
coupling, the decay of the (np3n 'd)'p levels into the 
3 ' 5 S and 3 , 5 D continua of the ^ state of the ion is 
forbidden by the AS=0 selection rule. Furthermore, 
the matrix element < 2 D|H s p t a . o r bit | 4 S> vanishes for 
the np 3 configuration;54 thus, autoionization of the 
'P states below the 2 D threshold can occur only 
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through second-order effects. A similar effect has 
been observed in oxygen.55 

We also must consider the contribution of 
(np3n's) and (np3n'd) 3S and 3D autoionizing 
states to the phot ̂ ionization cross section of the 
(np4) 3 P state. As Fig. 7-32 shows, these states 
dominate the 3 P absorption spectrum in certain 
energy regions and can seriously affect ;he *S cross 
section via spin-orbit coupling. We have included 
this effect in our calculation for sulfur, but not for 
selenium. 

From our calculations, we conclude that spin-
forbidden photoionization cross section of Sc('S) 
[and possibly of S('S)] is sufficiently large to pro
duce a significant concentration of electrons at high 
photolytic fluences. 
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Table 7-10. 
sections. 

Spin-forbidden photoionization cross 

OCS) 
S('S) 
Se('S) 

Wavelength, 
A 

Cross section, 
cm 2 

1265 
1460 
1720 

1.2 x 10 "! 

8.6 x I0"2' 
2.5 x 10-'" 

Cross section, 
cm! 

(includes Al) 

1.5 x 1 0 S ! 

1.9 x |0-» 

7.3.4 Group VI Laser System Analysis 
The laser driver for a fusion power reactor 

must be efficient (>1%) and scalable to lyge 
energies (>1 MJ). In this section, we discuss the 
major components of photolytic Group VI lasers 
and relate them to efficiency and aperture scalabil
ity. Our discussion is partitioned according to pump 
kinetics, vuv radiation coupling, Group IV media 
excitation, energy storage, optical extraction, and 
average power considerations. We consider the Xe? 
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excimer radiation-pumped OCSe system in detail 
because it appears to offer the highest potential 
laser system efficiency. 

Photolytic Drivers — Lasers. Several figures of 
merit for pump system evaluation are radiation pro
duction efficiency, coupling efficiency, and 
technological risks associated with untested 
transport designs. In this article we consider the 
radiation production and coupling efficiencies for 
rare-gas excimer laser and fluorescence pumps. 
Previous experimental investigations indicate the 
fluorescence efficiency of rare-gas excimers can be 
40-50%.56 By contrast, laser medium efficiencies 
measured for high-pressure systems have been low57 

(see §7.3.2). We have modeled laser performance in 
other regimes to determine if high efficiency is at
tainable and have also calculated coupling efficien
cies for practical fluorescence pump geometries. 

We described the kinetics modei s8 used for 
high-pressure, rare-gas excimer lasers in the 1976 
annual report (see also Ref. 21, §7.3.1). We have 
extensively revised this model to improve the treat
ment of electrically excited low-pressure (=1 atm) 
xenon (foi details of the computational method see 
§7.2.1 and Fig. 7-1). Vve have dealt with the effects 
of a non-Maxwellian electron distribution by solv
ing the Boltzmann equation with appropriate cross 
section data. Table 7-11 summarizes the new elec
tron collisional processes incorporated in the cur
rent model. We have carefully trea'ed electron 
coupling processes between the vario*. excited Xe 
states and to Xe + because of their greater impor
tance at low pressures. We isolated the effects of 
particular kinetic data and determined the sensitiv
ity of laser performance to various kinetic assump
tions. We also determined the dependence of laser 
performance on electron beam power deposition 
and the addition of a sustainer field. 

Figure 7-33 shows the dependence of electron 
fractional pawer transfer into various energy loss 
channels on E/N (electric field to total gas density 
ratio) for 2.0 atm xenon excited by an electron 
beam with a power deposition of 50 kW/cm3. The 
fractional electron power transfer for a given elec
tron energy loss process is defined as the electron 
power flowing into this process divided-by the total 
electrics! power deposited in the electron gas. The 
total power P-r deposited in the electron gas is the 
sum of the e-beam and discharge-Joule-heating 
depositions. The quantity PSE is the power flow in
to the secondary electrons that is predominantly 
due to the Joule heating by the applied electric field. 
The ratio PSE/PT 'S. therefore, a direct measure of 
the fraction of the total electrical power deposited 
in the medium due to the applied electric field. 

Table 7-11. Electron kinetic processes included in 
electrically excited xenon model. 

Process Notes 

Xe^Xe*(6s) a 
Xe^Xe»*(6p,5d,6s'( a 
Xe-»-Xe- b 
Xe*^tXe** c 
Xe*-*-Xe* d 
Xe**-*-Xe' e 
Xe,,» {'2,'X) -*• Xe2**-«-Xe* + Xe r 
Xe..,«-*-XeL,' g 
Xe,,* fZ) ^ Xej'CS) h 

"These cross sections were obtained from the total excitation 
cross section measured by Schaper and Scheibner5* by using the 
electron energj loss spectra of Delage and Carette''" as a guide to 
partition this cross section into Xc* (6s) and Xe** (6p,5d,5s) 
components. This results in most or the excitation going into the 
Xe** energy loss process. This is consistent with the results of 
Refs. 61-63 on the Xe(6p) excitation analogy and with the results 
obtained for Ar by Peterson and Allen and Eggarter."4,6' 
"Ref. 66. -
' Analogy with Cstos-^p). 6 7 

"Ref. 68. 
'Classical scaling of cross section for Xe*-*-Xe+. Ref. 68, using 
tile procedure discussed by Rudge."'' 
'Employed the cross section for Xe*-*-Xe** and assumed in
stantaneous predissociation of Xe* * to form Xe* + Xe. 
"Employed the cross section for Xe*-*-Xe + as an approximation. 
"Shape derived by classical scaling of 0 2 (X3S,) -*- Oj 
(b'2, *) (Ref. 70) cross section. Peak value of cross section for 
XejfS) Xe. i 12) was varied around the nominal value of 10 '•"' 
cm2. 

In general, the results presented in Fig. 7-33 are 
model dependent. However, several qualitative 
features of the fractional power transfer diagram 
have general significance. In the absence of an ap
plied electric field, 70% of the e-beam energy goes 
directly into ionization, 8.2% into production of 
the Xe" manifold (6s',6p,5d), 6.4% into Xe*(6s) 
states, and the remainder into other excitation pro
cesses. Because the upper laser level in a XeJ laser is 
formed by three-body recombination of Xe* atoms, 
it is dear that pure e-beam excitation does not 
directly produce this state. Most of its energy flows 
into the larger energy loss process of ionization. 
Ultimately the ion production can give excimer 
radiation through the recombination channel, 
although at greater energy expense compared to 
direct Xe* production. 

Figure 7-33 permits determination of the effect 
of using an electric field to enhance direct Xe* pro
duction. When an electric field is applied, the frac
tional power transfer into ionization and produc-
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tion of Xe*" states decreases and the fractional 
power transfer into Xe* states increases. These are 
favorable effects. However, the relative increase in 
the fractional transfer into Xe* is relatively small 
and most of the power begins to flow into low-
energy loss processes (e.g., dissociation of excimers, 
excitation of Xe* to Xe**, elastic losses, etc.). This 
is because the electric field efficiently heats the low-
energy electrons, which then give up their energy to 
low-energy loss processes involving excited states 
and transitions among excited states. The applica
tion of an electric field actually leads to a reduction 
in laser and fluorescence efficiency compared to 
pure e-beam pumping. 

The electron distribution functions computed 
for Fig. 7-33 were generally non-Maxwellian. In the 

absence of an applied electric field the electron 
kinetic temperature (defined as two-thirds the mean 
energy) was approximately 0.8 eV. For an E/N of 
8 x l 0 " 1 7 Vcm2, the electron kinetic temperature 
was approximately 1.7 eV. In both cases, the as
sumption of a Maxwellian distribution gave rate 
constants for low-energy loss process within a fac
tor of two of the non-Maxwellian values. However, 
for such large energy loss processes as ionization, 
errors of several orders of magnitude were possible. 
In addition, we found that the fractional ionization 
due to excited states such as Xe* and Xe** increased 
rapidly as the discharge E/N was increased, and 
ultimately it destabilizes the discharge. Indeed, at 
high values of E/N, we observed an instability char
acteristic of the multistep ionization instability.?' 
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The local medium efficiency for optical extrac
tion by stimulated emission is given by 

AI 
*L, = 

m PTAX 

( a - 7 ) 1 
(44) 

where a is the gain, y the loss coefficient, I the local 
total laser radiation intensity, and P j the total elec
trical power density deposited in the medium. Both 
a and y generally depend on field intensity; their 
small signal values are defined as a0 and YQ. In the 
Xe*. model, we determined the stimulated emission 
cross sections of the 'Z and 3Z excimer states from 
the radiative lifetime measurements of Keto 7 2 and 
the Xe*> emission bandwidth. The absorption coeffi
cient y was caused by photoionization of the ex-
cimers and Xe* and Xe** atoms. The photoioniza
tion cross section of Xe* was 3 x 10" 2 0 cm 2 (Ref. 
73), and of Xe**, 10" 1 8 cm 2 (Ref. 73). We left as a 
free parameter the value of the excimer photo
ionization cross section. 

We found predictions of laser medium effici
ency and net small signal gain where most sensitive 
to magnitudes of the rate constants for neutral and 
electron collisional mixing of the singlet and triplet 
excimer states and to the excimer photoionization 
cross section. The singlet-to-triplet conversion rate 

by xenon atoms was 2.5xlO~ 1 3 cm 3 s"1, between 
the value previously used (Ref. 21, §7.3.1) and a 
measurement of Keto. 7 4 Singlet and triplet electron 
mixing occurred with a rate constant of 1.2 x 10~ 7 

cm 3 s _ 1 at an electron temperature of 0.6 e V . 7 1 , 7 4 

Figure 7-34 shows the variation in laser medium 
performance as a function of the excimer photo
ionization cross section at 2 atm Xe and an input 
power of 200 kW/cm 3. We found the absorption to 
be dominated by excimer photoionization. The 
ratio of the 3Z to lZ populations was about 10. The 
XeJ gain/absorption experiments of §7.2 suggest 
Xe* and X e " contribute strongly to the absorption; 
their contribution may be more important at the 
much higher power depositions used in those 
experiments. 

Since the medium gain is approximately bal
anced by absorption, there is a strong dependence 
on the assumed value of excimer photoionization 
cross section. Quantum defect calculations on Xe | 
give a value of 2 x l 0 " 1 8 cm 2 (Ref. 24, §7.3.2). 
However, the calculations for Ar*. in §7.3.2 suggest 
that the quantum defect results should be reduced 
by about a factor of 2 at the excimer wavelength for 
better agreement with the ab initio values. If 
o p j=10" 1 8 cm 2, the maximum local medium effi
ciency is 13% and the net small signal gain is 0.4% 
cm"1. Note that the electrical efficiency for energy 
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extraction via stimulated emission increases with 
laser power until medium saturation occurs at 
about 10 MW/cm 2. 

Although the predicted medium efficiency is 
reasonably attractive and may be quite good if oPj 
turns out to be less than 10~ 1 8 cm 2, the low gain and 
high saturation flux place difficult constraints on 
amplifier design. For an assumed input power of 1 
MW/cm 2, a XeJ amplifier would be 28 m long to 
achieve 11 % overall efficiency and 62 MW output 
power. The high output power required by the high 
saturation flux exceeds current damage thresholds 
for vuv optics. 

Figure 7-35 shows that the xenon laser per
formance improves as e-beam pump power in
creases. This increase results from a more favorable 
ratio of the '£ to 3 I populations caused by electron 
mixing. At a constant input energy of 0.25 J/cm 3 , a 
power deposition of 200 kW/cm 3 corresponds to an 
e-beam current of about 10 A/cm 2 for 1 us. Pre
vious experiments suggest that the XeJ production 
efficiency degrades above about 100 A/cm* (see 
Ref. 25, §7.3.2). 

The results of the laser pump analysis roughly 
bracket anticipated laser performance levels based 
on uncertainties in kinetic data. Our current best 
estimate for critical kinetic data lead us to conclude 
that xenon excimer pump laser efficiency will prob
ably lie in the 5-10% region. As expected, the XeJ 
laser performance deteriorates when a sustainer 
field is added. For an e-beam power deposition of 
50 kW/cm 3, the optimum efficiency for energy ex
traction by stimulated emission was reduced from 
about 11% to 5% by adding an electric field of 
8 x l 0 " 1 7 V c m 2 . 

Pump Radiation Transport. For the Group VI 
systems of interest, the effective absorption cross 
sections o A for photolyzing the parent molecules in
to the desired final states lie in the range of 10~'7 to 
10~ 1 6 cm 2 . Desired *S excited-state densities are in 
the range of 10 1 6 to 10 1 7 cm"3, requiring a parent 
molecule pressure of 0.3-3 Torr, assuming unit 
quantum yield and complete dissociation. Accord
ingly, the characteristic absorption length for the 
photolytic pump radiation (defined as AA=NAJ 
XOA 1) will lie in the range of 0.1-1 cm. The pump 

fluence required to photodissociate one absorption 
depth of parent molecules is the pump saturation 
fluence, r p s = h v p / 0 A - Pisotodissociation of a 
medium several optical depths thick requires the 
pump fluence to be several times r p s . The input 
pump radiation propagates through the media, 
fully dissociating the parent molecules, until it 
reaches a point where the pump fluence at that posi
tion lies below the bleaching fluence. The spatial 

Local mtdkim efficiency 
201 1 1—r-r-| 1 1—IT 

Input fluence (I), W/cnv 

Net gain 

10 6 10 7 10 8 

Input fluence (I), W/cm 2 

Fif. 7-35. Xenon luer performance impnxemwt it 
higher e-beun pump powers. lh i Xe gai f n e u t if 2 »tm' 
andopj* 10" 1 8cm a. 

position where bleaching takes place propagates as 
a wave through the photolytic medium (hence the 
term "bleaching-wave excitation")- The velocity of 
propagation of the bleaching-wave front, whose 
thickness is of order AA, is given by 

'p 
V = -5 -T- ' ( 4 5 ) 

N A h " p 

where i p is the pump intensity and v p is the pump 
frequency. For parent-molecule pressures in the 
Torr range and pump intensities of 1 to 10 MW/ 
cm 2, the bleaching-wave velocities are much less 
than the speed of light, typically 10 6 to 10 7 cm/s. 
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Such slow velocities limit the maximum aperture of 
an amplifier when kinetic quenching processes are 
considered. (We address this scaling limit in 
§7.3.5.) 

Pump radiation coupling to the photoly! c 
medium is greatest with laser pumping because laser 
radiation is highly collimated. The only ineffi
ciencies are losses by mirrors or windows in the 
beam path. In this case, the major design issue is the 
efficiency of the driver laser. On the other hand, the 
rare-gas excimer fluorescence efficiency is quite 
high using electron beam pumping. Hence, the 
major design issue for fluorescence-pumped devices 
is radiation transport into the photolytic medium. 

It is useful to define a fluorescence-coupling ef
ficiency as the fluorescence energy absorbed in the 
photolytic amplifier divided by the total emitted 
fluorescence energy: 

n c ( t B ) 
N A K W 

dE„ 

dt 
(x',t')dV\dt' 

(46) 

where dEp/dt is the fluorescence power per unit 
volume, V A is the volume of photolyzed medium at 
time t B after initiation of the pumping process, and 
Vp is the fluorescer volume. The coupling efficiency 

r\c therefore depends on the geometry and the prop
agation of the bleaching wave. The bleaching-wave 
front position x B is determined by 

d * B 

"dtT A p (47) 

!p(5.0 
• ' V . . 4jr 

•25") 

'V F 4JT|X-
— (x' , t)dV 
dt -

where we integrate over the volume of the fluo
rescer Vp and the radiation propagation time from 
x' to x is taken as instantaneous on the timescale 
over which the pump fluorescence changes. Al
though surface reflections are neglected in the 
derivation of Eq. (47), this result could be used with 
the method of images to construct the intensity 
distributions where reflections are important. 

Figure 7-36 shows the results of a computer 
calculation for one-sided fluorescence photolysis of 
OCSe by XeJ radiation. The fluorescence cell in the 
lower part contains Xe at 1 atm and is irradiated for 
100 ns by a 300-kV, 100-A/cm2 e-beam. Isointen-
sity contours for e-beam deposition were calculated 
by the three-dimensional Monte Carlo deposition 
code SANDYL. 7 5 The peak e-beam deposition is 
1.2 MW/cm 3, and the peak fluorescence intensity in 
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the laser medium cell is 2.4 MW/cm 2. We assume 
the radiated xenon power density equals 0.4 times 
the electron beam deposition; however, the excimer 
kinetics code could be used to calculate the local 
fluorescence intensity. 

The upper portion of Figure 7-36 shows the 
progressive photolysis of OCSe by the fluorescence-
driven bleaching wave. The values in the column 
labeled JJC represent the efficiency for converting the 
fluorescence radiation into Se('S) atoms in the 
volume bounded by the bleaching-wave front and 
the input window. By 100 ns, 23% of the photons 
emitted from the fluorescer region have produced 
Set's) atoms in the absorber region. 

The general characteristics of fluorescence 
coupling are exhibited by analytic solution of Eqs. 
(46)-(47) for the case of a strip fluorescer of width 

x 0 and depth zo (see Fig. 7-37). Close to the 
fluorescer, z < XQ, the coupling efficiency is approx
imately 0.5; far from the fluorescer, where ZB is the 
position of the bleaching wave front, the bleaching 
wave is cylindrical and the coupling efficiency is ap
proximately Xo/nzg. Figure 7-37 shows the results 
of a parametric study of the effects of fluorescer 
aspect ratio x<)/zo and standoff distance Zf on 
radiation coupling efficiency for a uniform fluo
rescer. Incorporating a standoff distance between 
the fluorescer and the entrance window to the ab
sorber might be necessary to reduce e-beam damage 
to the solid window or to reduce the flux of elec
trons into the laser cavity in a windowless device. 
The results plotted in Fig. 7-37 indicate that cou
pling efficiencies approaching 40% can be achieved 
with fluoresce™ having aspect ratios of between S 
and 10. Clearly, the standoff distance between the 
fluorescer and absorber must be minimized to 
achieve high coupling efficiencies. 

The preceding calculations enable us to l : - cket 
anticipated fluorescence coupling efficiencies, "'or 
simple planar geometries, coupling efficiencies of 
15-40% may be achieved. Figure 7-38 presents 
hypothetical advanced fluorescence geometries that 
could produce higher coupling efficiency. In the 
"sandwich geometry" [Fig. 7-38(a)], two-sided 
coupling is achieved by containing the fluorescer 
volume between two absorbing regions. We envi
sion windowless operation using coflowing gas 
streams at the same pressure for both fluorescer and 
laser media. Electron-beam pumping is possible 
either from the edge of the fluorescing medium or 
directly through the photolysis region, provided a 
low-Z buffer, like helium, is used. Cylindrical 

(a) 

Laser 
medium < : 

Fluorescer 

Gas 
flow 
axis 

(b) 

Laser, 
medium" 

T 
s\ _ \ Gas 
[ Fluorescer of-— flow 

v h- axis 

Fig. 7-38. Advanced geometries for efficiently coupling 
fluorescence radiation: (•) "sandwich geometry" and (b) 
radial geometry. 
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geometries (e.g., Fig. 7-38(b)] obviously have high 
coupling efficiency. Bringing the electron beam to 
the fluorescer again presents problems. Injecting 
the beam either from the end or radially outward 
from a central-core diode are possible solutions. 
Radial geometries are ideally suited to a fluorescer 
pumped by a longitudinal discharge, provided we 
identify an efficient discharge-pumped medium. 

Although the advanced geometries potentially 
offer a coupling efficiency greater than 40%, each 
presents unresolved technical problems that we 
term technical risks in our system analysis. For ex
ample, in windowless geometries, secondary elec
trons injected into the laser medium must be con
trolled by recombination to prevent excited-state 
quenching. Conversely, for windowed systems, 
window damage will play an important role in the 
pump configuration and coupling efficiency. 

Group VI Amplifier Excitation Character
istics. The previous analysis indicates that 
photolytic Group VI amplifiers may be excited to 
relatively high energy-storage densities (<10 J/litre) 
by excimer fluorescence on laser radiation. How
ever, achievable bleaching-wave velocities are finite 
(106 to 107 cm/s). Under these circumstances, 'S 
quenching losses in the bleaching-wave front and 
after bleaching can affect amplifier efficiency and 
the uniformity of gain across the aperture. In some 
cases, the quenching rate of an 'S atom by its parent 
molecule can be quite significant. For example, the 
Se('S) quenching time by I Torr OCSe is 300 ns (see 
Ref. 38, §7.3.3). If the bleaching time of parent 
molecules is much less than their quenching time, 
i.e., 

hi> P A 1 (48) 
P 

then the effect of parent quenching is eliminated. 
At 1 Torr OCSe, the above condition is met for 
pump fluxes greater than 3 x 105 W/cm2. 

The recent experimental results we discuss in 
§7.3.3 indicate that several kinetic processes can 
lead to quenching of the 'S state after photolysis 
has taken place. The most serious quencher appears 
to be photoelectrons generated by photoionization 
after 'S states by pump radiation. These electrons 
and their attendant 'S quenching can rapidly mul
tiply, if cooling mechanisms or electron loss proc
esses at low electron energy are not provided to 
counteract superelastic heating by !S atoms. We 
have used molecular additives, such as CO, to 
extend Se('S) lifetimes at 101G cm3 concentrations 
to greater than 1 us. 

We are now incorporating the effect of elec
tron generation and heating into our bleaching 
kinetics code. These calculations indicate that 
photoelectron heating by superelastic collisions and 
multiplication by collisional ionization produces 
electron densities sufficient to quench the Se(1S) 
population in 100 ns at !S densities of 10 1 6 cm3. 
These calculations also confirm that additives may 
lengthen the 'S lifetime by one or more of the 
following: electron cooling, recombination, and at
tachment. We are addressing the limitations on 
pump duration, pump intensity, and aperture size 
in a spatially dependent model. 

Group VI Amplifier Extraction Character
istics. Issues that must be addressed in assessing 
energy extraction from short-pulse fusion-laser 
amplifiers include efficiency, power amplification, 
parasitics control, beam distortion in average-
power systems, and amplifier staging. Multipass ar
chitectures are attractive for Group VI laser systems 
because the required input energies are low, while 
extraction efficiencies are high. Analysis of super-
fluorescence and parasitic depumping suggests that 
the single amplifier gain OQL is limited to four or 
five, primarily by parasitics. Analysis of extraction 
from a multipass Group VI amplifier must include 
— in a self-consistent manner — the spatial 
dependences of the gain media and short-pulse in
put beam. Figure 7-39 illustrates such a calculation 
for the transverse fluorescence pumping of an 
amplifier module containing OCSe by xenon ex
cimer radiation. Figure 7-39(a) shows the extraction 
efficiencies rjx and input fluence I~i characteristics 
for a multipass amplifier configuration (see §7.2). 
The laser transition chosen is the selenium tran-
sauroral line at 488.7 nm, and we assume that the 
lower level is fully bottlenecked. Under these condi
tions, the maximum value of r/x is 75%. The short-
pulse input fluence is taken to be a fifth-power ex
ponential exp [-(R/Ro)5], where Ro is on the order 
of the amplifier radius R^. The other relevant 
parameters are (1) transverse pumping time, 400 ns, 
(2) kinetic lifetime, 1 (is, (3) optical transit time be
tween extraction passes, 100 ns, (4) optical loss per 
pass, 5%, and (S) maximum small-signal gain 
o 0 L=4. Under these conditions, the maximum ex
traction efficiency approaches 50%. This lower 
value (compared with 75%) is a direct consequence 
of the finite pump time, the optical fill factor and 
transport losses, and the :hort lifetime (1 ps) 
associated with the excited-state population. 

Figure 7-39(b) shows the effect of varying the 
kinetic lifetime on the input fluence requirement for 
a two-pass amplifier configuration for several 
desired extraction efficiencies. As anticipated, the 
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longer is the kinetic lifetime compared to the pump
ing time, the lower is the required input fluence for 
a given extraction efficiency. In addition, for a 
given fluence, the device extraction efficiency 
decreases as the kinetic lifetime decreases, if the 
pump time is constant. 

Group VI Amplifier Average Power Consid
erations. After laser excitation, as much as 40% of 
the pump energy absorbed in the photodissociation 
of OCSe appears as thermal energy in the medium. 
For the Group VI systems of interest, this leads to 
thermal depositions of approximately 10 J/litre-
atm and, hence, initial relative pressure and 
temperature disturbances of order 0.1. As we 
discuss in §7.2, residual density disturbances pro
duce laser beam amplitude and phase modulation 
that reduce the focused power of the beam on the 
target. The results discussed in §7.2 indicate that 
acoustic damping systems must achieve relative 
density fluctuation levels of 10"4 to 10"3 for effi
cient fusion reactor target irradiation. These values 
are within the current state of the art for low-
pressure-drop, acoustic-damping systems. It now 
appears possible to achieve specific energy densities 
in the photoyltic medium in excess of 10 J/litre-
atm. Thus, according to Fig. 7-3 (§7.2.2), flow con
ditioning should not seriously affect the overall 
system efficiency. However, if a catalytic bed is re

quired to reconstitute the laser medium, flow costs 
may rise significantly. Chemical and flow costs are 
strongly coupled; however, we have not yet care
fully examined chemical regeneration of OCSe. 

Group VI Laser Amplifier Efficiency. The 
total system efficiency and scalability of photolytic 
Group VI laser amplifiers are sensitive to the ar
chitecture of the device and the technology risks of 
the design. Figure 7-40 gives key technical issues 
and characteristics for four different system con
figurations. Because many issues remain unre
solved, the efficiency estimates for each configura
tion represent optimistic assumptions about the 
solution of particular technical problems. For 
example, damage to vuv optics and windows, laser 
gas reconstitution, impurity control of rare-gas 
medium, and excited-state kinetic lifetime are 
significant technical issues common to most device 
configurations. The advanced fluorescer configura
tion in Fig. 7-40 covers all proposed fluorescence 
pumping schemes that may achieve coupling effi
ciencies greater than 40%. 

Table 7-12 summarizes the component and 
overall efficiencies for both coherently and in
coherently pumped photolytic lasers that are based 
on the selenium transauroral line. The first row 
describes the conversion of raw electrical power 
into deposited e-beam energy in the pump. This 
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Fig. 7-40. Significant issues and characteristics of several Group VI amplifier designs. 

value represents our best guess of the optimized ef
ficiency; it includes the diode voltage source, foil 
and support structure loss, and medium backscatter 
of electrons. The second row gives the intrinsic 
pump efficiency for either an XeJ laser or fluorescer 
pump. The italicized value is conceivable if a break
through in laser efficiency occurs (e.g., medium ab
sorption by photoionization might be circumvented 

or it could be found much less important than cur
rently thought). The third row summarizes total 
pump efficiency after flow costs. The flow penalty 
is higher for the windowless fluorescer in com
parison with the window case because of the need 
for greater acoustic damping. The transport/cou
pling row describes the optical coupling efficiency 
of pump radiation to the photolytic medium. The 

Table 7-12. Laser system efficiencies (%) for several selenium laser configurations. 

Efficiency 
component 

Xe* laser 
OCSe 

Laser system 

Windowless 
fluorescer 

OSCe 

Window 
fluorescer 

OSCe 

Puke-forming, deposition, and 
fill factors (e-beam) 

Pump medium 
Pump after flow costs 
Transport/coupling 
Optical fill factors 
Extraction x quantum 
Laser electrical 
Total laser after flow in laser 

5-10 20 
3.2-6.2 12 

90 

0.5-1.0 1.9 
0.5-1.0 1.9 

65 

45 
23 

20-40 

22 
0.8-1.6 2.4 
0.8-1.5 2.3 

45 
29 

20-40 

1.0-2.0 3.0 
1.0-1.9 2.8 
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fluorescence-coupling values assume simple planar 
geometries; the italicized value is a hypothetical, ad
vanced coupling scheme. The fill factor presumes 
an incomplete overlap of multipassed beams in the 
photolytic amplifier. The extraction times quantum 
value is obtained from the energy ratios of the 
489-nm output photon to the I72-nm input photon 
multiplied by an assumed extraction efficiency of 
60%. The final two rows summarize the projected 
amplifier efficiency and include a relatively small 
flow cost. Again, the italicized values require a 
breakthrough. 

In conclusion, we believe that Group VI laser 
systems that are photolytically driven by rare-gas 
excimers can potentially meet the minimum effici
ency requirement (1%) of a laser fusion driver. 
Their operation at greater than 2% efficiency may 
be possible but will require a significant break
through in photolytic driver technology. In any 
case, implementation of these devices will require 
solving several difficult technical problems. 
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7.3.5 Scaling Group VI Lasers to Large Apertures 
In this article, we discuss the potential scaling 

of photolytic Group VI lasers to power-plant size, 
along with the nominal sizing of a kilojoule pro
totype device. Two principal characteristics limit 
the ultimate aperture size and extractable energy 
content of a Group VI laser: the time the medium 
can store energy before quenching and the single-
pass gain-lengths that can be tolerated without 
parasitic oscillations. Other features linked to the 
pump and pump coupling approach also have a 
secondary impact on scaling. Storage time is an im
portant parameter because it sets an upper limit on 
the pump time before quenching lowers the extrac
tion efficiency. Hence, we can obtain limits on the 
total number of molecules bleached. From our 
modeling of extraction of Group VI lasers with 
spatially varying gain (Section 7.3.4), we found that 
50% extraction efficiency r)x can be achieved if T P < 
).4 TU, where T U is the 'S lifetime and T P the 
pumping-pulse duration, and extraction begins only 
after the amplifier has been bleached. Alternatively, 
extraction can be time-sequenced to occur in a 
smaller region near the front of the bleaching wave 
as the medium is being photolyzed. Such a scheme 
will have extraction efficiencies higher than 50% 
and scalability somewhat improved over what we 
describe below, at the cost of markedly increased 
system complexity. If a sequenced extraction 
scheme is not used, then limiting the pump time — 
and, correspondingly, the depth to which a Group 
VI medium may be bleached for a given pump in
tensity — limits one dimension of the laser. Sup
pression of parasitic laser oscillation suggests that 
one transverse dimension is limited such that gnL < 
4. A similar longitudinal constraint is assumed, 
although saturable absorbers or spatial separation 
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may be used to isolate amplifier modules along the 
propagation length. 

Consider a Group VI amplifier photolyzed 
from two sides. During the pump pulse, a bleaching 
wave propagates into the gas a distance I from each 
side. Thus the transverse aperture dimension is 
given by 21, where I is the depth a bleaching wave 
can propagate in a timeTp at a photolyzing intensity 
I n : 

e = 
T I 

P P 

N*hf _ 
(49) 

For cases of interest, this transverse dimension is 
limited by kinetics to distances shorter than the 
transverse gain standoff limit. Assuming that one 
transverse dimension and the longitudinal dimen
sion are constrained by gain standoff, 

Li,2 = Gi,2/oLN*, 

where oi_ is the largest stimulated emission coeffi
cient for the upper laser level. The total volume of 
this amplifier is given at these limits as 

L,L, • 20. 
(o L ) 2 (N*)3 \w 

(50) 

The extractable laser energy for the photolytic 
amplifier is 

Ex = N*h*L VTJX = 
2G,G2 IWvA 

(aNA)2 "" W P P ' 

(51) 

where we take N* equal to NA, the ground-state 
density assuming a yield of unity for photolytic pro
duction of excited states from precursor molecules. 
Note that high stored and extractable energies per 
aperture are obtained by decreasing N A . This 
results in larger apertures, larger laser volumes, and 
greater total energy stored before the onset of 
parasitic depumping. However, the practicalities of 
possible laser mirror dimensions and the decrease in 
laser efficiency from increase in flow costs for low-
specific-energy density dictates that the excited-
state number density be greater than about 2 x 10 1 6 

per cm3, corresponding to a volumetric extracted 
energy density of order 4 J/litre at 50% extraction 
efficiency for the transauroral line in selenium. For 
the photolytic S and Se lasers, o^=5x 10~19 cm2, 
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this excited-state number density corresponds to a 
gain of l/m and longest gain dimensions of order 
4m. 

Figure 7-41 is a scaling map that shows the 
module energy that may be possible for a 
Se([So-3Pi) amplifier. (We assume two-sided ir
radiation from a fluorescent or laser pump.) For 
this case hvL/hv p=0.35, o = 5 x 10"19 cm2. The ex
tracted energy is degraded from the total number of 
excited states bleached by >]x. We assume T P=0.4 T L 

and r)x=0.5. If Gi = G 2 =4 and N* = 2 x l 0 1 6 per 
cm3, we find thai the energy stored per module is 
E s = 5.6xl04TPIp. The scaling map shows the ex
tractable energy variation with I p , where T P is a 
parameter. Experiments suggest that, at N* = 
2 x 10 1 6 cm"3, the storage time may be as long as 1 
US, giving T P = 400 ns. If we use excimer 
fluorescence pumping to bleach the medium, the 
pump intensity available will probably be limited to 
values ~2 MW/cm2 (see Fig. 7-36, §7.3.4). Hence, 
we could achieve fluorescence-pumped amplifiers 
of 45-k J energy. The amplifier dimensions would be 
of order 40 cm x 4 m x 4 m. The use of saturable ab
sorbers along the laser path could yield beam-line 
energies of order 200 kj, consistent with propaga
tion of a focusable beam through the medium. For 
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the case of the Se laser, the bleaching intensity must 
be ~10 5 W/cm2 to avoid OCSe quenching in the 
head of the bleaching wave of the Se('S) before the 
OCSe is photolysed. This can be readily obtained 
with a fluorescer. If longer energy storage times and 
pump pulse durations could be obtained, fluores
cence pumping could yield a larger stored energy 
per aperture. However, e-beam fluence and diode 
closure limitations would then become important, 
limiting such amplifiers to roughly 10s J. 

Because of their higher intensities, coherent 
pump sources could (in principle) allow larger 
Group VI apertures to be built. If we can attain in
tensities incident on the sides of the photolytic cell 
of 107 W/cm2, single apertures of order 200 kj are 
possible with a r p = 400 ns. The efficiency of the 
overall system would, of course, be degraded by the 
projected lower efficiency of the pump lasers. Note 
that, even at a pump intensity of 10 MW/cm2 for 
400 ns, the bleaching wave can only propagate 1 m 
into the gas from each side; furthermore, 
transverse-gain standoff in the direction of 
bleaching wave propagation is not difficult, because 
oLN*2i ~ 2. 

In building very large photolytic Group VI 
laser amplifiers, we must find satisfactory solutions 
for several technological problems. For the case of 
fluorescence pumping, high system efficiency is 
achieved by closely coupling the pump to the 
medium, preferably with a large aspect ratio of il
luminated height to bleaching depth. This appears 
to be a very natural result in the 50-kJ fluorescence-
pumped module because the bleaching depth is 
limited by quenching. Coupling efficiencies of 
order 40% should be achievable in such geometries. 
For large-area fiuorescers, superfluorescence in the 
pump must be controlled to avoid depleting inten
sity of pump fluorescence. Broad-area e-beams 
must have magnetically isolated modules to prevent 
beam pinching in the diode; e-beam modules of 
order 20 per side would be required for a 50-kJ Se 
laser. Problems with fluorescer and laser gas mixing 
must be solved, if a windowle^s fluorescence 
pumped geometry is used. If a window separates the 
Group VI medium from the iluorescer, we must 
solve problems with optical damage from vuv 
photons, scattered electrons, and x rays from the 
e-beam, and mechanical fracture due to shock 
waves. Laser pumping is, in principle, more attrac
tive, if we assume an efficient vuv laser source can 
be found. However, once found, we must still have 
vuv window and mirror materials to withstand the 
high vuv fluences of the photolytic pump. 

A large system naturally will contain more than 
the final storage amplifier. The preamplifier re

quirements are dictated by the number of passes 
used to saturate the amplifier. Modeling calcula
tions suggest that a three-pass extraction scheme 
will lead to reasonable efficiencies and fluence 
gains. For a 50-kJ amplifier with o0L = 4, a fluence 
gain of order 25 could be achieved at rjx = 50%. Ac
cordingly, the driver for the first 50-kJ amplifier in 
each chain should be of order 2 kj. An output 
fluence of order 2 J/cm2 would be achieved. If we 
assume saturable absorbers for interstage isolation, 
the output from the 50-kJ amplifier could be fur
ther amplified. The extraction efficiency for these 
final amplifiers could be slightly higher than 50%. 

A key step on the road to a large-scale 
photolytic Group VI system is a I-kJ prototype. 
Table 7-13 gives approximate parameters for a 
489-nm Se laser. The gain length, 4.2 m, and the 
corresponding longitudinal gain, a„L = 4, are 
similar to the projected lengths for a larger 
amplifier. Excited-state densities of order 3 x l 0 1 6 

cm - 3 are also close to what would be used in a larger 
scale system. This device would operate with a 
slightly pressure-broadened line, with a saturation 
fluence of 1.3 J/cm2. Hence, an aperture of 375 
cm2 is required to produce 1 kj. The preamplifier 
must produce of order 50-100 J, to yield 50% ex
traction efficiencies in a three-pass system. For 
simplicity and low risk, we assume fluoresence 
pumping. We presume an amplifier of 25-cm height 
and 15-cm width with a fluoresence coupling effi
ciency of 20%. The electron current density and 
pump pulse duration, and the resulting photolyzing 
intensity would be chosen at levels such that the 
bleaching wave would propagate slightly more than 
7.5 cm in a time such that T P /T U = 0.4. Until a 
greater knowledge of Se('S) quenching kinetics is 
available, this remains a variable. For a case of ex
tremely rapid quenching (TU = 250 ns) an e-beam 
current density of 100 A/cm2 applied for 100 ns 

Table 7-13. Specifications of 
fluorescence-pumped, 1-kJ, Se 489-nm laser. 

Length 4.2 m 
Height 25 cm 
Depth 15 cm 
On-axis gain e' 
OCSe density 3 x lO'Vcm3 

Buffer pressure KKIOTorr 
Preamplifier 5(M«> 100.1 
Electron-beam height 30 cm {two-sided pumping) 
Pump duration 1(H) ns x ru/400 ns 
Beam current l(N) A/cm-' x 4(M) mha 
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Fig. 7-42. Photolyzed medium outside the main amplification region. It would be used as a preamplifier in a l-lcl design. 

results in a bleaching depth of greater than 10 cm. 
For such large beam currents, diode modularization 
must be achieved. Longer storage times would 
allow the use of lower beam current densities for 
longer times. We can achieve scaling to larger 
amplifier energies by increasing the amplifier height 
to the transverse gain standoff limit and by 
bleaching the medium to a depth limited by decay 
kinetics and e-beam characteristics. 

The preamplifier for the 1-kJ laser must also 
have a long gain-length because the medium has low 
gain. A straightforward approach uses photolyzed 
molecules otherwise wasted in the 1-kJ amplifier. 
Regions of such gas exist outside the 15-by-25 cm 
aperture. Calculations of the number of molecules 
bleached in the outer regions of a 1-kJ amplifier 
(see Fig. 7-42) show that ~800 J may be available. 
Input energies of under 1 J would be needed to ex
tract sufficient energy from these outer edges to 
drive the final amplifier. Sufficiently long storage 
time, optical isolation, and beam cleanup from the 
several passes through the preamplifier would all be 
required. 

The overall efficiency of the KJ device would 
be about 1%. The major steps in this efficiency 

chain are the following: 
• Conversion of electrical stored energy into 

deposited energy in the gas, 65% efficiency. 
• Fluorescence efficiency, 45%. 
• Coupling efficiency, 20%. 

The area of maximum leverage is the coupling effi
ciency; factors of two improvements are likely, 
possibly more with advanced geometries. 
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7.4 Laser Systems Using Rare-Earth 
Molecular Vapor 

In the 1976 annual report, we described our 
continuing studies on trivalent rare-earth (RE 3 + ) 
vapors and their potential as gain media for ad
vanced fusion lasers. Two significant properties 
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possessed by RE3 + vapors vs RE 3 + solids (i.e., 
Nd 3 - t :gla£ij are (1) that the gas phase species can 
have markedly reduced self-focusing properties 
(because the nonlinear index n 2 is expected to be 
smaller), thereby permitting damage-free operation 
and lrrge energy extractions from amplifiers, and 
(2) tlu.t system operation at high average power is 
possible through gas recycling and cooling. 

With the R E 3 + vapors, high excited-state den
sities > 1017 cm"3) can be maintained for usefully 
long times (J> 1 f4s) with projected overall wall-plug 
efficiencies of a few percent. This relatively high ef
ficiency appears to be possible with recently 
discovered classes of efficient, though nonenergy-
storiiv , gas lasers that are used to optically excite 
selected R E 3 + vapor media. The rare-gas halide 
lasers are good examples of such optical pumps, 
e.g., KrF at 248 nm and XeF at 352 nm. Last year, 
we d; cussed the kinetics and preliminary gain 
studies at 1.06 pan for NdAlCl complexes and 
Nd(thd)3 chelate vapors as well as initial studies on 
TbAlCl and Tb(thd)3 vapors that have potential 
laser transitions at 435 and 545 nm. 

The following discussion on RE3 + vapor gain 
media is divided into two sections. The first section 
describes the updated experimental and computa
tional work on the N d 3 + and T b 3 + vapors. The 
second section discusses the results of a preliminary 
study of systems modeling and scaling for the 
TbAlCl and Tb(thd)3 media. 

Author 

R. Jacobs 

7.4.1 Physics Issues 
Experimental Studies. Of the three potential 

RE3" vapor carriers identified last year [RE3 + 

trihalides, R E 3 + A1C1 complexes, and R E 3 + (thd)3 

chelates], we continued our experimental studies on 
the Nd3 + and T b 3 + complexes and chelates. The 
RE3 + trihalides are considered to be less attractive 
because of their low vapor pressures, i.e., =1 Torr 
at >1000°C; such elevated temperatures would have 
a strong negative impact on overall laser system ef
ficiencies and complicate the problems of materials 
compatibility. 

NdAICl Complexes. We studied the kinetics 
behavior of the Nd3 + : 4 F 3 / 2 level at 1.06 ym ( 4 F 3 / 2 

"* 4 lu/2 transition) for the NdAICl complexes 
under conditions of weak76 and strong 7 7 , 7 8 excita
tion, i.e., low and high excited-state densities. The 
main conclusion from these studies was that 

excited-state densities of =2 x 10 1 7 cm"3, correspon
ding to a stored energy density of =35 J/Iitre at 1.06 
fjm, could be sustained for usefully long times (>10 
fis). During the past year, such conditions were ex
ploited79 to demonstrate optical gain for the ex
perimental arrangement diagrammed in Fig. 7-43. 
A 33-cm-long, temperature-regulated oven sur
rounds a double Brewster-angle quartz cell (1.6 cm 
i.d., 18 cm long) containing NdCl3 and A1C13 as the 
starting materials. For the cell temperature range 
used in the gain measurements (300 to 450 °C), the 
NdAICl vapor varies in pressure from 15 to 60 Ton-
while the pressure of the A12C16 complexing agent 
varies from 6 to 7 atm. An etalon-tuned, flashlamp-
pumped dye laser (Candella ED 6254) with a flat-
flat resonator structure optically excites the Nd 3 + 

ions at 5872 A and thus produces a population in
version between the Nd3:4F3/2 and 4111/2 states. The 
dye laser medium consists of a 3 x 10"5 M solution 
of rhodamine 6G in methanol. 

We obtained maximum dye laser energies at 
5872 A (±<3 A) of 1 to 2 J with pulse lengths of 1 to 
1.5 fts. The multimode output of the dye laser 
decreases about 50% in energy after a few days 
operation and remains fairly stable thereafter. The 
pump energy is focused by a 115-cm focal length 
lens through a curved (60-cm radius), dielectric-
coated quartz substrate and into the rare-earth 
vapor cell. The dichroic mirror transmits 95% at 
5872 A and reflects 99% at the 1.064-f<m 
wavelength of the counterpropagating Nd:YAG 
probe laser (General Photonics YAG2, =70-mW 
output power). Measurements with the NdAICl cell 
removed indicate that >25 to 50 mj is directed 
along the ' cm length of the cell position within a 
0.64-mm diameter (determined using stainless steel 
pinholes). This pump energy density, considered in 
conjunction with vapor pressure data and absorp
tion cross sections,80 is sufficient to excite one-half 
of the available NdAICl molecules in the irradiated 
volume to the Nd3 + : 4F 3/2 state. 

The Nd:YAG probe laser depicted in Fig. 7-43 
has its TEM 0 0 mode output amplitude modulated 
with the indicated chopper wheel into l-ms-Jong 
pulses, during which interval the dye laser pulse is 
generated. The probe laser is focused by a 100-cm 
focal length lens that spatially and temporally 
overlaps the optically pumped rare-earth vapor 
volume (focused probe beam diameter <0.6 mm). 
The probe laser beam is then directed by the angled 
mirror onto an S-l sensitive photomultiplier tube 
(RCA 7102, 1.25-in.-diam photocathode); out
put from the photomultiplier tube is displayed on 
an oscilloscope with differential amplifiers 
(Tektronix 555) to monitor the voltage generated 
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Fig. 7-43. Schematic arrangement of components used to measure optical gain at 1.06 Mm in the neodymium chloride-aluminum 
chloride (NdAlCl) vapor complex. 

across a 50-i? load resistor. The chopper wheel, 
with its light-emitting diode and detector, controls 
the triggering of both the dye laser and oscilloscope. 
A coarsened, fused silica substrate diffuses the 
probe laser beam before it passes through a 200-A 
(FWHM) bandpass filter at 1.064 urn for detection 
by the photomultiplier. 

Optically induced thermal inhomogeneities 
(schlieren effects) in the vapor medium are mani
fested as the probe iaser intensity decreases via 
displacement of the 1.06-ftm beam in tests with the 
scattering plate removed and with small (1- to 2-mm 
diameter) apertures placed in front of the bandpass 
filter. Depending on the dye laser energy and the 
rare earth cell pressures, the time scale for such 
disturbances is observed as soon as 10 fxs after the 
excitation pulse. In separate tests using the 4416-A 
output of a HeCd laser as a probe beam, the 
schlieren effects are observed to occur on a com
parable time scale. Accordingly, for the gain 
measurements, the diffuser, filter, and photomulti
plier face are placed fairly close (=15 cm) to the 
dichroic mirror to provide as large a solid angle for 
detection as possible (see Fig. 7-43). This technique 
eliminates the schlieren effects on the detected 
probe laser intensity. However, with this arrange
ment, some vapor fluorescence in the 1.06-um spec
tral region is inevitably detected. Thus, two traces 
are required to obtain the temporal evolution of the 
net optical gain: first, the probe and fluorescence 
signals are recorded together, Ip+If, and then, the 
fluorescence intensity If from a second excitation of 
the neodymium vapor, with the pulse laser blocked, 

is subtracted from the I p + If signal (see Fig. 7-44). 
For these two-part-gain data, the pulsed dye laser 
amplitude is recorded with a photodiode on a sec
ond channel of the dual-trace oscilloscope (Fig. 
7-43) to ensure that the excitation intensity is con
stant. The zero intensity value for the chopped 
probe beam is offset from view in Fig. 7-44 so that 
the Ip + lf and If signals are recorded on the same 
sensitivity range. The indicated 10% gain flag is 
referenced to this offset baseline. The unamplified 

IOAIS 

Fig. 7-44. Representative reduced gain data al 1.06 pm in 
the neodymium chloride-aluminum cnloride (NdAICI) vapor 
complex at 350°C. T l . oscilloscope trace labeled I P + I f is 
a sum of the probe laser (with baseline offset) and rare earth 
~ jpor fluorescence signals. The scope trace designated 1 , is a 
t-.mporal record of the fluorescence with the probe laser 
blocked. Thus, the time-dependent optical gain in the medium 
is the difference between the two traces. 
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peak probe beam amplitude in Fig. 7-44 is repre
sented by the horizontal straight line. 

As seen in Fig. 7-44, the peak single-pass op
tical gain for the excited NdAlCl vapor is =4 to 5%, 
corresponding to a gain coefficient of X).25%/cm. 
A simple comparison can be made with the expected 
peak gain by evaluating exp(ANe>i.L), where AN is 
the inversion density, OL is the stimulated emission 
cross section at 1.06 fjm, and L is the vapor gain 
length. The inversion density AN for the cell condi
tions represented by Fig. 7-44 is one-half the 
available number density of NdAlCl molecules, or 
AN =2 x 10 1 7 cm - 3 . Taking o L to be =2 x 10" 2 0 cm2 

from the Judd-Ofelt analysis,77 the estimated 
single-pass gain at 1.06 pm for the 18-cm-long cell 
(L) therefore is =8%, for a gain coefficient of 
=0.4%/cm. Considering the relatively coarse deter
minations of AN and OL, the agreement between the 
predicted and observed gains is satisfactory. We ob
tained similar results for OL in gain measurements 
over the temperature range from 300 to 450 CC. The 
gain signal amplitudes are observed to be appro
priately dependent on the optical excitation intensi
ty, the degree of overlap between the pump and 
probe laser beams, and the NdAlCl vapor density. 

Despite the existence of optical gain for the 
NdAlCl vapor medium, three sources of cumula
tively larger intracavity loss prohibit the demonstra
tion of laser oscillation, i.e., window etching, im
purities, and schlieren effects. Further details on 
this aspect are given in Ref. 79. 

The NdAlCl vapor gain medium can be scaled 
to larger dimensions in an efficient manner by using 
the relatively efficient XeF discharge laser at 351 
nm as the optical excitation source after resonant 
Raman laser conversion in barium vapor to the 
585-nm spectral region. A photoconversion effi
ciency >80% has been demonstrated for this case.81 

Nd(thd)3 Chelates. The volatile (10 Torr at 
235 °C) and thermally stable52 RE(thd)3 chelates 
(2,2,6,6-tetramethyl-3,5-heptanediode) are poten
tial laser media, in part because of their relatively 
large Judd-Ofelt intensity parameters.83 In contrast 
to the two-component transition metal trihalides 
discussed above, the gaseous RE 3 +(thd) 3 chelates 
offer the practical advantage of being a low-total-
pressure, single-component vapor. 

With this motivation, we monitored the 
1.06-jjm fluorescence decay from vapor phase 
Nd(thd>3 as a function of local number density and 
temperature, using the previously described flash-
lamp-pumped dye laser for direct excitation into the 
N d 3 + 587-nm absorption band. 7 8 The 1.06-Mm 
fluorescence decay rate for the Nd 3 + : 4 F 3 / 2 level is 
see:i to be essentially independent of (1) local 

temperature for a fixed number density and (2) Nd-
chelate molecular number density for a fixed am
bient temperature. The first behavior contrasts 
markedly with observed Tb(thd)3 chelate vapor 
kinetics, whereas the second feature is similar to 
previous work.8 4 The peak fluorescence intensity at 
1.06 fim for the Nd(thd)3 chelate is observed to scale 
essentially linearly with pump intensity up to flux 
values of =10 MW/cm2, indicating that no signifi
cant multiphoton absorption or molecular dissocia
tion processes occur on the pumping time scale. The 
fluorescence lifetime of about 0.5 MS is found to be 
independent of excited state density for excited-state 
densities 5=1017 cm"3 (>25 J/litre). Such kinetic 
behavior is consistent with a deactivation mecha
nism that is dominated by the excitation of a few 
high-energy molecular vibrations. Accordingly, 
deuterated and fluorinated RE(thd)3 chelates 
(which have lower energy fundamental vibrations) 
may exhibit longer fluorescence lifetimes. 

We also made gain measurements for the 
Nd(thd)3 chelate vapor subsequent to the NdAlCl 
studies.79 This lower gain Nd 3 + vapor species re
quired a significantly more stable 1.06-jim probe 
laser to generate reproducible results. However, as 
noted, the kinetics studies do reveal that >25 J/litre 
can be stored in the Nd-chelate vapor for times of 
~1 fjs, suitably long for laser fusion purposes. 

TbAICI Complexes. There are at least three 
reasons for preferring T b 3 + over Nd 3 + vapor for a 
fusion laser gain medium: (1) the terbium vapor 
uses the output of the efficient KrF laser at 248 nm 
directly, whereas the neodymium vapor requires 
Raman shifting of the 351-nm XeF laser wave
length, (2) the laser cross section for T b 3 + is 
estimated85 to be about 2.5 times larger than that 
for N d 3 + , SxlO" 2 0 cm2 vs 2 x 2 0 - 2 0 cm2, respec
tively, and (3) the terbium transition wavelengths 
are in the visible spectral region, not in the near 
infrared, and thus may be better suited for laser fu
sion target coupling, i.e., 435 and 545 nm for T b 3 + 

vsl.06fmiforNd 3 + . 
Analogous to the work by 0ye and Gruen8 0 on 

NdAlCl complexes, the following reactions are con
sidered operative in forming the TbAICI molecular 
vapor from the TbCl3 and A1C13 starting materials: 

TbCl3(s) + 1.5Al2Cl6(g) - TbAl3Cl12(g), (52) 

TbCl3(s) + 2Al2Cl6(g) * TbAl,C1B (g), (53) 

where s and g refer, respectively, to the solid and 
gaseous phases. The vapor pressure properties of 
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Fig. 7-46. Fluorescence from the TbAICl 
complex vapor at 435 and 545 nm, ex
cited by 20-ns-long focused KrF radi
ation (248 nm) entering at the left of 
the oven-heated cell. The quartz cell 
diameter is ~ 1 in. The edge of the 
Brewster-angle window can be discerned. 

Pumping of large-scale TbAICl systems is con
templated with long-pulse («1 ps) KrF lasers via ex
citation of the 4f75d electronic state. This energy is 
expected to convert to the multitude of closely 
spaced 4f* electronic levels followed by rapid (<100 
ns) nonradiative relaxation to the 5D3 metastable 
level. Further transfer of energy from 5D3 to 5D4 
can proceed more slowly through a near-resonant 
bimolecular collision of the type Tb( 5D 3)+Tb( 7F6) 
— Tb( 5 D 4 )+Tb( 7 F 0 ) . The quenching rate for this 
process is estimated to be 5 x 10" 1 3 cm 3 /s on the 
basis of related 4f-4f collisional interaction prob
abilities observed for the NdAlCl vapor. 7 6 Direct 
4f 75d -» 5D3 and 4f75d -» 5 D 4 energy transfers are 
also possible (points b and c, Fig. 7-45); the effi
ciency of these processes depends on the precise 
shape, location, and interaction strength between 
the 4f* and 4f75d potential surfaces. The possibility 
of 4f 75d level relaxation directly to the 41* ground 
electronic state (point d, Fig. 7-45) is judged to be 
unlikely for this molecule based on semiempirical 
molecular orbital calculations87 and high values for 
excited-state quantum yields in preliminary ex
periments. 8 8 

Figure 7-46 shows the fluorescence from 
TbAICl vapor at 435 and 545 nm excited by focused 
248-nm KrF laser pulses of 20-ns duration. 8 9 The 
photograph is taken through a purposely enlarged 
section of the temperature-regulated oven. The KrF 
laser pump intensity was varied up to values of 1G 
MW/cm 2. In Fig. 7-46, the right-angle geometry 
with respect to the pump beam axis is used to 
monitor the T b 3 + vapor fluorescence responses 
with suitable optical filters and photomultipliers. 
The same geometry is used with a pair of calibrated 
pinholes and a photomultiplier to observe a well-
defined viewing region in the emitting volume to 
help determine the time-dependent quantum yields 
of the excited state. 

Figure 7-47 illustrates the temporal behaviors 
for the TbAICl complex fluorescence intensities at 
435 and 545 nm for parametrically reduced KrF 
laser pump flux at the fixed cell temperature of 
350 °C. The 20-ns-long, 248-nm pump intensity is 
reduced by a factor of about three for the middle 
traces and by another factor of three for the traces 
at the right side of Fig. 7-47. We note that the 
fluorescence intensities properly decrease with 
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Fig. 7-47. TbAiCI vapor fluorescence responses at 435 nm (black) and 545 nm (color) depend monotonically on varied KrF 
laser pump intensity at 248 nm. For these data, the excitation pulses are 20 ns long; the cell temperature is 350°C. Note the 
unconventional logarithmic time scale required to portray the entire dynamic range. 

diminishing excitation lux. However, detailed dif
ferences do exist between relative peak heights in a 
nonmonotonic fashion; these are currently being in
terrogated with computer modeling. As expected, 
the 545-nm fluorescence response consists of a 
prompt component (see point c, Fig. 7-45) followed 
by an augmented component that is well correlated 
with collisional transfer from the sDa metastable 
level of T b 3 + as evidenced by the telltale decay of 
the 435-nm fluorescence. 

The decay time constant for the 545-nm inten
sity is =100 fiS, significantly less than the few 
milliseconds predicted for the radiative lifetime. 8 6 

This difference is attributed to a combination of 
excited-state-excited-state bimolecular coliisiona! 
deactivation and nonradiative decay. The responsi
ble mechanisms and characteristic rates are being 
evaluated with computer codes that use data as a 
function of pump flux for a fixed cell temperature 
and, as represented by Fig. 7-48, where the roles of 
these fixed and variable parameters are inter
changed. For the 300 °C cell temperature case, the 
radiative lifetime for the 5D4 state, as represented 
by the 545-nm decay, approaches the predicted 

value of a few milliseconds. The traces for .the 
higher temperature case ai 450 °C, taken at the same 
excitation flux, show markedly reduced fluores
cence lifetimes for the T b J + : 5 D 3 and S D 4 

metastable states. Again, the reduction in the 5D4 
lifetime is attributed both to excited-state-excited-
state collisional quenching and to nonradiative 
deactivation. 

We can estimate the 5D4 excited-state density 
for 450°C at =10 pis with a knowledge of the 
ground-state molecular density ( = 2 x l 0 1 8 cm"3), 
the measured88 absorption cross section at 248 nm 
(=1.3 x lO" 1 9 cm 2), and the focused pump flux, 
along with an assumed unit value for the excited-
state quantum yield (i.e., one excited state gener
ated per absorbed pump photon). The estimate 
gives a 5D4 excited-state density of about 7 x 10" 1 6 

cm"3 at 450 °C, corresponding to a stored energy 
density of 25 J/litre. As seen in Fig. 7-48, this inver
sion is sustained for the relatively long time, for 
laser fusion purposes, of 10 pis. This inversion den
sity, when combined with the estimated85 laser cross 
section for the Tb 3 + : 5D4 - • 7?$ transition at 545 nm 
of 5 x l 0 - 2 0 cm 2, yields a gain coefficient of 
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Fig. 7-48. Existence of a strong temperature dependence for the TbAICI vapor fluorescence responses at 43$ nm (Mack) and 
S4S nm (color) for fixed KiF laser pump intensity. The excitation pulses are 20 ns long. The estimated inversion density at 10 ws 
for the 450°C case is 7 X lO 1 6 cm " 3 , corresponding to a stored energy density of 25 J/litre. 

0.3%/cm. Such performance properties make the 
TbAICI vapor complexes attractive gain media for 
advanced fusion laser systems. 

The kinetics data, as exemplified by Figs. 7-47 
and 7-48 for the TbAICI vapor complexes, are com
puter-fitted, using the simple rate equation model 
depicted in Fig. 7-49. the objective of the modeling 
is to elicit the various rate constants indicated in the 
figure and thereby characterize the energy flow for 
the excited TbAICI vapor medium. The T b 3 + : 5 D 3 

-* 5D4 collisional transfer is described by kf, 
whereas the bimolecular encounters of interacting 
pairs of 5D3 or 5D4 excited molecules are repre
sented by the rate constants kj3 and k44, respective
ly. Typical results from such a computer fitting pro
cedure 9 0 are displayed in Fig. 7-50. For this case, 
the agreement between experiment and the simple 
rate equation formalism is quite good. Although 
this work is still in progress,9 0 the preliminary value 
for kj is «7 x 10~ 1 3 cm 3 /s . Best fitted values for the 
other rates in Fig. 7-50 are the subject of a future 
publication. 

We attempted a laser demonstration for the 
TbAICI molecular complexes to exploit the 

favorable conditions implied by the kinetics 
studies.9 1 The experimental approach is similar to 
that shown in Fig. 7-43 for NdAlCl, except that for 
the T b 3 + vapor a focused 1-J KrF laser is used to 
excite a 50-cm-long complex cell at 350°C. The rele
vant input dichroic mirror transmits >85% at 248 
nm and reflects >98% at 435 and 545 nm. The out
put mirror coupling is a few tenths of a percent at 
these wavelengths. No laser oscillation was ob
served in the initial tests, for which the single-pass 
gains are evaluated to be only 8 to 10% per pass. 
This evaluation assumes no excited-state absorp
tion ESA, the published value for the laser cross 
section 8 5 oi, and unit quantum yield QY for 
generating the Tb 3 + metastable stales. Because the 
laser attempts were effectively an integration of 
these uncertainties, additional work is needed to 
pinpoint the precise single pass gains; i.e., optical 
gain measurements are needed to address the issues 
of ESA and oL value, along with refined determina
tions for QY. Obviously, a slight reduction in either 
ox or QY could produce single-pass gains too low tq^ 
overcome the fixed intracavity losses and therefore 
prevent laser action. 
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Fig. 7-49. Simple rate-equation model for characterizing the TbAlCI vapor fluorescence responses as represented in Figs. 7-47 
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Fig. 7-50. Representative results at 400°C, compiling 
observed fluorescence responses for TbAlCl vapor com
plexes, as in Figs. 7-47 and 7-48, against the rate-equation 
model shown in Fig. 7-49 The relative amplitudes at 0.1 
«s were varied parameters along with the parameters 
shown in Fig. 749. Solid curves denote actual data; 
dashed curves denote computer fitting. 

fluorescence from the 5D3 state is not detected, im
plying either rapid deactivation of this level (< the 
20-ns pump pulse length) or the absence of any 
chelate excitation transfer to this state. 

Results for 5D4 relaxation have been obtained 
for a fixed molecular number density (7 x 10 1 6 cm"3 
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at 200 °C) as a function of ambient temperature and 
248-nm-pump intensity by using a two-temperature 
cell. 8 4 As seen in Fig. 7-52, lifetimes for weak pump 
fluxes monotonically decrease from 1.2 to 0.2 j*s for 
increases in local temperature from 230 to 300°C. 
These findings are in agreement with the earlier 
study 8 4 that used relatively low intensity nitrogen 
laser excitation at 337 nm (designated as the N 2 

trace in Fig. 7-52). As seen in Fig. 7-52 and its 
insert, the highest pump flux I 0 produces decay 
traces that are clearly resolved into two decay times, 
T f a s t and T S I O W . The fast decay times are ascribed to 
excited state-excited state nonradiative processes in
volving bimolecular encounters of Tb 3 + : 5D4 
species. In all cases, the 5D4 level is strongly 

Fig. 7-52. Dependence of the *D4 fluo
rescence lifetime in Tb(thd)3) chelate 
vapor on the ambient temperature T M l | 
for a fixed number density T J 1 O W (and 
adjacent curves) and on the intensity of 
the av pamp later r t u v The various 
carves for T^^, are attributed to varying 
local heating conditions as a function of 
varied pump flax. For all cases, the duo-
r—peace htethnee an significantly re-
aaced from the radiative value of Sims. 
The lasaoaaMe quenching mechanisms 

1 la the text. 
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quenched from its radiative lifetime of =1 ms 
through intramolecular deactivation by the carrier 
chelate.84 The slight offsets among the various 
decay curves in Fig. 7-52 are attributed to the ef
fects of local gas heating subsequent to excitation 
by the uv lasers. 

For Tb(thd)3 laser amplifiers at 200 °C (Fig. 
7-S2), and again assuming unit quantum efficiency 
for excited-state generation per absorbed pump 
photon, inversion densities of =7x)0 1 6 cm"3 (25 
J/litre) are sustained for times of -0.33 its. Pre
liminary quantum yield measurements have been 
made, but we require more accurate spectroscopic 
input parameters to ascertain final values. Because 
of the tortuous pathways the excitation energy must 
traverse before reaching the Tb 3 + :5D4 level, it is 
quite possible 'hat the excited-state generation effi
ciency could be appreciably less than unity. Thus, 
the ultimate utility of this advanced fusion laser 
candidate depends critically on this efficiency. 

Theoretical Studies. Theoretical studies on 
candidate rare-earth vapor lasers have consisted of 
approximate molecular orbital calculations to 
determine the electronic structures of candidate 
compounds and possible decomposition products. 
We have constructed a qualitative picture of the 
potential curves for the dissociation of the rare 
earth trihalides. Calculations have been completed 
on Tb(AlCl4)3 and the electronic structure is found 
to be very similar to TbCl3. We carried out similar 
calculations on A1C13 and A12C16 to identify pos
sible absorptions in an RE(AlCl4)3 laser medium. 

Results of calculations conducted previously,92'93 

were used in conjunction with spectroscopic data 
and chemical intuition to estimate the shapes of the 
potential curves describing the dissociation process 
TbCl3-»TbCl2 + Cl. The curves, which describe the 
ground state and a few low lying excited states, are 
shown in Fig. 7-53. The relative positions of the ex
cited states of TbCl3 were estimated, using semi-
empirical molecular orbital methods (a,d-f); ex
perimental f-f transitions were used to position ex
cited states with different f electron coupling (b,c). 
Experimental data were used to position the asymp
totic states. The topology of the lowest f-»d excited 
curve (d) was inferred from experimental data that 
indicate that the vertical transition from the ground 
state (a) strikes the repulsive wall of the excited 
state. The only curve-crossing expected in this 
system is crossing of the charge transfer configura
tion that gives rise to the binding of the molecules. 

We have completed calculations on two 
geometries of TbAl3Cli2. The purpose of these 
calculations was to test our hypothesis that the rare 
earth trihalides could be used as a model for larger 
and more complicated trivalent rare earth com
pounds that are being considered as fusion laser 
vapor gain media. Semiempirical molecular orbital 
methods were used to study this system, which in
cluded 108 electrons. Two molecular geometries 
were used: one with D3h symmetry, the other with 
D 3 symmetry. Both correspond to reasonable 
molecular structures. The calculated charges on the 
various atoms indicate that there is little difference 
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between the two geometries, particularly for the 
charge on the terbium. The effect of the complex 
ligand on the electronic structure is to provide for 
additional excited states. However, because the 
unoccupied orbitals available for excitation are all 
centered on the rare earth, the transition prob
abilities are expected to be very small. The positions 
of these excited states are very close to those 
calculated for TbCl3. The only difference is the 
larger energy separation between the lowest and 
highest unoccupied d orbitais for terbium. This is a 
characteristic ligand effect and very difficult to 
predict a priori. 

Semiempirical calculations also have been car
ried out on AICI3 and A^Clfi. The positions of the 
excited states were determined: the first excited 
state in AICI3 is 5 eV above the ground state, and 
the first excited state in AljClj is greater than 10 eV 
above the ground level. These results rule out ab
sorption as a possible loss mechanism in the laser 
media. However, the short wavelength transition 
for A^Clg may affect the nonlinear index of refrac
tion that depends inversely on wavelength. 
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7.4.2 Design and Scaling of Multikilojoule Laser 
Systems 

Multikilojoule system architectures are being 
considered for the Tb(thd)3 chelate and TbAlCl 
complex vapors. For the Tb(thd>3 chelate vapor 
case, the laser medium would typically be used at a 
number density of 2 x 101 7 cm"3 at 225 °C, buffered 
with helium gas at, say, 1 atm. For a device with 
~50 kJ of energy available at 545 nm, the medium is 
envisioned to flow through a volume measuring 400 
cm long, 100 cm high, and 30 cm wide. This volume 
would be pumped optically with KrF lasers through 
large-area, opposing, quartz side windows. The op
tical extraction pulse would propagate through the 
medium several times, nominally along the 400-cm 
length and perpendicular to the mutually ortho
gonal pump and medium flow directions. The 
characteristics of a KrF-pumped TbAlCl vapor 
system are very similar to those of the Tb(thd)3 
chelate system. 

The microscopic parameters of the Tb(thd)3 
and TbAlCl laser media are summarized in Table 
7-14 and a set of nominal values for large scale 
power amplifiers is given in Table 7-15. We note 
that the Tb(thd)3 chelate laser medium is optically 
thick at the KrF pump wavelength and exhibits a 
bleaching fluence of only 0.08 J/cm2. The TbAlCl 
amplifier medium also is optically thick when 
pumped along the 100-cm direction. Under the 
pump conditions chosen for the Tb(thd)3 chelate, 
the medium will be fully bleached but not 
dissociated in =0.2 ps, a time less than the popula
tion inversion storage time =0.4 fjs. For TbAlCl, the 
medium will be fully bleached in =0.5 lis, con
siderably less than the 10-ps population inversion 
storage time. Thus, for a Tb(thd)3 chelate vapor 
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Table 7-14. Microscopic parameters for Tb(thd)., chelate and TbAICl vapor laser amplifiers. 

Parameter Tb(thcl):i chelate TbAICl 

Pump wavelength, ntn 
Pump cross section, cm 3 

Pump bleaching fluence, J/cm~ a 

Laser wavelength, nm 
Laser cross section, cm* 
Laser saturation fluence, J/cm-
Quantum detect 
Internal conversion efficiency 

248, KrF 
10 , ; 

0.08 
545, D4 

JF: 
(5 x lO"2"] 1" 
7.3 
0.46 

(1) 

248, KrF 
1.3 x 10-'" 
6.2 
545, :'D, 'F, 
15 x 10 M ) 
7.3 
0.46 
( I ) 

"Values in parentheses are estimated and thus subject to confirmation by direct measurement. 

maximum gain length product of o 0 L = 4, 83 kj of 
energy can be stored in the 5D4 level for times of ap
proximately 0.4 lis (10 its for TbAlCl), and that con
sistent with level degeneracies (and assuming lower 
le ?l bottlenecking during the time of extraction) a 
little more than half this energy (SO kj) can be ex
tracted. For theTb(thd>3 chelate, moderation of the 
medium temperature rise after excitation can be 

achieved with an increased helium buffer pressure, 
although this will cause some degradation of the 
output beam quality. Such attractive device per
formance is predicated on the assumption of a near 
unity quantum conversion of pump photons to ter
bium molecules in the 5 D 4 metastable level. This 
particular aspect is under evaluation in small-scale 
experiments. 

Table 7-15. Device parameters for 50-kJ Tb(thd)3 chelate and TbAICl vapor laser amplifiers. 

Parameter Tblthd)., chelate TbAlCl 

Tblthd), density, cm -1 

Medium temperature, °C 
Inversion density, cm ' 
Inversion lifetime, pa 
Stored energy density, J/litre 
Available energy density, J/Iitre 
Small signal gain coefficient, n r ' 
Maximum gain length product 
Maximum dimension, cm 
Buffer p:-assure, atm 
Available energy, J/litre-atm 
Total stored energy, kj 
Total available energy, KJ 
Pump pulse width, /is 
Pump fluence, J/cm 2 

Pump flux, MW/cm-
Bleaching velocity, cm/s 
Bleaching time, /us 
Height, cm 
Width, cm 

2 x 10" 
225 
2 x 10" 
<0.4 
73 
40 
1 
s4 
400 
•=l(He> 
40 
91 
50 
0.1 
2.5 
25 
1.5 x 10" 
0.1 
100 
30 

2 x 10" 
300 
2 x 10" 
s lO 
73 
40 
1 
s4 
400 
2.2 (A1 2 CI 6 ) 
18 
91 
50 
0.5 
8.3 
17 
9.2 x 10' 
0.5 
100 
30 
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In general, the overall efficiency of a large 
scale Tb(thd)3 chelate or TbAICI vapor laser system 
will depend on the pump laser efficiency and on the 
extraction efficiency of the rare-earth vapor laser 
medium. On the basis of an assumed KrF pump 
laser efficiency of 6 to 12%, we estimate an overall 
rare-earth vapor laser system efficiency of 1 to 2% 
(see Table 7-16). As seen in Table 7-16, an electron-
beam pumped KrF laser (§7.6.2) can be expected to 
have a medium efficiency (electrical deposition to 

extracted laser energy) of 10 to 15%. This value is 
limited primarily by the presence of nonsaturable 
photoabsorption losses in the KrF laser medium 
(§7.6.2). Thus, this pump medium efficiency leads 
to an estimated overall pump laser efficiency of 6 to 
8% because flow-conditioning penalties (§7.2.2) 
are small. If discharge excitation is employed, the 
KrF laser medium efficiency may be as high as 
25%, leading to an overall KrF pump laser efficien
cy of 12%. 

Table 7-16. Component efficiencies (9r) for KrF pumped Tb(lhd),, chelate and TbAICI rare 
earth vapor lasers. 

Efficiency component Th(lhd)., chelate and TbAICI 

Pump 
Pulse forming, deposition, und All factors {electron beam i 65 
Pump medium 11) to 15 (25)ir 

Pump after flow costs 6 to 8 (12)" 
Transport/coupling 911 

TB medium 
Optical fill factors 81) 
Extraction x quantum yield 28'' 
Laser electrical I.I to 2.0(2.6) 
Total laser after flow in laser 1.(1 to 1.9 (2.5) 

"Percentage efficiency with possible breakthroughs. 
'Total efficiency with breakthrough increment in footnote a. 
'Assumes unit quantum yield. 
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r vJ/cm 2 r 1 f j / c m 2 

Fig. 7-55. Performance characteriatici of the TbAlCl vapor laser: calculated extraction efficiency (s) and B-integral (b) for a 
TbAlCI chelate hybrid later, using a multipass amplifier geometry as a function of input fluence with the number of passes as a 
paranv .er (pulse length = 3 ns, two 5-cm windows, n 2 = 10" 1 3 esu). 

The extraction characteristics of multipass 
Tb(thd)3 chelate and TbAlCl vapor amplifiers are 
shown in Figs. 7-54 and 7-55, respectively. The ex
traction properties for the Tb(thd)3 chelate and 
TbAlCl devices have been calculated assuming (1) 
pump pulse times of 0.1 us and 0.5 us, respectively, 
(2) upper laser level lifetimes of 0.4 (JS and 10 us, 
respectively, (3) a single-pass loss of 5%, (4) a 
single-pass transit time of 0.1 us, and (5) a fifth-
power exponential spatial pulse shape. The initial 
small signal, gain amplifier length product a„L is 
4.0 and 2.0 for the Tb(thd)3 chelate and TbAlCl 
amplifiers, respectively. Because of its short upper 
laser level lifetime (=0.4 us), the Tb(thdb system 
must be pumped very quickly, £0.1 us. However, a 
reasonable multipass architecture requires an ap
proximate 0.1-^s optical delay between passes. 
Energy extraction from Tb(thd)3 is further com
plicated by the medium's high saturation fluence of 
7.3 J/cm2. 

Under these circumstances, efficient multipass 
extraction from a Tb(thdb chelate laser system re
quires high input fluences [see Fig. 7- 54(a)]. Opti
mum performance can be achieved by using a two-
pass or a cascaded amplifier [Fig. 7-54(a)] extrac
tion scheme. However, the accumulated B-integral 
[Fig. 7-54(b)] may become large enough to require 
laser beam spatial filtering or thinner window struc

tures. Thus, for the Tb(thd)3 chelate vapor laser, 
the total system architecture will be complicated 
primarily because the laser must have a large "front 
end" to drive the final large-scale amplifier(s). 

As shown in Fig. 7-55, the TbAlCl medium 
with its long lifetime performs well in a multipass 
system architecture. Relatively small input fluxes 
are required to extract large energy fluences effi
ciently from the TbAlCl medium. Therefore, the 
total laser system architecture for the TbAlCl laser 
can be much simpler than that for the Tb(thd)3 

chelate. However, laser beam spatial filtering 
probably will be required for the TbAlCl laser to 
control phase aberrations that accumulate on the 
beam due to its passage through the high density 
A12C16 medium (see §7.2.4). 

These system architectures and extraction con
siderations are accounted for in Table 7-16, where 
we see that overall rare-earth vapor laser system ef
ficiencies of 1 to 2% may be achievable with these 
media. Furthermore, it is clear that the area offer
ing most significant improvement in total laser 
system efficiency of the rare-earth vapor hybrid 
systems is pump efficiency. 
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7.5 Rare-Earth:Solid-State Hybrid 
Laser Systems 

The rapid development of efficient, though 
nonenergy-storing, uv and visible gas lasers has 
rekindled the search for energy conversion media 
that can serve as fusion laser amplifiers. Represen
tative of such optical drivers are the KrF laser at 248 
nm and the XeF laser at 351 and 353 nm. Numerous 
metastable levels among the trivalent rare earths 
(RE3 + ) in solid hosts are being evaluated as the cor
responding storage systems. The vapor phase 
trivalent rare earths are discussed in §7.4. 

In Fig. 7-56, an overlay of wavelengths is 
presented for a variety of efficient gas laser excimer 
sources against the backdrop of energy levels for 
the RE3 + 4f ground electronic configurations. With 
this listing of excitation lasers, we have begun to ex
amine the various possible RE 3 + .-host combina
tions that can serve as the solid state gain media for 
high-average-power fusion lasers.94 Attractive fea
tures of these hybrids include the facts that: (1) for 
selected cases, a small and acceptable thermal 
loading of the host can occur, (2) any deposited 
thermal energy can be distributed in a controlled 
manner, and therefore beam propagation can be 
optimized via adaptive optics and a pumping ar
rangement, and (3) large energy density storage is 
possible in the absence of strong quenching by 
excited-state-excited-state processes, e.g., about 500 
J/litreat 1.06 fjm is stored for =0.33 ms in the Shiva 
amplifiers. 

In the following subsections, these properties 
are shown to be satisfied by the representative case 
ofTm 3 + excited by the XeF laser at 351 and353nm 
in several host media. The detailed physics issues 
are first presented for this R E 3 + system in §7.5.1, 
followed in §7.5.2 by the results of a preliminary 
multikilojoule scaling study for a high-average-
power Tm 3 + :silicate glass fusion driver. 
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7.5.1 Physics Issues 
In Fig. 7-57, the level structure for the Tm3 + 

4f 2 ground electronic configuration is shown. 
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Fig. 7-57. Electronic levebof the 4r 1 2 ground electronic 
configuntion on Tm3*', aVvring the mount p*mp tarn
ation at 351/3S3 nm, a poedble (daahed) extitoi 4f-» 5d 
tnuMttfon at the pump wavelength, and the later \'[uuitk>n 
at 450 to 455 nm. 

Three-level laser action is envisioned whereby the 
351/353-nm pump light of the XeF laser populates 
the'D 2 level via the 3 H 6 - ' D 2 absorption with 
subsequent lasing taking place on the 'D 2 -* 3H4 
transition at =450 to 455 nm. A prime attraction of 
this candidate fusion laser is that the ratio for 
nonradiative W N R to radiative WR decay of both 
the upper ('DJ and lower (3H<0 laser levels is 
significantly less than unity, i.e., WNR/WR < 1, 
thereby minimizing host heating. Using represen
tative decay rates for typical host media, wt 
estimate the deposited heat as a fraction of the ab
sorbed XeF laser energy to be only several percent. 
Ion-ion deactivations are not considered to be 
significant enough to alter this conclusion. For 
what heating does take place, a host with high ther
mal conductivity is desired. Generally, this require
ment dictates the use of crystalline rather than glass 
hosts; the thermal conductivity ratios are about 10 
times greater for crystals (=0.1 vs 0.01 W/cm°C). 
Unfortunately, because the laser system must be 
size scalable, the possible crystal candidates are 
limited to only a handful. A prime contender is 
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CaF2, which has been fabricated commercially to 
about 30-cm-size single crystals. A severe problem 
exists for this host, however, in that the divalent 
Ca 2 + ion sites cannot properly accommodate RE3 + 

dopant ions. This leads to a clustering phenomenon 
for which the single ion absorption and emission 
properties become unacceptably altered. Studies of 
Er 3 + /CaF2 have been made to detail this 
behavior.95 Kinetics experiments also have been 
conducted for Tm 3 +:CaF2 where such anticipated 
clustering was manifested as a decreasing peak 
fluorescence intensity as a function of increasing 
T m 3 + concentration for a fixed optical pump flux 
at 351/353 nm. 9 6 

Two other attractive crystal hosts that may be 
size-scalable are KY3F10 and yttrium lithium 
fluoride (YLF). Recent investigations of 
Re3 + :KY3Fio indicate that single crystals several 
inches in dimension are readily fabricated.97 Com
mercially, YLF is routinely grown to 3-cm sizes with 
good optical quality. Furthermore, each of these 
crystals has a nonlinear index of refraction about 
0.6 x 10~13 esu, half that for silicate laser glass. In 
spite of their lower thermal conductivities, glass 
hosts do have acceptably low ti2 values and are 
scalable to fusion amplifier dimensions. As will be 
seen in §7.5.2, a system evaluation for a terawatt-
class Tm3 +:glass fusion laser indicates that total ef
ficiencies ^2% are possible at a repetition rate >1 
Hz, using turbulent helium gas cooling of the 
amplifier disks.98 

Thus, the attractions of high-average-power 
RE3 + :solid-state laser systems dictate the following 
requirements for the constituents: (1) the host must 
be a low n 2 material, have high thermal conductiv
ity, be scalable in size with good optical quality, and 
provide the RE3 + ions with sites that lack inversion 
symmetry to induce the otherwise parity-forbidden 
transitions between pairs of 4f levels; (2) the RE 3 + 

emitter must possess a level structure emitting in the 
near uv to the visible spectral range with small level 
coupling to lattice phonons, thereby resulting in 
minimal matrix heating; and (3) the excitation 
source must be efficient and size-scalable. As noted 
previously, existing experimental and computa
tional evidence indicate that selected Tm3+:solids, 
optically pumped by the efficient XeF discharge 
laser, can satisfy these criteria. 

Estimates for the Tm3 + : 'D2 radiative lifetime 
were obtained using the Judd-Ofelt model for 
ligand field-induced electric dipole transitions 
within the shielded R E 3 + 4f ground electronic con
figuration. The usefulness of this method is well 
established for RF 3 +-doped crystals 9 9 and 
glasses. 1 0 0 , 1 0 1 Additio al information on the effec

tive fluorescence linewidth enables us to predict the 
induced emission cross section. The Judd-Ofelt 
theory was utilized96 for Tm3 + :silicate and 
phosphate glasses and for Tm3 + :CaF2. The predic
tions for the *D2 radiative lifetime ranged from 30 
to 100 (JS with the corresponding !D2 -» 3H4 induced 
emission cross section varying from =1 to 5 x 10~20 

cm2 (which, in the absence of excited-state absorp
tion, is equal to the laser cross section OL). 9 6 These 
estimated radiative lifetimes are all suitably long for 
fusion laser application when considered in con
junction with the relatively efficient XeF pump 
laser operating at pulselengths of =1 ps. The pre
dicted laser cross sections are largest for the 
Tm 3 + :phosphate glasses. 

To verify the 'D2 radiative lifetime estimates, 
we obtained fluorescence decay data using standard 
technics . 9 6 These data reveal a distinctive double 
exponential relaxation for both the Tm3 + :silicate 
glass and 'he Tm3 + :CaF2 samples. The resultant 
time constants are independent of excitation flux 
or, equivalently, of excited-state density. The ratios 
between the slow and fast decay times are ~6 to 7. 
In Fig. 7-58, preliminary results for the short-time 
fluorescence decay constant T| is plotted as a func
tion of Tm 3 + density for a pump flux J>20 
MW/cm2. As seen in Fig. 7-58, the fast decays in 
CaF2 are about 10 times faster than the decays for 
the glass hosts: In all cases, these decays are less 
than the predicted radiative lifetimes. However, for 
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a fusion amplifier at an ion density of about 
1 x 10 2 0 cm"3, the 'D2 level lifetimes in silicate glass 
are a few microseconds, suitably long for efficient 
operation of the XeF laser pump. 

The mechanisms responsible for the fast and 
slow decays are not yet positively identified.96 Quite 
possibly, however, the prompt decay component is 
the result of a near-resonant multipolar deactiva
tion described by ' D 2 + 3 H 6 - ' G 4 + 3 H 4 + Q (600 
cm"1): alternate quenching mechanisms can be iden
tified with the aid of Fig. 7-57. Such processes, of 
course, can contribute to host heating, depending 
on the specific values of radiative WR VS multi-
phonon-induced nonradiative WNR decay rates for 
the product energy levels. Estimates for the 
resulting matrix heating yield values similar to those 
given earlier; i.e., because W N R / W R <? 1 for these 
newly excited states, only several percent of the ab
sorbed XeF laser energy can lead to host heating. 

To examine the possibility of two-pump-
photon absorption (see Fig. 7-57, dotted arrow), the 
results of Fig. 7-59 were obtained. Here, peak fluo
rescence amplitude If is converted to excited state 
density and plotted as a function of pump flux I p 

for the T m 3 + isilicate glass sample. Use of the peak 
fluorescence intensity in this manner is legitimate 
because the 20-ns pump time is appreciably faster 
than the observed decay times. The resulting linear 
response of output vs input implies that two-pump-
photon absorption plays a minor role. Otherwise, a 
saturation behavior would be indicated in these 
data. This is an especially welcome result because 
the precise locations of the high-lying 5d states are 
not known. The attendant excited-state absorption 
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cross section could be large because it describes a 
parity-allowed transition from the 'D2 level to the 
4 f n 5d configuration. 

In Fig. 7-60, the peak fluorescence intensity I f 

is plotted as a function of T m 3 + ion concentration 
for parametrically varied pump flux I p . To within 
the experimental uncertainty, If scales linearly with 
T m 3 + concentration; for fixed Tm 3 concentration, 
If scales linearly with I p . Corresponding results (not 
shown) for Tm 3 + :CaF2 show negative slopes with 
increasing T m 3 + concentration although, for a 
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given Tm 3 + doping level in CaF2, the peak 
fluorescence intensity is linearly dependent on I p . 
The lack of linear scaling with increasing concentra
tion in CaF2 is attributed to the clustering 
phenomenon. The trivalent dopant ion (Tm 3 + ) is 
not accommodated substitutional^ at the divalent 
Ca 2 + lattice site; rather, the Tm + ion is accom
modated interstitally with unknown charge com
pensation characteristics.95 As noted previously, 
such pairings of Tm3 + ions result in altered "free 
ion" absorption and fluorescence properties that 
render them unsuitable for fusion laser amplifier 
use. 

The main conclusion from these kinetics ex
periments is that the Tm3 + :glass media can store 
large excited-state densities (>10 1 8 cm - 3, i.e , 
>40&j71itre) for the attractively long times (£0.2 ps) 
that are suitable for fusion laser systems. 

We evaluated single-pass gains for the 
Tm3 + :solid-state candidates, in part, by use of the 
Judd-Ofelt-determined laser cross section o^. Addi
tionally, an accounting was made for a slight 
amount of T m 3 + ground-state absorption (3H6 
-* 'G4> at the proposed laser wavelength of 451 nm. 
Figure 7-61 illustrates this situation for Tm3 + :sili-
cate glass, showing the 'D2 -* 3H4 fluorescence 
spectrum together with the culprit 3H6 -* lGt ab
sorption. The cross section for absorption from the 
3 H 6 level at the proposed 4512-A laser wavelength is 
<2.3 x 10~22 cm2. For available XeF laser sources 
and Tm3 + :silicate host materials, single-pass gains 
of =7% per pass can be obtained.96 We attempted 
to demonstrate laser action but our ability to 
generate reproducible and therefore convincing 
results was plagued by two-pump-photon-induced 
damage at those intensities necessary to achieve the 
desired gains. However, this situation can be cir
cumvented for a practical and scalable fusion 
system by use of less intense pump fluxes.98 

In addition to silicate and phosphate glass 
hosts, we can use materials with bandgaps ex
ceeding the two-photon energy at the XeF laser 
wavelength, i.e., >7.5 eV. Hosts such as the KY3F10 
and YLF crystals, as well as BeF2, can be damaged 
only by a higher order three-photon absorption 
mechanism, not by the two-photon process that 
damages oxide-based glasses. Theoretical esti
mates 1 0 2 for the larger bandgap hosts reveal that 
damage-free pumping with XeF lasers may be possi
ble with intensities >1 GW/cm2. As desired, these 
alternate R E J + hosts have additional system attrac
tions including: (1) low n2 values, i.e., <0.6x 10~13 

esu, (2) adequate thermal conductivities, and (3) 
potential for size-scalability with the preservation 
of good optical quality. Such Tm 3 +-doped 

materials, along with other RE3 + :solid-state host 
combinations, will be the subjects of continued 
fusion laser system evaluation. However, the full 
impact of these new gain media as advanced fusion 
lasers, when considered against competitive 
approaches, hinges on increasing the pump laser ef
ficiencies. 

References 
95. D. R. Tallant, M. P. Miller, and J. C. Wright, J. Chan. 

Phys. 65, 510 (1976); D.R. Tallant and J.C. Wright, J. 
C/iem. Phys. 63, 2074 (1975). 

96. R. R. Jacobs, Prospects for High Average Power 
Tm1*.Solid Slate Fusion Laser Amplifiers, Lawrence 
Livermore Laboratory, Memorandum No. AL-78-535 
(May 26, 1978). 

97. P. Porcher and P. Caro, J. Chem. Phys. 65, 89 (1976); P. 
Porcher and P. Caro, Lawrence Livermore Laboratory, 
private communication (1977). 

98. W. F. Krupke and E. V. George, Opt. Eng. 17, 238 (1978); 
W. F. Krupke, E. V. George, and R. A. Haas, Laser 
Handbook ///(North-Holland, Amsterdam, 1978). 

99. L. A. Riseberg and M. J. Weber, Progress in Optics XIV, 
E. Wolf, Ed. (North-Holland, Amsterdam, 1975). 

100. W. F. Krupke, IEEE J. Quantum Electron. QE-10, 450 
(1974). 

101. R. R. Jacobs and M. J. Weber, IEEE J. Quantum Elec
tron. QE-12, 102 (1976). 

102. L. Smith, Lawrence Livermore Laboratory, private com
munication (1978). 

Authors Major Contributor 

R. R. Jacobs R. B. Lopert 
W. F. Krupke 

7-72 



Helium out 
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Fig. 7-62. Conceptual design of a rare earth hybrid fusion laser amplifier. 

7.S.2 Design and Scaling of a Multikilojoule 
Hybrid Laser System 

Here, we consider some of the principal issues 
and the characteristic parameters for a Tm3 + 

hybrid iaser of, say, 10 kj . A diagram of such an 
amplifier is shown in Fig. 7-62. A number of square 
Tm3 +:glass slabs of thickness t and transverse 
dimension W are held in a parallel arrangement 
with a channel width s between adjacent slabs. 
Helium gas at a nominal pressure of 1 atm is flowed 
through the channels under turbulent flow condi
tions at a Mach number M, Reynolds number Re, 
and Nusselt number Nu. In this schematic design, 
XeF pump radiation is propagated through the 
slabs at Brewster's angle and coaxially with an input 
extraction pulse at 451 nm, corresponding to the 
'D2 -* 3H4 transition. In more practical designs, we 
might expect to pass the extraction beam through 
the amplifier several times at small angles to the 
axial symmetry axis. Pump beams tailored in inten
sity in the transverse plane would be propagated in 
the amplifier along the axial symmetry axis. 

An optimum hybrid laser design must take into 
account the interdependence of many physical 
parameters including: Tm 3 + ion concentration, 
upper laser level lifetime, time inisjval between 
passes through the amplifier, single-pass gain, 
pump and output fluences compared to optical 
damage fluence, and B-integral value. Procedures 
to optimize all these factors have not yet been fully 
deve'oped, but some feeling for characteristic 
values can be derived in the following example. 

Table 7-17 lists a nominal set of values for 
Tm3 + :glass. We assume a total optical thickness 
for the slabs of L = 20 cm. For the selected Tm3 + 

ion density (0.12 mol-%), the fluorescence lifetime 
of the 'D2 upper laser level is ~4 us (see Fig. 7-58) 
and the absorption coefficient is o p = 0.1 cm"1. If 
we assume an excited state density of 2 x 10 1 8 cm"3 

(=800 J/litre), the small signal gain coefficient is 
0.1 cm"1 and the effective saturation fluence is 
5 J/cm2; this fluence value takes into account level 
degeneracies and the fact that the svstem will bot
tleneck in the terminal laser level (this level is radia
tive with a multimillisecond lifetime). 
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Table 7-17. Characteristic parameters for a 
TM:glass laser host medium. 

Properly Value 

Pump cross section a„ cm-
Laser cross section cr, cm-
Saturation fluence \\, J/cm -
Tm;, + ion concentration N ions/cm ; l 

'IX level lifetime rt.< JLLS 
Pump absorption coelTicient »„, cm 

1.5 x 10 ! 

S x ill -« 
5 
7 x III'" 
<4 
(1.1 

The extraction properties of such a device have 
been calculated, assuming a pump pulse time of 
0.5 us, a single pass loss of 5%, a single-pass transit 
time of 100 ns, a fifth-power exponential spatial 
pulse shape, and a nonlinear refractive index of 
0.7 x 10"" esu. Figure 7-63(a) plots the calculated 
extraction efficiency as a function of input fluence, 
with the number of passes as a parameter. Figure 
7-63(b) shows the corresponding accumulation of 
B-integral parametrically with the number of passes 
(3-ns-long extraction pulse). These figures indicate 
that, for an input fluence of a few hundred milli-
joules per square centimeter, an extraction effi
ciency of 40% can be achieved with a B-value of 
five and with five passes. The B-value could, in 
principle, be lowered with spatial filtering and op
tical relaying between transits, but with some addi

tional loss per pass. Alternatively, at an input 
fluence of! J/cm-, the extraction efficiency is again 
near 40% in four passes, but with a B-value of only 
three. The energy stored in such an amplifier 
depends on the maximum transverse aperture at 
which the gain can be stably stored. For a maximum 
gain length product of five, the maximum 
transverse dimension (without segmenting of the 
slabs) is W = 40 cm. Thus the output energy of such 
a device can be approximately 10 kj. 

The pump and output beam fluences, sum
marized in Table 7-18, are tractable values in terms 
of optical damage limits and the nominal output 
fluence from an XeF pump laser. Assuming an XeF 
pump laser efficiency of 5 to 10%, we estimate an 
overall hybrid laser system efficiency of 0.7 to 
2.0%, including flow cooling as shown in Table 
7-19. According to Table 7-19, an electron-beam-
pumped XeF laser can be expected to have a 
medium efficiency (i.e., electrical deposition to ex
tract laser radiation) of 5 to 7.5%. This value 
results primarily from lower laser level bottle-
necking and pump quantum efficiency considera
tions. This 5-to-7.S% pump medium efficiency 
leads to an overall pump laser efficiency of 3 to 5% 
because flow-conditioning penalties are small 
(§7.2.2). When pump radiation coupling and multi
pass extraction losses are included, together with 
the fact the T m 3 + lower laser level is bottlenecked, 
the estimated total laser system efficiency is 0.7 to 
1.1%. If discharge excitation is employed, the XeF 

IJ0 

* 60 -

1 I 

(a) 

102 10" 3 
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Table 7-18. Characteristic parameters for a 10-kJ 
Tm:glass amplifier. 

Properly Value 

Slab width, cm 40 
Slab thickness, cm 2 
Number of slabs 10 
Gain length I - cm 20 
Pump pulse width, /is 0.5 
Pump lluence P, J/cm - 6 
Pump intensity l„, MW/cm - 12 
Excited-state density N*. cm '' 2 x 10" 
Stored energy density, J/litre 8INI 
Gain cocffkienl t»„, cm 0.1 
Extraction efficiency «,.,„ % 40 
Laser output fluence l'„, J/cm - 10 
B-intcgral 5 
Laser pulse width t,., ns i 
Output energy E,„ k j 8 
Total beam power P,„ TW J 

Table 7-19. Component efficiencies (%) for a 
XeF-pumped Tnv'1+:glass last \ 

Efficiency 
component Value 

Pube forming, deposition, and 
fill factors (electron) beam 

Pump medium 
Pump after flow costs 
Transport/coupling 
Optical fill factors 
Extraction x quantum yield 
Laser electrical 
Total laser after flow in laser 

65 

5lo7.5<15)» 
3 to 5 (8)" 
90 
80 
35' 
0.710 1.1(2.0)" 
0.7tol.l(2.0) b 

'Percentage with possible breakthroughs. 
Total with breakthrough increment. 
rBottlenecked lower laser level. 

medium efficiency may be as high as the indicated 
15%, leading to an overall laser system efficiency of 
2%. On the basis of this analysis, it is clear that the 
two items that would lead to significantly larger 
total efficiencies for the rare-earth solid-state 
hybrid system are improved pump efficiency and 
eliminated T m 3 + lower laser level bottlenecking. 

For reasons of simplicity, mechanical stability, 
and minimum optical losses, it is desirable to divide 
the gain medium into the fewest number of slabs. 
However, for given specific thermal deposition and 
cooling rates, a thicker slab will suffer greater 
temperature rise and surface stress than a thin slab. 
Some simple estimates can be made for the 
mechanical power consumption required to cool the 
laser for a typical slab thickness t. In the first ap
proximation, we assume that the slab is thermally 
loaded uniformly with a specific thermal power 
&L"L(W/cm3), vvhere & L is the specific thermal 
energy deposited in the glass and VL is the pulse 
repetition rate. The combination of uniform ther
mal loading and surface cooling will set up a para
bolic thermal gradient normal to the slab surface 
with temperature Tc at the midplane of the slab and 
temperature Tf at the slab surface. 1 0 3 

We assume that cooling is achieved by flowing 
helium at about 1 atm through the cooling channels 
of width s at velocity u. If the Reynolds number of 
the flow is greater than 10 4, the gas flow is tur
bulent, and generally the boundary layer will be a 
fraction of the channel thickness. The Reynolds 
numbei Re is related to the gas density p and 
viscosity (t by Re= pus//*. If the slab is cooled sym
metrically from two sides, the midplane 
temperature Tc is related to the face temperature Tf 
and the cooling gas temperature T g by the expres
sions 

AT„ - Tf = (w**«) 

= V 

(54) 

(55) 

where K is the thermal conductivity1 0 4 of the laser 
medium (=0.01 W/cm 2-°C for glass) and h is the 
heat transfer coefficient. 1 0 5 The heat transfer 
parameter is related to the thermal conductivity of 
the helium cooling gas K (He) =1.44 x 10~3 

W/cm-°C, the Nusselt number Nu, and the channel 
thickness s by the expression 

h = x(He)Nu/s. (56) 

In the temperature range of interest to us, it can be 
shown 1 0 5 that Nu ss 1.5x 10"2 (Re) 0 8 , so that Eq. 
(53) becomes 
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, / 0.168(s)O J\ 

\ t(M)a8 / 

where M is the cooling as Mach number. 
For the Tm:glass amplifier considered above, 

and for a I-Hz pulse repetition rate, we obtain from 
Eq. (54), AT c=1.9t 2 , for t in centimeters and T c in 
degrees Celsius. For t=2 cm (e.g., 10 slabs), 
ATC = 7.5 °C; This temperature difference will give 
rise to a surface stress (tension) of about 600 psi. 1 0 3 

We note that this stress is isoplanar in the central 
portion of the slab and will cause no depolarization 
of a linearly polarized extraction pulse properly in
cident to the slab at Brewster's angle. Of course, 
edge effects, not considered here, will appear within 
a distance 2t from the edge of the slab. However, 
because of spatial rolloff of the extraction beam 
profile in this region, the edge effects will be of 
greatly reduced importance. 

For the slab dimensions assumed in this 
example, and assuming a flow velocity of 100 m/s 
(0.1 M) and a channel width of s = 1 cm, Eq. (57) 
shows that Tc=T g + 13.3°C. Thus, it is easy to 
calculate that the temperature rise of the cooling gas 
is only a few degrees in this case. The selection of 
channel thickness and flow velocity will largely be 
determined by balancing the rise in Tc against the 
rise in the power to drive the flow. Preliminary 
estimates based on reasonable assumptions of 
ducting losses, heat exchanger losses, and pump ef
ficiency indicate that mechanical cooling power will 
be a few tenths of a watt per square centimeter of 
slab surface for a flow velocity of=100 m/s. These 
values are small compared to the electrical power 
per unit area of glass required of the XeF pump 
laser. Thus it appears that flow cooling will not 
dominate the overall systems efficiency. 

However, it is clear from this simple analysis 
that materials with higher thermal conductivity and 
lower specific thermal loading would be advan
tageous. Such materials would allow for a fewer 
number of slabs, thicker slabs, and reduced flow 
cooling power. We are continuing our efforts to 
identify materials with suitable active ions and 
matching pumps, in any event, it will be necessary 
to extend the simple analysis outlined here to in
clude nonuniform thermal loading as well as a 
detailed treatment of the optical stress field. 
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7.6 Raman Laser Systems 
7.6.1 Introduction 

The backward wave Raman pulse compression 
scheme has been regarded for several years as a 
possible technique for generating short pulses for 
fusion applications.106 The LLL experimental and 
analytical program to evaluate this concept has 
been spurred by the development of high-efficiency, 
short-wavelength lasers such as KrF at 248 nm and 
XeF at 353 nm. A preliminary discussion of this 
concept was given in the 1976 laser program annual 
report. 1 0 7 

Over the past year, considerable progress has 
been made with the Raman pulse compression ap
proach. An experimental measurement of small 
signal backward wave gain at the Stokes frequency 
for scattering of line-narrowed KrP pump radiation 
in methane has been performed.108 Measurements 
of saturation effects in this Raman media also have 
been made. 1 0 9 An analytical assessment of the 
limitations on the efficiency of both backward wave 
Raman amplifiers and KrF laser amplifiers has been 
developed. From this analysis and from a 
technological assessment of scalability to high 
energies, we have identified several systems ap
proaches that can yield large temporal pulse com
pressions (>30) at high conversion efficiencies 
(=50%). The analysis also reveals that overall effi
ciencies of greater than 3% are possible in systems 
that are scalable to power and energy levels suitable 
for power plant drivers. The development of the 
pulse compression scheme to higher efficiencies 
P'Sfo) is possible with improved subsystem effi
ciencies in either the Raman medium or the pump 
laser. 

The detailed analysis described here is based on 
backward wave Raman pulse compression in 
gaseous methane of the radiation from the most ef
ficient short-wavelength laser source known, the 
248-nm KrF laser. The results quoted are for this 
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Delay Fig. 7-64. Schematic diagram of a pulse 
optics stacker/Raman compressor. In this dia

gram, three input beams of narrow-
linewidth KrF radiation are amplified 
sequentially in a KrF amplifier and then 
stacked to arrive at the Raman cell at 
the same time. A short-pulse Stokes-
shifted beam is amplified by the back
ward wave Raman process. 

particular system, but several more general conclu
sions are drawn. Pulse compression factors of 
about 10 to 20 at conversion efficiencies of =60% 
appear possible with molecular scatterers, yielding a 
net intensification of =6 to 12. When Raman pulse 
compression is combined with geometric pulse com
pression schemes, often termed "pulse stacking" or 
"angle multiplexing," in either the KrF pump medi
um, the Raman medium, or both, total system pulse 
compression factors greater than 50 can be achieved 
at comparable high overall efficiencies. 

Several important benefits are derived from 
this combination of compression scenarios. A high-
compression hybrid scheme allows for a longer 
pump laser pulse duration for a given short-pulse-
length requirement. Use of a longer pump pulse 
relaxes the pulsed power requirements for the elec
trical power conditioning of the pump system. 
Ultimately, the use of the potentially higher etii-
ciency electron-beam sustained discharge lasers may 
be compatible with a pulse compression scenario in 
the power plant context. The hybrid stacker-
compressor schemes also allow shorter propagation 
lengths through the Raman active medium, 
resulting in superior beam quality. Combination of 
multiple pump beams in the Raman medium yields 
a system with markedly reduced optical complexity 
compared to a pure pulse stacking scheme in a high 
gain medium such as KrF. 

Figure 7-64 shows a schematic diagram of a 
hybrid stacker-compressor laser system. In this 
scheme, a KrF amplifier of pulse length T P is se
quentially extracted by n input beams, each of pulse 
length Tp/n. For simplicity, we show the case for 
n = 3 in Fig. 7-64. The input beams are angle-coded 
and can be separated and recombined with ap
propriate delays on each beam to yield one pulse of 
duration Tp/n and power n»)mP 0, •viiere r)m is the 
mirror and optical transport efficiency and P 0 is the 
characteristic output power achievable for that 
amplifier. The beams are recombined in a Raman 
active medium where a counterpropagating pulse at 

the Stokes frequency extracts the pump radiation. 
The resulting short pulse has a duration of T p/n« t 

where K is the Raman compression ratio. The resul
tant power in the short pulse is given by 

P s P = " V m P o (S8) 

where rip. is the Raman conversion efficiency. 
Our principal reason for initiating a program 

to study and develop backward Raman converters 
for a KrF laser is to obtain the increase in intensity 
by pulse compression. In addition, the spatial qual
ity of the Raman beam can be far superior to the 
spatial quality of the laser pump beam, and thus 
constraints on medium homogeneity and beam 
quality in the KrF laser pump can be far less restric
tive than in a laser that produces a beam of ade
quate quality and focusability for target illumina-' 
tion. Maintaining the required high medium quality 
may be a much less severe problem in the Raman 
converter cell than in the KrF amplifiers. The high 
quantum efficiency of Raman conversion gives an 
energy deposition per litre-atmosphere of working 
medium for a typical compressor design that is two 
orders of magnitude lower than the energy deposi
tion in the KrF pump. Thus density variations may 
be easier to control with the Raman laser system. 

Several experiments have confirmed the im
provement of spatial coherence obtained with a 
Raman or Brillouin amplifier. These include studies 
using diffuse illumination and propagation of a 
divergent pump beam by grazing incidence reflec
tion in a pipe. Beams from separate lasers or optical 
delay trains also can be used to pump a single 
Raman cell, as proposed in the stacker-compressor 
concepts. The pump beam in any of these cases 
serves as an energy storage reservoir for the Stokes 
beam. The important criterion for using a pump 
beam of low focusability is that the gain for the 
Stokes pulse, integrated along any axis down the 
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length of the compressor cell, be reasonably con
stant. Obviously, there will be severe local varia
tions in intensity and therefore in gain caused by 
interference between beams and by intensity 
fluctuations in the pump, but these variations are 
not important so long as they average out over the 
length of the cell. 

In the following section, we describe the basic 
media physics of the KrF laser and the modeling of 
KrF amplifiers, emphasizing achievable P 0 and 
medium efficiency. A discussion of the fundamen
tals and modeling of Raman compressors details the 
achievable values of rjR and K . A summary of recent 
pulse compression experiments also is given, and 
finally we discuss the technology issues of large 
compressor systems. 
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7.6.2 Theory and Modeling of KrF Laser Systems 
To be viable in a pulse stacker/Raman com

pressor system, the KrF laser must exhibit three 
critical properties: (1) it must operate with a narrow 
linewidth (=0.3 cm"1 for high backward-wave 
Raman gain, (2) it must operate with high overall 
efficiency (>5%), and (3) it must provide the 
highest possible flux (>107 W/cm2) to minimize the 
required pulse stacking and Raman compression. 
Narrow linewidth and high efficiency can only oc
cur together if the upper laser level is homogeneous. 
Theoretical calculations of emission spectra from 
each vibrational state as well as line-narrowing ex
periments suggest that this is indeed the case. High 
efficiency and highest possible flux are intimately 
linked to the efficiency with which excitation can be 
extracted in the presence of the several absorbers 
present in these electrically excited systems. 

KrF Band Homogeneity. Consider the question 
of the linev c' '» and spectra produced by a high 
power KrF laser. The potential curves for KrF as 
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Fig. 7-65. Cuc«Ut*d potential c t r m " 0 for 1k* low-
lying I M M of KrF. 

calculated by Dunning and Hay 1 1 0 are shown in 
Fig. 7-65. The KrF* molecule can be regarded as a 
Kr + F" ion pair complex that emits to the repulsive 
covalent KrF ground state by transferring an elec
tron from the F" to the K r + . n l Gain at 248 nm is 
provided by the strong Bj/2 -*• X1/2 transition, 
sometimes also referred to as the 111(1/2) -» 1(1/2) 
transition or the B 22(l/2) — X 2Z(l/2) transition. 
A comparison of the frequently used KrF state 
designations is given in Table 7-20 along with the 
approximate experimental energies of the states at 
the minimum of the excited-state energy curves. 
Using the calculated potential energy curves and 
transition moments for KrF, 1 1 0 ' 1 1 4 the bound-free 
emission spectra have been theoretically deter
mined. Using the state designations of Dunning and 
Hay, 1 1 0 the five strongest transitions are predicted 
to be 111(1/2) - 1(1/2), IV(l/2) - 1(1/2), 11(3/2) 
-1(3/2), 111(1/2) -11(1/2), and IV(l/2) -11(1/2). 

The spontaneous emission probability for the 
bound-free transition from an individual upper 
state vibrational level |v> to a continuous state |e> 
is given by 

A>) 
6 4 J T 4 V 3 

_ 3 h i < v K m i e

m > i 2 (59) 

where n and m denote the upper and lower elec
tronic states and / j n m is the transition moment 
connecting them. 1 1 5- 1 1 6 The frequency-dependent 
A-coefficients given by the above expression have 
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Table 7-20. Labels of rare-gas halide electronic states. 

Parenthood 

Approximate 
energy, 

eV 

Common designations 

Ref. 112 Kef. 110 Ref. 113 

Kr + F 

Kr* + F" 

0.1 X !2(l/2) 1(1/2) 
1 A =11(1/2,3/2) 11(1/2), 1(3/2) 

s B !S(l/2) UK 1/2) 
s C =11(3/2) 11(3/2) 
S.7 D !Il(l/2) IV(l/2) 

been calculated for the first four vibrational levels 
of the upper laser level 111(1/2) and are plotted in 
Fig. 7-66. The A-coefficient for each level has been 
multiplied by a Boltzmann weighting for T=450 K. 
The total probability obtained by summing over the 
vibrational levels also is shown. The frequencies for 
the calculated transitions are too large by 1540 cm - 1 

when compared with experimental data. Most of 
this error can be attributed to the upper state well 
depth; however, the shape of the well and, conse
quently, the vibrational wavefunctions used in the 
calculations are expected to be accurate. From Fig. 
7-66, it is clear that the maxima for the four levels 
overlap closely (the peak probabilities for v = 1, 2, 
and 3 are within 60 cm"1 of v=0). This leads us to 
predict that the upper laser level is homogeneous. 

Similar calculations have been performed on 
each of the strong transitions in KrF. A composite 
of the five bands is given in Fig. 7-67. Each band 

. 4M.- 43 

•(!»->KI/a>•HiMnlj . -

has been plotted relative to the III (1/2) -*• 1(1/2) 
laser transition. There is a reasonable amount of 
overlap, including the weak IV(l/2) -* 11(1/2) tran
sition that extends under the 111(1/2) -* 1(1/2) 
band. Because spontaneous emission spectra are 
calculated completely ab initio, the only remaining 
unknowns are the relative populations of each of 
the excited states. Our calculations are useful for 
extracting this information from the experimental 
spectra. 

Optical Absorbers. Most of the optical ab
sorbers that compete with the KrF* gain at 248 nm 
have been characterized either experimentally or 
theoretically (see Table 7-21). Recent theoretical 
studies on the heteronuclear ion ArKr+ and the 
photoionization of ArJ suggest that these species 
should also absorb strongly near 248 nm; thus, this 
ion needs to be included in laser modeling. 

To determine the optical absorption of ArKr + , 
accurate potential energy curves have been calcu
lated for this ion. 1 1 7 The curves, including spin-
orbit coupling, are shown in Fig. 7-68. The two 
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Table 7-21. Absorption processes at 249 nm. 

Cross section 
Process rr, cm-

Ar* -t- ht>-*-Ar' + c 
Kr* + hi'-»-Kr' + c 
f + hr-»-K + c 
Ar-j' + hr-*-Ar' + Ar 
F. + hr-«-2F 
Kr : ' + hi'-»-Kr' + Kr 
Kr.F* + h .~»-2Kr + F 
Ar** + hi—»-Ar' + e 
Kr** + hr-»-Kr' + e 

5.1 x 10 •' 
1.7 x HI =•• 
5.6 x 10 '» 
1.3 x 10 " 
1.5 x II) "' 
I .A X 10 '» 
1.6 x 10 '« 
4.2 x 10 '" 
4.3 x H) '" 

strongest absorptions were found to be from the 
ground 1(1/2) state to either the 111(1/2) state or the 
IV(l/2) state. Only the latter transition 1(1/2) 
-* IV(I/2) is significant at the KrF wavelength. The 
calculated absorption cross sections are plotted in 
Fig. 7-69. At 248 nm, the 1(1/2) - IV(l/2) absorp
tion cross section is 1.5 xlO" 1 7 cm2. This is com
parable to the cross section for ArJ, the other 
positive ion absorber. 

The question of relative concentrations of 
these ions is being studied. It is important to note 
that the ArKr + diatomic ion absorption probably is 
also carried over in general shape and cross section 
to the ArKrF* excited state, one of the species that 
can be formed in the thermolecular quenching of 
KrF*. A similar argument has previously been made 

A r + ( 2 P 1 / 2 ) + Kr 

A r + ( 2 P 3 / 2 K K r 

Ar + K r + ( 2 P 1 / a ) 

i I I I L. 
6 8 10 12 

distance, arbitrary units 

<A*) + i 

to estimate the absorption of the Ar2F* and KrjF* 
excited species. 

Calculation of the photoionization cross sec
tion of ArJ is discussed in §7.3.2 and the cross sec
tion is plotted in Fig. 7-22. Although the photo
ionization cross section is small near the 9.8-eV 
fluorescence energy of ArJ (4 x 10"19 cm2), it is con
siderably larger near the 5-eV transition energy of 
KrF*, due to the 3.9-eV autoionizing peak 
(~2 x 10"18 cm2 at 248 nm). More accurate calcula
tions are needed, including the internuclear distance 
dependence, and hence the vibrational temperature 
dependence, of the autoionization contribution. It 
appears, however, that photoionization of Ar£ may 
need to be included in the modeling of the KrF laser 
in the high-pressure regimes where Ar* forms 
rapidly. 

Amplifier Modeling Predictions. High medium 
efficiency and reasonably high intensity operation 
(10 MW/cm2) have been demonstrated separately 
for the KrF laser. Electrical excitation by the 
volumetrically scalable techniques of electron-beam 
and electron-beam-controlled discharges has been 
demonstrated as well. However, the regions of 
parameter space used in the stacker-compressor 
fusion laser context have not yet been fully 
characterized. The combinations of pulse dura
tions, energy deposition rates, gain and loss lengths, 
and pressure of operation need to be charted for 
this pump. As a result, we have developed a com
prehensive KrF kinetic model with which we are 
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able to calculate the optical extraction efficiency of 
the amplifier medium subsystem in the presence of 
optical absorbers that can limit the efficiency and 
scalability of uv lasers. 

The extraction efficiency of KrF amplifiers is 
influenced by the facts that energy is contained in 
three different KrF* electronic states, that colli-
sional quenching by two- and three-body processes 
lowers the gain by competing with excited-state 
fluorescence or stimulated emission, and that non-
saturating losses decrease the efficiency of an 
amplifier as the gain length is increased. Cross 
relaxation between electronic states remains a sub
ject for future research, but previous measurements 
of emission from the excited states of these species 
suggest that the bulk of the excitation flows through 
the upper laser level. Therefore, our model neglects 
cross-relaxation. 

The saturation intensity of a KrF amplifier is 
governed by the collisional and spontaneous decay 
rates of KrF*. The dominant decay rates are 
typically F2 quenching and three-body formation of 
the ionic-tnatomic species ArKrF* and K^F*." 8 

Electron superelastic quenching of KrF* also may 
be important under conditions of high electron den
sity. The optical saturation power is given by 

hvL 1 — z - (60) 

where 1/TJ gives the rates for KrF* decay by the 
various processes. The stimulated emission cross 
section is given by o. Table 7-22 summarizes the 
typical quenching rate constants of KrF*, obtained 
from various sources, that are used in this model. 

Intrinsic optical absorptions that compete with 
the KrF* gain at 248 nm can have a substantial ef
fect on the efficiency and output power of KrF 
amplifiers. Table 7-21 lists several species and their 
cross sections at 248 nm that are believed to be 
present in electrically excited Ar/Kr/F2 mixtures. 
Many of these species are unavoidable in either elec
tron-beam or electric-discharge excitation of KrF* 
because they are integral links in the kinetic chain. 
The Fj-based lasers, which to date have provided 
the best performance on KrF, have an unavoidable 
nonsaturating loss of about 0.2%/cm for typical 
laser mixtures. The ion recombination channel for 
production of excited states, viz 

e + F, 

followed by 

F - + F , (61) 

F" + Kr+ + M -*• KrF* + M , 

F~ + Arj + (M) -> ArF* + Ar + M , 
(62) 

produces nonsaturating losses as a result of both 
negative ions and positive dimer ions that arc 
present at pressures above =1 aim The production 
of excited states by neutral chemistry by reactions 
such as 

Kr* + F 2 -* KrF* + F , (63) 

leads to absorption by atoms in metastable (and 
higher) excited states. 

Because most of the absorption cross sections 
are small and because the decay rates of the species 
are large, it usually is a good approximation to con
sider these absorptions as nonsaturable at the power 
levels of interest. Excer ions to this generalization 
are Kr2F* and ArKrF which may be formed by 
three-body quenching of KrF*. Because KrF* pre
sumably is saturated in a high-power amplifier, 
these species also are depleted; this has been 
demonstrated experimentally."9 

The effect of nonsaturable loss on KrF 
amplifier performance is illustrated by a simple 
model. The saturated gain is given by 

1 dl 
THz 

°o - 76 

I + I/I, 7 , (64) 

where aQ is the excited-state gain coefficient, yg is 
the saturating absorption due to the excited state 
itself or to species that form subsequently in the 
kinetic chain, and y is the presumed nonsaturable 
absorption coefficient. Numerical solutions of Eq. 
(64) are shown conveniently in terms of the non-
dimensional variables I/Is, /L> and go/y, where L is 
the amplifier length, and go=«o-yo-

The output power and efficiency of an ampli
fier of length Lare shown in Fig.7-70 for different 
assumed values of the ratio of intensity dependent 

Table 7-22. KrF* (B ] quenchmg processes. 

Reaction Rate Constant 

KrF*-«-KrF + F 
KrF* + Ar + Ar -*-ArKrF* + Ar 
KrF* + Kr + Ar-^Kr2F* + Ar 
KrF* + Kr + Kr -*- Kr2F* + Kr 
KrF* + F2-»-prodiicts 

1.5 x 10" s~' 
8 x 10-M cme/s 
6.5 x lO"31 cm"/* 
5 x 10"31 cnVVs 
7.7 x ln-'ocnv'/s 
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gain to nonsaturable loss go/y. An input intensity of 
I s /2 is assumed for this figure. The asymptotic in
tensity at infinite length is I s[(go/y)-l]- However, it 
is obvious from Fig. 7-70(b) that this power is ap
proached only with a high penalty in extraction 
efficiency. Trading off output power and effi
ciency, it seems reasonable to build power 
amplifiers such that yL = 1 to 2. It also is clear that 
the ratio go/y should be carefully optimized for a 
practical amplifier. 

Experimental measurement of the net gain at 
the line center and the background absorption off 
the KrF band have been reported by Hawryluk et 
a ) . 1 2 0 The ratio of gain to total loss as measured in 
these experiments is about three for a current densi
ty of 1.5 A/cm 2 and a 3-atm mixture of Ar/Kr/F^ 
in the ratio 0.937/0.06/0.003. We calculate the 
saturation parameter for these conditions to be =3 
MW/cm 2 . Figure 7-70 predicts a rather dismal out
put power and efficiency for this gain-to-loss ratio 
if indeed the absorption is completely nonsaturable. 
However, much better performance is predicted 
and has been achieved at higher pump current den
sities. Experimental characterization of gains and 
losses and their saturation characteristics under 
conditions relevant to pulse compressors is still 
needed. 

According to very simple considerations, high 
values for the ratio g(/y in KrF amplifiers are 
favored by low pressure mixtures excited by high 
currents. Concentrations of molecular absorbers 

such as Ar^and K^F* are reduced at low pressures. 
Also, the gain in these amplifiers is proportional to 
current whereas the absorption due to ionic species 
scales roughly as the square root of the current. 

Therefore, the ratio of gain to absorption is 
improved at high current. However, practical re
quirements of useful gain and of foil survival at 
high current limit the minimum pressure and the 
maximum current. For a 50-ns electron beam, cur
rent densities of 50 to 200 A/cm 2 and an operating 
pressure in the range of I to 3 atm seem reasonable. 

Detailed calculations of the performance of an 
electron-beam-pumped KrF amplifier have been 
conducted using a comprehensive computer code. 
Our kinetic modeling (see Fig. 7-1) treats three 
major aspects of this problem: (1) generalized 
kinetics of electrons, heavy particles, and photons; 
(2) electron beam energy deposition in arbitrary 
mixtures, including proper partitioning among ex
cited states; and (3) non-Maxwellian electron 
kinetics by solution of the Boltzmann equation. The 
power of this computer code stems from its calcula
tion of excited-state densities and electron densities 
that are consistent with electron scattering rates 
from the Boltzmann solution. The kinetics also can 
be coupled to energy extraction calculations for 
homogeneous amplifiers or oscillators. 

We have studied pure electron-beam pumping 
for several mixtures of Ar/Kr/F2 and for several 
current densities. Typical results for amplifier per
formance at 1 atm are shown in Fig. 7-71. These 

7-82 



; ' : .' -• "•"•-. ' ' . ' ; > . •' -.: • V - ' V ; w . : . - 10 8 

I 1 1 1 1 1 - 10 8 

i i i i i i 
(a; _ 

•f~ 
lb) " 

30 -

A - ^ ^ 

. 
C l •^***'' • ^ 0 - """ 

g . "5 
5 

A - i 

1 r - ffl B-J 

10 

i i i i i i 10° I I I 1 I I 
0 J 1 2 3 4 45 6 7 10° ) 1 2 3 4 5 6 7 

Length,m Length, m 

Fig. 7-71. Efficiency (a) and output inteniity (b) nf i a election-beam-pumped KrF amplifier as predicted by our present 
kinetics model for Ar/Kr/F 2 (l«tm,i. - 100 A/cm 1) in three ratios: 0.937/0.06/0.003 (curve A), 0.88/0.11/0,01 (curve B), 
and 0.797/0.02/0.003 (curve C). 

results show good medium efficiency and power 
gain. The rollover of output power is caused by 
nonsaturable losses. It is clear from these calcula
tions that significant contributions in KrF amplifier 
power and efficiency can be made by the proper 
choice of the mixture ratio. The calculations predict 
efficiencies in the 10 to 14% range; output fluxes 
>10 MW/cm2 may be achieved. At higher pump 
power depositions, comparable efficiencies and 
higher output fluxes are predicted with the present 
model. Because high pump power depositions 
create high gains, control of parasitic waves is an 
important issue that will determine amplifier 
scalability. 
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7.6.3 Raman Compression Theory 
Principal Physical Limitations. The principle 

of operation of a Raman compressor is illustrated 
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in Fig. 7-72. A short Stokes pulse is amplified by 
depleting a longer counterpropagating pump pulse 
in a Raman active medium. This produces a higher 
intensity in the Stokes pulse than was present 
originally in the pump. Thus the compressor can be 
viewed as an energy storage laser in which energy is 
stored in a collimated beam of pump photons rather 
than in excited states. The stored energy is extracted 
exactly as in the usual energy storage amplifier by 
the counterpropagating Stokes pulse. Raman cross 
sections are high at uv wavelengths so that a KrF-
pumped vibrational backward Raman compressor 
will operate at near atmospheric pressure. 

Physical processes exist which limit the inten
sity gain that can be produced in a Raman com
pressor stage of this sort, and which therefore deter
mine certain features of system design and scaling 
of these compressors. These processes also influ
ence the choice of a particular Raman scatterer for 
the active medium. 

To be applicable to a fusion power plant, the 
output of a Raman compressor amplifier chain 
must be focusable, and the chain as a whole must 
achieve some minimum efficiency. Compression ef
ficiency in the Raman medium is limited by the 
growth of other nonlinear optical parasitic waves 
and by absorptions. The most important sources of 

inefficiency are (1) the production of forward and 
transversely propagating pulses at the Stokes fre
quency, (2) the Raman conversion of the backward 
traveling pulse to another, possibly nonfocusable 
wave at the second Stokes frequency, and (3) two-
photon absorption in the Raman medium. The 
beam quality of the output is limited primarily by 
density fluctuations in the Raman medium. Al
though there are many other phenomena that have 
been considered in the regime of operation of the 
Raman compressors, these effects dominate the 
basic design of a compressor system. 

Another key requirement for fusion applica
tions is reproducibility of compressor performance. 
It is well known that the stimulated Raman effect 
may vary greatly with small changes in experimental 
conditions., especially in the small signal regime. 
Therefore, an analysis of the reproducibility of 
compressor performance is required, especially 
under inhomogeneous pumping conditions. Al
though this analysis is still in progress, it appears 
that satisfactory reproducibility can be achieved by 
operating the backward wave amplifiers in a 
saturating regime with high-quality Stokes waves, 
and only narrow-band pumps. For a variety of 
reasons, the gain for forward scattering (co-
propagating pump and Stokes waves) is always 
higher tiian the gain for waves intersecting at other 
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angles, including the backward scattering angle 
employed in a compressor. This higher forward 
gain can lead to Raman supcrfluo;?>cence in the 
forward direction that can withdraw energy from 
the pump and reduce the efficiency of the com
pressor. One important parameter in describing this 
phenomenon is the ratio of forward to backward 
Raman gain coefficients, denoted as R. A second 
important parameter is the maximum forward gain 
that can be tolerated before the onset of saturating 
forward superfluorescence. 

Our model calculations reveal that for a typical 
cell, the permissible small signal gain for a forward 
Stokes pulse growing from fluorescence noise is e 2 0 

to e . Therefore, for a typical power amplifier with 
e 5 gain in the backward direction, a forward-to-
backward gain ratio of R = 4 to 5 can be tolerated. 
However, because the forward-to-backward gain 
ratio R affects the gain for the production of second 
Stokes parasitics, it is desirable to have a lower 
value of R. Effects leading to a large forward-to-
backward asymmetry must therefore be analyzed 
carefully to determine their impact on the choice of 
Raman scatterer and operating pressure and to 
define the requirements levied on the pump laser. 

The most subtle cause of forward-to-backward 
asymmetry is parametric coupling that occurs for 
Raman scattering in the exact forward direction. 
Stimulated Raman scattering may be treated as a 
parametric process in which the pump wave and 
Stokes wave are coupled by a phased array of 
Raman scatterers.122 This phased array or "mate
rial excitation" also can couple other waves in the 
medium, an effect exploited in four-wave mixing 
devices such as CARS, coherent anti-Stokes Raman 
spectrometers. 

In a medium with very very low dispersion 
(such as the near-atmospheric-pressure gases of 
interest in a compressor) and in the exact forward 
direction, a consequence of this parametric cou
pling process is that the forward Raman gain 
becomes independent of the linewidth of the pump 
laser, remaining proportional only to the line pro
file of the scatterer. However, this condition holds 
only when the Stokes wave being amplified is 
exactly matched to the pump wave in phase and fre
quency distribution.123 This matching condition is 
produced, for example, by superfluorescence in the 
forward direction. We note that parasitic superfluo-
rescent conversion of the backward traveling Stokes 
wave to the second Stokes wave is a forward scatter
ing process with respect to the short pulse. In all 
other directions, the gain is proportional to the con
volution of the scatterer and laser line profiles. For 
quasi-Lorentzian lines, this gives a gain propor

tional to (Avs + Avp) , where Avs and Avp are the 
respective linewidths of the scatterer and the pump 
laser. For forward superfluorescence, the effective 
Avp is zero. 

For application to Raman compressors, the 
practical effect of the parametric coupling in the 
forward direction is to require that the pump laser 
have a linewidth small enough so that useful back
ward gain can be achieved without depletion of the 
pump laser by forward superfluorescnece. Thus, a 
pump laser linewidth comparable to or less than the 
linewidth of the Raman scatterer is required. This is 
the criterion that sparks the interest in narrow-
linewidth KrF laser extraction as previously dis
cussed. 

A second contribution to forward-to-backward 
gain asymmetry arises from the asymmetry of the 
Doppler width in Raman scattering at low gas 
pressures. The Doppler shift in a scattering process 
may be shown to be proportional to the change in 
wave vector in the scattering.124 This gives a 
Doppler shift which, after integrating over velocity 
distributions, yields a Doppler width that is propor
tional to k p - k s in the forward direction and to 
k p + k s in the backward direction. The ratio of the 
Doppler width in the backward direction to the 
Doppler width in the forward direction for KrF 
scattered by methane, for example, is 26. This 
clearly leads to a violent forward bias in the gain for 
a scatterer that has a linewidth dominated by the 
Dopper width. Thus, the scatterers most appro
priate for a compressor should have large, 
homogeneous linewidths that are much greater than 
the Doppler width and that are composed of many 
collision-broadened and overlapping lines of a 
closely spaced Q-branch transition. Widely 
separated, narrow, Doppler-dominated lines, such 
as the completely resolved Raman Q-branch lines of 
molecular hydrogen, should be of less utility. A 
large Raman linewidth for the scatterer also permits 
the use of a pump laser with a linewidth that is 
relatively straightforward to achieve. 

In practical cases, the effect of Doppler 
broadening is mitigated because Doppler broaden
ing is decreased by collisions in a gas. At near zero 
pressure, the velocity appearing in the Doppler shift 
is the thermal velocity. When the pressure is in
creased to the point that a scatterer suffers several 
collisions in less than a wavelength, the thermal 
velocity is replaced by the much smaller diffusion 
velocity, which is itself inversely proportional to 
pressure. Figure 7-73 shows the calculated Doppler 
contribution to the backward Ranun linewidth for 
several Raman scatierers of possible interest for use 
in a Raman compressor. We note that for methane 
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with a Q-branch linewidth of 0.3 cm"1, the Doppler 
contribution to the backward linewidth is always 
less than a factor of two; for SF6, which is thought 
to have a Q-branch linewidth of 1 to 1.5 cm"1, the 
Doppler contribution is negligible. In the past, 
stimulated Raman experiments have typically been 
conducted at pressures above 10 atm where Doppler 
contributions are always negligible except for mate
rials such as H2 and D2. The forward Doppler width 
also is always negligible for any of the scatterers, as 
shown for methane in Fig. 7-73. 

A third cause of forward-to-backward asym
metry influences the design of the pump laser. In 
the case of forward scattering, the Stoles pulse 
propagates along with the pump pulse and, at each 
point, always sees the same part of the pulse and the 
same intensity. If there is a large peak intensity at 
some point in the pump pulse, the gain for forward 
superfluorescence will be high at that point. In the 
backward direction, however, the Stokes pulse 
sweeps through the entire pump pulse and ex
periences a gain determined by the average intensity 
rather than by the peak intensity. The practical ef
fect of this process is that intensity spikes in the 
pump pulse can be converted to forward Stokes 
superfluorescence and thus be useless in the 
backward compression. Therefore, the pump laser 
must have a reasonably smooth intensity profile in 
space and time with only a small fraction of its 
energy in intense spikes. 

When stimulated Raman scattering ex
periments are conducted at very high intensities, the 
Raman output is not confined to the first Stokes 
wave corresponding to a single Raman shift from 
the pump, f ut in fact comes out in a wide variety of 
higher order Stokes and anti-Stokes waves. Some of 
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Fig. 7-74. Backward Raman pulse compression and second 
Stokes generation. 

these waves are produced in a conventional gain 
process. Some waves are produced by parametric 
coupling through a material excitation that has been 
established by other waves in the medium in a man
ner similar to that discussed for the forward-to-
backward asymmetry. The higher order process, oc
curring first and setting up the material excitation 
required for more comj.">x processes, is a conver
sion of the backward first Stokes pulse (the desired 
output from the compressor) to a copropagating 
backward second Stokes pulse. 

The conversion of the backward first Stokes 
pulse to the backward second Stokes pulse is il
lustrated in Fig. 7-74. The backward first Stokes 
output of the compressor grows in intensity as it 
depletes the pump wave. This intense first Stokes 
wave may then serve as a pump to produce gain and 
fluorescence for a backward second Stokes pulse 
propagating along with the backward first Stokes 
pulse. Because this conversion is a forward scatter
ing process, the enhanced forward gain process 
discussed above can play a very important role. In 
addition, because this conversion is a superfluores-
cent process that grows from noise rather than from 
a carefully controlled input pulse, the focusability 
of the second Stokes radiation will, in most cases, 
be inadequate for transport to a target. A spatially 
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coherent second Stokes pulse might be injected to 
overcome this particular limitation, but our analysis 
of this possibility indicates that such an injection 
would lead to considerable complexity and to the 
excitation of undesirable parametric processes 
without providing sufficient compensating benefits. 

The second Stokes gain depends primarily on 
two parameters, the extraction efficiency rjR (de
fined as the Stokes photons out minus the Stokes 
photons in divided by the pump photons), and the 
product of the forward-to-backward gain ratio 
times the compression ratio RK. The second Stokes 
pulse displays a fairly weak dependence on the 
backward gain, no discernible dependence on the 
pump pulse shape, but some dependence on the 
backward first Stokes pulse shape. 

The production of the second Stokes pulse 
leads to a design tradeoff for the backward first 
Stokes intensity that is produced in a compressor 
stage. Efficient depletion of the pump wave re
quires a high backward Stokes intensity in the com
pressor, but suppression of a backward second 
Stokes pulse conflicts with this and requires that the 
backward first Stokes intensity be kept low. To ad
dress this trade-off, we have developed a general 
four-wave code that treats arbitrary pump and 
backward first Stokes input pulses and then 
calculates the behavior of these pulses as well as the 
growth of the forward first Stokes and the 
backward second Stokes, using the general theory 
of Raman scattering. The code includes the effects 
of gain saturation and has been used to define the 
required operational parameters of potential large 
scale Raman amplifiers. 

Raman Modeling. The power gain and satura
tion characteristics of the compressor are treated 
most simply with a plane wave model. If the pump 
and Stokes waves always overlap inside the cell, 
these equations can be transformed into the Frantz-
Nodvik125 equations for a saturating storage ampli
fier together with the appropriate boundary condi
t ions. 1 2 6 , 1 2 7 In the fusion application, this approx
imation is expected to be quite good. In the Frantz-
Nodvik theory, the extraction efficiency for an 
amplifier r) is given by 

Gr? = In 
l + * 0 e G 

l+*o 
(65) 

wiwre C is the gain length product. Also, 

+ 0 = -I + expJ/S. 

is a function of the ratio of input fluence J (in 
J/cm2) to the saturation fluence S, 

S = 2cos/wL7c (67) 

Here, y is the gain coefficient for backward Raman 
scattering (in cm/W). The input fluence J is given 
by 

•fi J = #dtl,(t) (68) 

Figure 7-75 plots in the input fluence required to 
achieve a given extraction efficiency parametrically 
for different gains. 

Of course, an arbitrarily high extraction effi
ciency cannot be achieved in a Raman amplifier 
because of the onset of parasitic waves. The most 
strongly driven parasitic waves are the forward and 
transversely propagating pulses at the Stokes 
frequency and the backward secon'1 Stokes 
pulse.">7,128,I29 Anti-Stokes waves are not included 
because, if they are important, the losses are al
ready too large. Similarly, other Raman processes 
are not important if the compressor operates on the 
strongest transition. The transverse parasitic wave 
experiences a gain that varies with both its longi
tudinal and radial position in the cell. In an op
timally designed system, the pump fills the cell aper
ture uniformly, eliminating the radial dependence. 
Then, 

G T = (7 T /7 F )G F - nlnR (69) 

(66) 
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where R is the reflection coefficient and GF is the 
forward gain in the absence of a backward wave. 
The yr/yF IHIB is the ratio of the transverse to for
ward small signal gain, and n is the number of 
reflections that the parasitic wave may make while 
the pump is present in the cell. The gain required 
for the transverse wave to deplete the pump is 
generally less than that for the forward wave. Con
sequently, it is possible for the device to super-
fluoresce transversely but not in the forward direc
tion. For a suitable choice of R, the transverse wave 
may be suppressed. With reflectivities of 1% per 
surface, transverse gain suppression requires that 
the Raman amplifier aperture be less than approx
imately one-half the amplifier gain length. This is 
not a severe limitation on amplifier scaling. 

Assuming that the transverse waves have been 
suppressed, the basic equations describing the four 
waves are as follows. 1 3 0 If 

-.f.b — i n , — 
3z •" 3ct 

i 

2ika 
(70) 

and the Manley-Rowe factors are the frequency 
ratios, 

M a , b " ("p/". .". /"*) ' (71) 

where r is the HWHM for the Raman line (in 
rad/s). 

Contrary to the generation of higher order 
Stokes pulses in the forward direction, there is no 
parametric process involving all four waves in the 
backward process. In the steady-state plane-wave 
regime, these equations (72) reduce to the Frantz-
Nodvik equations. In general, the solutions are not 
simple, but may be obtained accurately in the 
region where the parasitic waves are weak and do 
not distort the pulses that feed them. The coupling 
between the two parasitic waves may be ignored in 
this region because it is small and of the same order 
as the weaker processes already neglected. 

From the point of view of the gain experienced 
by the backward wave, the effect of the growth of a 
forward Stokes wave is to shorten the compressor 
cell to the length at which the forward parasitic 
wave grows to the pump intensity. If that length is l g 

and if the cell has length I, then the pump has con
verted to the forward Stokes wave over a length 
1-lg. In this case, the efficiency of extraction is 
reduced by a little more than l g / l as a result of the 
mismatch between the pump pulse length and the 
effective cell length l g. Thus, the forward super-
fluorescence limit is a soft limit in that, as l g 

decreases below 1, the compressor performance 
deteriorates slowly. The design criterion for the 
suppression of the forward Stokes wave is 

then 

(72) 

D P E P = - f ( * f M . Q . E , f + * bM 1 IQ,Ej) 

D s E s = Y ( ^ E p - r b M b Q 4 E ^ , 

D b E s = - y (^ bQ*E p - r f M b Q 2

E as) 

D b s E « = - y ( > b Q 4 * E ^ 7 f Q j E b ) . 

Here, E is the electric field, yb and yf are the 
backward and forward gain coefficients, respec
tively. The Qi terms are the molecular quadrupole 
waves, 

(Q..Q2.Q; »w = rf dt' - n i - o 

(73) 
x E#,E>-E>S,E;E>.E*I* , 

— s R < — , 
,.b G 

(74) 

where gf is the maximum tolerable gain above which 
forward superfluorescence occurs and G is the gain 
in ihe backward direction. 

The gain experienced by the second Stokes 
wave may be obtained analytically in the Frantz-
Nodvik plane-wave limit of Eqs. (72) and (73). If t 
is a position coordinate in the backward Stokes 
pulse, then integration of the Frantz-Nodvik result 
for the Stokes wave gives 

I 2 s ( t ) = I 0 expg 3 s ( t ) (75) 

where 

g 2 s(t) = 2RL/Gc (*'/*) In 1 + 
„G-i 

1 + * - ' 
, (76) 

and 
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*(t) = -1 + expS - 1 / I i n(t')dt' . (77) 

Namely, the gain experienced by the parasitic wave 
depends on its location in the driving wave. For the 
parasitic wave to be suppressed, g(t) must be less 
than the limit 

g , , < t ) < t a l ? 7 l 0 . (78) 

where I™ is the peak intensity in the Stokes wave. 
The gain g depends on the pulse shape through *. 
For example, if the Stokes pulse is steeply rising, a 
spike develops that strongly pumps the parasitic 
wave. Thus, Eq. (78) depends on both the magni
tude and the shape of the pulse. In general, the gain 
at the second Stokes frequency may be written in 
terms of the efficiency and the backward gain by 
eliminating I1" from Eq. (77). One obtains 

g£/RK = F,(G,ij) (79) 

where R is the forward-to-backward gain ratio, and 
K is the pulse compression, 

K = 2L/cr (80) 

where T is the fuii width at half maximum (FWHM) 
of the injected Stokes pulse. The function Fs 
depends only on the backward gain, the efficiency, 
and the input Stokes pulse shape: it is independent 
of the Stokes fluence. To avoid second Stokes pro
duction, we must have 

gf < g£ . (81) 

where gf is the maximum tolerable gain for a for
ward process. Therefore, the performance of the 
device is limited by the inequality, 

Z = — < Fs(G,j?) . (82) 

The parameter Z is a critical design parameter. 
Because Fs is only weakly dependent on G, Eq. (82) 
shows that second Stokes production is primarily a 
limit on the efficiency. The inequality may be used 
either to evaluate the maximum efficiency or to 
limit Z if i) is chosen. For exampfc, for Gaussian in

put pulses, F s is given by Fig. 7-76, for which a 
good fit is 

Fs = 3,(1 + a 2g)(l + a37? + a 4r) 2), (83) 

where 

a, = 0.1036, 

a2 = 0.1032 , 

a4 = 20.941 . 

In the region of interest, F s ~ 2, and using gf = 20 
gives 

RK < 10. (85) 

If the second Stokes wave is not small, it burns 
a hole ir< the backward Stokes pulse. This happens 
quasi-discontinuously as the limit [Eq. (72)] is vio
lated. Thus, the second Stokes limit is a hard limit, 
for which the efficiency drops rapidly to unaccep
table low values (<10%) as it is exceeded. Efficient 
compressions greater than 10 will require suppres
sion of the second Stokes wave or artificial reduc
tion of the ratio R below unity. Figure 7-77 il
lustrates the hole-burning effect for Z=l.5 and 
Fs= 2. We clearly see the potentially debilitating ef
fect of the backward parasitic wave. 
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The predictions of the Frantz-Nodvik plane-
wave limit have been tested using a numerical 
simulation of the system [Eqs. (72) and (73)] in the 
limit where diffraction may be neglected. The 
results verify all me above conclusions, including 
the softness of the forward wave limit and the 
sharpness of the backward wave limit. The estimate 
gf ~ 20 is probably conservative. For pathological 
pulse shapes (e.g., "top hat" pulses), the rise time is 
so short that the transient theory must be used. 
However, such pulses are not of interest because 
they are incompatible with laser target require
ments. 

Diffractive effects, very important in focused 
geometries, are less important in collimated 
systems. Hard apertures, mode beating, and other 
effects cause spatial nonuniformities in the pump 
and Stokes waves. A small diffractive effect is ex
pected in the forward process as a result of 
nonuniform gain. In the backward process, the 
pump is temporally (i.e., longitudinally) integrated, 
and only whole beam diffraction causei by a 
transverse intensity profile on the pump is ob
served. This effect is very small in a large aperture 
saturating compressor. In general, diffraction is a 
weaker effect than refraction by density fluctua
tions. The gain-induced diffraction angle is A/d = 1 
to 10 urad. 

Figure 7-78 details the efficiency limitation, as 
a function of Z and gain, for Gaussian input Stokes 
pulses and a flat pump pulse. The weak dependence 
on the gain is evident and the importance of R is 
emphasized. It is clear from Fig. 7-78 that good ef-

At tstovfd MT». 

ficiency can be maintained in a Raman compressor 
so long as R is kept as small as possible and the 
compression ratio is not too large. However, it is 
also obvious that suppression of the seco.id Stokes 
gain, and thus operation at higher Z, is an area of 
high leverage for improving the performance of a 
Raman compressor and should be carefully re
searched. Atomic vapor scatterers, or selective ab
sorbers for the second Stokes frequency, are tech
niques for relaxing second Stokes limitations. Prac
tical compressors can be built without second 
Stokes suppression, but systems will be much less 
complex if suppression can be achieved. 

In designing practical Raman amplifiers, it is 
also important to know what values of net fluence 
amplification can be achieved for a given value of 
Z. Figure 7-79 plots the fluence multiplication that 
can be achieved with given Stokes fluence input in 
units of the saturation fluence. Upper limits on in
put fluence for various values of Z are shown by the 
shaded areas. It is clear that fluence gains of ap
proximately 30 can be achieved for a reasonable 
value of Z = l , corresponding to R=2, K = 10 or 
R = 4, K = 5 . The Raman preamplifier should pro
vide a Stokes beam with a fluence of about one-
tenth of a saturation fluence. 

Nonparametric Losses. The dominant absorp
tion process in a sensibly designed compressor is at 
let it two quantum; if two-photon absorption is 
allowed, it may represent a design limitation.130 

The absorption may involve two pump photons, 
two Stokes photons, or one of each. Because of 
pulse compression, two-photon absorptior at the 
Stokes frequency probably will dominate. Two-
photon absorption may occur either in the medium 
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or in the optical windows. The loss in extraction ef
ficiency due to two-photon absorption is 

Si? 3 n oP _ / «PS \ 
— - - o p I - L + — f e l l + — ) . (86) 

Here, a' is a two-photon absorption coefficient and 
g2 is the intensity-weighted mean of the second 
Stokes gain. This result is an underestimation of the 
loss because optimal pulse shapes vave been as
sumed. Also, catastrophic losses due to breakdown 
may appear, but at 1-ns pulse lengths th 2 thresholds 
are typically an order of magnitude larger than 
those allowed by damage considerations. 

The two-photon absorption may be estimated 
reliably by relating the two-photon absorption rate 
to the Raman gain y R . This ratio can be expressed in 
terms of molecular parameters alone: 

a ^ /M'V rR a 

The index r denotes a particular final state and ? is 
the absorption line strength normalized to unity at 
its peak. Consideration OJ the various dipole matrix 
elements involved yields, approximately, 

? = J L * 2 X I0" 3 f , (88) 
7 R 

where f represents the total contribution from all 
final states. This is a rapidly varying function of the 
distance above the band edge at which the optical 
frequencies lie; From Eq. (84), 

— < 0.04 f , (89) 
rj 

and it is clear that, for some molecules, two-photon 
absorption may represent a more severe limit than 
second'Stokes production, depending on {. 

The absolute value of the two-photon absorp
tion has been estimated in methane1 3 0 to be 

a = 7 X 10 - 1 4 cm/W-atm . (90) 

Beam Quality Limitations, Under conditions 
where the bandwidths of the pump and the input 
Stokes wave are narrow compared to the Raman 
linewidth, both spatial and temporal inhomo-
geneities aggravate the production of parasitic 
waves. The forward gain under temporally inhomo-
geneous pumping has been calculated recently,131 

showing that 

Gf = 5f (1 + iv^1 + v^ ~V ' (91) 

where I r is the intensity ripple, l m is the mean 
intensity, and 

The forward Stokes field may have a variety of 
amplitude and phase variations. The one most 
strongly driven by a temporally stochastic pump has 
a phase that is strongly correlated with that of the 
pump. The phase diffusion of the pump is signifi
cant only in determining the source of the forward 
Stokes wave; it does not determine the gain because 
gain depends only on the intensity of the pump [see 
Eq. (91)]. This applies to both parasitic waves 
driven by a forward process. 

In the backward process, hole-burning and 
phase diffusion do not occur because of the averag-
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ing effect of the relative velocity of the waves. The 
gain in the backward process is unaffected by noise 
on either wave if 

fc^p)"'+ ( N " , j < 1 , ( 9 3 ) 

where the V is the HWHM of the Raman line and T P 

and T S are the noise correlation time for the pump 
and Stokes waves, respectively. Consequently, the 
extra contribution to the forward processes appears 
in the performance factor as an increase in R above 
its value under monochromatic conditions. Because 
only the pump is expected to be noisy, only the soft 
forward limits are affected. Evidently, the condi
tion (93) is not a stringent one. 

In nearly dispersionless media such as meth
ane, the presence of spatial inhomogeneity reduces 
the gain by a factor n, which is, loosely speaking, 
the number of spatially incoherent molecular waves 
generated in the Raman process. This number is R 
times as large for backward processes as for for
ward processes, because the backward gain is 
smaller by R and because a higher degree of col-
linearity is required to maintain coherence. Also, 
under conditions where both the pump and Stokes 
waves are broad in frequency compared to r, a 
parametric four-wave process appears when the 
Fourier spectrum of the pump field is broad com
pared to the intensity spectrum. This further ag
gravates the production of parasitic waves. Thus, to 
achieve a compression of five or more, the pump 
and Stokes must be of high mode quality and nar
row band; i.e., 

GAv p < 2T , (94) 

corresponding to pump linewidths of approxi
mately 0.1 cm"1, and 

/ 8GX \ , / 2 

corresponding to a beam divergence of ~\ mrad. 
A number of computer codes have been 

developed to study laser wave noise. In particular, 
temporal pump modulation of a plane wave pump 
has been investigated in both the forward and 
backward processes. The method involves directly 
solving the integral equations for the Stokes wave 
under pumping by an arbitrary wave. A statistical 
treatment of noise becomes possible if many cases 

are examined. An important feature of the noise ef
fects is that the output becomes irreproducible from 
experiment to experiment. That is, although the 
mean output may depend only weakly on the noise 
component of the pump (being an ensemble 
average), an individual member of the ensemble 
may have an output that differs greatly from the 
mean. In the forward direction, this irreproduci-
bility is quite strong even for moderate noise com
ponents. However, in the backward direction, the 
mean square deviation of the output in the en
semble is small and thus the backward process is 
reproducible from shot to shot. 

The Stokes pulse abberations are caused by 
refraction resulting from gas density variations, and 
by self-focusing. The phase aberration may be 
estimated from the formulas, 1 3 2 

80 T s k8n(aL) l / 2, turbulent, (96) 

5 0 A = kfinL, acoustic, (97) 

where a is the scale length of the turbulence and o u 

is the index change. The acoustic modes are 
generated by energy deposition in the last pulse. 
The turbulence is driven by random fluctuations in 
temperature and pressure, viscous drag, ground 
vibrations, etc. Use of dp/p = 10"4, an optimistic 
value, results in several waves of phase distortion 
that must be removed with spatial filters and other 
special techniques (e.g., phase conjugators). 

The optical nonlinearity of the gas leads to self-
focusing, which has been measured in methane at 
optical frequencies. Using a simple dispersion 
model to extrapolate to 250 nm gives 

7 = 3.5 X 10~ 8 cm/W-atm . (98) 

the associated B-integral is approximately unity. 1 3 3 

Thus, self-focusing effects ' "M be less than 
refractive effects. 

The effect of anomolous dispersion also has 
been considered. 1 3 4 The gain at the Stokes fre
quency causes a variation in the real part of the 
refractive index over the Stokes bandwidth. This 
variation is 

G ^"s 
60 « , O I s^ % o.5 rad, (99) 

4 6*1 

and is an order of magnitude smaller than the varia
tion due to density variations. 
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Scaling and Optimization. The major design 
consideration for a fusion driver is the phase aber
ration that may be tolerated at the output. From 
this, the amplifier length is determined and then the 
maximum pump pulse length. The tolerable phase 
aberration is given by the required focal spot size at 
the target. Thus, the mean scatter satisfies 

6 < r s/F. (100) 

If d is the transverse scale of the phase aberration 
and D is .ne aperture, then 

, /1.2X\ J X' / « 4 5 * A \ 
e2 = - — J + — I — + — I ( io i ) 

Assuming that the acoustic contribution dominates, 
and choosing 

r s = 1 mm , 
f = 1 0 0 m , ( 1 0 2 ) 

d = D/3 = 30 cm , 
(Sp/p) = 10-" , 

a density limit can be obtained from Eq. (97), such 
that 

pTp < SOOns/atm. (103) 

The limit tnay be relaxed by increasing the aperture 
to lengthen the acoustic wavelength. However, this 
limit (103) is too high because other defocusing ef
fects have been neglected. The design pulse length is 
limited by the density for which the Raman line 
becomes inhomogeneous or for which S(p) increases 
beyond a damage fluence. 

The density limitation (103) implies a minimum 
pump intensity required to achieve gain 

l p = GS 0pr p > 20MW/cma , (104) 

where So, the saturation fluence at 1 atm, is =2 
J/cm2 and the gain G is =5. However, achieving 
this pump intensity with a KrF laser may require 
special components (e.g., pulse stackers, telescopes) 
or special geometries. 

In conclusion, the Raman cell itself is con
strained in length by random refraction and in aper

ture by transverse gain. Most serious is the conflict 
between focusability and damage, suggesting that 
flow systems and optical components will be high 
priority items ; T future studies. The second Stokes 
limit implies a compression of 10 or less. The search 
for resonant systems or selective absorbers will 
determine the ultimate achievable compression. 
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7.6.4 Compression Experiments in Methane 
There are many Raman (and perhaps Brillouin) 

scattering schemes that might be applied to the 
design of a pulse compressor for fusion applica
tions. We are concentrating our efforts on one of 
these candidates that has been extensively studied in 
both stimulated and spontaneous Raman scatter
ing, and which exhibits the best properties for a 
compressor of the various candidates for which ex
tensive information is available. The candidate 
chosen is the Q branch of the 2916-cm"1 v, sym-
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metric stretch vibration of methane. This transition 
has a very high Raman cross section135 and consists 
of a large number of overlapping Q-branch lines, 
resulting in an homogeneous transition of width 0.3 
cm"1 which, at moderate pressures,136 appears to be 
pressure independent, although some features of 
the spectrum have not been explained. 

The Raman gain cross section for KrF radia
tion scattered by methane can be predicted from the 
known scattering cross section at 488 nm, using 
Placzek's Raman dispersion model. In terms of 
pump intensity I p (in W/cm2) at 248 nm, the small 
signal backward gain is calculated to be 

1.9 X 1 0 " I L 
Av. + tv„ I1 

(105) 

Here, p is the methane density in Amagat units 
(2.68 x 10 1 9 cm"3, or 1.1 atm at 300 K), L is the cell 
length in centimeters, and Av is in wavenumbers. 
This representation of gain as ylL can be recast as 
oAnL, where o is a conventionally defined gain cross 
section and An is the photon density in the pump 
beam. 1 3 7 A saturation energy fluence hv/o can then 
be defined as the energy required in the first Stokes 
pulse to reduce the pump intensity to e"1 of its in
itial value. Because the backward first Stokes pulse 
sweeps through the pump pulse and sees twice as 
many photons per unit volume as a stationary 
observer, it may be shown1 3 8 that esB is 2hv/o for 
this case. 

The predicted backward saturation fluence for 
methane as a function of pressure is shown in Fig. 
7-80, assuming a pump linewidth of 0.1 cm - 1 and 
the bcppler line behavior of Fig. 7-73. The pre
dicted value of R also is shown, assuming that the 
methane Q-branch is a quasi-Lorentzian line above 
about 1 atm as indicated by recent CARS 
spectra.1 3 6 At low pressure where individual lines 
are resolved, R will rise as shown. The model used 
here assumes that all linewidth effects add in
dependently. 

These predictions must be tested on a small 
scale so we can gain confidence in their validity 
before we make a serious commitment to this tech
nology. During 1977, we began these experimental 
verifications, using small KrF TEA discharge lasers 
and methane amplifiers at high pressure (10 to 25 
atm), where saturation phenomena can be studied 
at the low pulse energies available from the 
discharge lasers. Further study at higher energies 
will follow in 1978 to verify these predictions in 
more detail and with higher KrF and Raman pulse 
energies. 

_L _L J -
0 2 4 6 

Methane pressure, atm 

Fig. 7-S0. Calculated backward Mtaratton fltKsceS* aad 
fontard-backward gain ratio R in a KrF-awikue amftator 
forAiy=0.1c«~'(3GHz). 

Narrow Linewidth Operation and Spatial 
Beam Quality of a KrF Discharge Laser. A charac
teristic feature of the KrF spectrum is its broad gain 
or fluorescence profile (Fig. 7-81). A free running 
KrF laser has its linewidth reduced to 50 cm"1 (Fig. 
7-81). However, this linewidth is still much too wide 
for many potential applications, particularly for 
backward Raman pulse amplfication. 

The laser spectral Mnewidth can be reduced in a 
straightforward manner by inserting frequency-
selecting elements such as prisms and etalons into 
the laser cavity. The reduction of linewidth is, un
fortunately, accompanied by a dramatic drop in the 
laser output power. This drop is partially due to the 
additional intracc"':v losses. Also, because of the 
short duration oi •' ,e gain, there is not enough time 
for the flux to build up to the saturating levels 
needed for efficient extraction of the available 
energy. 
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To extract the available laser energy efficiently 
in the narrow linewidth output, it is necessary to use 
an oscillator-amplifier system. Our experiments 
with a separate line-narrowed oscillator and an 
injection-locked regenerative amplifier138 revealed 
that all the available laser energy of the regenerative 
amplifier can be extracted in a narrow line con
trolled by the weak oscillator. A similar approach 
has been used successfully with other laser systems 
such as dye lasers.1 3 9 

A reliable oscillator-regenerative amplifier 
system based on this principle was constructed and 
used for a number of experiments (see Fig. 7-82). 
The gain medium for the oscillator and the ampli
fier is provided by a fast transverse discharge 
through a uv preionized mixture of F2/Kr/He in the 
ratio of 4/100/900. Typical operating pressures are 
1 to 1.5 atm. The cross section of the gain medium 
is approximately 2 by 0.S cm, and the length of each 
discharge is 100 cm. Each laser body is machined 
from Teflon to ensure fluorine compatibility and 
has CaF2 windows set at Brewster's angle. Elec

trode profiles are similar to those used for CO2 
TEA lasers (Fig. 7-83). 

Each discharge laser has 32 nominally 0.5-nf 
barium titanate peaking capacitors that are pulse 
charged in l̂ ss than 100 ns to the typical voltages of 
30 to 45 kV needed for discharge breakdown. A 
current pulse from discharging these peaking 
capacitors has a characteristic full width of 20 ns 
and provides the excitation for the laser. The 
amplifier is fired 50 ns after the oscillator, allowing 
sufficient time for the oscillator output to reach 
maximum. The uv preionization is pulsed 100 ns 
before the main discharge. 

A flat dielectric mirror with 90% reflectivity 
and a maximum reflector with a concave 5-m radius 
of cui.-'ture form the resonator cavity for the 
oscillator. \n aperture ~1 mm in diameter is used 
to improve tuc spatial beam quality. The spectral 
linewidth is determined by the etalons inserted into 
the laser cavity. One 0.1-mm gap etalon reduces the 
linewidth from 50 to 5 cm"1. Addition ot the 
0.5-mm etalon reduces the linewidth to 1 cm"1, and 
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Fig. 7-82. KrK laser system. 
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a3-mm etalon reduces the width even further to 0.1 
cm"'. The 0.1-mm etalon is an air gap resonator, 
whereas the other two are solid etalons made of uv 
grade fused silica. All reflecting surfaces of the 
etaions are coated for 75% reflectivity at 250 nm; 
the outside surfaces of the air gap etalon are coated 
for antireflection. 

The output coupling mirror of the oscillator 
also serves as the back mirror for the cavity of the 
regenerative amplifier. In this configuration, all the 

output power of the oscillator is injected into the 
amplifier. The regenerative amplifier cavity is a 
half-symmetric unstable resonator with a magnifi
cation of eight. The output mirror is convex with a 
1-m radius of curvature. The mirror is uncoated ex
cept for the central region where, in a 1- by 4-rnm 
area, high-reflectivity coating is deposited. The in
jected beam from the oscillator passes through the 
amplifier, hits the high-reflectivity spot on the con
vex mirror on the return trip, and expands to fill the 
gain volume. 
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Fig. 7-84. Far-field patterns of laser output, showing the effect of injection locking on laser focusability. 

The system generates laser pulses with a char
acteristic ^"ration of 20 ns and with an energy > 150 
mj per pulse, i he output energy from the system is 
independent of the oscillator output power. How
ever, the far field beam profile and the spectrum of 
the output vary drastically with the oscillator input. 

For orcil!ator powers £,200 W, tue output 
spectrum of the system collapses down to that of 
the oscillator, greatly increash g the spectral 
brightness. The linewidth of laser output is 
monitored with a 1-m spectrometer and a high-
finesse Fabry-Perot interferometer. With all three 
etalons in the oscillator cavity, a linewidth of 0.1 
cm"1 is obtained. The fact that all the laser power 
can be extracted in a narrow linew: jth demonstrates 
that the laser transition is broadened homogene

ously, as expected from the theoretical model for 
the KrF molecule. 

In addition to increasing the spectral bright
ness, the injection locking of the unstable resonator 
dramatically improves the focusability of the out
put beam. Without any injection, the field inside 
the unstable resonator builds up from very 
divergent fluorescence. Ir takes two to three round 
trips through the cavity for the resonaior mode to 
be established. Because the time for these round 
trips is comparable to the entire laser pulse, the 
divergence of the output will begin very large but 
will be decreasing in time. With injection locking, 
the laser builds up from the field of the oscillator, 
and therefore has less divergence from the start. 
Figure 7-84 illustrates the far field patterns for the 
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Fig. 7-85. Apparatus for the KrF-methance Raman amplifier experiment. 

output with and without the injection locking. The 
beam quality with injection locking is limited only 
by the laser medium homogeneity. We see that the 
output is diffraction limited in the dimension 
parallel to the discharge, and is several times the 
diffraction limit in the perpendicular direction. 
Very high current densities in the laser medium 
cause this divergence, and the medium acts as a 
negative cylindrical lens. Most of this aberration 
should be correctable by appropriate external op
tics. 

Gain and Saturation in a KrF-Pumped Meth
ane Raman Amplifier. We have studied a methane 
Raman amplifier, using the KrF oscillator-amplifier 
system described above. These measurements were 
made with 30 to 50 mJ of KrF output energy to 
minimize the spatial variations that occur at high 
output energies. The output pulse is split into two 
equal parts, one of which is focused softly by a 
beam-contracting telescope through a 2-m-long 
Raman oscillator containing methane gas at 10 to 
30 atm (see Fig. 7-85). The pump at 249 nm induces 
superfluorescent output at the first Stokes wave
length of 268 nm, which then passes through a 
prism monochromator and enters a 2-m-long 
Raman amplifier cell at the same pressure as the 
oscillator ceil. The other half of the KrF pump pulse 
passes through a beam-contracting telescope and is 
directed through the same collimating apertures as 
the probe pulse but in the opposite direction. The 
transit time through the optics is arranged so that 

the leading edges of the probe pulse and the KrF 
pump pulse meet at the exit window of the amplifier 
cell We: the transit time (length) of the Raman 
oscillator cell is selected to be 6.5 ns so that the 
leading edge of the probe pulse sweeps through the 
peak 13 ns of gain produced by the pump pulse. 
The counterpropagating beams are nominally 3 mm 
in diameter (the measurements discussed here are 
for the central 1.5-mm region of the beams). 
Beamsplitters and biplanar photodiodes, with ap
propriate neutral density and bandpass filters, are 
used to record the pump and probe pulses before 
and after they pass through the amplifier. The in
tensity calibration of the diodes is derived from 
comparisons with a calorimeter. 

Figure 7-86 presents a plot of backward gain 
data obtained with this apparatus vs methane pres
sure at two pump laser linewidths. The data were 
obtained by varying the etalons in the KrF injection 
oscillator.111 Gain is seen to be proportional to 
pressure for each linewidth (as predicted above), 
implying that any change in the linewidth of the 
methane Raman transition over this pressure range 
is small compared to the laser linewidth used in the 
experiment. The gain also shows the predicted 
(Avs+Avp)"1 dependence to within the precision of 
the experiment. 

An absolute determination of the methane 
Raman gain coefficient requires an accurate 
knowledge of the pump intensity in the amplifier 
cell as well as precise lineshape information; it can-
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not yet be stated with high precision. We estimate 
from the data shown in Fig. 7-86 that the backward 
Raman gain is given by 

exp (2 ± 1) X lO"" (Av + 0 .3) - 1 / l p d L , 

(106) 

where the units are as defined above and, for this 
condition, 

/ l p d L = 3 + 1.5 X 109W/m . (107) 

The measured backward gain agrees with the theo
retical prediction given above to within the accuracy 
of the experiment. 

Forward gain for superfluorescence produced 
from the collimated pump beam in the amplifier cell 
is inferred by observation of the intensity of for
ward superfluorescence in the amplifier at higher 
pump intensities. The intensity of this super
fluorescence is independent of laser linewidth over 
the range studied, even at linewidths as high as 30 to 
50 cm"1 (produced by removing all etalons from the 
injection oscillator). This also agrees with the 
theory presented above. 

Large sk al gain effects have been investigated 
with this apparatus 1 4 0 by raising the pump and 
probe intensities in the amplifier until saturation ef
fects become apparent. Figure 7-87 shows typical 
pulse shapes for the Stokes input and output pulses 
under saturating conditions in the amplifier. The 
modulation on the Stokes input pulse is produced 
by mode-beating in the KrF oscillator. Later por
tions of the Stoke: pulse see lower gain than the 
leading edge of the: pulse because they enter the 
amplifier cell after ; large part of the pump pulse 
has already exited, id because they see a pump 
pulse that has been a pleted by the leading edge of 
the Stokes pulse. Figure 7-87 also illustrates the 
pulse shapes predicted by a computer model of the 
experiment, which integrates the equations that 
describe Raman scattering, assuming uniform plane 
waves and a saturation fluence of 50 m J/cm 2 . This 
saturation fluence is near the theoretical prediction 
of fis= (2/y c) = 56 mJ/cm 2 for methane in the back
ward direction pumped by a laser with a 0.1-cm'1 

linewidth. 
Similar data for the pump pulse with and 

without the presence of a counterpropagating 
Stokes pulse are shown in Fig. 7-88. Each of these 
photographs is an overlay of three pulses that aver
ages out some of the underlying noise on the pulses 
and reveals the underlying shape more clearly. 
Figure 7-88 illustrates pump depletion by amplifica
tion of the Stokes pulse, showing a maximum inten
sity depletion of about 60% in this central region of 
the pump beam. Electronic integration of the pulses 
shown in Fig. 7-88 indicates a depletion of 30% of 
the total pulse energy in the central 1.5-mm area of 
the beam and about a 20% depletion in the entire 
beam for these conditions. 

The energy fluence of the Stokes and pump 
beams was measured using a calorimeter. The pump 
beam in the absence of a counterpropagating Stokes 
pulses has an energy of 4.2 mj in the central 
1.5-mm region; the pulse diverges to about 1.5 by 4 
mm at the exit of the cell. The fluence of the pump 
beam as it enters the cell thus is about 240 mJ/cm 2. 
The pump suffers a whole-beam depletion of 20% 
in the presence of the Stokes pulse, i.e., an energy 
loss of 0.8 mj. 

The Stokes beam in the absence of a pump 
beam has an energy of 0.54 mj in a nominal 
1.5-mm diameter. In the presence of the pump, the 
energy gain is 2.2, adding 0.65 mj to the Stokes 
beam in the central 1.5-mm region. This is in 
reasonable agreement with the energy lost by the 
pump, assuming that some Stokes energy is outside 
the central 1.5-mm region sampled and that the 
measurements must be taken on different shots in 
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Fig. 7-87. Stokes pulse in a situatiag amplifier. 

the presence of some fluctuation in pump and 
Stokes pulse energies. The Stokes input fluence is 
=30 mj/cm2 and is amplified to 66 mj/cm2, of 
which 40% is in the first 1-ns spike. This is an inten
sity of 26 MW/cm2, about twice the 12-MW/cm2 

intensity of the KrF pump beam, demonstrating in
tensity enhancement in a saturating backward 
Raman amplifier. 

Analysis of the experimental results is com
plicated by the variable overlap of the Stokes and 
pump pulses in the amplifier and by the divergence 
of the pump as it propagates down the cell. Neg
lecting the small correction resulting from energy 
added to the tail of the Stokes pulse by gain pro
duced by the tail of the pump pulse, the intensit;' of 
the pump at the position of maximum depletion 
should be given by I = Ioe

8 /8s> where £ is the Stokes 
output fluence and S s is the saturation fluence, or 

56 mj/cm2. This predicts I/I 0=0.31 for the experi
ment, a value which is in good qualitative agree
ment wiih the measured value of 0.4. 

Table 7-23 compares mode) results for energy 
gain and extraction for several assumed values offis 

with the gain and extraction observed in the experi
ment. The model cannot be expected to give a 
precise duplication of the experiment, however, 
because the pump and Stokes beams do not have 
perfectly uniform and regular intensity profiles in 
space and time, and because plane-wave behavior is 
assumed in the model. We note, for example, that 
the pump beam diverges in one dimension as it 
propagates through the cell. This phenomenon is 
associated with the discharge effects in the KrF 
pump laser discussed previously. The integrated 
fluence /I p dL down the cell is thus only about two-
thirds the value in a plane-wave case, reducing the 

7-100 



No 
Stokes 

[« »{lOi 

Saturating 
Stokes input' 

30mJ/cm 

Experiment 

Model 
£« = 50 mJ/cm2 

Time '-> \*—»»| 10 ns 

FJf.7-88. EffccttfR^aiUMhirtdMMKrFiHiaiptruMilMiMfiianirhr^^MOniJ/cm1). 



Table 7-23. Comparison of computer model values 
with experimental data for a backward Raman 
amplifier: pump input = 240 mj/cnr, 
Stokes input = 30 mj/cm-. 

Assumed Stokes Pump peak Pump 
saturation energy intensity energy 

fluent*, mjfcm- gain depletion, # depletion, * 

Computcr model 
37.5 4.7 97 54 
51) 4.1 89 44 
7» 3.3 62 32 
911 2.8 46 24 

III) 2.4 37 19 
Experiment 

— 2.3 611 311 

of about two. Further experiments will be required 
to improve the precision of these measurements and 
to verify the results at the lower methane pressures 
where a large compressor system would operate. 

Effects of Pump Beam Divergence on Back
ward Raman Amplification. We performed a pre
liminary qualitative experiment to verify the 
absence of beam distortion in the backward Stokes 
•puke when it is amplified with a pump beam that 
contains severe, small-scale intensity variations and 
a large divergence angle. The experiment was per

formed using the apparatus shown in Fig. 7-85 but 
with the amplifier replaced by a grazing incidence 
reflection cell as shown in Fig. 7-89. The 200-mJ 
pump beam is brought to a focus in front of the cell 
and allowed to diverge into the cell so that it prop
agates through the 5-mm glass tube by successive 
reflections at grazing incidence from the inside wall. 
This produces severe interference fringes in the 
pump beam with a small scale length in the trans
verse and longitudinal directions. This also imposes 
an angular spread on the beam given by the angle of 
the cone that enters the cell, in this case about ~ 4 
deg. A near-diffraction-limited Stokes pulse is pro
pagated through the cell in the backward direction, 
and the beam quality is observed in the near and far 
field for the amplified and unamplified pulses. No 
change in beam profile is observed on amplifica
tion, in agreement with similar experiments per
formed elsewhere . 1 4 1 , 1 4 2 More quantitative 
measurements will be performed in the future. 

Gas Breakdown and Self-Focusing. Gas break
down by multiphoton ionization is a potential prob
lem for a Raman compressor that reaches very high 
peak intensities. Little data are available in the uv 
region of the spectrum. We have studied the 
transmission of 248-nm radiation in several gases to 
determine the practical limits on transmission of 
short pulses with high fluence at this wavelength. 

At 248 nm, unlike breakdown at infrared 
wavelengths, the electron density never becomes 
large enough to cause transmission through the 
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Fig. 7-90. Laser pulse distortion by KrF breakdown. 

breakdown plasma to fall to zero. There is, how
ever, strong scattering of a collimated beam from 
the breakdown plasma. Self-focusing to very small 
filament diameters could give similar scattering and 
may be a part of the breakdown mechanism. We 
have determined the intensity at which a KrF laser 
pulse, rising in =8 ns, begins to be strongly scattered 
from the plasma. Typicai traces of the incident, 
transmitted, and scattered pulses are shown in Fig. 
7-90. 

For these experiments, the KrF pulse is focused 
into a gas cell with a 25-cm lens and the intensity at 
the focal spot is estimated from other data on the 
beam divergence. The relative value of I p for dif
ferent gases and pressures is thought to be 
reasonably accurate. The absolute vertical scale on 
the graph is less accurate and is the subject of con
tinuing studies. 

Values of I p determined for several gases are 
given in Fig. 7-91. Determined by the present defini
tion, I p is larger by a factor of three to five than the 
typicai breakdown threshold intensities taken previ
o u s l y 1 4 3 , 1 4 4 in the uv. We .!Ote, therefore, that this 
is a somewhat different diagnostic technique than 
the observation of a visual flash and probably re
quires a more fully developed breakdown plasma 
than the production of the flash. In addition, there 
are uncertainties in trie focal volume intensity in this 
and other experiments. There are also the usual 
uncertainties in risetime effects and intensity-vs-
energy considerations in the development of the 
breakdown plasma. 

These I p measurements are important because 
they predict the intensity below which a 3-to-5-ns 
pulse may be propagated without serious distortion 
and scattering. We note that 5 x 10 1 0 W/cm 2 for a 
S-ns pulse corresponds to an energy fluence of 250 
J/cm 2 , so that pulses propagating in the tens of 
joules per square centimeter are safe in any of these 
gases. Because damage to optical windows probably 
will hold pulse fluences even lower than 10 J/cm 2 at 
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this wavelength, optical breakdown in a Raman 
amplifier probably will not be a serious limit in 
gases such as methane and SF 6. (This is not true for 
the usual focused superfluorescent Raman oscil
lator where fluences exceeding several hundred 
joules per square centimeter are reached very 
easily.) The design of oscillators for a Raman com
pressor is, therefore, seriously affected by optical 
breakdown, as observed in our gain experiments. 
However, other design options are available to 
replace the simple focused beam oscillator, and 
these will be examined in the future. 
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7.6.5 Puke Compressor Systems 
A number of pulse compressor systems have 

been identified and analyzed; the discussion here is 
based on the use of KrF laser pumping of a methane 
backward wave Raman compressor. However, 
these compression scenarios can be used equally 
well for the other pump lasers or for Raman scat
tered. The generality of these schemes is important 
because the short wavelengths and high intensities 
of both a KrF pump laser and the methane-
scattered short pulse place a large premium on im
proving our knowledge and control of the damage 
of uv optical components. 

The KrF laser analysis reveals that the intensity 
achievable from a KrF amplifier is limited by non
saturable losses. Building a long amplifier chain to 
increase intensity can be done only at the cost of 

lowered medium extraction efficiency. Generally 
speaking, we wish to build a KrF amplifier with a 
high gain-to-nonsaturating-loss ratio and build the 
laser to a length L such that the loss length yl. is in 
the range of one to two. Under such circumstances, 
narrow linewidth intensities of =20 MW/cm 2 and 
medium efficiencies of =15% may be possible with 
suitably designed KrF amplifiers. High gain-to-
loss ratios, high extracted intensities, and high ef
ficiencies are produced with high excitation rates. 
If we presume electron beam pumping, these condi
tions are met for pump current densities of =100 
A/cm 2 , exciting Ar/Kr/F2 mixtures in the range of 
1 to 3 atm. Foil damage and F 2 depletion con
straints limit the pulse length beam current products 
to = 2 x l 0 4 n s A / c m 2 . Hence, for the 100-A/cm2 

case, pulse lengths are limited to =200 ns. 
Electron beam controlled discharges have the 

potential for higher system efficiency. Most likely, 
these controlled discharge systems will operate at 
somewhat longer pulse lengths and lower output in
tensities because of the greater inductance of the 
circuitry characterizing these systems and because 
of the discharge instabilities that occur when at
tempts are made to increase the gain per unit length. 

Efficiency estimates for a Raman compression 
system using a KrF pump are given in Table 7-24. 

Table 7-24. KrF/Raman compressor system efliciencies (%). 

Enkiency Pure electron Pure Raman/ 
Subsystem component beam Discharge" Raman stackers 

KrF Electrical pulse forming 90 90 
Transport into medium 75 90 
Useful medium fill factor 80 90 
Extracted medium 10 to 15 15 to 20 
Laser electrical 5 to 8 10 to 13 
KrF laser after flow'' 4to7 8 l o l l 

Compressor Optical transport 90 8» 
Raman fill factor 90 90 
Raman medium extraction 50 to 75" 50 to 75" 
Compression conversion 40 to 60 35 to 55 

Electron beam/ Electron Discharge'/ Discharge'/ 

After flow 

pure Raman beam/stacker pure Raman stacker 

Total system After flow 1.6 to 4.2 1.4 to 3.8 3.2 to 6.7 2.8 to 5.9 

"Assumes electron-beam-controlled discharge with an enhancement of 3. These efficiencies have not yet been demonstrated. 
"Assumes low-pressure-drop flow conditioning. 
Assumes only one stage of stacking. 
Control of second Stokes parasitic waves for high value. 
May require multiple compressions or stackings. 
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Two classes of KrF laser are shown: pure electron 
beam pumping, which is more highly developed, 
and electron beam controlled discharge pumping 
with a discharge enhancement of three. The KrF 
subsystem efficiency before flow costs is projected 
to range from 4 to 7% for electron pumping and 
from 8 to 14% for discharge pumping. For use in 
fusion applications, efficient discharge pumping 
may require larger pulse compressions. 

The compressor system can operate at «60% 
conversion efficiency or possibly a bit less if optical 
pulse stacking is used together with backward wave 
Raman compression. The energy costs for gas 
conditioning in both media are calculated to be 
small. This is not unreasonable because the beam 
quality of the pump does not need to be extremely 
high and because the energy deposition in the 
Raman medium is negligible. The total system effi
ciency, of course, depends on the combination of 
pump and compressor performance, which is inti
mately linked to the desired fusion laser pulse dura
tion. However, system efficiencies of ~2 to 4% 
appear to be achievable; advances in both pump 
technology and Raman medium parasitic control 
could yield efficiencies >5%. 

Scaling of the pump and Raman apertures is 
limited in different ways because the KrF medium 
is a high-gain electrical laser, whereas the Raman 
medium is a low-gain optically excited medium. The 
power or energy output per aperture that can be 
obtained in the KrF system is considerably less than 
that achieved from the Raman medium. Ultimately, 
either system is limited in the transverse dimension 
by gain suppression considerations and by feasible 
mirror dimensions. For electron-beam-pumped KrF 
lasers, small signal gains of ~10%/cm or more will 
be encountered. Thus, laser apertures larger than 
=2 m in the longest transverse dimension will suffer 
from fluorescence or parasitic depumping, even 
with strong presaturating fields. 

If we assume a circular 2-m-radius mirror, a 
KrF aperture with some transverse gain suppressing 
baffles, and an output intensity of 20 MW/cm 2, 
each electron-beam-pumped KrF aperture could 
yield a power output of 0.6 TW. This corresponds 
to 60 kJ in a nominal 100-ns pulse. To achieve such 
a gain-limited KrF amplifier, we must assume some 
modularization of the electron beams driving the 
laser medium, because any one individual electron 
beam driver is constrained by magnetic pinching to 
occupy an area &2000 cm 2 for the beam c ;nts 
anticipated. This is considerably smaller th..« the 
approximate 10 5-cm 2 outer area needed to excite the 
above-mentioned 60-kJ amplifier. Systems without 

electron beam modularization will have consider
ably smaller single-aperture energies. 

For an electron-beam-controlled discharge in 
KrF, apertures smaller than the gain limit will be 
encountered because the discharge current in the 
laser will pinch the electron beam used to stabilize 
the discharge. The individual medium apertures, as 
defined by the current return leads in the discharge 
circuit, will be limited to <0.2 m 2 . At the go/y 
ratios calculated for such electron discharges, inten
sities of =10 MW/cm 2 appear possible with good 
extraction efficiency; powers of 20 GW per individ
ual discharge aperture would be obtained. For pulse 
lengths of =500 ns, energies per discharge aperture 
of 10 kJ are then achievable. The individual dis
charge apertures are smaller than the 2-m-radius 
mirror postulated above for a 0.6-TW electron 
beam excited system. We can easily imagine array
ing on an annulus with several discharge apertures; 
an increase in the power per beam line to about 0.25 
TW could be anticipated. 

The Raman medium has low gain and thus the 
transverse dimensions can be relatively large. 
Raman apertures of several square meters are pos
sible, corresponding to several hundred kilojoules 
per aperture. It is presumed that several pump 
lasers can be combined in one Raman aperture. 

There are a variety of ways in which the KrF 
and Raman lasers can be combined to yield a high-
intensity short pulse suitable for fusion applica
tions. Table 7-25 lists some of these arrangements. 
The compressor architectures are arranged in the 
approximate order of complexity, starting with two 
pure KrF schemes, followed by Raman compression 
schemes that do not use angle-coded sequential 
extraction of either the pump or Raman medium, 
and then two classes of compressors that use com
binations of one or two stages of pulse stacking or 
Raman compression. The important figures for 
each scenario are the achievable net compression 
and the ccmpression efficiency. Compressions of 
up to 200 may be possible with compression effi
ciencies of >50%. Thus, the potential high-
efficiency, long-pulse discharge lasers may be com
pressed from pulse durations of =500 ns to high-
intensity pulses of =5 ns. 

The laser systems using pure KrF are concep
tually the simplest. In principle, a pure electron-
beam-driven KrF amplifier chain could be used to 
produce pulses of »10 ns for power plant applica
tions. At a 20-MW/cm 2 output intensity, 320 
0.6-TW apertures, 2 m in diameter, are required to 
produce the 200-TW power levels thought to be 
required. Although this yields a laser of high effici
ency (4 to 7% electrical), this option is tremen-
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Table 7-25. Some pulse compressor system architectures. 

(pencral class Name Feature 
Net compression regime 

for 5\Y7€ conversion 

Pure KrF 

Hainan compressors 

Stacker-compressors 

Higher hybrids 

Direct KrF 32« apertures for 2fl«.TVV 1 
Pulse slacked Krl- Angle-coded KrF: trade laser 

apertures for N mirrors 
per aperture 

5 

Single compression Raman compression only 111 
Double compression T w o stages, requires Raman 

oscillator at second Stokes 
frequency 

36 

Slacker-compressor Angle-coded p u m p , single-stage R a m a n 40 
Compressor-stackers Angle-coded Raman medium, single-

stage Raman 
411 

Stacker-cnmprcssor-comprcssor Angle-coded p u m p , tv,o-stngc Raman 211(1 
Slackcr-comprcssor-stackcr Angle-coded p u m p and Raman medium, 

single-stage Raman 
200 

Comprcssor-stncker-compressar One angle-coded Rumiin medium, 
Iwo-stage Raman 

200 

dously complicated because all the KrF laser media 
and the turning mirrors associated with each aper
ture must be suitable for focusing on the fusion 
target. The total mirror aperture facing the target is 
large, =103 m 2. 

The use of angle-coded sequential extraction 
followed by pulse stacking can simplify a pure KrF 
scheme somewhat. This approach decreases the 
number of laser apertures because each aperture is 
used for n pulse durations for n beams extracting 
the medium. Thus, for a pulse stacking of n=4, 80 
apertures are needed to obtain the 200-TW power 
level. However, the KrF medium homogeneity re
quirements are just as high as with a pure KrF 
system. In addition, the total mirror area facing the 
target is as high as with direct KrF. It can be argued 
that mote than four pulse stackings could be used, 
or that intensities greater than 20 MW/cm2 could be 
drawn from an amplifier. However, the general 
result remains the same: a pure KrF system is 
extremely complex in optical layout. A most impor
tant point in favor of pulse stacking is the high effi
ciency that can be achieved. A pulse compression of 
~5 can be achieved with an efficiency of =90%. 

Pure Raman compressors can compress a 
pump pulse with 50% effic.cncy for compressions 
of =10. Thus, power intensifications of =5 can be 
achieved. A 200-TW system can be driven by a 
40-TW pump, implying only 64 of the large KrF 
apertures. Assuming four backward wave Raman 
amplifiers of 50 TW each, each amplifier is then 
pumped by sixteen 0.6-TW pump lasers that are 
combined in the larger area Raman cell. The pump 

lasers need not have a high beam quality because 
they only irradiate a large Raman amplifier, not a 
small fusion target. If we use two stages of Raman 
compression, larger compressions of «36 can be ob
tained for a net conversion efficiency of 50%. It is 
interesting to note that two compression stages can 
be more efficient than one stage of large compres
sion. However, two-stage Raman compression does 
suffer from the fact that it is a three-color system, 
i.e. pump, first Stokes, and second Stokes. 

By combining angle-coded sequential extrac
tion in either the pump (stacKer-compressor) or the 
Raman medium (compressor-stacker), large com
pressions at high efficiency can be achieved. The 
general distinctions and detailed tradeoffs between 
these two similar approaches remain to be quanti
fied. However, because of the high efficiency 
(though limited compression range) that is available 
by stacking, stacker-compressor systems can be 
more efficient in certain compression ranges than a 
pure Raman compressor alone. To achieve a 
compression of 30, for example, it is more efficient 
to pulse stack with n=4 and Raman compress by 
K = 7.5 than it is to directly Raman compress by 
K=30. This is illustrated in Fig. 7-92, where the com
pression efficiency is plotted as a function of total 
compression ratio for some of these compression 
systems. Optical transport efficiencies of 85 to 95% 
and a maximum stacking in any medium of five are 
assumed. The efficiency domain of Raman com
pressors is taken from computer calculations of the 
conversion efficiency, assuming a parasitic second 
Stokes gain limit of 20, a forward-to-backward gain 
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ratio of two, and a fluence gain of 10 or more in the 
Raman amplifier. 

Taking the 200-TW example again, a compres
sor stacker with one Raman amplifier and angle-
multiplexed by four beams could yield a net pulse 
compression of 40 at 50% efficiency, i.e., a power 
gain of 20. Thus, the 200-TW laser system requires 
10 TW of pump radiation. This could be provided 
by sixteen 0.6-TW pump lasers. Operation of these 
lasers for 200 ns would correspond to 2 M J of pump 
energy with 1 MJ in the 5-ns short pulse. The 
Raman laser radia'.ion is divided into four beams 
that are separated in time by SO ns. Each beam is 
amplified in the backward wave Raman amplifier 
and the beams can be combined on the target by 
appropriate delays. 

If desired, even larger compressions can be ob
tained by stacking or compressing more than once. 
These large compression systems may be of use for 
compressing long-pulse discharges, for cleaning up 
a Raman beam, or for obtaining pulses close to 1 ns 
from long pump pulses. As an example of such a 
system, Fig. 7-93 shows a conceptual 1-kJ/l-TW/ 
1-ns system layout. The final Raman power ampli
fier is pumped by two 1200-J KrF amplifier chains 
whose outputs are combined in the Raman ampli
fier. The pump lasers, driven by electron beams. 

operate for SO ns. The desired short pulse that is 
focused on target is 1 ns long. Thus, a net compres
sion of SO at an efficiency of 40% is desired. This 
can be achieved with K = 12 and n = 4 . The system 
shown in Fig. 7-93 is a compressor-stacker; the 
angle-coded sequential extraction occurs in the 
Raman medium. Assuming KrF amplifier intensi
ties of 20 MW/cm 2 and fluences of 1 J/cm 2 in the 
50-ns pulse, each KrF amplifier needs to have an 
aperture of I2S0 cm 2 . This can be achieved with a 
40-cm-diam circular aperture, or with a rectang
ular aperture measuring 20 by 60 cm. Cylindrical or 
rectangular geometries are favored for a KrF elec
tron-beam-pumped medium to achieve a fill factor 
>50%. With the cylindrical geometry, an electron-
beam voltage of =500 keV is required for operating 
pressures near 2 atm. The KrF medium gain length 
is 2 m. The current flowing in the diodes surround
ing the KrF laser is «50 A/cm 2 . Diode modulariza
tion is presumed. The final KrF amplifiers require 
100 J of KrF narrow-linewidth preamplifiers to lock 
the final amplifiers onto the narrow linewidth 
needed for the Raman process. These preamplifiers 
have an aperture area roughly one-tenth that of the 
final amplifier, i.e., 15-cm diameter for a cylin
drical device. The preamplifiers require ~ 10 J to be 
frequency-locked. A parallel Raman amplifier chain 
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also will be used. Because the fluence gains can be 
higher, - 3 0 per stage, the final amplifier requires 
about a 30-J input pulse. Assuming that four 
beams, separated by 12.5 ns, will extract the Raman 
medium, the input for each beam needs to be 7.S J. 
The Raman preamplifier to produce this power re
quires about 60 J of KrF pump radiation and four 
input Stokes beams of 250 mj each. 
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SECTION 8 

SYSTEMS AND APPLICATIONS STUDIES 

8.1 Overview 

Our program of target physics experiments and 
laser development should enable us to demonstrate 
the scientific feasibility of inertial confinement fu
sion (ICF) in the early to mid-1980's. It is im
perative that we have a clear vision of the eventual 
applications, along with a perspective on the time 
scales required and technology to be developed 
before we can obtain a balanced view of the ex
pected payoffs and problems. We arc directing our 
systems studies toward providing management in
formation on the opportunities and problems ex
pected in bringing future applications to fruition. 
Our objective is to better plan a program that will 
yield maximum benefits in the shortest time and at 
acceptable cost. 

We use the following tools in our systems 
studies: 

• Energy supply studies. 
• Parametric analyses of components and 

systems. 
• Conceptual power plant designs and test 

facilities. 
• Assessments of emerging technologies. 
• Long-range planning of technology 

development. 
With these techniques, we attempt to identify the 
high-leverage applications and the combinations of 
technologies best suited to realize these applications 
with acceptable risk. We are also problem-finders, 
in the sense of attempting to foresee potential 
problem areas with sufficient advance warning to 
prevent their becoming actual program-pacing 
items. In this regard, we have an early opportunity 
and responsibility to innovate, to find a way around 
problems before they consume enormous amounts 
of program resources. 

Applications fall naturally into two categories, 
commercial and military. By far, the biggest payoff 
to the country of a successful inertial fusion 
program is in power production: using fusion 
energy to produce electric power (and perhaps 
fissile fuel and synthetic gas) in an environmentally 
sound and economically competitive manner. The 
time required to begin realizing this payoff is sub
stantial, perhaps three decades, but the goal of a 

power source that uses an inexhaustible fuel is ex
tremely attractive and important. On a shorter time 
scale, we can pursue concurrently a complementary 
program in military applications that can yield very 
significant information. Research into the fun
damental physics of matter is useful in nuclear 
weapons design. Studying the interaction of radia
tion with matter is useful in assessing the 
vulnerability of military components and systems. 

In the sections that follow, we present the 
results of a continuing systems studies effort to ex
amine the commercial and military applications of 
ICF. We also present an assessment of some impor
tant considerations in technology development. We 
begin with the results of conceptual design study of 
a small (380-MWe) electric power plant that uses a 
lithium "waterfall" reactor concept in conjunction 
with a photolytic selenium laser system. The laser 
operates at I MJ/1.4 Hz with an overall efficiency 
of 2%; it takes advantage of parallel redundant 
modules for high reliability. The reactor has a ther
mal power of 1160 MW, and a total system ef
ficiency of 31%; it is designed to last 30 years 
without first-wall replacement. 

Subsequently, we detail considerations of 
neutronics (including effects dependent on target 
design, tritium breeding, and structural damage), 
the establishment. nd breakup of fluid blankets, liq
uid metals pumpii.3, and corrosion questions. We 
analyze the interactions of x rays and debris with 
the first wall for both pure fusion and fusion-fission 
dry wall reactors. Finally, because the survivability 
of the final focusing scheme is important for any 
laser fusion power plant, we describe optical ele
ments whose lifetimes are sufficiently long (>\ 
year) to avoid compromising power plant 
availability. A fusion source is rich in neutrons; 
therefore, breeding fissile fuel for lightwater reac
tors (LWR's) is an attractive commercial applica
tion. In addition, the fission process is rich in 
energy. A fusion-fission hybrid reactor designed to 
combine these features can meet a broad spectrum 
of fissile-fuel-producing and energy-multiplying re
quirements. In two hybrid reactor studies, we 
demonstrate the ability to produce more than 10 
times more fissile fuel per unit of thermal energy 
output than a fission breeder, while requiring far 

8-1 



lower laser and target performance than pure fu
sion. We have assessed other potential applications, 
including synthetic gas production, propulsion, and 
actinide burning. We also present initial results of 
environmental and safety studies of laser fusion 
reactors, concentrating on the two most crucial 
aspects: tritium containment and large liquid metal 
system safety. 

In previous years, we have made significant 
contributions to the planning of pure fusion reactor 
development programs. In 1977, we concentrated 
on the commercialization phase, investigating 
several scenarios for the introduction of both pure 
fusion and fusion-fission hybrids into the U.S. 
energy economy. Results are given as a function of 
first introduction date, unit size and construction 
time, and mix between pure fusion and hybrid reac
tors. 

Fusion offers to contribute significantly to the 
world's energy needs. We must make an enormous 
commitment of human and financial resources to 
carry out the scientific explorations and 
technological developments required. However 
much the effort, the problems and the efforts expen
ded are dwarfed by the immensity of the payoff—an 
inexhaustible and affordable source of energy that is 
compatible with our environment. 

Author 
M. J. Monsler 

8.2 Conceptual Design Study 
8.2.1 Performance Parameters 

Recent developments in target design at LLL 
have greatly enhanced the prospects for commercial 
fusion power. The conceptual laser fusion power 
plant we briefly review here represents the first step 
in a self-consistent study to exploit the recent ad
vances in target design.' We describe this concep
tual design and evaluate it on its ability to cope with 
the major problems affecting the technical 
feasibility of a laser fusion power plant. Our conclu
sion is that the development of the following four 
items will allow the efficient generation of electricity 
with high plant capacity factors: 

• A high-average-power driver with the re
quired efficiency (> 1%) and reliability (>70%). 

• A first wall able to withstand the effects of 
x rays, debris, and neutrons from microexplosions. 

• Structural materials that can withstand the 
cumulative damage effects of high-energy neutrons 
and cyclical stresses. 

• Final-focusing elements that can be ">"o-
tected or placed sufficiently far from microexplo
sions to prevent compromising the availability of 
the power plant. 

Advanced high-gain target designs make it 
possible to reduce projected laser system require
ments to the following parameters': 

• Pulse energy 300-3000 kJ 
• Peak power >200 TW 
• Pulse rate I-10 Hz 

Table 8-1. Laser fusion power plant parameters.1 

Overall performance 

Thermal power 1160 MWt 

Thermonuclear power 1000 MW, 
Gross electrical power 460 MWe 

Net electrical power 380 MWe 

Thermal cycle efficiency 38% 
Recirculating power fraction 17% 
System efficiency 33% 

Laser and pellet parameters 

Laser energy 1 MJ 
Pulse repetition rate 1.43 Hz 
Laser power 1.43 MW 
Pellet gain (Q) 700 
Pellet yield 700 MJ 
Laser system efficiency (njj 2% 
Number of modules 10 
Number of beams 4 

Reactor parameters 

Geometry Cylindrical 
Inner radius 4 m 
Height 8 m 
Lithium fall thickness 0.6 m 
Equivalent first-structural-wal! 

fusion neutron flux 4 MW/m2 

Tritium breeding ratio 1.7 
Blanket energy multiplication 1.24 
Reactor materials 

Structure Stainless steel 
Coolant Lithium 

"These parameters do not actually characterize a specific 
laser system; rather, they are representative of several laser 
systems currently under investigation at LLL. 
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• Wavelength 250-2000 nm 
• Overall efficiency >1.0 

liven with these relaxed requirements, however, no 
current high-power laser can satisfy all criteria. 
However, we are encouraged to note that several 
laser media now in the research stage seem poten
tially able to meet these requirements; they appar
ently can also be scaled to both high peak and high 
average power. 

In addition to relaxing laser system require
ments, high-gain targets have features that 
significantly influence reactor design: 

• High energy yield per pellet. 
• Relaxed requirements for uniform target 

illumination. 
• Relaxed requirements for target surface-

finish tolerances. 
Because the high energy yield for each pulse might 
lead to increased first wall damage by x rays and 
debris from the fusion microexplosion, we selected a 
fluid wall reactor concept for our design. 2 , 3 In this 
approach, the first structural wall is shielded from 
x rays and debris by a thick, falling region of liquid 
lithium. Also, the fall design calls for sufficient 

moderating material to reduce neutron damage 
levels in structural materials by more than an order 
of magnitude. We can therefore anticipate smaller 
blanket structures that are survivable for the useful 
lifetimes of power plants. Relaxing uniform il
lumination requirements permits us to plan for 
fewer-sided target irradiation (two to four beams) 
with longer focal-length optics (f/10 to f/100). At 
focal lengths of 10 m, the final optics would survive 
the microexplosion but might have to be replaced at 
relatively short intervals. At focal lengths of 100 m, 
the damaging effects are reduced by two orders of 
magnitude. This assures the survival of the final 
focusing elements for sufficiently long periods to 
avoid compromising the plant capacity factor. 
Finally, the relaxation in target surface-finish re
quirements is expected to translate into a reduction 
in target fabrication costs per unit of output energy. 

Table 8-1 lists the characteristics of our laser 
fusion power plant, 4' 5 and Fig. 8-1 shows the power 
flow. We begin with the input of electrical power 
from the switchyard to the laser system. The laser 
system converts electrical energy to coherent light 
energy with an overall efficiency of 2%, requiring 
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Fig. 8-2. The LLL laser fusion electric power plant concept. 

70 MW of input electrical power. The light energy 
implodes the pellet, compressing deuterium-tritium 
fuel in the reactor to produce thermal energy with a 
gain of Q = 700. Specifically, fusion targets produc
ing 700 MJ of thermonuclear energy are ignited by a 
l-MJ laser at the rate of 1.43 pulses per second. The 
fusion neutron energy, accounting for approx
imately 68% of the total yield, is multiplied by 1.24 
in the lithium blanket for a resulting thermal power 
of 1160 MW. The thermal energy is converted to 
electrical energy at 38% efficiency. The laser waste 
heat is discharged at an average temperature of 
350°C. This waste heat can be converted to elec
trical energy with an overall efficiency of approx
imately 25%. Of the total 460 MW e produced, 80 
M W e of electrical power is recirculated for plant 
operation (laser and lithium flow). This leads to a 
power plant with a net electrical production of 380 
M W e with an overall system efficiency of 33%. 

Figure 8-2 is an artist's concept of the plant 
layout. An important feature of this design is that 
the laser system is housed separately from the reac
tor containment building. Several advantages result 
from this isolation: 

• Building costs and construction time are 
substantially reduced. 

• Access to the laser system for maintenance 
and operation is increased. 

• It becomes easier to isolate the final optics 
from vibrational disturbances. 

• Safety is increased. 
In the sections that follow, we discuss features 

of the reactor, laser final focusing, and liquid metal 
circulation systems, as well as the important con
siderations of materials and corrosion. 
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8.2.2 Reactor, Optical, and Laser Systems 
Reactor Design. Our desire to circumvent the 

ten years (or more) required for advanced material 
development and testing strongly influenced the 
design of the reactor. Our aim was to develop a sim
ple concept that could be constructed with existing 
materials using current state-of-the-art technology.6 

The liquid lithium waterfall concept meets these 
criteria.7-8 

The concept (Fig. 8-3) features a thick, con
tinuously recyclable first wall of liquid lithium that 
protects the first structural wall from direct ex
posure to microexplosions. Each shot disassembles 
the waterfall, which is reestablished between each 
shot. The lithium is continuously pumped to the top 
of the vacuum chamber through a reservoir region 
separating the first structural wall from the pressure 
vessel. A small fraction of the lithium flow cir
culates as the primary coolant to the heat ex
changer. The return flow from the heat exchangers 
is injected through a vortex generator to protect the 
top of the chamber. 

The principal purpose of the fall is to reduce 
neutron radiation damage in blanket structural 
materials, allowing them to survive for the useful 
life of the plant. Besides moderating neutrons, the 
fall also absorbs photons (x rays and reflected laser 
light) and pellet debris (alpha particles, unburned 
fuel, and other pellet material). Because the fall is 
separated from the chamber wall, any shock wave 
produced in the fall will not be directly transmitted 
to the structural wall. 

Although spherical geometry in reactor design 
makes the best use of a point-source of energy, we 
selected the cylindrical geometry shown in Fig. 8-3 
for several reasons. The sheet of lithium protecting 
the top of the reactor is thinner than the primary 
fall; hence, it provides less protection from neutron 
damage. Consequently, it is advantageous to locate 
the top of the chamber farther from the microe?.plo-
sion than the side walls. At the bottom of the 
vacuum chamber, the lithium is in direct contact 
with the walls; shock waves can be directly transmit
ted to the chamber walls at this point. We can 
reduce the intensity of the directly transmitted 
shock wave by moving the bottom region farther 
away and decreasing the surface area of the lithium 
pool at the bottom. 

The falling liquid region contains enough 
lithium to significantly reduce neutron damage to 
the reactor structural materials from atomic dis
placements and gas production. The damage limits 
for 316-SS stainless steel at an operating tem
perature of 500°C are estimated to be ISO displace
ments per atom (dpa) and 500 atom-parts-per-

million (appm) of helium production.9 For an un
protected stainless steel wall operating at a 
neutronic wall loading of 1 MW/m2 (generally 
considered to be the lower flux limit for an 
economically attractive fusion reactor), the damage 
limit for helium production would be reached in 
only 2.3 full-power years. This would present a 
severe maintenance problem and would generate 
large amounts of radioactive waste. At this wall 
loading, a fusion reactor would operate with power 
densities an order of magnitude lower than those of 
a light water reactor. 

Multiplying neutron wall loading (in MW/m 2) 
by wall lifetime (in years) gives a figure of merit for 
any fusion reactor design. This product, the 
allowable first-wall fluence,10 increases exponen
tially with the protective thickness of the lithium fall 
(see Fig. 8-4). We have evaluated the requirements 
of a system that maintains a minimum protective 
lithium thickness of 60 cm. A characteristic unique 
to inertia! confinement fusion is that the emitted 14-
meV neutrons are attenuated by the compressed DT 
fuel. Our computer calculations, using the 
TARTNP Monte Carlo neutronics code,'' indicate 
that a fusion target with a compressed density-
radius product pR of ~3 g/cm2* is roughly equal to 
13 cm Li in terms of reducing helium production; 
hence, the compressed target increases the effective 
blanket thickness to 73 cm. Because helium produc
tion dominates, the allowable fluence is 90 MW-
yr/m2. By implication, the system could be operated 
at ~ 4 MW/m2 for the 30-year plant life at a 70% 
capacity factor. Thus, for a given power, the reactor 
can be made smaller with structures that never re
quire replacement. 

The liquid lithium waterfall concept has ex
cellent energy-conversion, energy-removal, and 
tritium-breeding characteristics. Nearly 99% of the 
total energy is deposited directly in the primary 
lithium coolant. This essentially eliminates cyclical 
thermal stresses in the structural walls. Thermal 
conversion efficiencies' approaching 40% can be ob
tained by operating at corrosion-limited tem
peratures of 500°C. Tritium is bred at a rate that is 
more than adequate. With no structural material 
between the fusion neutrons and the lithium fall, the 
design takes full advantage of the tritium-producing 
reaction with6 Li that occurs only with high-energy 
neutrons. A tritium-breeding ratio of 1.7 can be ob
tained, and the excess tritium produced in such a 

•This is a nonoptimized target; othej pR values are being 
evaluated. 

8-5 



Pellet injector and 
vortex generator 

Falling liquid lithium 

Pressure vessel 

Structural wall 

Recirculating 
liquid lithium 

Recirculation pumps 

Fig. 8-3. Liquid lithium waterfall concept. 
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pressure above the required 0.1-Torr vacuum condi
tion. However, so much liquid lithium is present in 
the chamber during the microexplosion that the 
temperature rise at each pulse is quite small; 
furthermore, the liquid lithium waterfall acts as a 
condensing vacuum pump for the chamber. 

The pumping power required to recirculate the 
lithium fall has been estimated on the basis of the 
kinetic and static head requirements, with the fall 
inlet conditions determined by two constraints: 

• The fall must have sufficient velocity to 
reestablish itself between microexplosions. 

• A minimum attenuating thickness of 60 cm 
must be maintained. 

The required pumping power increases with 
chamber size and with pulse repetition rate. For 1-2 
Hz, the power required is less than 2% of the gross 
electric power production of the reactor. Because 
the laser system operates more economically at 
higher repetition rates, multiple reactor chambers 
may be coupled with a single laser. 

Final Focusing System. The laser light travels to 
the reactor through underground evacuated pipes. 
The beam enters the containment vessel through a 
window and converges to a line focus in the center 
of a narrow slot that serves as a fast-acting valve. 
The valve provides secondary containment protec
tion in case of window failure. A fixed off-axis 
parabolic focusing mirror directs the beam onto a 
mirror flat that is exposed to the neutron flux. The 
mirror fiat may be mounted on a carousel of several 
mirrors to provide redundancy in case of 
catastrophic failure. Separate vacuum pumps are 

located on each side of the fast-acting containment 
valve to prevent gas breakdown. 

The final focusing mirrors are located at the 
turning point of the beam tubes in a direct pathway 
to the thermonuclear microexplosion. As a result, 
these mirrors are exposed to the x rays, debris, and 
neutrons from the fusion reaction. The most effec
tive technique for preventing x rays and debris from 
striking the final optic assembly involves a simple 
region of gas with a relatively high atomic number.9 

Photoelectric interactions in this gas stop the x rays, 
and collisions thermalize the debris. Some protec
tion for the final optic assembly is also afforded by 
the target (if it has a thick pusher tamper region) 
and by the lithium vapor already in the chamber. 
Accordingly, the density-length product of ad
ditional gas required to stop the remaining x rays is 
very design-dependent; but we can estimate the re
quirement from mean-free-path arguments. We en
vision a region several meters long near the optical 
surface in which gas flows toward the target. The 
gas is injected at the optical surface to provide some 
face cooling and protection from particulates. It is 
then pumped out of the tube at an intermediate sta
tion, filtered, and reinjected. (The amount of gas 
used is critical; too much could result in interaction 
with the laser beam. The gas must also be replaced 
between shots.) Our calculations indicate that a few 
cm-atm of high-Z gas, such as xenon, would at
tenuate x rays with energies less than 3 keV by more 
than two orders of magnitude9; fyence, a 10-m sec
tion of the beam tube containing a few Torr of high-
Z gas should be sufficient. All ions and debris would 
be stopped in this absorbing region. 

Because we have methods for preventing the x 
rays, ions, and debris from damaging the final op
tics, the minimum separation distance can be based 
on expected neutron damage. Calculations show 
that metal mirrors at 100 m can survive both types 
of damage for several years. 9 If these results are too 
conservative, the mirrors can be closer (20-50 m). 

Laser System. A preliminary conceptual design 
of a short-wavelength, high-energy, high-average-
power gas laser system is included in this power 
plant. A previous study 1 2 also used a photolytic (ox
ygen) laser system as a basis for a commercial power 
plant; however, in the current study, we consider a 
different range of operating parameters and offer 
improved estimates of efficiencies and sizes. 

We begin the problem-finding process involved 
in conceptualizing full-scale systems, by using a 
promising class of optically pumped gas lasers that 
appear to satisfy the target requirements. We can
not say that the photolytic lasers considered in this 
study will in fact be the type that will be developed 
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to very large size—too much laser physics research 
remains to be done. However, as a class, photolytic 
lasers adequately represent the pulsed power, e-
beam, gas flow, chemical regeneration, optical 
quality, and component damage problems charac
teristic of a high-average-power fusion laser. 

Figure 8-5 shows one possible configuration of 
a photolytic laser system that appears very scalable 
to large volumes and high energy per pulse. The 
fiuorescer gas and laser gas regions are kept apart 
by the stability of coflowing streams of different 
gases. The pressure and velocity of the two gases are 
matched; the density, temperature, and Mach num
ber generally are different. This offers the singular 
advantage of eliminating transmitting windows, 
which probably would be unable to withstand 
damage from both the high-fiuence levels of 
photons and I-MeV electrons and the steady and 
shock-pressure loads over large spans (greater than 
30 cm). 

The lasing sequence is begun by firing two op
posed ~l-MeV e-beams for approximately 1 us. In 
the selenium laser sketched in Fig. 8-5, electrons 
radiolyze the xenon and result in copious xenon ex-

The lasing 
medium consists of approximately 3 X 10 1 6 cm"3 

COSe in 1 atm helium buffer gas, which matches the 
fiuorescer gas pressure and provides sufficient heat 
capacity to minimize the increase in gas tem
perature. The fluorescence radiation dissociates the 
parent molecules, resulting in Se* atoms that form a 
laser medium suitable for a high-energy storage am
plifier. 

The molecular absorber is optically thick vis-a
vis the fluorescence radiation. Photolysis occurs 
when a bleaching wave, driven into the medium, 
dissociates the molecule and causes the mixture to 
become transparent. The sequence ends with injec
tion of a 1-ns laser pulse that depopulates the 
medium during amplification. 

Efficiency and scalability are two very impor
tant and separate aspects of a large laser system. A 
laser system of high efficiency has lower recir
culating power needs and lower capital equipment 
costs. Efficiency depends on losses caused by power 
conditioning, fluorescence production, coupling to 
the laser molecule, optical extraction, and also 
pumping, cooling, and chemical regeneration of the 

Fig. 8-5. Flowing windowless geometry. To To 
fiuorescer t To laser fiuorescer 
flow gas flow 
conditioning conditioning conditioning 

He He 
only only 

End view 
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flowing gases. On the other hand, a laser with a 
large single aperture size and energy per pulse 
lowers costs by reducing complexity in the number 
of beams and components. Scalability depends on 
optical and e-beam foil-damage limits, pump con
straints, flow and gas uniformity constraints, 
parasitic suppression, thermal distortion of optical 
elements, and a configuration that simultaneously 
confronts all important technological barriers. 

We have considered both these important 
aspects in this conceptual design of a selenium laser. 
The primary purpose of the study is to obtain a 
model of all required power flows, mass flows, ef
ficiencies, and sizes that remain within the known 
physics constraints. We have not attempted to 
design a laser system to be built tomorrow. 

Table 8-2 gives a summary of the design 
parameters of this photodissociation selenium laser 
that is pumped by flowing xenon "flashlamps" in a 
windowless geometry. The principal features of this 
system are as follows. Ten 100-kJ modules operate 
at 1.4 pulses per second, producing 1.4-MW average 
optical power (1-ns pulses of 1000-TW peak power) 
at 489-nm wavelength (in the blue green). The op
tical power is produced at 2% overall efficiency. 
Each of the ten output beams has a 0.6-m by 2.32-m 
cross section. The beams are divided and combined 
into the four beam clusters that enter the reactor. 
The conceptual design is conservative from the 
standpoint of materials and technology; we have 
used reasonable optical and materials damage 
limits. Of course, many laser physics uncertainties 
are not yet resolved, because this laser is still in the 
research phase. 

An accurate impression of such a full-scale 
power plant driver is given in the artist's conception 
of Fig. 8-2. The middle floor contains the laser 
cavities, electron beams, and pulse transmission 
lines. These large, cylindrical, energy storage 
devices extend horizontally from each side. The 
flow systems (one for the He + OCS flow and 
another for the xenon flow) are on the top floor. 
The bottom floor contains all the rectifiers, power 
supplies, and electrical isolators. A key feature of 
the design is an optical tunnel that runs the length of 
the building; it is vibrational^ isolated from the 
laser building. All mirror mounts are attached to 
the tunnel structure, in isolation from the com
pressors and e-beam pulsing loads. The laser beams 
from the ten modules are generated vertically and 
then turned and carried in beam tubes to the reac
tor. 

Two system advantages to this design are im
mediately apparent. First, modularity of the laser 
system allows the use of spare modules to greatly 

Table 8-2. Parameters of the 125-kJ, 1.4-pps amplifier 
module. 

Energy on target 125 kJ 
Energy out of laser module 139 kJ 
Pulse repetition frequency 1.4 Hz 
Pulse duration 1 ns 
Optical cavity volume 4.63 m3 

Length in beam direction 2.55 m 
Width in flow direction 2.4 m 
Width in e-beam direction 0.75 m 
Width of each fluorescer region 0.35 m 
COSe molecule density 10 1 7 cm-3 
Pressure 2atm 
Mirror fluence 7.72 J/cm 2 

Optical efficiency 95% 
Electrical efficiency 3.5% 
Flow efficiency 5.3% 
Overall system efficiency 2% 
Volumetric efficiency 15 J/litre-atm 
Flow velocity 5.5 m/s 

enhance system reliability and availability (e.g., one 
module could be ready in the event of an un
scheduled breakdown of an operating module, 
while another was being reconditioned). Second, the 
laser system is separate from the reactor building, 
housed in an ordinary—and less expensive—in
dustrial building. 
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8.2.3 Liquid Metal Circulation System 

Introduction. Protecting the reactor structures 
from radiation damage in the fluid wall concept de
pends on establishing a thick curtain of liquid 
lithium between the microexplosion and the first 
structural wall. During this year, we investigated the 
variation of the lithium flow rate and pumping 
power required to circulate the fall as a function of 
such reactor parameters as pulse repetition rate, 
chamber size, and fall thickness. The results of these 
studies, coupled with radiation damage correlations 
(f 8.3.1), indicate low-repetition-rate systems with 
fall thicknesses on the order of I m and reduced 
chamber dimensions. 

Model and Constraints. Figure 8-6 shows the 
model used for the calculations. The flow inlet 
forms an annulus of thickness x 0 . The inner edge of 
the annulus is at a radius ( l -a )R w ; thus the max
imum inlet thickness is a R w , where R w i s the cham
ber radius at the horizontal midplane . rid a is a 
geometric factor from 0 to 1.0 relating the max
imum inlet thickness to the wall radius. The vertical 
distance from the inlet to '.he midplane is related to 
the wall radius by r l m = 0 R W , where 0 is a 
geometric factor relating fall height to wall radius. 

The fall is injected vertically downward with an 
inlet velocity v 0 . As the fluid is accelerated by 
gravity, continuity requires the thickness of the an
nulus to decrease; the thickness at a distance H from 
the inlet is given by 

--, X ° V ° 

where g is the acceleration due to gravity. The effec
tive attenuating thickness of the fall is x/cos 0, 
where 9 is the angle of incidence of the source 
neutrons. The minimum effective thickness occurs 
slightly below the horizontal midplane; .he exact 
position depends on the injection velocity. The mid
plane is also where the wall of a cylindrical chamber 
is closest to the microexplosion; it is thus most af
fected by the neutron flux. For these reasons, con-
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straints on the thickness of the fall are determined 
by midplane conditions. 

One constraint on the inlet velocity is that it 
must be great enough that some minimum thickness 
x m is maintained at the midplane, while the inlet 
thickness is limited to x 0 . In terms of our 
calculational model, 

0 " N^T) 
Our studies of the interaction of the microex

plosion and the lithium fall indicate that the flow 
pattern is completely disrupted by the energy 
deposition. Accordingly, the inlet velocity must also 
be sufficient to reestablish the fall prior to the next 
microexplosion. Assuming a clearing ratio of unity, 
the fall must clear a distance of 2 H m within a time t 
equal to the inverse of the pulse-repetition fre
quency: 

v„ > 20RJT - gr/2 . 

In general, the change from the clearing constraint 
to the thickness constraint occurs as the fall 
thickness is increased and the wall radius, or repeti
tion rate, or both, are decreased. 

Figure 8-7 shows the flow rate for 0.5- and 1.0-
m-thick falls (midplane thickness) at 1 and 2 Hz as a 
function of the chamber radius. For this example, 
the inlet thickness is set at x 0 < 0.5 R.„ and the 
height H m = 0.866 R w (a = 0.5, /? = "V2a-a 2). 



The value of 0 is the result of setting the inner edge 
of the inlet at a distance R w from the center of the 
chamber. 

Several trends are noted in Fig. 8-7. The flow 
rate increases with increasing chamber radius, 
repetition rate, and fall ihickness. The difference in 
flow rate for systems with different repetition rates 
decreases with decreasing chamber radius and 
becomes zero when the flow is thickness-constraint-
limited for both. Thickness-constraint-limited flow 
reaches a minimum value, indicating a tradeoff be
tween the reduced flow area and increased flow 
velocity. For a given thickness requirement x m , the 
minimum flow rate occurs at 

1.29 x m 

*V a • 

If the chamber radius is governed by considera
tions of radiation damage, we can specify the radius 
as a function of protective lithium thickness and 
thermonuclear power. From the -esults reported in 
the neutronics section of this report, the minimum 
wall radius is given by 

-'<"*m 
\ , =-y P T N / 6 .3 e meters, 

where 
P T N = thermonuclear power, M W, 

and 
x w = minimum fall thickness, m. 

This expression holds only for type-316 stainless 
steel with damage limits of 500 appm-He and 165 
dpa over a 21-full-power-year lifetime. 

We use the specific flow rate (i.e., the flow rate 
per unit of thermonuclear power) as a figure of 
merit for the fall circulation system. Jt is an impor
tant value because the pumping power, total lithium 
inventory, and number of pumps required are all 
proportional M the flow rate. Figure 8-8 shows the 
specific flow rate as a function of x m for a system 
with a thermonuclear power of 3600 MW t h at both 
1 and 2 Hz. Again, we set a = 0.5 and 0 = 0.866. 
The specific flow rate decreases with increasing 
lithium thickness and is at a minimum in the range 
! 0-1.15 m for this case. The difference between the 
1- and 2-Hz systems approaches zero as the flow 
becon.es thickness-constraint-limitei. for the 2-Hz 
case at '15 m. The exact point of the minimum is a 
function of the system power and selected geometry 
(a, /3), tut the trends are similar. 

Pumping Power. Another important parameter 
for the system is the pumping power required to cir
culate the lithium fall. We base the pumping power 
estimates on the kinetic and static head require
ments that dominate frictional and fitting losses. 
The pumping power is 

p.p.= ( l / 2 v 2 + g K ) p v 0 A 0 , 

where 

v 0 = inlet flow velocity, 
H = total fall height = 2H m , 
A 0 = inlet flow area. 

Figure 8-9 shows the circulation pumping 
power as a function of chamber radius for 0.5- and 
1.0-m-thick falls at 1 and 2 Hz. Similar to the flow 
rates, pumping power increases with increasing 
chamber size, repetition rate, and fall thickness. The 
difference between the 1- and 2-Hz cases ap
proaches zero as the chamber radius decreases. 

The fraction of the total system power required 
to circulate the fall u of even greater interest. As 
before, we must take into account the fact that a 
chamber with a larger fall thickness will be smaller 
for any given thermonuclear power level. Figure 8-
10 shows the pumping power as a function of fall 
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Fig. 8-8. Specific flow rate. 

thickness for a constant 3600-MWt), system. The 
same trends are apparent here as with the specific 
flow rate. The sensitivity to repetition rate, 
however, is even greater, reflecting the vjjterm in the 
pumping power equation. Limiting the required cir
culation power to 1% of the gross electrical power 
would require fall thicknesses greater than 0.75 and 
1.0 m for the I- and 2-Hz cases shown here. 

Pump Selection. The total plant tritium inven
tory is directly proportional to the lithium inven
tory, because the tritium concentration in liquid 
lithium is fixed for any given recovery scheme. Ac
cordingly, the desired system configuration is one 
with minimal lithium volume. Most of the lithium is 
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Fig. 8-10. Lithium fall circulitjo* pumping power. 

found in the circulation pipes leading to and from 
the pumps, not in the reactor chamber. 

The net positive suction head (NPSH) require
ment of the pump is an important pai ameter for 
determining system volume. Because a vacuum ex
ists in the reaction vessel, the required NPSH must 
be provided by a static head of lithium above the 
pump corrected for friction losses between the 
vessel discharge and pump inlet. The higher the 
NPSH required, the farther below the reaction 
vessel the pump must be, thus increasing the lithium 
volume of the system. For centrifugal or axial 
mechanical pumps (or both), pump characteristics 
are determined by the pump-specific speed (N s 

= N V Q / H 3 / 4 , where N = pump speed in rpr/i, Q 
= flow in gpm, and H = pump-developed head in 
feet) and pump-suction-specific speed (S s 

= NVQ/NPSH )A). 
In addition to the thermal conversion system, 

the Liquid Metal Engineering Center is responsible 
for the conceptual design of the circulation pumps 
and piping loop. Two mechanical pumps will be 
compared, a conventional centrifugal pump 
(N s = 2500, S s = 8000) and an advanced 
technology, combined axial centrifugal pump 
(N s = 2500, S s = 20,000). The high-specific-speed 
pump has a much lower NPSH requirement and 

8-12 



should result in a substantial reduction in lithium 
inventory. 

Mechanical pumps are capable of high efficien
cies—in the 80-90% range—and will result in the 
lowest circulation pumping power. The pumping 
powers for configurations with large fall thicknesses 
(~1 m) are so low, however, that we will be in
vestigating less efficient pumps whose lower NPSH 
demands could further reduce the fall circulation 
system lithium inventory. An attractive candidate is 
the helical rotor electromagnetic (EM) pump. This 
pump appears capable of efficiencies in the 30-40% 
range, with flow rates of ~ 25 m 3/s. The NPSH re
quirements of this pump are essentially zero. 

Additional advantages of EM pumps for the 
lithium circulation system are that they do not re
quire seals, they have no liquid-free surfaces, and 
they do not penetrate the lithium system boun
dary—except for instrumentation. The pump inter
nal volume ncu not be greater than an equivalent 
length of pipe, further reducing lithium inventory. 
The obvious disadvantage of EM pumps is their in
efficiency. Other potential disadvantages are a 
higher initial cost and a larger pump envelope con
taining the magnets and auxiliary cooling equip
ment. 

Pump Configuration. Lithium fall pumps are 
critical components within the laser fusion power 
plant. The design of the pumps and the configura
tion of the fall circulation system will affect the 
plant availability. 

Repairing a lithium fall pump is likely to be 
very difficult. No valves are planned for the fall cir
culation system design because none are needed 
during normal operation; furthermore, large liquid 
metal valves for reactor systems are extremely ex
pensive. Thus, if a pump fails, no means of isolating 
the pump from the fall circulation loop would be 
available. Repair work requiring removal of a pump 
shaft, for example, would require total system shut
down for a lengthy period. 

Several strategies for minimizing plant 
downtime from fall recirculation pump failures are 
possible: 

• A plant with multiple reaction chambers 
would allow only one unit to be down because of a 
single pump failure. The disadvantage of this ap
proach is that as the plant becomes more complex 
—containing a larger number of components and 
systems—the probability of failure increases. 

• A fall circulation system with many pumps 
could be designed to operate with one or more 
pumps down at any time; however, the more pumps 

in the system, the more likely the occurrence of 
pump failure. But, with a large number of pumps, 
the effect of a single pump failure is less severe. If 
fixed-speed pumps are used to minimize problems 
with speed control, the remaining working pumps 
would be unable to increase flow to compensate for 
a failed pump. With many pumps, the change in fall 
flow caused by a single pump failure would be only 
a small fraction of total flow rate. If mechanical 
pumps are used, removing a pump shaft would re
quire shutting down the system. This down time 
could be minimized by using special equipment to 
block the flow through the failed pump line while 
that pump is removed from the system for repair. 

• A fall circulation system with very few 
pumps is less likely to suffer from pump failure than 
one with more pumps. But the consequences of 
failure would be more severe. In a system with 
variable-speed pump drives, two or three pumps 
could accommodate the fall recirculation load of a 
three- or four-pump system. Special equipment 
could again be used to block flow through the line 
associated with a failed pump, so that system shut
down would occur only during pump removal and 
reinstallation. A drawback of this system is that the 
pumps must bo designed to operate at higher flow 
rates and higher speeds. These pumps must be able 
to operate at a higher suction-specific speed than 
their normal operating level. This means the pumps 
would be larger and more expensive than would 
otherwise be required. 

We have not yet studied expected pump failure 
rates. Considerations of system simplicity favor the 
third stre'egy. Cost is more difficult to determine, 
though it seems probable that a smaller number of 
larger pumps will result in a more cost-efficient 
system. 

Summary. The lithium circulation system is an 
integral part of the lithium fall reactor concept. 
Analysis of various configurations indicates that 
reduced flow rates and pumping power are possible 
with designs featuring fall thicknesses on the order 
of 1 m; these designs allow smaller chamber sizes 
and increased power densities. In selecting a 
suitable pump, we want high efficiency and low 
NPSH to minimize lithium inventory. In this 
respect, we will compare (high-efficiency) 
mechanical pumps with EM pumps that have lower 
efficiency but reduced NPSH requirements. 

i 
Author 
W. R. Meier 
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8.2.4 Liquid Lithium Corrosion 
Introduction. The use of liquid lithium is an es

sential feature of the fluid wall reactor concept for 
laser fusion The flowing lithium provides protec
tion from radiation damage, efficiently absorbs and 
removes the fusion energy, and breeds tritium to 
refuel the fusion reaction. Along with the advan
tages of using liquid lithium in our system come the 
detrimental effects resulting from its corrosive 
nature. Resistance to corrosion is, therefore, an im
portant consideration in selecting a material for the 
fusion chamber and associated piping. On the basis 
of economy, availability, and fabricability, the 
selection of a suitable engineering material for use 
with liquid lithium should focus on the ferrous 
(iron-based) alloys. Proper selection of a material 
that must serve for 30 years of subjection to high 
temperatures, thermal gradients, cyclical stress, 
radiation damage, and flowing liquid lithium, re
quires a clear understanding of the many wa/s 
lithium can degrade the material. It is also necessary 
to identify the rate-controlling mechanism so that 
we can apply techniques to reduce corrosion. 

Although corrosion from liquid lithium is 
similar to that from liquid sodium, lithium is 
generally considered more corrosive. The principal 
types of liquid-metal corrosion include the follow
ing: 

• Simple dissolution. 
• Temperature-gradient mass transfer. 
• Concentration-gradient or dissimilar metal 

mass transfer. 
• Intergranular penetration. 
• Impurity reactions. 

Because several of these processes in fact occur 
simultaneously, we propose a more generic outline 
with two forms of corrosion in this discussion. The 
first is dissolution attack, which includes the first 
three items, and the second is intergranuiar attack. 
Impurities play an important role in both cat
egories, but they appear to be more significant in 
the mechanisms of intergranular attack. 

The variables that can influence the type and 
severity of liquid-metal corrosion on a given type of 
material include the following: 

• Temperature. 
• Temperature gradient. 
• Cyclic temperature fluctuation. 
• Flow characteristics. 
• Impurity levels in the liquid metal and the 

container material. 
• Ratio of metal surface area to liquid 

volume. 
• Surface condition of the container ma

terial. 

• Number of materials in contact with the 
same liquid metal. 

• Physical and mechanical condition of the 
container material (i.e., stress and stress gradients). 

Dissolution Attack. In a system with tem
perature gradients, dissolution occurs in the high-
temperature region, where the solubility is higher; 
deposition from the supersaturated lithium occurs 
as it passes through the low-temperature region. 
Figure 8-11 illustrates this dissolution-mass 
transport-deposition process. The actual mass 
transport processes are more complex, because they 
are influenced by both the chemical and thermal 
gradients. The chemical activity gradient is a func
tion of the ratio of the concentration of the dis
solved species in the liquid metal to the saturation 
concentration. The rate of this corrosion is also a 
function of temperature, impurity level in the liquid 
lithium, fluid flow rate, and alloy content. 

The rate of dissolution attack is very sensitive 
to ferrous alloy composition. Alloying elements that 
have large differences in solubility oyer the tem
perature range of the system are most subject to 
mass transport. Nickel is an example of an element 
that performs poorly in liquid lithium. As nickel is 
leached from austenitic (face-centered-cubic) stain
less steel, the surface is transformed to ferrite, a 
body-centered-cubic structure. The conversion of 
the surface to a nickel-free ferrite would probably 
slow the corrosion rate of the stainless steel after ex
tended periods in lithium. In general, the suscep
tibility to dissolution attack increases with increas
ing nickel content in ferrous alloys. Other elements, 
even those with lower solubilities, can exhibit high 
rates of dissolution attack in liquid lithium. When 
such elements enter the lithium to maintain the 
equilibrium solubility, they react with impurities 
and produce compounds. This compound forma
tion reduces the apparent concentration in the liq
uid lithium for these elements and thus promotes 
accelerated dissolution of such elements from the 
container material. Chromium from ferrous alloys 
is susceptible to compound formation with nitrogen 
and carbon. This enhances dissolution attack when 
sufficient quantities of impurities are present in the 
liquid lithium. 

The nature of dissolution attack suggests that 
using al loys with l imited nickel and— 
possibly—chromium content is more desirable. In 
fact, pure iron has demonstrated excellent resistance 
to corrosion in liquid lithium. Pure iron, however, 
does not have the mechanical properties suitable for 
pressure vessel and coolant loop design. It is, 
therefore, essential to search for an optimal alloy 
content. Figure 8-12 illustrates the Fe-Cr-Ni alloy 
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system and indicates that the selection of a 
corrosion-resistant alloy will most likely be centered 
on the iron-rich region of this diagram. Proper im
purity control in both the ferrous container alloy 
and the liquid lithium will increase the compatibility 
of engineering alloys with liquid lithium. 

In designing a system for containing liquid 
lithium, we want to avoid using dissimilar alloys. 
The chemical-potential gradients of certain alloying 
components may become extremely largw across 

joints of dissimilar alloys. These gradients would 
promote mass transport of such alloying compo
nents through the liquid lithium, causing dissolu
tion attack on one alloy and possible deposition of 
the alloying component on the other, as Fig. 8-13 
shows. Interstitial elements, such as carbon, are es
pecially susceptible to this type of mass transport. 
This susceptibility is caused by their large diffusion 
coefficients in both the solid container material and 
the liquid lithium. 
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Another factor that influences dissolution-
deposition corrosion is the flow rate. Study of the 
corroded surfaces of test materials shows that the 
mechanisms in static and flowing liquid lithium are 
different. The rate of corrosion increases with in
creasing flow velocity until a limiting velocity is 
reached. Finally, it has been determined that the 
nitrogen impurity level accelerates the corrosion 
rate. 

Intergranular Attack. Grain-boundary pene
tration by lithium is another form of corrosion that 
becomes a serious concern when the liquid contains 
over 500 ppm nitrogen. Here, the lithium actually 
forces its way into the metal along the planes where 
separate metal crystals meet and their atomic lat
tices do not align. The grain-boundary penetration 
at higher nitrogen concentrations proceeds well 
ahead of the dissolution attack into the materials, as 
Fig. 8-14 illustrates. Tests show a complete loss of 
mechanical integrity along the penetrated grain 
boundaries. 

Grain-boundary penetration and subsequent 
corrosion along the boundary are also a function of 
the temperature history of the steel. In the tem
perature range from 450 to 750°C, the chromium 
ions tend to form chromium carbides at the grain 
boundaries. The region adjacent to the grain boun
dary is then deficient in chromium; it is said to be 
sensitized to grain-boundary or intergranular corro
sion. One theory suggests that the dissolution 
process selectively leaches the nickel in this region, 
leaving a semiporous, corroded structure with little 
mechanical integrity, as suggested in Fig. 8-15. 

The chromium that diffuses to form carbides 
may also react with nitrogen impurities that ac
cumulate at the grain boundaries. The carbon and 
nitrogen may either originate in the steel or enter 
the material by diffusion from the liquid lithium. 
Another model for intergranular corrosion is based 
on the concept that lithium reacts with these grain-
boundary carbides and nitrides to form corrosion 
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products that are susceptible to cracking (see Fig. 8-
16). 

One approach to inhibiting intergranular 
corrosion is to stabilize the steel with minor addi
tions of titanium or niobium. The additives capture 
most of the carbon and nitrogen, preventing the for
mation of chromium carbides and nitrides. It is also 
possible to thermally stabilize the material: the steel 
is heat-treated to replenish the chromium-depleted 
regions along the grain boundaries by transport of 
Cr from the interior portions of the grains. 

We must develop a better understanding of the 
role of carbon in intergranular corrosion. If liquid 
lithium corrosion attack takes the form of a 
chromium-depletion and nickel-leaching process 
(Fig. 8-15), thermal stabilization would help. But if 
corrosion occurs from lithium attack of the 
chromium carbides (Fig. 8-16), we must consider a 
more expensive steel alloy containing stabilizing ad
ditives and less carbon. 

Applying stress to ferrous alloys exposed to liq
uid lithium can increase the rate of corrosion 
dramatically. Figure 8-17 shows hov; grain-
boundary penetration of pure iron is promoted by 
either tensile or compressive loading. Experiments 
have shown that the coefficient of the grain-
boundary penetration rate is proportional to the 
strain rate in the material. The major concern is that 
the stress level at which this stress-induced corro
sion process occurs in pure iron lies in the same 
range as normal residual stress levels for the 
material when it is not in a stress-relieved state. This 
raises serious questions about the usefulness of 
current, liquid lithium corrosion data for unstressed 
specimens in predicting the service life of container 
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materials. In particular, we need better data con
cerning the corrosion behavior associated with 
weldments subject to constraints. 

Material Selection. The resistance of stainless 
steels to severely corroding environments is usually 
the result of a dense protective oxide layer covering 
the surface. However, because liquid lithium 
reduces these protective oxides, corrosion resistance 
must have some other basis. Many other materials 
with excellent corrosion resistance (e.g., pure iron 
and refractory metals) have very poor mechanical 
properties, or poor fabricability, or high cost. It is 
therefore necessary to study many other available 

commercial alloys, including the stainless steels. 
Although the selection process also should examine 
alloys that are presently included in the pressure 
vessel codes. 

Most compatibility studies have been with the 
300-series (chromium-nickel) austenitic stainless 
steels. Although the nonferromagnetic charac
teristic of austenitic steel may be an essential feature 
for magnetic confinement fusion, it is not required 
in laser fusion applications. In general, these alloys 
have shown less corrosion resistance than pure iron, 
but they have acceptable resistance at moderate 
temperatures (<600°C). The high-strength charac
teristics of these steels is also an important feature. 
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The fewitic (chromium) stainless steels show similar 
behavior, with the lower chromium alloys offering 
better resistance. In both cases, higher carbon con
tents and nitrogen impurities result in increased 
corrosion rates. 

For laser fusion applications, the low-alloy 
ferritic steels appear very attractive. These alloys 
contain no nicks! and have much lower chromium 
concentrations than austenitic stainless steels. 
Chromium may be difficult to obtain in quantity in 
the United States by the turn of the century. 
Further, any nickel dissolved in lithium and flowing 
through a high neutron flux can form such un
desirable radioactive products as 5 8 C o and ^ C o . 
These low-alloy steels offer excellent economy as 
well as excellent properties for pressure vessel con
struction. It will be advantageous, as with the 
austenitic stainless steels, to use low-carbon alloys 
(to prevent carbide formation) with microalloying 
additions of niobium or titanium to stabilize the 
material against grain-boundary attack. 

Summary. The general effects of lithium on 
iron-base alloys are summarized as follows: 

• High temperature, temperature gradients, 
and chemical-activity gradients promote dissolution 
and mass transport. 

• Corrosion rates increase with the nickel 
content of stainless steel alloys. 

• Carbon and nitrogen impurities in lithium 
accelerate corrosion. 

• Stresses and flow increase corrosion rates. 
• Lithium may react with carbides and 

promote cracking along grain boundaries. 

• Chromium depletion in stainless steels 
results in nickel dissolution from the chromium-
depleted (nickel-rich) regions adjacent to grain 
boundaries. 

• The use of extra-low-carbon steels and 
stabilized grades effectively decreases corrosion by 
lithium. 

Corrosion Studies. In 1977, the Systems Studies 
and Applications group began to support the 
Colorado School of Mines (CSM) in lithium-
corrosion experiments that are of interest to the 
laser fusion program. In these screening tests, CSM 
exposes spot-welded and bent specimens of both 
Type-304 stainless steel and 2.25 Cr-1.0 Mo (a low-
alloy ferritic steel) to 500°C static lithium. The 
metal strips are bent to give some indication of the 
effects of tension and compression on the corrosion 
mechanism. Attack in the weld zones is also being 
investigated as a critical concern. CSM is also con
ducting these preliminary experiments at high 
nitrogen concentrations in the lithium and has 
designed them to highlight any catastrophic effects. 

In later experiments, CSM will investigate the 
effects of various heat treatments (to thermally 
stabilize the metal), stabilized grades of 2.25 Cr-1.0 
Mo (niobium additives), and controlled low-
nitrogen conditions. These experiments are only the 
beginning of the work needed to establish material 
requirements for laser fusion applications. Verifica
tion of a low-alloy ferritic steel as an acceptable 
engineering material for containing liquid lithium 
will be a significant economic advantage for laser 
fusion. Fortunately, the wealth of liquid metal ex
perience gained with liquid sodium will speed the 
design of systems for containing, pumping, controll
ing, and monitoring liquid lithium. (See Ref. 13 for 
more detail.) 

References 
13. D. L. Olson and D. K. Matlock, "The Essential Chemical 

and Physical Properties of Ferrous Alloys Needed Tor Con
tainment and Liquid Lithium," presented at Lithlum-77, 
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8.2.5 Cost Considerations 

We have performed an initial cost sensitivity 
analysts to guide future design efforts for the reac
tor, laser, and total power plant. We begin with 
some general considerations of power plant ef
ficiency. 
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One of the most important parameters of a 
laser fusion power plant is the fusion energy gain. It 
is defined as the product of the laser system ef
ficiency t?L and the thermonuclear pellet gain Q. The 
fraction of the system electrical power production 
required to operate the laser decreases as the value 
of J , L Q increases. 

The net system efficiency of the power plant, 
defined as the ratio of net power to reactor thermal 
power, is plotted as a function of fusion energy gain 
in Fig. 8-18. At very large values of »)LQ, the recir
culating power fraction is small and the net system 
efficiency approaches the theimal efficiency. The 
Fig. 8-18 curve is based on a thermal cycle efficiency 
of 38%, which is consistent with the selected max
imum operating temperature of 500°C. Our 
reference design, with a value of T)LQ = 14, has a net 
system efficiency of 33%. 

Figure 8-18 also shows the cost of electricity as 
a function of ijLQ. The cost of electricity from an ar
bitrary design, compared to our reference design 
point, is inversely proportional to the net system ef
ficiency. This is because plant capital costs generally 
scale with the gross electrical power (which is fixed 
for a given thermal power and thermal efficiency), 
while revenues scale with the net electrical power. 
At the reference design point, the cost of electricity 
is much more sensitive to a decrease in yLQ than to 
an increase. Decreasing t»LQ by a factor of 2 results 
in a 30% increase in electricity cost, while increasing 
I L Q b v a n o r d e r of magnitude results in only a 20% 
decrease in cost. 

Figure 8-19 compares the cost of an arbitrary 
reactor chamber with the reference design chamber 
as a function of chamber radius. The curve is based 
on the assumption that chamber costs are propor
tional to the square of the chamber radius. It is thus 
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advantageous to use the smallest chamber possible, 
consistent with neutron-damage limitations. As we 
noted above, the minimum radius for a structure 
that could survive for the life of the plant at the 
selected thermonuclear power is 3.9 m, leading us to 
select a first-wall radius of 4 m. 

We cannot yet determine the cost of a high-
average-power, short-wavelength laser fusion 
system, but we can estimate the sensitivity of cost to 
pulse-repetition frequency and efficiency. We con
sider a power plant of fixed thermal power and fixed 
average laser power. The direct capital cost is com
prised of electrical conditioning equipment (energy 
storage, e-beam, etc.), flow-conditioning equip
ment, optics, building, and instrumentation and 
controls. The electrical and flow systems account 
for the majority of costs in most gas laser concepts. 
In laser systems with <10% electrical efficiency, the 
cost of energy storage is a significant fraction of the 
total cost. The costs of electrical power conditioning 
are proportional to the amount of energy storage re
quired and are, therefore, inversely proportional to 
the electrical efficiency. However, the additional 
cost of increasing the pulse-repetition frequency by 
a factor of 2 is very slight. We would, therefore, ex
pect the cost for electrical power conditioning in a 
laser system of fixed average power to decrease as 
pulse-repetition frequency increases. 

The flow system is the other major cost compo
nent. Its cost is generally proportional to the rate of 
waste power removal; essentially, the cost is propor
tional to the laser average power divided by the ef
ficiency. Varying the pulse-repetition rate at a con
stant power level, the^fore, does not affect the cost 
of flow conditioning (at least in terms of first-order 
effects). 
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These considerations lead us to expect the cost 
per megawatt of laser systems to decrease as pulse-
repetition rate increases. The volume and cost of 
energy-storage and pulse-conditioning equipment 
decreases with decreasing energy per pulse, without 
an offsetting increase in flow costs. Figure 8-20 
plots the relative contributions of each category of a 
photolytic gas laser system to the total direct capital 
cost as a function of pulse-repetition frequency. The 
relative costs are normalized to the total input elec
trical power recirculated to the laser system from 
the generating system. We cannot fix absolute costs 
until we have defined a laser system much more 
completely than we have to date. 

From the standpoint of laser capital cost, it ap
pears most cost-effective to operate the laser at 
higher pulse-repetition rates. We estimate that in
creasing the pulse-repetition rate from 1 to 5 Hz 
might decrease the laser system cost by a factor of 2 
to 3. Finally, the total direct cost of the laser system 
will vary inversely with its overall efficiency. 
Authors 
W. R. Meier 
M. J. Monster 

8.2.6 Summary 

We have completed a preliminary conceptual 
design of a laser fusion power plant based on ad
vanced high-gain targets. We conducted a 
parametric analysis of this system to choose attrac
tive design points and to show the sensitivity of the 
design to uncertainties in both the physics and 
technology. Although still highly conceptual, this 
power plant design has provided an understanding 
of both integrated engineering requirements and 
potential problem areas. 

The lithium waterfall reactor has emerged as a 
promising concept. It appears to offer solutions for 
all the potential problems previously associated 
with inertia! confinement fusion systems. It 
eliminates first-wall problems that result from x 
rays and pellet debris and minimizes cyclical ther
mal stresses. Also, the thick falling region of lithium 
attenuates neutrons to the point where the blanket 
structure could survive for the lifetime of the power 
plant at high power densities. 

On the basis of the encouraging results of this 
study, we will conduct a more definitive conceptual 
design study next year. We will couple the lithium 
waterfall reactor to one of the more promising 
laboratory-stage lasers and will perform a detailed 
analysis of the major power plant components 
(reactor, laser, lithium system, and optical transport 
system). We will also examine the plant layout and 
costing of the design. The follow-on design will be 
influenced by several results of this year's (1977) 
study: 

• Several advantages result from separating 
the large volume laser system from the reactor con
tainment building. 

• We need fusion energy gains (IJLQ) of 10 or 
more. 

• Laser system cost per unit of input power 
decreases as pulse-repetition frequency increases. 

• The pumping power required to recirculate 
the lithium fall increases rapidly as pulse-repetition 
frequency increases (it becomes excessive when the 
frequency is greater than 3 Hz). 

• These last two items suggest that it may be 
advantageous to have one laser system service 
several lithium waterfall reactors. Several smaller 
reactor modules may lead to shorter construction 
times and may increase the availability of the power 
plant. 

• The laser system is composed of 10 
modules in parallel but only 8 are used at any time. 
Modularity and redundancy of the laser system will 
lead to a highly reliable laser system. 

The principal remaining uncertainties in the 
physics and engineering of the lithium waterfall 
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reactor are: the time history of the vapor in the 
chamber, after the microexplosion, as the vapor 
condenses on the (relatively cold) lithium liquid, 
and the transient stress in the first wall caused by 
fluid impact as the fall disassembles. Both 
phenomena are quite difficult to calculate, but we 
expect to model the fall disassembly and reestablish-
ment with considerably improved accuracy in 1978. 
This will allow us to begin preliminary engineering 
design of the reactor with greater confidence. 

Author 
M. J. Monster 

8.3 Neutronic Studies for Fluid Reactors 
In this section we deal with the important 

neutronic aspects of the lithium fall reactor concept. 
We first investigate how major system parameters 
vary as a function of fall thickness. (Throughout 
these studies we used a single compressed-target 
configuration. Subsequently, we analyze effects of 
different compressed-target configurations on these 
parameters.) 

8.3.1 Energy Deposition, Tritium Breeding, 
and Radiation Damage 

Introduction. We have conducted neutronic 
studies to determine how system nuclear perfor
mance varies as a function of the fall thickness. We 
used the TARTNP Monte Carlo neutronics code 1 4 

to establish several reactor system parameters. 
These include the tritium-breeding ratio, spatial 
energy deposition profile, total energy deposition 
per DT fusion event, and helium production and 
atomic displacement rates in the first structural 
wall. 

An important design change in the lithium fall 
concept that we reported in the 1976 Annual Report 
is the elimination of the recirculating reservoir 
region. As presently env'sioned, the lithium recir
culates to the top of the chamber through upcomers 
outside the pressure vessel. We made the change to 
eliminate induced stress on the pressure vessel that 
would result from neutron energy deposition in the 
lithium within the confined recirculating reservoir 
region. In the current configuration, it is necessary 
to deposit nearly all the fusion energy and to obtain 
an adequate tritium-breeding ratio in the fall alone. 
To meet the first constraint requires ~100-cm 
thickness of lithium. With this much protection, 
radiation damage to the first structural wall sub
stantially decreases. The system can operate at 
neutron wall loadings an order of magnitude greater 
than early fusion chamber designs, yet the structural 
materials will never require replacement. 

System Model. Figure 8-21 shows the one-
dimensional, spherical geometry mode) used in this 
study. A 14.1-MeV fusion neutron source is uni
formly distributed throughout a DT-fuel region that 
has a compressed density-radius product pR = 3.0 
g/cm2. The fuel region is surrounded by a pusher 
region that is compressed to pR = 0.8 g/cm2. We 
discuss the neutron spectrum of this target with 
several different compressed configurations, at the 
end of this section. 

Surrounding the target is a 2-m region of 
lithium vapor, a variable thickness of liquid lithium 
representing the fall, another lithium vapor region 
between the fall and the first structural wall, and a 
graphite reflector outside the first wall. 

Energy Deposition. Figure 8-22 graphs the 
neutron-induced energy deposition in MeV per DT 
reaction. The curves show how the energy deposi
tion in the different zones varies with the fall 
thickness, and they enable us to construct a spatial 
energy deposition profile for a selected fall 
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thickness. The curve labeled "total" is the sum of 
the lower three curves and the energy leakage. 

Note that, on the average, neutrons deposit 2.1 
MeV or 15% of their original 14.1 MeV in the fuel 
target. This energy, together with the 3.5-MeV 
alpha-particle energy, accounts for 32% of the target 
energy and reaches the inner surface of the fall in 
the form of x rays and debris. Exoergic neutron 
reactions with blanket materials (primarily 6Li) 
result in a net energy gain for the system. We define 
the system energy multiplication M s as the total 
energy deposited in the system divided by 17.6 
MeV, the thermonuclear energy per DT event. As 
we noted above, it is necessary to deposit as much of 
the system energy as possible in the lithium fall. For 
a 100-cm-thick lithium region, the total energy 
deposited per DT reaction is 20.5 MeV, which 
represents a system energy multiplication of 1.16. In 
this case, more than 96% of the energy is deposited 
directly in the lithium. 

Tritium Breeding. Figure 8-23 graphs the 
tritium-breeding performance. The three curves 
show the tritium-breeding ratio from 6Li and 7Li 
and the total of the two as a function of lithium 
thickness. While a thickness of only 40 cm is re-
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quired to obtain an adequate breeding ratio 
( T T > 1), energy deposition considerations require 
~100 cm. For a 100-cm lithium fall, the tritium-
breeding ratio is 1.6. Potentially, this excess tritium 
could be useful for fueling other DT fusion applica
tions where tritium breeding is more difficult. If no 
market develops for the tritium, a neutron poison 
could be added to the lithium stream to compete 
with the lithium for neutrons. 

Radiation Damage. We are evaluating radiation 
damage to the first structural wall in terms of two 
parameters: the helium production and atomic dis
placement rates. Both rates are time-integrated and 
do not represent the instantaneous rate at the time 
of the fusion event. 

Both rates are expressed for one unit of 
equivalent neutron wall loading to permit com
parison with other fusion concepts. The equivalent 
neutron wall loading is defined as 

0.8 P. TN 
4*R2 

where P T N = thermonuclear power (yield times 
repetition rate), MW; and R w = first-wall radius, 
m. 

Helium Production. Figure 8-24 compares the 
helium production cross sections (n,a) plus (n,n'a) 
from the Livermore Evaluated Nuclear Data 
Library (ENDL) and the Brookhaven Evaluated 
Nuclear Data File (ENDF/B-IV). Most notable is 
the large discrepancy in the cross sections for iron. 
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The ENDF value is higher than the ENDL value; at 
15 MeV it is only 25% greater, but the difference in
creases with decreasing neutron energy to a factor 
of 7 times higher at 9 MeV. This discrepancy arises 
from a lack of experimental measurements and 
poorly developed systematics for calculating cross 
sections. Because the products of (n,«) and (n.n'a) 
reactions with 5 6 Fe (92% of natural Fe) are the 
stable isotopes 5 3 C r and 5 2 Cr, we cannot measure 
these cross sections with conventional activation 
techniques. No measurements of helium production 
cross sections have been made on natural iron, and 
only one measurement has been made for 5 6 Fe (see 
Ref. 15). This one-point measurement was at 14.6 
MeV (see Ref. 16). 

To determine what effect this cross section dis
crepancy would have on the helium production rate, 
we modeled the case of a 100-cm-thick fall and 2-cm 
iron wall with the two libraries. The result was that 
the ENDF/B-IV library gave a helium production 
rate 2.6 times greater than the ENDL library. 

The cross sections for nickel agree quite well, 
reflecting the fact that the (n,a) cross section for 
5 8 Ni (68% of nature! Ni) can be evaluated from ac
tivation data. The ENDL library does not contain a 
cross section for chromium because of the lack of 
experimental data. The ENDF cross section for 
chromium is included in Fig. 8-24; it falls between 
the two libraries' cross sections for iron. 

In this study we have replaced the Cr content of 
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the first structural wall with Fe because ENDL does 
not include a helium production cross section for 
Cr. The implicit assumption is that Cr has alpha-
producing cross sections similar to those for Fe. The 
resulting helium production cross section for 316-SS 
at 15 MeV is 42 mbarn. A recent measurement of 
316-SS at the LLL RTNS produced a value of 
48 ± 7 mbarn at 15 MeV (see Ref. 17). Thus, the 
-alue used in these neutronics calculations is within 

ths? uncertainty range, but it falls near the low end of 
the measured experimental value. 

Figure 8-25 illustrates the reduction in the 
he!.urn production rate realized by protecting the 
first wall wi»h a region of lithium. The production 
rate is shown in appm-He per (MW-yr/m2) of 
equivalent neutron wall loading. The production 
rate in a wall protected by 100 cm of lithium is 1.3 
appm per (MW-yr/m2), a reduction by a factor 35 
over an unprotected wall. 

Displacement Damage. We calculated displace
ment damage rates and used the modified cross sec
tions calculated by Doran and Graves. 1 8 These 
cross sections are somewhat higher than an earlier 
set 1 9 - 2 0 used in similar studies. 2 1* 2 2 Figure 8-26 
•shows the cross section for 18-10 stainless steel 
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(similar to Type 316) collapsed to the 50 energy-
group structure of TARTNP. 

The recommended value of 40 eV was used for 
the effective displacement energy. For neutron 
energies < 10"4 MeV, the displacement cross section 
varies as E" 1 / 2 from a value of 20b at 0.025 eV. 1 9 

The effectiveness of the lithium fall in reducing 
the displacement damage rate in SS is shown in Fig. 
8-27. The damage rate in a wall protected by 100 cm 
of lithium is 0.53 dpa per (MW-yr/m2), which is 
lower than for an unprotected wall by a factor of 13. 

Damage Limits and Wall Life. We can estimate 
the radiation-damage-limited life of the first wall 
from these damage rates if we select an appropriate 
ultimate damage limit (total dpa, or total appm-He, 
or both). Kulcinski2 1 suggests a limit of 500 appm 
for 316-SS operated at 500°C. He also suggests a 
limit for dpa-induced void swelling of 10% for fu
sion reactors. Using the correlation for 20% cold-
worked 316-SS from Ref. 14, we find that 10% 
swelling would be reached after 165 dpa. 

Combining the production rates with these 
damage limits (500 dpa-He and 165 dpa) allows us 
to determine the life of the first wall, expressed in 
MW-yr/m2, as a function of lithium thickness. 
Then, if we assume that the first wall must remain 
below the ultimate damage limits for the life of the 
power plant (30 years at 70% capacity factor), we 
can determine the allowable neutron wall loading. 

Figure 8-28 shows how the allowable wall 
loading increases with increasing lithium thickness. 
Below ~80 cm, helium production is the limiting 
factor, and above 80 cm, displacement damage 
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limits the system. With 100 cm of lithium protec
tion, the allowable wall loading approaches IS 
MW/m2. This wall loading is an order of magnitude 
higher than early fusion reactor designs and corres
ponds to power density greater by a factor of 40. 

Conclusions. In terms of nuclear performance, 
the distinctive feature of the fluid wall design is that 
the energy-absorbing "blanket" region (lithium fall) 
is actually inside the first structure wall. By requir
ing that 95% of the system energy be deposited in 
the lithium within the vacuum chamber, we can 
reduce radiation damage enough to allow high 
power-density chamber designs to be built with no 
replaceable components. We have also found that 
such designs result in high blanket-energy mul
tiplication and high tritium-breeding ratios. 
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8.3.2 Target-Dependent Effects23 

Until recently, most studies of inertial confine
ment fusion reactors incorporated a monoenergetic 
14.1-MeV neutron source. However, problems 

Ft*) dwwlty-fwlktt product (pR^). ofcm2 

CNMM. ^ h'< - -

arose because of the need for neutrons to transit the 
compressed fuel and pusher regions before leaving 
the target. At the compression levels proposed, the 
target represents as much as on? mean free path to 
14-MeV neutrons; accordingly, we anticipated 
significant interactions. This article summarizes the 
effects of the fuel compression, pusher composi
tion, and pusher compression on three reactor 
parameters: 

• Tritium breeding ratio (TBR) = Tritium 
atoms bred/DT event. 

• System multiplication factor (M s) = 
Thermal energy/thermonuclear energy. 

• Helium production in the first wall = He 
atoms produced/DT event. 

As the compression of the fuel region increases, 
more neutrons interact and deposit energy within 
the target. Thus, the fraction of the thermonuclear 
energy that escapes the target in the form of 
neutrons decreases (Fig. 8-29). (The LLL Monte 
Carlo neutronics-photonics code TARTNP 2 4 was 
used for these calculations.) We assumed the 
neutrons were born at a monoenergetic 14.1 MeV 
and that they were distributed uniformly 
throughout the fuel region with an isotropic angular 
distribution. The multiple points at pR = 3 and 5 
represent targets with different pushers. A Monte-
Carlo-neutronics thermonuclear-burn code used to 
check the results gave good agreement. 

We must specify reactor geometry to determine 
the effect of the target on reactor parameters. We 
based the one-dimensional calculations on an early 
version of the LLL liquid lithium waterfall reactor 
(Fig. 8-30). Figure 8-31 shows the effect of the fuel 
density-radius product pR on the three reactor 
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parameters. To focus on the importance of in
cluding the target in reactor calculations, we plotted 
the ratio between the value obtained by using a 
14.1-MeV point source and the value obtained when 
the target is considered. We found helium produc
tion in the First wall to be the most sensitive reactor 
parameter. When we ignored the target, He produc
tion and TBR were overpredicted and M s was 
underpredicted. 

In Fig. 8-32, the pusher composition and com
pression are also varied. The fuel pR is clearly the 
dominant variable. The figure also shows the results 
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of two burn-code runs we used to verify the 
TARTNP runs. The disagreement at />R = 2.5 is a 
result of early termination of the burn code. 

Completely ignoring the pusher does not in
troduce large errors (Fig. 8-33). We tested a wide 
variety of pusher compositions and compressions; 
the largest effect was a 16% error in He production 
for the pAR = 1.9, LiD pusher. By comparison, if 
the entire target is ignored, the error increases to 
~70%. 

The results presented above reflect a uniformly 
distributed source in the fuel region. Table 8-3 con
siders the other simple option, a point source in the 
target center. We used the burn-code results as the 
"standard" to evaluate the two sources. The dis
tributed source is clearly more realistic. 

Because He production in the first wall could 
be a limiting factor in a reactor design, the effect of 
the compressed target and the lithium wall in reduc
ing that production are important. Figure 8-34 plots 
the reduction in He production as a function of 
lithium fall thickness. The compressed target 
reduces He production by 20%. The combined effect 
of the target and 60-cm fall is a 90% reduction in 
first-wall He production. 

Since we assumed all neutrons were born at the 
same energy level, the energy width of the high-
energy spike in the TARTNP result is quite narrow. 
However, because the fusing ions have a distribu
tion of energies and directions, the neutrons are ac
tually born with an energy distribution centered on 
14 MeV, and the spike is broader. Although the 
spike width has little effect on TBR, M s or Helium 
production, it is of some significance in the first-
wall damage because of atom displacements. This 

8-26 



1.8 

I 
•i 1.6 

1.4 

1.2 

1 
1.0 -

1 ' r~ 
•TART 

• = Burn code 
A = TART, no pusher 

1 ' 1 ' 
Pusher 3 
He production 
in first 
structural wali 

Trit ium-
breeding ratio 

System 
multiplication 
factor I 

3 4 5 
pR f„.,.g/cm 2 

6 

Fit. 8-32. The reactor paruKten, show
ing tkat they are iaflueaced anre hy the fad 
than by the pusher. 

1.20 

1.16 

1.10 

1.06 

1.0 f -

t ) System multiplication factor ~~ 

A Tritium-breeding ratio 

• Helium production in wall 

A I A 
m 

A 

Fl j . 8-33. The reactor paruNt tn , ahow-
iaf that they art ralatirely iaanaWt* to 

2 3 ^ 

0.96 
Puthtr • LiD Flattie with- UD with Plastic 
oompxwition W N K I P b y d with W wad Pb 
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Table 8-3. Considetation of point source in the target center. An isotropic distributed source in the com
pressed fuel region is more realistic than a point source. 

/ TART value \ 
\ Burn-code value / 

System multiplication factor Tritium breeding ratio Helium production rate 

Distribution source 
Point source 

1.0185 
1.0287 

0.9893 
0.9587 

0.9878 
0.8417 

pRf = 5, LiD pusher seeded with Pb, PARp = 1,92. 
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damage depends on the neutron dose rate as well as 
on the total dose, and the width of the energy spike 
results in a spread of the arrival times at a given dis
tance (Fig. 8-35). 

If we use a nonburn code such as TARTNP, we 
can make the energy spike more realistic by specify-

Table 8-4. Neutron spectrum from a pR 3 target. 
Because the target temperature >1 keV, neutrons below 
that energy level were considered to be thermal. 

Energy of neutron Neutrons/groi 
tally groups DT reactioi 

1 1.307E-09 0. 
2 "8.322E-08 0. 
3 4.234E-07 0. 
4 2.091E-06 0. 
S 6.737E-06 0. 
6 1.468E-05 0. 
7 2.277E-05 0. 
8 2.940E-05 0. 
9 4.048E-QS 0. 

10 4.918E-0S 0. 
11 6.097E-0S 0. 
12 7.1SSE-0S 0. 
13 8.431E-0S 0. 
14 9.81 IE-OS 0. 
IS 1.338E-M 0. 
16 1.789E-04 0. 
17 3.267E-04 0. 
18 6.042E-04 0. 
19 1.0S8E-03 5.000E-0S 
20 2.561E-03 4.O00E-O4 
21 S.763E-03 I.585E-02 
22 2.646E-02 9.150E-03 
23 7.002E-02 1.92UE-02 
24 2.07SE-01 1.26SE-02 
25 3.777E-01 6.900E-03 
26 S.123E-01 1.O25E-02 
27 7.S27E-01 9.050E-03 
28 1.02SE+00 8.550E-03 
29 1.338E+00 1.0S0E-02 
30 1.694E+00 1.125E-02 
31 2.091E+00 9.900E-03 
32 2.530E+00 1.030E-02 
33 3.011E+00 9.3S0E-03 
34 3.S33E+00 1.180E-02 
35 4.069E+00 1.460E-02 
36 4.704E+00 1.220E-02 
37 5.3S3E+00 1.015E-02 
38 6.042E+O0 9.400E-03 
39 6.737E+00 1.230E-02 
40 7.548E+00 1.410E-02 
41 8.322E+00 1.600E-02 
42 9.177E+00 2.160E-02 
43 1.012E+0I 2.445E-02 
44 1.101E+01 3.33SE-02 
45 1.199E+01 4.880E-02 
46 1.307E+01 1.323E-01 
47 1.386E+01 7.S40E-02 
48 1.413E+01 1J97E-01 
49 1.441E+01 1.961E-01 
SO 1.519E+01 1.430E-01 

2.000E+01 

ing the energy distribution of source neutrons. The 
resulting neutron spectrum for three values of fuel 
pR is shown in Fig. 8-36. 

Reactor calculations should include the effects 
of the compressed target. Two options are available: 
we may include the target in the neutronics calcula
tion (we have used this option at LLL for both pure 
fusion and hybrid reactor calculations since 
November 1977), or we may use the neutron spec
trum from a target calculation as a source for reac
tor calculations. Table 8-4 tabulates one such source 
spectrum. 
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8.4 First-Wall Response and 
Fluid-Response Studies 

The first-wall response to an inertially confined 
fusion (ICF) microexplosion determines the design 
and cost of the reactor in a number of ways. Capital 
costs increase as a function of first-wall radius. A 
portion of the operating costs decrease as the 
lifetime of the first wall increases. Because the 
lifetime of the first wall increases as a function of 
the radius, tradeoffs are possible between designs 
for low operating cost (large radius) and designs for 
low capital cost (small radius). 

Much of our effort is devoted to first-wall 
design, which has a major effect on the economics 
of the reactor cavity. In addition to conceiving wall 
designs, we are developing analytic modeling 
techniques to estimate the response of the first wall 
to the various forms of microexplosion energy 
release. This year, we improved our model for the 
microexplosion charged-particle energy deposition 
in the first wall and continued our investigation of 
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the dry wall sacrificial liner for ion-beam-initiated 
ICF reactors. In addition, we investigated the flow 
stability of high Reynolds number sheets and jets. 
We also studied the response of a thick liquid 
lithium falling curtain to the microexplosion in an 
attempt to determine and resolve the critical issues 
for the lithium fall reactor concept. 

We developed a methodology for estimating 
the microexplosion charged-particle energy deposi
tion in the first wall. The methodology is based on a 
Maxwellian energy distribution of the particles and 
various stopping-power and particle-energy 
relationships.25 We can determine the spatial dis
tribution of the deposited energy for the various 
stopping-power regimes of a material bombarded 
by various species of Maxwellian energy-distributed 
particles. This energy deposition allows the estima
tion of an energy-attenuation coefficient that may 
be used in simplified energy transport calculations. 

Five critical issues for the lithium fall reactor 
concept 2 6 follow: 

• Stability of the fall. 
• Response of the fall to the microexplosion. 
• Response of the first structural wall to the 

microexplosion. 
• Restart of the fall between microexplo-

sions. 
• Ability of the fall to pump down the cham

ber between shots. 
We have investigated fall stability27 and the 
response of the fall to the microexplosion.28 

Extrapolation of data from the literature, as 
well as preliminary results of experiments con
ducted at U.C.-Davis, indicate that the fall appears 
stable over its length in the reactor cavity. The fall 
dissassembles from the microexplosion energy 
deposition and subjects the first structural wall to 
high pressures and stresses. We feel that these 
stresses can be reduced by reconfiguring the fall. 

We conducted a parametric investigation of the 
dry first-wall liner concept for ion-beam-initiated 
ICF reactors, setting pellet yields between 400 and 
4000 MJ. 2 9The least expensive first-wall liner for a 
4000-MW, reactor was graphite over stainless steel. 
For a first-wall neutron flux of 5 MW/m 2 and a 
lifetime of one year, the minimum cost occurred 
with microexplosion yields of less than 530 MJ. 
General Atomics Corporation (GAC) examined 
both graphite and silicon carbide, first-wall liners 
for a 4000-MJ microexplosion. 3 0- 3 2 They found that 
a graphite liner for this microexplosion was limited 
to a minimum wall radius of 17 m because of stress. 
In addition, they determined that an SiC liner was 
limited to a minimum wall radius of 20 m because 
of the surface evaporation rate. 
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8.4.1 Interaction of Debris with First Wall 

The fuel pellet of an ICF reactor consists of a 
core of deuterium and trkium that is compressed 
and heated to thermonuclear conditions, and of a 
surrounding layer of material that is ablated during 
the source-energy deposition. Some fusion-
produced alpha particles interact with the core and 
the ablated layer. The pellet debris reaches thermal 
equilibrium as it expands. In a typical fusion reac
tor, the chamber is evacuated to allow the transport 
of source energy; therefore, the debris expands into 
a vacuum. If there is no interaction between the 
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debris and the background gas, a complete expan
sion occurs and the Maxwellian distribution of the 
debris velocity in the direction of the expansion is 
maintained. 

In previous work,3 3 we assumed that the debris 
particles deposit their energy uniformly over their 
range in the first wall. Here, we use the actual dis
tribution of the particle energy loss into Xkt wall as a 
function of distance, to determine the average 
debris energy deposition in the wall. 

Figures 8-37 and -38 show the stopping power 
for deuterons, tritons, and alpha particles in five 
materials. Haggmark of Sandia-Livermore used the 
Johnson-Gibbons formulation.34 The stopping-
power points are based on the actual range of the 
particles in the material. At low energies, where 
nuclear stopping dominates the particle energy loss, 
the projected range is much less than the actual 
range. At high energies, where electronic stopping 
power dominates, the projected range is essentially 
equal to the actual range. 

The curves in Figs. 8-37 and -38 plot the stop
ping power based on the projected range of the par
ticle in the material. For the lowest energy35 region, 
the stopping power is based on Schi0tt's35 formula
tion. For the second lowest energy region, the stop
ping power is based on the electronic stopping 

power formulation given in Ref. 36. Finally, for the 
highest energy regions, the stopping power is a 
logarithmic fit to Haggmark's stopping-power 
points. 

The projected range of the particles in various 
materials is shown in Figs. 8-39 and -40. The points 
are from Haggmark, and the curves are the result of 
integration of the stopping power curves from Figs. 
8-37 and -38. The curves adequately fit Haggmark's 
points. 

Because niobium and molybdenum have ap
proximately the same stopping power and range, we 
treat them here as one material. 

The energy lost by a particle as a function of 
energy is given by 

•£--«». (i) 

where S(E) is the stopping power in the material. 
The distance into the wall at which a particle of inci
dent energy Eg has reached energy E is, therefore. 

dE 
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The energy deposited by a group of particles at x, 
when those particles have a Maxwellian distribution 
at the surface, is' r dE 

S(E) 
(4) 

< S > = VT 7 / S(xyyyll2e-y dy, (3) We obtain the temporal distribution of energy 
deposition at the surface from Eq. (3) by integrating 
over the incident energies corresponding to the 
arrival time of the debris at the wall: 

where y = E 0/kT. The lower limit represents parti
cles that penetrate at least the distance xi, E 0 = -=• m (R/t) (5) 
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If we assume that the particle energy Is 
deposited uniformly such that S(E) = a,a contain, 
Eq. (4) gives x ] = EQ a, and 

< S > = 
_ 2a f°° 
~V*" J y"V *dy. (6) 

kT 

This result was used in Ref. 33. 
In the general case, S(E) cannot be represented 

by one continuous function to good accuracy; the 
integration must be broken into regions of validity 
for separate functions. 

We used Eq. (3) and the limits from Eq. (2) to 
integrate the stopping power curves of Figs. 8-37 
and -38. The energy deposition normalized to the 
energy fluence at the first wall in various candidate 
first-wall materials is shown in Fig. 8-41 for a 
deuterium-tritium pellet with an average debris par
ticle energy of 50 keV/amu. Figure 8-42 shows the 
deposition in graphite for various average debris 
particle energies. 

The energy attenuation coefficient of the wall 
material a is defined 

q"'(x) = qj,"e - o x , (7) 
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Flf. 8-42. E*«fc fepMitioa In graphite for KVtnl average 
•esris eecrgKs. 

where q'" (x) is the energy generation in the wall at 
a position x, and q 0'" is the energy generation at the 
surface. The values of a that fit the results shown in 
Figs. 8-41 and -42 at the 1/e point are shown in 
Table 8-5. 

The energy deposition at the surface, calculated 
by the above method, results in a larger surface 
deposition and a larger energy attenuation coef
ficient than do the methods used in previous 
calculations, 3 4- 3 7as shown in Fig. 8-43. However, if 
the average energy is less than 0.27 times the energy 
at the lowest energy-inflection point in Figs. 8-37 

Table 8-5. Specific energy attenuation coefficient 
for a typical DT microexplosion. 

Material 

Avenge particle 
energy, 

keV/amu 

Attenuation 
coefficient, 
em'/fltm 

Graphite 10 1.4 
25 0.83 
SO 0.51 

100 0.29 
Lithium 50 0.69 
Stainless steel 50 0.19 
Molybdenum, niobium 50 0.14 
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and -38, the constant-deposition model using stop
ping power based on Schist's work is the easiest 
available model; it accounts for 95% of the debris 
energy. 

The temporal pulse width of the energy at the 
first wall is given by 

AT = } 38 X 10"6 (4) : , ! (8) 

where R is the reactor first-wall radius in metres and 
E is the average energy of the particle in keV/amu. 
Using this time, we can determine the temperature 
rise in the solid wall for a given energy attenuation 
coefficient. The surface temperature rise determined 
by this method is within 5% of the value that would 
be determined by treating the debris energy as a sur
face flux, if 

Table 8-6. Maximum average energy consideration for 
calculations! models. 

Constant 
Model stopping power 

material max E, keV/atnu 

_ Surface flux 
E I E in keV/amu 
R 0 , 4 i R in meters 

Lithium 0.94 
Graphite 1.6 
Stainless 7.0 
Niobium 12.0 
Molybdenum 12.0 

1.0 
2.0 
3.0 
6.0 
S.0 

energies for which the stopping power can be 
treated as a constant and for which the surface tem
perature rise can be estimated, using a surface heat 
flux. 

It is apparent from Table 8-6 that, for reactors 
of reasonable size, the debris energy deposition can 
be treated as a surface flux when nuclear stopping 
dominates the particle energy loss. 

Our methodology allows an accurate calcula
tion of the energy deposition of the pellet debris in 
the first wall of reactors. This energy deposition 
allows estimation of an energy attenuation coef
ficient to use in simplified energy transport calcula
tions. 
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8.4.2 Liquid Sheets and Jets 
In the lithium fall reactor concept, lithium 

serves as a protective liner, preventing microexplo-
sion debris from impinging directly on the reactor 
structure. Prior to each microexplosion, the fall 
must be stable to allow laser beam energy to 
traverse the cavity without interference and to en
sure that microexplosion products do not impinge 
directly on the structure. Preliminary analysis in
dicates that jets with an inlet velocity of 4m/s and 
inlet diameter of 0.1 m would have an intact length 
of 10 m, which is the height of the fall in the reactor 
chamber. An increase in either the diameter or the 
velocity of the jets would also increase their intact 
length. 

U.C.-Davis is studying the stability of sheets 
and jets. Their experiments use water as the fluid 
medium. Preliminary results show that convergence 
of hollow cylindrical jets, caused by the effects of 
surface tension, will not be an issue for equivalent 
lengths of a lithium fall envisioned for a reactor. In 
addition, sheet falls seem to be stable in turbulence 
and high-amplitude forced vibrations. Flow separa
tion around protrusions through the flow sheet is, 
however, a problem. 

Additional considerations in developing the 
lithium fall reactor concept are the response of the 
fall to the energy of the microexplosion product 
energy, and the interaction of the fall with the struc
ture. The fall disassembles from the energy deposi
tion within it, and reassembles as a slug prior to im
pact with the structure. For a 2700-MJ microexplo
sion, a loop stress of 100 MPa (I kbar) results in a 
1-m-thick structure located 4 m from the fall. 
Reconfiguring the fall into, say, multiple jets 
reduces the stresses in the structure and permits a 
decrease in structural thickness. 

Jet Stability—Lithium Fall Reactor. A previous 
analysis of the hydrodynamic aspects of liquid 
lithium jet stability identifies a variety of 
physical factors that might affect jet breakup and 
attempts to approximate their relative influences.38 

That analysis also treats areas of uncertainty and 
presents plans for experimental verification and 
further theoretical analysis. 

The current reactor design calls for a chamber 
pressure of 10_ 1 Torr, temperature of 800 K, cham
ber radius of 5 m, jet/sheet half-thickness of 30 cm, 
and exit jet velocity of lOm/s. The combination 
yields the Reynolds number of 3 X 106 and the jet 
Weber number of 4 X I04. The physical factors that 
may cause breakup of turbulent jets are ambient 
conditions, fluid properties, nozzle configurations, 
and possible vibrations of the reactor after pellet 
microexplosion. 

Applying the stability criterion for the ambient 
effects (Ref. 39) yields the result that the jet is insen
sitive to present ambient conditions, i.e., the Wsber 
number based on the chamber density is 10~3, which 
is much lower than the critical value (5.3). However, 
it is not clear in the current design whether the low-
density effects on jet breakup behavior are negligi
ble. We are currently conducting experiments to 
reduce the degree of this uncertainty. 

We considered fluid-property effects on jet dis
integration in terms of the Ohnersorge number, 
which is a measure of the relative importance of 
viscosity and surface tension in controlling stability. 
This number is ~10 - 4 , signifying a dominant 
surface-tension effect. It is known that surface ten
sion tends to inhibit the growth of irregular disturb
ances at the turbulent surface.4 0 , 4 1 However, the 
paucity of test data at very high Reynolds numbers, 
say 106, prompts us to perform experiments in this 
range. 

Study of the effect of nozzle configuration on 
jet breakup shows liquid sheets to be more stable 
than circular jets from orifices of equal area.4 2 In 
both situations, various profile patterns of the jet 
velocity depend upon nozzle-exit geometry. 
Moreover, the jet must undergo "relaxation" from 
a no-slip condition to a more uniform profile 
downstream. Additionally, viscosity would affect 
this transitional behavior at the interface. We are 
currently conducting an analysis to determine the 
extent of the influence of viscosity on jet-breakup 
behavior. 

Tentative estimates of the turbulent jet-
breakup length, based partly on empirical correla
tions, indicate a plateau value at high Reynolds 
numbers, a phenomenon similar to the laminar-jet 
cases. 4 3 , 4 4 These estimates of breakup length for 
various jet inlet velocities and diameter are plotted 
in Fig. 8-44. Intact jet lengths well in excess of the 
current 10 m for reasonable inlet velocities and 
diameters imply a stable turbulent jet flow for the 
laser fusion reactor. However, other physical fac
tors may affect the jet breakup, as we note above. 
Until further investigation and experimentation 
have given us better data, we consider these es
timates to be preliminary. 

Experimental investigation of the hydro-
dynamic behavior of the lithium waterfall blanket 
between fusion microexplosions has focused on 
three key issues: 

• Length for convergence or pinch-in of a 
hollow cylindrical waterfall, caused by surface ten
sion forces. 

• Hydrodynamic instabilities stemming from 
either natural or external disturbances. 
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Fig. 8-44. Intact length of turbulent jets (circular) for liquid 
lithium (Re = V.D,p/p) . 

• Behavior of the waterfall in passing around 
a simulated laser beam transport tube. 

Experiments to simulate the lithium "water
fall" have used water in two flow geometries: 
hollow annulus and sheet jet. Both falls are 
relatively thick, with Weber numbers (We 
= pV 2 h/<7) much larger than unity to simulate the 
lithium waterfall. Experimental results indicate that 
surface tension forces should cause negligible pinch-
in of either flow geometry in the laser fusion ap
plication. 

Experiments have revealed no hydrodynamic 
instabilities induced by natural disturbances from 
flow turbulence or laboratory conditions. This is 
true for either the hollow cylindrical or sheet 
geometries for fall lengths much greater than the 
equivalent length of the lithium waterfall. We at
tribute this to the fact that natural disturbance 
levels are small for these high-momentum flows. 

We mounted an electromechanical shaker on 
the sheet waterfall apparatus, to simulate the much 
larger amplitude disturbances possible in a reactor 
that are caused by ringing of the entire structure 
between microexplosions. Experiments to date in
dicate that these relatively thick sheet flows do not 
break up even when excited by very high amplitude 
forced vibrations. The sheet jet has grown to 
saturated amplitudes almost an order of magnitude 
larger than its thickness, and almost two orders of 
magnitude larger than the initial excitation am
plitude, without any sign of breakup for fall dis

tances over 100 times the initial sheet thickness. The 
initial experiments took place in air. We will con
duct future experiments at reduced ambient 
pressures to determine the influence of ambient 
pressure on waterfall stability. 

The third series of experiments simulated the 
penetration of a laser beam transport tube through 
a hollow cylindrical waterfall. The results show that 
these high momentum flows split and form a 
roughly inverted V-shaped opening below the 
penetration, as expected. We tried various wedge-
shaped penetrations to simulate streamlining of the 
top of the laser light tubes. The split angle decreases 
as the wedge angle decreases, again roughly as 
predicted by potential flow theory. Multiple or 
staged lithium waterfalls will evidently be needed to 
fill openings created by the laser light tubes. 

Lithium Fall Response—ICF Microexplosion. 
Survival of the first wall from repeated stresses 
caused by microexplosion products is one of the 
most difficult technical problems encountered in 
designing an ICF reactor. Limited range products, 
such as soft x rays and charged particle debris, are 
deposited in such short times that pressure pulses 
produced in the first wall cause it to have a much 
shorter lifetime than the remainder of the power 
plant . 4 5 , 4 6 In addition, damage from high-energy 
neutrons can shorten structure lifetime.4 7 

A thick lithium fall circulated in front of the 
structure can mitigate microexplosion product 
damage. This fall would absorb limited range 
products and would moderate and attenuate 
neutrons. Thus, in principle, the structure could 
have a lifetime approaching that of the power plant. 

In this article, we describe the output from a 
2700-MJ microexplosion, the interaction of the 
microexplosion products with the fall, the response 
of the fall, and the resulting loading and stressej in 
the reactor structure. We based our calculations on 
a 1-m-thick fall in a 4-m-radius chamber with 
spherical geometry for initial fall inner radii ranging 
between 0.5 m and 2.5 m. 

The DT fusion reactions in the compressed 
target (pRfuei * 3) release about 80% of their energy 
as 14.1-MeV neutrons and 20% as 3.5-MeV alpha 
particles. However, the compressed target at
tenuates and absorbs the alpha particles and some 
neutrons. The DT reactions produce 2700 MJ, of 
which 35 MJ are lost to endoergic neutron reactions 
in the target, 1800 MJ escape the target as neutrons, 
and the remaining 865 MJ escape as x rays and 
energetic target debris. The x rays include a hard 
component generated from the hot, burning pel et 
and cold components radiated from the cooling 
debris as it expands. 
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Fig. 8-4 S. Geometry used in early 
response calculations. Later calculations 
used the fall location as a parameter. 
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Fig. 8-46. Energy flow in the reactor system. 

The liquid strikes the structjiraT wall and causes 
both erosive and inertj&KToading. Our initial 
calculations used spherical geometry with a point 
source andgyimdfical geometry with a line source. 
These-geometries produce the worst loading on the 
tfuctural wall. Later in this article, we suggest 
several alternate geometries that could mitigate the 
loads. 

Figure 8-47 shows a "snapshot" of the reactor 
at 50 ns. The x-ray pulse arrives at 8 ns and the soft 
portion is absorbed near the inner edge of the fall. 
The resulting high energy density in the thin region 
vaporizes a portion of the liquid. This very hot gas 
moves inward toward the chamber center, while a 
pressure wave moves outward through the liquid at 
~ 0.5 cm/fts. 

Figure 8-48 is a snapshot of the reactor at 
50 us. Hot gas has filled the chamber center and is 
beginning to exert outward pressure o;; the fall. The 
pressure wave induced by the soft x rays is now 
about 25 cm into the fall. Hot gas has already absor
bed the target debris. Neutron and hard x-ray 
energy deposited throughout the fall (primarily in 
the 55-ns-to-l-MS time frame) has resulted in a sud
den temperature rise in the fall. Thermal expansior; 

waves are already moving on-both surfaces of the 
fall. 

Figure 8-49 shows the velocity distribution of 
the fall at 200 us, when both the x-ray-induced and 
neutron-induced pressure waves have traversed the 
fall thickness. The narrow x-ray pulse has spalled 
the outer few cm of the fall, and thermal expansion 
from neutron deposition has produced a velocity 
profile in the fall. Although thermal stress has been 
relieved, the fall will continue to expand because of 
its inertia. Finally, hot vapor in the reactor center is 
pushing outwards on the fall. 

As time progresses, the leading edge of the fall 
(x-ray spall region) breaks into drops because of its 
velocity profile and the diverging geometry. 
Meanwhile, the majority of the fall is being com
pacted into an accelerating liquid slug. Figure 8-50 
shows the two possible fall profiles at the time when 
the leading edge of the fall strikes the wall. If the 
spall velocity is high and the fall is initially much 
closer to the wall than the microexplosion, the fall 
will impact as shown in Fig. 8-50a. If the spall 
velocity is low and the fall is initially far from the 
waii, the siug will overtake the drops before they 
reach the wall (Fig. 8-50b). 
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Fall Response to Neutron Energy Deposition. 
For energy deposited in a time so short that 
pressure cannot be relieved,51 the pressure rise at 
any position x is 

AP(x) = pr[q'"(x)/p], (10) 

where p and T are the density and the Griineisen 
constant of the material, respectively, and [q'"(x)/p] 
is the energy deposition per unit of mass at position 
x. A relief wave moves into the material and spalls 
the surface, if it exceeds the tensile strength. 

For a liquid with essentially no tensile strength, 
the velocity of the spaded material at any position x 
is given by 

v(x) = g% (»£""""*)• do 

where c is the acoustic velocity of the material, and 
AP(y) is the pressure rise at position y. 

Neutron energy is deposited throughout the 
thickness of the fall, because the 14-MeV neutron 
mean free path in lithium is long. Pressure rise in the 
lithium is therefore small because the specific energy 
is small. The fall disassembles into the cavity from 

the front surface with a relief wave moving into the 
fall at about the acoustic velocity of the material. 
The velocity of the spalled material into the cham
ber is essentially that given by Eq. (11). The momen
tum from the spalled lithium causes the back sur
face of the fall to move toward the structure with a 
velocity profile that is the mirror image of the 
lithium moving into the cavity. Lithium striking the 
structure is a mixture of vapor and droplets because 
of the velocity profile and the geometrical di
vergence. 

We used CHART-D, a coupled radiation-
hydrodynamic code, to evaluate the analytic 
results. 5 2 , 5 3 The analytic model describes the 
response of the fall to the neutrons very well. 

Fall Response to X Rays. Hard x rays have Utile 
effect on the motion of the fall because their specific 
energy is low. The range of soft x rays in the lithium 
fall is short compared with the range of the 
neutrons. This range difference results in high 
specific energies and associated high pressures at the 
inner surface of the fall. The analytic model used for 
spall produced by neutron deposition does not ap
ply here, because the material properties vary over 
the large pressure gradient in the thin deposition 
region. Large pressure gradients cause the pressure 
wave to form a shock wave that moves through the 
fall. However, the relief wave from the front surface 
travels faster than the shock wave, thus the pressure 
wave moving through the fall is highly attenuated 
by the time it reaches the back surface of the fall. 
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Fig. 8-49. Lithium rail response-Ill. At 
200 /is, the fall response to internal deposi
tion is complete. The hot gas in the central 
chamber is exerting outward pressure on 
the fall. 
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Fig. 8-50. Lithium fall response-lV. At 5-
50 ms, the fall will impact on the wall with 
one of the two velocity and density profiles, 
either (a) or (b), depending on geometry 
and pellet yield. 
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Because of large pressure gradients, we 
calculated the response of the fall to x rays, using 
codes such as CHART-D5 3 or AFTON. 5 4 5 5 The 
fine zoning required to adequately represent the x-
ray energy deposition in the fall requires excessively 
long computational times with CHART-D. 
However, we have solved the zoning problem, using 
the variable zoning option of AFTON. In this op
tion, the problem initially has fine zones in the 
deposition region and coarse zones elsewhere. As 
time progresses, AFTON resizes the zones so that 
zoning is always fine in the region of the moving 
pressure pulse. 

Because the ultimate target design is still un
known, we must consider a wide range of x-ray yield 
fractions and spectra. We are unable to consider ac
tual target parameters here. However, for a pR = 3 
target, about 32% of the output is in the form of x 
rays and debris. If we postulate the worst case, when 
all this energy is soft x rays, the spall velocity may 
be as much as 100 times the neutron spall velocity. 
On the other hand, if all the energy were hard x 
rays, the spall velocity might be on the same order 
as the neutron spall velocity. Of course, both views 
are unrealistic, but they do bound the parameter 
space. Because the equation of state used for these 
calculations needs improvement, our results have 
large error bars. 

At first glance, the above results are discourag
ing; however, because of the diverging geometry 
and the velocity profile in the spall, the leading edge 
of the fall strikes the wall as a series of drops. 
Although the pressure under each drop is very large, 
the pressure duration is small, resulting in low hoop 
stress. Further, the relatively long time between 
pressure pulses permits relief of the hoop stress be
tween impacts. Therefore, the inertial loading of the 
wall by the x-ray spall is not significant. Because of 
the insensitivity of the hoop stress to the x-ray spall 
velocity, we use a value of 10 times the neutron spall 
velocity in the remainder of this article. However, 
the erosive loading of the wall is very dependent on 
the x-ray spall velocity. (The erosive loading of the 
wait will be addressed in 1978.) 

Vaporization Effects. Lithium ablated fro n the 
fall by x-ray deposition converges toward the reac
tor center and absorbs target debris energy. Within 
tens of microseconds, this hot lithium vapor fills the 
central chamber and exerts pressure on its con
tainer, the fall. Detailed calculations of the pressure 
require an accurate equation of state; however, we 
have made crude estimates, using two simple 
models: 

• X-ray energy is input as a surface heat flux. 
An energy balance between heating, thermal con

duction in j the fall, and evaporation, is performed. 
(Recondensation of vapor is not included.) 

• X-ray energy is deposited instantaneously. 
Lithium that receives more than the latent heat of 
vaporization (21 kJ/g) vaporizes. (Recondensation 
or heat conduction before vaporization is not in
cluded.) Results from the two models are in 
remarkable agreement. 

We determine the fall response to cavity 
pressure by solving the equation of motion of a 
spherical shell with internal pressure and no stress. 
We treat the cavity gas as an isentropic expansion of 
a monatomic gas. The velocity of the fall at radius r 
is 

where P, A, r 0 , and m are the initial cavity pressure, 
inner surface area, radius, and mass of the fall, 
respectively. The time of arrival of the fall at a 
radius r is 

-«F]-
Wall Response to Liquid Impact. The pressure 

of liquid colliding with the wall is P = pev, where p, 
c, and v are the density, acoustic velocity, and 
velocity of the condensed lithium, respectively. The 
pressure pulse width is AT = 2vv/c, where w is the 
thickness of the condensed lithium region impacting 
on the wall. The hoop stress in a thin wall, caused 
by the impact of condensed-phase lithium, is at the 
end of the pulse approximately 

a = P c v ( - A ) L c o s [ V 8 ( T - n T ( f ) ( ^ 

where c„, R, d, and v are the acoustic velocity, 
radius, thickness, and Poisson's ratio of the wall, 
respectively. For small (w/R), the same equation 
becomes 

» * > V (•(••) ( f ) ( f ) 4(1+,) . 
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The peak stress in a thin wall occurs after the 
condensed phase lithium has disassembled from the 
wall, and the wall has reached its maximum expan
sion. This stress is 

"max = P < V ( ! W 2 [ 1 " C ° S i V ^ f i X i r ) 

For small (w/R), the peak stress is 

% a x * c w v ( j ) V 8 < 1 + , ' > • 

The stress at the end of the pressure pulse 
decreases as the structure radius or thickness in
creases. The maximum stress also decreases with in
creasing structure radius or thickness, but here the 
thickness is the dominant variable. 

For droplets moving at a reasonable velocity, 
the hoop stress, even in a relatively thin wall, is 
small. However, localized pressures under the drops 
are still proportional to (pcv). These pressures, 
while not producing a high hoop stress in the struc
ture, cause localized spa'l on the surface of an un
protected structure, gradually eroding it. 
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Quantitative Results. We used the methodology 
described above to analyze the response of the fall 
and to estimate the stress in the wall from the fall 
impact. The 2700-MJ microexplosion was con
tained in a 4-m-radius chamber protected by a 1-m-
thick fall placed in various initial positions. Figure 
8-51 shows the cavity pressure from th: two ther
modynamic models used for estimating the 
vaporization from the inner fall surface. The 
velocities of the slug, neutron spall, and x-ray spall 
appear in Fig. 8-52. We assumed the x-ray spall 
velocity was 10 times the neutron spall velocity. 
Arrival times at the structure for the x-ray spall, the 
neutron spall, and the liquid slug are shown in Fig. 
8-53. Note that the slug has a higher terminal 
velocity than the neutron spall. Nevertheless, the 
slug arrives at the structural wall at the same time as 
the neutron spall and at a later time than the x-ray 
spall. Pressure levels on the wall resulting from slug 
impact and x-ray spall impact are graphed in Fig. 8-
51. 

Figure 8-54 graphs the product of the wall 
thickness and hoop stresses in the wall from slug im
pact for both 4-m and 5-m chamber radii. These 
stresses increase with the initial inner fall radius in 
spite of the decreasing slug velocity and pressure. 
The reason for this apparent anomaly is that, for a 
given fall thickness, slug thickness at the wall is 
much smaller for a small, initial inner fall radius. 
Therefore, because the pressure duration is less, 
stress levels are lower. 

Discussion of Results. The results for the 2700-
MJ microexplosion are not promising for a 1.0-m-
thick fall in this geometry. Allowable wall hoop 
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st.-esses are about 100 M Pa (1 kbar). To survive for 
30 years at reasonable temperatures of about 700 K, 
the wall should have a thickness of about 1.0 m 
(which is unrealistic and violates the thin-shell ap
proximation used to calculate the stresses). The ef
fects of lithium corrosion and neutron damage on 
the wall strength must not be excessive. It appears 
that a fall near the reactor center results in smaller 
wall loads in this geometry; this trend is also 
desirable from the standpoint of pumping power 
and tritium inventory. 

Because the loads in this "worst case" geom
etry are within a factor of 10 of the 30-year limit for 
a 0.1-m-thick wall at a reasonable radius, it is likely 
that better fall configurations will result in accept
able loads. Multiple cylindrical falls or a series of 
small circular jets would reduce the wall loading 
(due to thermal dissipation and motion in the z and 
0 directions, i.e., increased entropy), as well as dis
tributing it in time. The series of small circular jets 
also vents much of the pressure in the reactor cen
ter, which greatly reduces "slug-type" loading on 
the wall. Alternatively, a thin inner fall near the 
microexplosion could absorb the soft x rays and 
debris, while a thick outer fall near the wall absorbs 
the harder x ray and neutrons. We could initially con
figure the inner fall to optimize its venting via the 
Rayleigh-Taylor instability. 

We have not analyzed the effect of the x-ray 
spall erosive pressures on the wall lifetime. The 
hoop stress from this pressure is very low, but the 
rate of removal of structural material is currently 
unknown. In addition, this errosive pressure from x-
ray spall is only an estimate based on 10 times the 
pressure of the neutron spall. For better quan
titative results, additional work must be done to 
determine the equation of state of expanded lithium 
and the opacities of lithium for low-energy photons. 
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Fl«. 8-54. Stress-wall thickae » as a SManire of the inertial 
load (microexplosion eacrgy = 2700 MJ; lithium 
thickens = 1 m). 

We could cover the microexplosion side of the 
structure with a thin lajer of liquid lithium to 
reduce the effect of droplet erosion on the structure. 
Unfortunately, a sufficient amount of hard x-ray 
energy might pass through the lithium fall and be 
deposited in the structure to produce a small 
pressure rise within the structure. The particle 
velocity of the structural material could couple to 
the thin lithium layei, :ausing the lithium to spall 
off the surface of the structure before the droplets 
arrive. However, a screen placed over the inner sur
face of the wall could rely on surface tension to en
sure the wall and screen an; always covered with liq
uid lithium. 
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8.4.3 Ion-Beam Fusion Reactor Studies 

This article expands a first-wall design study 
for a 4000-MWt fusion reactor rated at 4 X 109J 
per microexplosion that was performed for the 
ERDA Summer Study of Heavy Tons for Inertial 
Fusion.56 Here, we broaden the parameter space 
considered in the earlier work and present results of 
a restudy that is based on more complete graphite 
properties. 

To investigate possible reactor first-wall 
designs and a gross electrical output of 1320 MWe, 
wc assumed a reactor power of 4000 MWt, We 
varied the thermonuclear yield between 400 and 
4000 MJ per microexplosion, while fixing total yield 
in x-ray and debris energy at 32% of the ther
monuclear yield (2% in x-ray energy and 30% in 
debris energy). 

We assumed two first-wall lifetime criteria. The 
first is a surface-recession-rate criterion based on 
losing 10 mm of first-wall material per year. The 
second is a neutron-damage criterion based on a 
neutron fluence of about 10 2 6 n/m2, which is a 1-
year exposure to a first-wall neutron flux of 5 
MW/ra2. 

Materials considered for the first wall included 
niobium, stainless steel, and two types of graphite. 
We assumed the first type of graphite to be isotropic 
and the second type to be highly anisotropic, with 
the direction of maximum thermal conductivity in 
the radial direction of the reactor. 

For a given blanket design (including struc
ture), several first-wall designs are apparent. 
Basically, they consist of using a liner, mounted in
dependently of the blanket, that can be replaced 
without removing the entire blanket. Because the 
impulse load from the pellet can be accommodated 
for millions of shots (without giving consideration 
to neutron damage) by a 20-to-30-mm-thick cyclin-
drical shell of either niobium or stainless steel at 
800 K, the following designs are possible: 

• Stainless steel or niobium liner, 40 mm 
thick. 

• Niobium inner liner, 20 mm thick, in a 30-
mm-thick stainless steel shell. 

• Graphite inner liner, 20 mm thick, in a 30-
mm-thick stainless steel shell 
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Gas or liquid metal can cool the backside of these 
liners. Note that the inner liner is not a load-
carrying member. Its only uses are to reduce the 
vacuum pumping loads, increase lifetime, and 
decrease the cost of the liner. It reduces costs by us
ing cheaper stainless steel as structural material to 
support more expensive niobium, or to support 
graphite, a material that is weak in tension. 

Table 8-7 gives fabricated costs of first-wall 
materials. These costs are only best guesses and 
should not be regarded as especially accurate. For 
comparison, Fleischer et al.5 7give a fabricated cost 
of 316 stainless steel as $13.20/kg and Nb-1 Zr as 
$176/kg. Hopkins et al. give a cost of H-4S1 
graphite of$5/kg before machining.58 

Figures 8-55 and -56 graph the effects of 
microexplosion energy on costs for a first-wall 
lifetime of one year with various materials, along 

Table 8-7. Fabricated costs per kilogram of various 
first-wall materials. 

Stainless steel 
Niobium 
Graphite (isotropic) 
Pyrolytic graphite 

$30 
$120 
$22 
$3000 

with neutron flux at the first wall. Figure 8-55 bases 
first-wall costs on the factors given in Table 8-8. 
Figure 8-56 shows the first-wall cost, per-unit-of-
time integrated gross electric power output of a 
4000-MW, reactor operating with a thermal conver
sion efficiency of 0.33. 

The graphite and stainless steel first walls are 
the least expensive, while pyrolytic graphite and 
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Table 8-8. Cost of first walls in a 4000-MW, reactor 
based on a first-wall neutron flux of 5 MW/m2 and a 
lifetime of 1 year. (First-wall radius is 6.6 m.) 

Cost units $M Mills/kWhe 

Material combination 

Stainless 7.6 0.66 

Niobium 34 2.9 

Niobium/stainless 23 2.0 

Graphite/stainless 6.3 0.SS 

Pyiolytic graphite/ 87 7.S 
stainless 

solid niobium first walls are the most expensive. For 
a given first-wall neutron flux, the solid niobium 
wall costs about five times more than composite 
niobium over stainless steel. As expected, the first-
wall cost for a 1-year lifetime decreases as the 
neutron flux increases and as the microexplosion 
energy decreases. 

Figures 8-57 and -58 show first-wall costs and 
cost-per-unit-of-time integrated gross electrical 
power for several materials as a function of 
microexplosion energy for a 1-year lifetime, with a 
flux of S MW/m2. Because the damage threshold of 
stainless steel from high-energy neutrons is a fluence 
of about 10 2 6n/m 2 , the maximum first-wall neutron 
flux of a 1-year lifetime due to neutron damage is 
5 MW/m2. The minimum first-wall cost occurs 
when the lifetime limit associated with neutron 
damage is the same as that for surface recession. 
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first-wall flux of 5 MW/m 2fora4000-MW treactor. 
Table 8-9 presents maximum pellet perfor

mance, which is defined as the pellet yield for which 
first-wall lifetime constrained by surface recession 
matches that constrained by neutron damage. The 
table lists various first-wall materials in a 4000-MW, 
reactor based on a first-wall neutron flux of 
5 M W / m 2 and a lifetime of 1 year. Table 8-9 also 
gives earlier estimates of maximum pellet 
performance,59 with a comparison of recession rates 
at a first-wall neutron flux of 5 MW/m 2 for the 
current and earlier work. If the recession rate ex
ceeds the estimate based on vapor-pressure con
siderations due to, say, sputtering, then maximum 
pellet performance can be reduced. Fcr example, let 
us assume the surface recession rate from sputtering 
is 45 times that caused by vaporization, and that the 
first wall is graphite. A reduction of maximum 
pellet yield from 530 to 450 MJ still allows a lifetime 
of 1 year in a 4000-MW t reactor with a neutron flux 
of 5 MW/m 2 at the first v, all. 

If the first wall is neutron-flux-limited for a 
given lifetime, pyrolytic graphite can cost no more 
than isotropic graphite. For a given first-wall 
neutron flux, the allowable microexplosion energy 
for pyrolytic graphite is about three times the 
energy for isotropic graphite. Pyrolytic graphite has 
poor dimensional stability under irradiation. 

We consider solid niobium an uneconomical 
choice for the first wall: it costs about 50% more 
than the composite niobium over stainless steel. 
This composite makes the desirable qualities of 
niobium as a first-wall material available at lower 
cost than solid niobium. 

For a reactor with given power and given max
imum pellet yield, smaller microexplosions than the 
maximum result in a constant first-wall flux. This is 
because the given lifetime of the first wall is deter
mined by neutron damage. At a given fuel cycle 
cost, the use of smaller-than-maximum microexplo
sions necessitates a reduction in the allowable cost 
of each pellet because of the higher pulse repetition 
frequency. This reduction in cost per pellet may not 
be possible. Microexplosions larger than the max
imum result in a decrease in first-wall flux, because 
the lifetime of the first wall is now limited by the 
surface-recession rate. This also results in higher 
first-wall and blanket costs for a given first-wall 
lifetime; for a given system cost in mills/kWhp it re
quires lower fuel cycle costs (also in mills/kWhj). 
For these reasons, we conclude that the design con
dition for minimum first-wall costs may not result 
in minimum power plant costs. 

The least expensive first wall for a 4000-MW t 

ion-beam-initiated reactor requiring a low preshot 

Table 8-9. Maximum pellet performance for first-wall 
materials in a 4000-MW, reactor based on a first-wall 
neutron flux of 5 MW/m2 and a lifetime of 1 year. 
(First-wall radius is 6.6 m.) 

Recession rate 
Material Eneigy, MI ratio* 

Maximum Other" 
Stainless 210 170 16 
Niobium 600 510 29 
Graphite 530 450 46 
Pyrolytic graphite 1600 1300 130 

"Early work by author. 
"Current work to early work at flux of 5 MW/m2. 

cavity pressure calls for a design involving either 
isotropic graphite over stainless steel or solid stain
less steel. These walls can be built for less than $10 
million or about 0.6 mills/kWh e (gross electric) with 
a neutron flux of 5 MW/m 2 . Microexplosion 
energies as large as 200 MJ can be used in the solid 
stainless steel. Lower fluxes increase the allowable 
microexplosion energy, with a concurrent increase 
in first-wall cost. 

Because graphite is such a promising material 
for a first-wall liner, we have contracted with 
General Atomic Corporation to further investigate 
the properties of graphite and silicon carbide and to 
study methods of attaching these materials to stain
less backing plate. 5 8 

Table 8-10 gives a self-consistent set of 
materials property data for nuclear-grade H-451 
graphite. These data—along with other physical 
properties, including surface evaporation 
rates—result in a 4000-MW t reactor that uses 4000-
MJ microexplosions with 32% of its energy in x rays 
and debris. The reactor would be limited to a 
minimum radius of 17 m, based on peak 
compressive-stress limits. The peak compressive-
stress limit is more restrictive than the surface-
recession-rate limit for a convectively cooled liner 
(minimum radius of 15 m) and less restrictive than 
for a radiatively cooled liner (20 m). A silicon car
bide liner is limited by surface recession rate with a 
minimum radius of greater than 20 m for a convec
tively cooled liner. 

Because of the decreased first-wall radius made 
possible by convective cooling, we considered a 
number of methods for bonding the ceramic 
materials to stainless steel coolant tubes. These in
clude concepts in which plates are mechanically at
tached over small areas with soft material between 
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Table 8-10. H-451 graphite: thermal and mechanical properties. 

Direction 
in log 

Unirradiated value at: Value after irradiation to I 0 2 6 n/ m 2 at: 

Property 
Direction 

in log 300 K 800 K 1300 K 1800 K 2300 K 300 K 800 K 1300 K 1800 K 2300 K 

Thermal conductivity Axial 141 82 58 48 42 - 25 34 41 42 

(W/m-K) Radial 134 79 55 46 40 - 23 31 39 40 
Thermal expansivity Axial 4.0 4.0 4.6 5.0 5.4 - 4.6 2.6 2.5 -

(10-* K"1 Radial 4.5 4.5 5.1 5.5 5.9 - S.2 2.9 2.8 -
Specific heat, Cp(J/kg-K) - 710 1620 1890 1990 2050 710 1620 1890 1990 2050 
Tensile strength3 Axial 13.7 15.4 17.1 18.9 20.6 - 23.1 28.4 26.7 -

(MPa) Radial 10.8 12.2 13.5 14.9 16.2 - 18.3 22.4 21.1 -
Flexural strength3 Axial 20.3 22.9 25.4 28.0 30.5 - 34.4 42.1 39,6 -

(MPa) Radial 17.4 19.6 21.8 24.0 26.1 - 29.4 36.2 33.9 -
Compressive strength3 Axial SI.9 58.4 64.9 71.4 77.9 - 87.6 107.6 101.0 -

(MPa) Radial 49.6 55.8 62.0 68.4 74.9 - 83.7 102.8 96.7 -
Young's modulus3 Axial 7.9 8.5 9.1 9.'/ 10.3 - 19.1 25.0 19.4 -

(GPa) Radial 6.9 7.4 8.0 8.5 9.0 - 16.7 22.0 17.0 -
Poisson's ratio3 All 0.11 0.11 0.11 0.11 0.11 - 0.11 0.11 0.11 -
Tensile fatigue limit 3' 0 Axial 6.0 6.8 7.5 8.3 9.0 - 11.8 14.5 13.6 -

(99% survival to 10 s Radial S.4 6.1 6.8 7.4 8.1 - 9.9 12.1 11.4 -
cycles, MPa) 

3Oata at high temperatures extrapolated. 
"Tension'Compression stress cycle. 

the plates and cooled metal to enhance heat conduc
tion. Other methods call for rigidly attaching plates 
over most of their areas. Any of these methods 
would require considerable development; cost effec
tiveness studies to evaluate their ultimate potential 
are needed. 

References 
56. 

57. 

59. 

J. Hovingh, "Ion-Beam Reactor First Wall Design," Ap
pendix 1.3, ERDA Summer Study of Heavy Ions for Inertia! 
Fusion, USERDA Report LBL-5543 (December, 1976). 
L. R. Fleischer, R. R. Hoiman, and H. B. Kellogg, "Trade
offs in Laser-Fusion Power Systems: Module Size," Trans. 
ANS 1975 Winter Mtg., San Francisco (November, 1975). 
G. R. Hopkins, R. J. Price, R. E. Bulloch, J. A. Dalessan-
dro, and N. B. Eisner, Carbon and Silicon Carbide as First 
Wall Material in Inertial Confinement Fusion Reactors, US 
DOE Report UCRL-13854 (GA-AI4894), (March, 1978). 
J. Hovingh, "First Wall Costs of an Ion-Beam Fusion 
Reactor", Trans. ANS 1977 Summer Meeting, New York 
(June 1977). 

Author 
J. Hovingh 

8.S Optical Design Considerations for 
Laser Fusion Power Plants 

In our design studies of laser fusion power 
plants, we have begun to examine the long-term sur
vivability, performance, and maintainability re
quired of the optical elements that must withstand 
107-108 shots per year in a hostile nuclear environ
ment. We discuss the realistically available options 
for protecting the final optics in a future power 
plant, including any dependency on specific features 
of the target and reactor concept chosen. 

8.5.1 Final Focusing System 

Our conceptual laser system is housed 
separately from the reactor containment building 
both to minimize building costs and construction 
time and to increase laser access and main
tainability. The laser light travels to the reactor 
through underground evacuated pipes that link the 
two buildings. The beam enters the containment 
vessel through a window and is focused through a 
small slot in a fast-acting valve. Considerations of 
gas breakdown compel us to use two tactics to avoid 
breakdown in the small opening of the safety valve: 
a line focus to avoid the extreme power densities of 
a focal point and pump down to reduce the density 
as necessary. The valve provides secondary contain
ment protection in case of window failure. A fixed, 
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off-axis, parabolic focusing mirror directs the beam 
onto a mirror flat that is exposed to the neutron 
flux. The mirror flat may be mounted on a carousel 
of several mirrors, if more than one are needed. 
Because of their location—at the turning point of 
the beam tubes in a direct pathway to the ther
monuclear microexplosion (see Fig. 8-S9)—the final 
focusing mirrors are exposed to x rays, debris, and 
neutrons from the fusion reaction. Figure 8-59 also 
shows separate vacuum pumps on each side of the 
fast-acting containment valve. 

We must postulate the operating conditions of 

laser fusion power plants to assess the exposure 
levels of the final optics. Our present estimates of 
these conditions are listed in Table 8-11. For our 
calculations, we used the LASNEX computer code, 
which takes advantage of extensive experience at 
LLL in laser fusion target interactions and fusion 
physics. In Table 8-11, we have also listed some 
parameters for a specific system, notable only in 
that it allows us to use a concrete example. 

In addition to the high projected target gains 
that significantly relax the laser efficiency required 
to obtain an attractive recirculating pov sr fraction, 

Table 8-11. Requirements for a laser fusion power plant and an example chosen for present calculations. 

Laser system requirements 
for User fusion An example for this article 

Average power, MW 
Pulse energy, k] 
Pulse width, ns 
Pulse power, TW 
Pulse rate, Hz 
Wavelength, ,um 
Efficiency, % 

1-10 
300-3000 
MO 

>200 
1-10 
0.25-2 

>1 

1 
1000 
1 
500 
2 
1 
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we have a second important finding.60 Laser-target 
interaction calculations lead to relaxed illumination 
requirements that allow high f-number optics. We 
envision many beams combined into a few clusters 
for target illumination. This has an important im
pact on designing the final optics for survival; we 
can greatly increase the mirror distance from the 
microexplosion to minimize the damaging neutron 
fluence. 

The optical damage threshold for a laser is 
relatively fixed, say at 10 J/cm 2 (the actual 
threshold depends on pulse length and laser wave
length). For a l-MJ laser energy pulse, we must 
therefore have at least 10 m 2 of mirror area facing 
the microexplosion. Clearly it is an important ad
vantage to place the mirrors as far as possible from 
the target to reduce the intercepted solid angle. For 
example, the solid angle subtended by mirrors 
located at a distance of 100 m is 8 X 10"5, an im
pressive reduction in exposure. This is a dramatic 
departure from previous thought. In a 1974 paper 
on this subject, Teitel places the final optic 4-8 m 
from the target, presenting a truly challenging 
problem.61 

To better visualize the impact of high f-number 
optics on optical survivability, we have graphed in 
Fig. 8-60 the x-ray and neutron fluence as a function 
of distance for the example given in Table 8-11. 

Although the actual fractions of x rays and neutrons 
are dependent on target design, we chose 70% 
neutrons, 5% x rays, and 25% debris for this illustra
tion. Note that, in moving 100 m away, the x-ray 
fiuence falls below the level of the absorbed laser 
light, and the neutron fluence per shoi is at the 0.2-
J/cm 2 level. We examine the long-term conse
quences of this neutron dose below, after discussing 
protection options other than high f-number optics. 

Protection of the Final Optics. We can identify 
several techniques for protecting the final optics 
against various types of incident radiation. We list 
some of these in the protection matrix of Fig. 8-61. 
Only the solid-angle reduction allowed by high 
f-number optics reduces fluences of neutrons, ions, 
x rays neutral particles, and blast effects. Some 
techniques are specifically tailored to one effect, 
such as the use of a magnetic field to deflect ions. 
Against x rays and ions, we could perhaps use a 
continuously replaced transparent film similar to 
sandwich wrap. 

A rotating shutter might effectivelv Re
charged and neutral debris, accelerated ' ;~" 
lithium, chunks of a misfired target, ei. 
energii '•?. deuterium ions, traveling at v f - !«' " /s 
for example, the time of flight from targe n. ut
ter 15 m away would be 1.5 ms. Assui... a six-
bladed shutter, for which each blade would need to 
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.Protection 
technique , Neutrons Ions Xrays 

Solid-angle reduction X X X 
Magnetic field X 
Transparent film X X 
Gas streaming X X 
Rotating shutter X 
Gas refractor X X X 
Liquid metal mirrors ] X X 

rotate only S<j> = T/6 rad to close the aperture. The 
angular velocity required is 350 rad/s = 3333 rpm. 
Rotating 60-cm-diam blades at this rate would not 
be a problem. 

The disadvantages of the rotating shutter con
cept are threefold: 

• It will not stop x rays or neutrons. 
• It will become highly activated. 
• The rotating blades must endure loads 

parallel to the spin axis, a very unfavorable situa
tion for long-lifetime rotating components. 
Although a shutter might be feasible, other non-
mechanical options now seem more attractive. 

Suggestions of liquid metal mirrors, as compo
nents that could restori. themselves after each shot 
in the same manner as lithium first walls, have led 
us to investigate mercury, gallium, and sodium. Un
fortunately, they have a common disadvantage: 
their optical absorptivity is so high in the visible to 
near-infrared (0.1 <a< 0.25) that vaporization of 
surface materials occurs during a 1-ns p ilse. Thus, 
we must reject liquid metal mirrors because of their 
unacceptably low damage thresholds. 

The most effective technique for preventing x 
rays and debris from striking the final optic 
assembly involves the use of a simple region of gas 
with a relatively high atomic number. Photoelectric 
interactions in this gas stop the x rays, and collisions 
thermalize the massive debris. The x-ray and debris-
energy spectra depend on interactions in the pusher-
tamper region of the target, as well as in the lithium 
vapor. Therefore, the density-length product of ad
ditional gas that might be required to stop the 
remaining x rays is very design-dependent; however, 
we can estimate the requirements from mean free-
path arguments. Envision a region several meters 
long near the optical surface, in which gas flows 
toward the target. The gas is injected at the optical 
surface to provide some face cooling and protection 

'tautral ^*" *^" M**ri* *f •*•*• 
.. . dmti aid (yaw of mtUttea. 

.articles, ^!y "^ 
shock • 
waves 

X 

X ' ' 
X 
X 
X 

from particulates. An intermediate station pumps 
the gas out of the tube and reinjects it. (Too much 
gas should be avoided to prevent optical degrada
tion of the laser beam. The gas must also be 
replaced between shots.) 

Xenon is an effective high-Z absorber, 
although we could use almost any gas that is 
otherwise compatible. In Fig. 8-62, we graph the 
mean free path of x rays as a function of their 
energy in one atmosphere of xenon gas, using data 
from the LLL photon cross-section library.6'We 
expect x rays throughout the 100-eV-to-20-keV 
region of the spectrum. The softer x rays have ex
tremely short mean free paths in both the gas and 
mirror. Fortunately, these soft x rays are readily ab
sorbed in the lithium vapor. From Fig. 8-62, we see 
that 0.21 cm-atm xenon will provide one attenua
tion mean free path for 3-keV x rays. To obtain a 
factor-of-100 reduction in x-ray intensity, we must 
provide approximately 4.6 mean free paths of gas, 
equivalent to 0.97 cm-atm xenon. 

A 10-m section of beam tube containing 1 Ton-
xenon should be able to absorb the radiation over a 
distance sufficiently long to prevent generation and 
effective transmission of shock waves. Pressure dis
turbances created in this low-density gas are un
likely to have sufficient amplitude to affect the 
mirror. An additional benefit of this scheme is that 
the counter-flowing gas isolates the cooled optical 
surface from the hot lithium vapor, which might 
otherwise tend to condense on the optica! surface. 

Transparent Optics. The optical damage limit 
and the energy per pulse required on target combine 
to dictate the area of the final mirrcr or lens. We an
ticipate ~ 10 m 2 area in a few arrays of final optical 
elements each 1-2 m in diameter. For these ele
ments, we expect to use mirrors rather than lenses. 
It currently appears substantially more cost-
effective to diamond-turn large mirror blanks on an 
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interferometer-controlled lathe than to cast and 
polish glass blanks of similar size, for equal degrees 
of surface accuracy. (This statement is less true for 
short wavelengths and may change as technology 
evolves.) Additionally, bulk neutron damage 
thresholds are generally lower in glasses than in 
metals. In all cases, we are concerned more with loss 
of optical performance from radiation-induced 
physical or optical changes than with changes in 
strength, embrittlement, etc. 

Insulating Substrates. Let us assume the mirror 
substrate is a glass, such as ULE or fused silica, with 
either a dielectric coating or a metallic film coating. 
The thresholds are likely to be determined by non
uniform change of shape due to structural deforma
tion of the lattice, which occurs at lower thresholds 
than such catastrophic damage as cracking. Disor
der phases can also appear. Volumetric expansion 
in insulators is not likely to arise from he.ii urn 

production, since the diffusivity of helium in such 
glasses as S i 0 2 is high. 6 3 For example, density varia
tions of ±2% are characteristic of neutron doses of 2 
X 10" c m - 2 (crystalline quartz decreases by this 
amount and vitreous silica increases by about the 
same fraction).64 This dose corresponds to a 2.6-
year lifetime at a distance of 100 m in our example. 
The quartz continues to decrease in density, 
saturating at-15% for 2 X i e 2 0 n / c m 2 . 

Dielectric Coatings. Thi p. o;- iance of dielec
tric coatings in a 14-MeV neui environment is 
largely unknown. Data on radiation damage to thin 
dielectric films are available solely for electron and 
uv irradiation and not for neutrons. We have iden
tified the following damage mechanisms: 

• Decrease in damage threshold from in
creased absorptance of induced color centers. 

• Delamination caused by uneven stresses 
from swelling damage. 6 5 
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• Degraded optical performance stemming 
from iayer thickness, index-of-refraction changes, 
or both. Increased bulk absorption should not by it
self be harmful, because the layer is so thin and the 
marginal heat load is so small. 

Color center formation in glasses such as BK.-7 
can be severe in the visible range at quite moderate 
doses, but the impact on performance is highly 
dependent on laser wavelength. At 1.06 /um, for ex
ample, color center absorption is far less than in the 
visible range. In recent LLL experiments, multicom-
ponent glasses such as BK-7, when subjected to y 
and neutron irradiation, discolored at three orders 
of magnitude lower dosage than a high purity fused 
silica.66Furthermore, at the highest dosage(3 X 109 

rad), the BK-7 disintegrated, while the fused silica 
had only slightly discolored. Because significant an
nealing of color centers can occur at elevated tem
peratures, coated mirrors could perhaps be allowed 
to run hot, if other factors permit. A large selection 
of available coating materials and extremely high 
control of impurities should enable us to minimize 
this effect. 

Effective multilayer coatings for high reflec
tivity require strict limits on variations in the index 
of refraction and layer thickness. Both are com
promised by radiation damage, because the index of 
refraction also changes as density changes. The 
reflectivity of a coating is a relatively easy 
parameter to measure, and the neutron doses of in
terest are within current experimental reach. As a 
result, we are optimistic that coating performance in 
a neutron environment is an approachable and 
solvable problem. Of course, since the resistance to 
surface damage by x rays and debris is small, these 
types of radiation must be avoided. 

Metal Mirrors. The final optic could be a metal 
mirror, with or without coatings. If the metal acts 
only as a substrate for a dielectric coating, ab
sorptivity is irrelevant. However, in both coated and 
uncoated modes, high dimensional stability is re
quired to maintaining surface accuracy. The mirror 
is heated by an average-power input of neutrons 
and absorbed laser radiation and we can readily 
calculate laser radiation heat load. Taking an op
tical absorptivity of 1%, an incident fluence per 
pulse of 10 J/cm2, and a pulse repetition frequency 
of 2 Hz, we obtain a power input density of 0.2 
W/cm2. This level poses no serious problem, 
because conduction cooling can prevent distortion 
of the mirror surface at this heat load. The neutron 
heating contribution is comparable, perhaps slightly 
higher. 

We have identified two potential mechanisms 
that could lead to shortened lifetimes for metal 
minors: 

• Increase in optical absorption by reduction 
of electron conductivity in a damaged lattice (un
coated mirror). 

• Increase in optical distortion caused by 
swelling from (n, a) helium production reactions 
(both uncoated and coated). 

The first effect occurs throughout the metal, 
but is only important within a few skin depths of the 
mirror surface. The dislocations and other lattice 
damage impede the freedom of the electrons (com
pared with that in an undamaged solid). The re
stricted electron mean free path is effectively a loss 
mechanism; the electrons absorb more energy from 
the optical field and are poorer reradiators. Sparks 
estimates that the effect saturates with an increase in 
absorptance of about a factor of 2 at a neutron dose 
of I 0 1 9 - 10 2 0n/cm 2(see Ref. 67). 

If this increase in absorption occurs, two im
mediate consequences are possible: the waste heat 
removal requirement doubles (this should be no es-
ential limitation), and the damage threshold may 
decrease if the damage is from a thermal source. (If 
the intrinsic damage threshold is dependent on elec
tric field strength, however, there may be no conse
quence.) Alternatively, we can simply increase the 
mirror area as compensation. 

The second possible important effect is surface 
distortion from the nonuniform swelling of the 
metal. The helium produced in (n, a) reactions 
migrates to form microscopic bubbles. These bub
bles can cause surface distortion on the order of a 
wavelength of light, which degrades optical perfor
mance. No experimental data are available to 
demonstrate this postulated optical effect, but we 
can predict its onset based on well-known 
volumetric swelling rates of neutron-irradiated 
materials. The University of Wisconsin has 
tabulated some swelling rates as a function of tem
perature for 316 stainless steel for two swelling rate 
conditions, nominal and maximum possible.68 

Higher temperature favors swelling, with an in
crease in temperature from 250 to 350°C, bringing 
more than an order-of-magnitude increase in 
volumetric swelling rate. For a first-wall neutron 
flux of 7.65 MW/m2, and a first-wall temperature of 
300°C, the Wisconsin study calculates a swelling 
rate of 0.323%/year nominal, 1.04%/year max
imum. 

We want to determine the time required for 
volumetric swelling to cause a nonuniform \/&-
surface change at 1.06 Mm in a 1-cm-tiiick mirror 
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Table 8-12. Mirror lifetime based on helium production in metal substrate material and subsequent surface 
distortion. 

Minor distance, Neutron flux, 
m MW/m2 

blank. Unfortunately, we have no swelling informa
tion on copper or other substrate materials at 
14 MeV and will use stainless steel data to bound 
the effect. For an equivalent 14-MeV dry wall 
neutron flux at the 5-m inner radus of the structural 
wall of 2.2 MW/m 2 , we can calculate the mirror 
lifetime based on the time required to distort a dis
tance of one-eighth wave. (See Table 8-12 for 
results.) In this example, we estimate the linear 
deformation by Ax/x = (A V/V)3, where (A V/V) is 
the volumetric swelling, and we scale the linear 
deformation proportionally with neutron flux. 

Note that a lifetime of 5 to 16 years is ob
tainable for a mirror distance of 100 m, a relatively 
favorable outcome. The 300°C temperature is an 
extremely conservative assumption. Moreoever, 
two circumstances may alleviate this swelling 
problem and lead to mirrors that could essentially 
last the life of the plant. First, some metal alloys, 
such as nickel-rich inconel, contract with radiation 
damage. Perhaps a similar alloy with exceptional 
dimensional stability can be found, because neither 
strength nor ductility is really a dominant issue. 
Second, simple adaptive optical components for 
wavefront correction may be able to largely remove 
the effect of moderate distortions introduced by the 
final optical element. 

With a lifetime limitation of several years at 
100 m, the technological risk of assuming a 1-year 
time between routine change-outs of the final metal 
mirror seems acceptable. It would occur at the time 
of the normal yearly plant shutdown for preven
tative maintenance. If we have been too con
servative, we would simply bring the mirrors in 
closer, perhaps to 75 or 50 m, or would consider 
lifetimes in the 10-year range. Because the 
possibility of rather catastrophic, unexpected op
tical damage always exists, we may provide some 
desirable "insurance" by including a remotely 
operated carousel of a few mirrors. 

Testing Requirements. The solid-angle reduc
tion allowed by the use of high f-number optics is of 

Years to distort A/8 
Nominal swelling Maximum swelling 

nibrma- fundamental importance in eliminating the need for 
trials at new and expensive test facilities. This is because the 
) bound neutron flux the mirrors experience is 100 times less 
Iry wall than those on a reactor first wall and is therefore ex-
ructural perimentally accessible much earlier. For example, 
i mirror the Rotating Target Neutron Source (RTNS-II) at 
rt a dis- LLL 6 9 is scheduled to produce a continuous flow of 
1-12 for 13- to 15-MeV neutrons at the rate of 4 X I 0 1 3 n/s 
e linear in the summer of 1978. If the RTNS were used to 
iV/V) is irradiate a l-irt.-diam sample of our final optic, we 
e linear could obtain a neutron flux of 0.18 MW/m 2 , about 
lux. the right leve'i to obtain significant data within a few 
s is ob- weeks. In the very near future, it will be possible to 
datively obtain superb data on radiation damage to optics 
re is an without waiting for fusion test reactors. Only the 
reoever, question of pulsed vs continuous irradiation will 
swelling remain. 
:entially Gas Refraction Lens. We briefly mention the 
I alloys, only known scheme for preventing any radiation 
idiation from the fusion microexplosion from impinging on 
:ptional the mirror. The device is related to an aerodynamic 
neither window (i.e., it uses a pulsed supersonic stream of 
t issue. gas to create a density distribution that acts exactly 
:nts for like a prism). It forms a wedge of higher index-of-
remove refraction material that bends light, but not 
j by the neutrons or debris. X rays are practically unaffec

ted. Shown in Fig. 8-63, the concept follows our 
/ears at philosophy of substituting a self-renewing medium 
i 1-year for a supermaterial. Because there is a great deal of 
il metal experience with this technology in the high-energy 
he time laser field, we are confident it is feasible and has ac-
preven- ceptably low optical distortion. Obviously, passive 
o con- techniques are preferable, but the existence of an ac-
-rors in tive alternative solution is reassuring, 
onsider Conclusions. Our conceptual design studies of 
ise the commercial power reactors promise 30-year 
ted op- lifetimes and high availability through the use of ta
le some novative designs such as the liquid lithium fall resc-
smotely tor. In seeking optical system designs that are suc

cessful in solving difficult problems with near-term 
reduc- technology, we have identified some promising ap-

ics is of proaches. The most interesting approach is the use 

50 2.2 x 10~ z 4.3 1.3 

100 5.5 x 1 0 - 3 17.1 5.3 

200 1.4 X 1 0 - 3 68.5 21.3 
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• Uniform wedge of high index-of-refractlon gas bends laser beam but not 
neutron or x-ray beams 
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• Disadvantages 
— Pumping power costs are very large 
— Long lever arm required to separate laser and neutron beams 
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of high f-n umber optics in long-beam tubes, a con
cept that minimizes the solid angle subtended by the 
final optics and significantly reduces neutron 
fluences (see Fig. 8-64). Blast effects and lithium 
vapor are removed in a baffled section near the 
opening of the beam tube to the reactor. This sec
tion acts as both silencer and condenser. At the 
mirror end, a region of heavy gas such as xenon 
flows from the mirror toward the chamber and is 
recirculated back to the mirror. This region effec
tively absorbs debris and x rays; only neutrons sur
vive. At a distance of 100 m, only 8 X 10 - 5 of the 
neutrons created actually reach the mirror. 
Therefore, we need consider only neutron damage 
mechanisms. 

Coated metal mirrors would be most desirable. 
The three most significant limitations on mirror 

' lifetime identified are: 
• A swelling-induced increase in surface 

distortion. 
• Changes in dimension, index of refraction, 

and state of stress in dielectric multilayer coatings. 
• Increase in absorption of the metal mirror 

if coatings are not used. 
It appears that we can anticipate mirror 

lifetimes greater than a year, with a good chance for 

10-year lifetimes. Most importantly, significant ex
perimental research and development can be per
formed in the very near future without new and ex
pensive dedicated test facilities. Therefore, we can 
be reasonably confident that the use of high f-
number optics will lead to designs for final optical 
systems that do not adversely affect plant 
availability factors. 
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8.5.2 Propagation in the Target Chamber 
Beam decollimation is perhaps the most impor

tant issue in our consideration of beam interaction 
with residual gas in the target chamber. As the beam 
approaches the target, its intensity increases far 
beyond the ionization threshold, creating a plasma 
several centimeters long. The decollimation may be 
caused by refractive effects in the nonuniform 
plasma, Brillouin and Raman scattering, or by 
many other inelastic phenomena. In a nonuniform 
plasma, stimulated processes are suppressed, and 
the low density (~10 1 5/cm - 3) probably pr '"4es 
decollimation by other effects. However, stimulated 
scattering may occur in uniform plasma; in par
ticular, stimulated Raman scattering (SRS) may 
have a significant effect. Plasma uniformity is cer
tainly a central issue, but it is extremely complex to 
analyze. In the worst case of a static, uniform 
plasma, we can easily calculate the SRS. This 
provides an upper bound on the allowed plasma 
density, which is certainly more severe than would 
be measured in a reactor chamber. 
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In the SRS process, a light wave at frequency 
oi L and a plasma wave at u p generate an oscillating 
dipole moment that radiates at a>L ± <up. Because 
the radiated or Stokes wave does not copropagate 
with the driving wave, the energy in the Stokes wave 
is decollimated, and it may miss the target. The 
precise loss depends on the target size, the final 
focusing geometry, and the angular divergence of 
the laser beam. For a diffraction-limited beam, a 
lens at f/3, a target size of 0.5 mm, and a plasma 
density of 10 l 5 /cm" 3 at temperature T ~ 1-10 eV, 
Thomson calculates that about 10% of the beam 
would be defocussed.70Thus, the instability may be 
significant. Thomson also shows that increasing the 
laser bandwidth suppresses the instability, and that 
the fractional energy loss scales as the inverse of the 
frequency. C 0 2 lasers are thus much more suscepti
ble to the instability than Nd or ultraviolet lasers. 
We reemphasize that this is a conservative 
overestimate and that effects from plasma non-
uniformity and radiation pressure can lower the 
energy loss dramatically. 

The question became the subject of a lively and 
vigorous debate when Sparks and Sen claimed that 
the classical analysis was incorrect.71 Substituting 
their OW/J controversial analysis, they obtained total 
decollimation of the beam, and thereby challenged 
the viability of laser fusion. Their analysis is in
correct, however; it is appropriate for a turbulent 
medium driven below threshold for stimulated scat
tering. Thus, it applies solely to very weak lasers in 
turbulent plasmas. The phase coherence of SRS and 
the high laser intensity run counter to their 
analysis. 7 2 Their analysis can, in fact, produce many 
interesting and unusual phenomena that we have 
not yet observed. 7 2 , 7 3 

Our conclusion is that decollimation from 
stimulated scattering may be significant in laser fu
sion target chambers. It limits the density to about 
0.1 Torr in the least favorable case of a uniform 
plasma for the given parameters. The actual limit is 
larger by an undetermined amount; it depends on 
the focussing geometry, target size, beam quality, 
and plasma uniformity. Because we expect the at
mosphere in a lithium curtain chamber to be a tur
bulent gas with vapor pressure between 0.1 and 5 
X 1 0 - 3 Torr, we do not anticipate any problems. 
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8.6 Current Status of Laser 
Driven Fusion-Fission 
Energy Systems 

Since the early 1950's, interest in fusion-fission 
hybrid systems has been motivated by their com
bination of the attractive features of two 
technologies. 7 4' 7 5 The fission system is power-rich 
(200 MeV per fission reaction), and the fusion 
system is rich in fast neutrons. The 14.1-MeV fusion 
neutrons produce fission in fertile materials such as 
2 3 2 Th or 2 3 8 U , generating large amounts of energy 
and fissile materials. 

For several years, we have been investigating 
the potential for producing fissile fuel and electricity 
with the laser fusion-fission hybrid reactor. 7 6' 7 8Our 
earlier studies primarily used neutronic methods of 
analysis to identify attractive hybrid concepts and 
to estimate the upper bound of performance. These 
neutronic studies demonstrated that laser fusion 
hybrids could be designed to meet a broad spectrum 
of fissile-fuel-producing and energy-multiplying re
quirements. The studies also demonstrated that 
hybrids produce 10 times more fissile fuel (per unit 
of thermal energy generated) than fission breeder 
reactors. Finally, they showed that laser fusion 
hybrids produce electricity with laser and target per
formance requirements much lower than for pure 
fusion. 

The neutronic results were encouraging, but it 
was apparent that a more accurate assessment of the 
hybrid's potential and a definitive ranking of more 
promising concepts would require studies dealing 
with the engineering, safety, and economic issues as 
well. With this in mind, we engaged Bechtel and 
Westinghouse to assist in a more realistic assess
ment of ihe laser fusion hybrid's potential in a 
fission-power-generation economy. With Bechtel, 
we have been engaged in a joint effort to concep
tually design a laser fusion hybrid that emphasizes 
fissile fuel production. 7 9' 8 0The primary objective of 
our joint effort with Westinghouse has been to con
ceptually design a laser fusion hybrid that 
emphasizes power production, while also producing 
fissile fuel.8 1 In this article, we briefly describe and 
analyze the hybrid designs from these two engineer
ing studies. Our evaluation of the performance of 
both hybrid designs is based on operational 
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parameters such as system efficiency, recirculating 
power fraction, blanket energy multiplication, 
fissile fuel production, power density, and fuel 
burnup. Finally, we present the results of a detailed 
cost analysis of the LLL/Bechtel design that was 
performed by Bechtel. 

8.6.1 Fuel Cycles and Blanket Selection 
The fissionable material selected for the 

blanket and the type of blanket configuration 
together determine the energy multiplication and 
the amount of fissile fuel bred by the hybrid reactor. 
For example, natural uranium gives an energy mul
tiplication of about 10 in a fast-fission blanket 
design, while the multiplication is 2 to 3 times larger 
with a thermal fission blanket configuration. 
However, the fissile fuel bred (per unit of thermal 
energy) with the fast blanket would be a factor of 3 
to 4 larger than the quantity obtained from the ther
mal blanket. For a given recirculating power frac
tion, the blanket energy multiplication determines 
the fusion energy-gain requirements of the fusion 
power plant. (Fusion energy gain is defined as the 
product of laser efficiency and pellet gain.) Figure 8-
65 plots the summary results of our earlier 
neutronic studies. 7 7" 7 9 , 8 1 We have plotted the re
quired fusion energy gain as a function of Manket 
energy multiplication and recirculating power frac
tion for several blanket types. (We assumed thermal 
efficiency of 35% in calculating the curves.) The 
shaded areas depict the regimes (energy multiplica
tion, blanket type, fusion energy gain, and recir
culating power fraction) that we have emphasized in 
our design studies with Bechtel 7 9 , 8 0 and West
inghouse. 8 1 

Table 8-13 lists the salient features of the 
Bechtel and Westinghouse designs and the main dif
ferences between them. As we noted above, the 
main product of the LLL/Bechtel design is fissile 
fuel and, in the LLL/Westinghouse design, the ma
jor product is electricity. We achieved the emphasis 
on electricity production in the Westinghouse 
design by designing a fission blanket with high first-
wall flux, energy multiplication, and power density. 
The resulting smaller power plant has less recir
culating power and higher system efficiency for the 
same fusion energy gain. 

The capital cost of the LLL/Bechtel hybrid has 
been estimated by Bechtel to be three times more ex
pensive than a light water reactor (LWR) of 
equivalent power. We have not made a detailed cost 
estimate of the LLL/Westinghouse design. 
However, because of its reduced fissile fuel perfor
mance, it would have to cost less than the 
LLL/Bechtel design (approximately two times more 
than an LWR) to be as attractive. 

8.6.2 LLL/Bechtel Hybrid Design Study 
For the last two years, we have joined with 

Bechtel Corporation to conceptually design a laser 
fusion hybrid reactor. 7 9 , 8 0 LLL has provided the 
overall direction, the neutronic data, and the fusion 
portions of the design. Bechtel has provided the fis
sion section of the hybrid, the design of the thermal 
energy transport and conversion system, the tritium 
recovery system, and the layout of the complete 
power plant. Bechtel has also estimated operating 
and capital costs. The hybrid concept chosen for 
this design study is a depleted uranium fueled, fast-
fission blanket that produces fissile fuel and elec-
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Table 8-13. Comparison of design parameters for two studies. 

LLL/Bechtel LLL/Westinghouse 

Fuel 
Blanket energy multiplication 
Required fusion energy gain 
Principal product 
Fuel production 
First wall 
Wall loading 
Power density 
Reactor configuration 
Capital cost 

Depleted uranium 
M < 10 
>2 
Fissile fuel 
6-7 LWRV 
Graphite cylindrical liner 
~1 MW/m2 

~40 W/cm3 

Single cylindrical cavity 
3 X LWR 

Enriched fuel 
M > 10 
>l 
Electricity 
3 4 LWR's 
Spherical wet wall 
-10 MW/m2 

~250 W/cm3 

Multiple spherical cavities 
~2 X LWR 

LWR = Light water reactor. 

tricity. The design maximizes fuel production at the 
expense of energy multiplication. The selection of 
depleted uranium limits blanket energy multiplica
tion to a factor of less than 10; therefore, fusion 
energy gains greater than I are required to produce 
electricity with recirculating power fractions less 
than 25%. This fusion energy-gain requirement is an 
order of magnitude lower than the requirement for 
pure laser fusion. Another objective of our design 
study was to use state-of-the-art fission technology 
in the design of the hybrid blanket. Accordingly, we 
chose stainless steel for the structure and cladding 
material and sodium for the fission blanket coolant. 

We completed the first iteration of the concep
tual design last year and reported it in the 
literature.7 9 , 8 0 A second iteration improved the per
formance and reduced the cost of the reactor.82 This 
more recent design is summarized in this article. 
The functional shape of the reactor is shown in Fig. 
8-66; it is basically a 10-m diameter cylindrical 
structure with a height-to-diameter ratio of 1.0. The 
reactor consists of a cylindrical shell with a 
removable top cover. The fusion targets are injected 
from the top. the laser beams enter from the side, 
and all coolant piping enters and exits at the top. A 
depleted uranium-fueled fission blanket is 
positioned radially around the fusion chamber. The 
energy in the fission blanket (amounting to 80% of 
the total energy) is removed with a sodium coolant 
system that enters and exits from the upper plenum. 
This radial blanket is divided into eight segments 
that can be individually removed. Liquid liihium-
cooled graphite-moderated blankets are positioned 
in the top and bottom of the reactor and behind the 
fission zone. These lithium blankets moderate and 
capture neutrons and breed tritium. 

Fission Blanket. In selecting depleted uranium 
over natural uranium, we noted that the energy 
multiplication and net Pu production of natural 
uranium were 14% and 3% higher, respectively. 
However, this increased performance was not hrge 
enough to outweigh the cost and availability advan
tages of utilizing the enormous U.S. stockpile of 
depleted uranium. Fission blankets were not 
positioned in the top and bottom of the reactor. In 
this way, we avoided the difficulties of maintaining 
coolant flow when the top is removed to gain access 
*o the fusion chamber. This decision resulted in a 
30% decrease in both fissile fuel production and 
energy multiplication for the design. However, it 
was consistent with our desire to use state-of-the-
art-fission technology. In the initial design, the fis
sion blanket was 25 cm thick with two sets of fuel 
elements in front and back. The revised design for 
this reactor has a thicker fission blanket (41 cm) 
with three rows of fuel elements; it is divided into 
eight segments. Figure 8-67 shows a detailed view of 
one of the eight radial blanket segments, and Table 
8-14 presents the fission blanket data. Each segment 
has 81 hexagonal process tubes, each containing one 
depleted uranium fuel element. (Half of the outer 
row process tubes are initially empty to satisfy the 
tritium-breeding requirements.) Each fuel element is 
a 19-rod cluster of wire-wrapped stainless-steel-clad 
fuel pins similar to those used in early sodium-
graphite reactors (SGR's). The configuration of the 
fuel pins in the hexagonal process tube and the 
details of the cladding are shown in Fig. 8-68. The 
uranium in these fuel pins could be used in
terchangeably in low-alloy metal form, metal alloy 
(7% Mo), or as a compound, such as UC or U0 2 . 
The low multiplication (approximately 6) of the 
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Fig. 8-66. I. I.l./Bechlel 4000 MW , hybrid reactor. 

uranium compounds prohibits their use despite 
their attractive burnup and high-temperature 
properties (approximately 100,000 MWD/MTU at 
a maximum temperature of 100°C). The U-7% Mo 
alloy has a multiplication6 of approximately 8 and 
its 2 3 9Pu production is about 25% lower than the 
production obtained from low-alloy metal. 

We selected low-alloy metal for several 
reasons. It provides the highest energy multiplica
tion (approximately 10) and fissile fuel production 
performance; its maximum temperature limit of 
600°C is not overly restrictive with a liquid metal 
coolant; and, Anally, the disadvantages of its low 
burnup limit of 6500 MWD/MTU were offset by 
cheaper fabrication costs and our desire to keep the 
fissile inventory low. 

Tritium-Breeding Blankets. The reactor con
tains three tritium-breeding zones (TBZ's): a 
lithium-cooled radial blanket surrounds the fission 
blanket (Fig. 8-66), and the two others are 
positioned at the top and bottom of the reactor. The 
sections of the TBZ contained in each radial blanket 
segment (Fig. 8-67) have a 2-cm-thick stainless steel 
(SS) inner wall immediately behind the fission 

blanket, followed by 6 cm lithium, 50 cm graphite, 
2 cm lithium, and a 2-cm thick SS outer wall. The 
lithium flows from an inlet header at the top to a 
bottom plenum and then upward through the two 
sections surrounding the graphite. The top and bot
tom blankets, identical in composition, are 
positioned 500 cm from the center of the reactor; 
they are shaped like cylindrical curved pancakes. 
The first 2 cm are SS, followed by 10 cm of a 
beryllium region (76% Be, 20% Li, 4% SS by 
volume), 70 cm of a graphite region (86% C, 10% Li, 
4% SS), 10 cm of a lithium region (96% Li, 4% SS), 
and a 2-cm SS outer wall. The neutron multiplica
tion resulting from beryllium's large (n, 2n) cross 
section enhances the production of tritium. The 
TBR for the top and bottom blankets is approx
imately 1.7, which allows a TBR less than I in the 
side blanket while maintaining an overall TBR of 
1.1. The reduced TBR requirement in the side 
blanket permits a thicker fission blanket that 
produces more fissile fuel. 

First-Wall Design. The first wall has the dif
ficult task of protecting the blanket structure from 
the effects of x rays and debris produced by the ther-
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monuclear microexplosion. In the LLL/Bechtel 
design, we selected a sacrificial liner of graphite to 
perform this task. The sacrificial liner is designed 
like a birdcage; it is attached to the top fusion 
blanket and reactor cover and it can be removed af
ter the top cover is lifted. The design and perfor
mance of the first wall are of critical importance, 
because the wall's lifetime and replacement time will 
significantly affect plant availability. The protective 
first wall also moderates and captures neutrons; 
therefore, its thickness and composition will in
fluence the performance of the fission blanket. With 
this in mind, we have tried to design a thin liner that 
could last at least 1 year. In the first design, the wall 
consisted of a lithium-cooled, 2-cm-thick graphite 
liner with a density of 0.82 g/cm3, supported by a 
light stainless steel structure (66.6% C, 9.7% SS, 
23.7% void).83 The effect of this wall on the overall 
performance of the reactor was to reduce the energy 
multiplication and tritium breeding by 6 and 12% 
respectively, with the graphite and SS accounting, 
more or less, for the same absorption fraction of the 
neutron flux. In the revised design, the first wall 

consists of lithium-cooled, 1-cm-thick graphite 
blocks brazed onto a 1-mm molybdenum backing 
(Fig. 8-69a).78 The coolant flows through a 
corrugated structure welded to the first-wall back
ing. The brazed connection between the metal struc
ture and the graphite blocks is needed to enhance 
conduction of heat from the graphite to the coolant. 
If the graphite is radiatively cooled, the high surface 
temperature will accelerate ablation, and it will be 
difficult to design a thin sacrificial wall that could 
last a year. On the top of the reactor, the first wall is 
cooled directly by the lithium in the top fusion 
blanket (Fig. 8-69b). A separate lithium circuit 
cools the first wall that protects the sides and bot
tom of the reactor (250-M W energy deposited). The 
first wall and cooling structure together form an in
tegral cage that can be removed intact from the 
reactor vessel. 

Reactor Performance. Optimization of the reac
tor performance over the life of the blanket requires 
a tradeoff between power production, fuel manage
ment, tritium breeding, and plutonium production. 
From the beginning of the cycle, the energy genera-
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Table 8-14. Depleted-uranium fission blanket data. 

Item Inner row 

Numbet of fuel elements 216 

Element height — total 9.8 m 
—- active 8.8 m 

Mass of uranium 244 Mg 

Number of fuel rods 19 

Fuel rod diameter 26 mm 

Fuel rod pitch 1.15 

Uranium slug o.d./i.d. 24/11 mm 

Uranium volume fraction 41 

Sodium volume fraction 47 

Stainless steel volume fraction 12 

Process tube o.d. — corners 15.94 cm 
— flats 14.34 cm 

Process tube wall thickness 3 mm 

Fuel cladding wall thickness 0.4 mm 

Maximum uranijm temperature 600°C 

Maximum sodium velocity 10 m/s 

tion and tritium breeding increase, while the net 
plutonium production decreases until fresh fuel is 
added. To maintain a constant output power of 
4000 MW, the laser pulse repetition rate is 
decreased from the initial value to compensate for 
increasing energy multiplication as plutonium ac
cumulates in the fission blanket. Reactor perfor
mance for this mode of operation is summarized in 
Table 8-15. The operational parameters presented 
in Table 8-15 were calculated for a fission blanket 
lifetime of 3 full-power years (4.28 calendar years). 
During this period, the front row fuel elements are 
alternately rotated and replaced at intervals of 0.75 
full-power years. All fuel elements are replaced at 3 
full-power years. Blanket energy multiplication in
creases from 6.0 to 8.3 during the cycle and the first 
wall neutron flux decreases from 2.0 to 1.3 MW/m2 

as the fusion power is decreased to keep the reactor 
output power constant. The maximum power den
sity reached during the cycle is 220 W/cm3, and it 
occurs in the first centimetre of the fission blanket. 

Middle row Outer row 

216 108 

9.8 m 9.8 m 
8.8 m 8.8 m 

296 Mg 150 Mg 

19 19 

27 mm 27 mm 

1.107 1.107 

24/0 mm 24/0 mm 

53 31 

35 57 

12 12 

15.94 cm 15.94 cm 
14.34 cm 14.34 cm 

3 mm 3 mm 

0.4 mm 0.4 mm 

The fuel burnup limit of 0.6% occurs in the front-
row fuel at 1.5 years and in the second-row fuel at 3 
years. The total plutonium production by the end of 
the 3-year cycle is 10,500 kg, sufficient to fuel six 
(4000 MW,) LWR's with a conversion ratio of 0.6 

Cost Analysis of the LLL/Bechtel Design. 
Bechtel's estimate of the capital cost of the laser fu
sion hybrid reactor plant is based on conceptual 
design information. A large portion of the total 
plant, including the thermal energy transfer and 
conversion, cooling, and auxiliary systems, repre
sents conventional technology. Accordingly, the 
cost estimating is based largely on background ex
perience. The reactor, the laser, and tritium systems 
are conceptual, and their cost is estimated by unit 
and component cost methods. The total plant is 
based upon commercial operation; therefore, we 
assume costs apply to fifth-of-a-kind facilities. 

A capital and operating cost summary of the 
1200-MWe laser fusion-fission power plant is 
presented in Table 8-16. For comparison, the cost of 
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the hybrid is contrasted with cost estimates for a 
typical LWR. The LWR cost estimates reflect 1976 
price and wage levels, while the hybrid estimates use 
1977 levels. Neither estimate provides for future 
escalation. 

The indirect costs in Table 8-16 reflect an es
timate of 9 years to construct the LWR and 10 years 
for the more complex laser fusion hybrid. As a 
result, the indirect costs of the hybrid account for a 
larger fraction of its total capital cost of $2,239 
billion. If we consider cost-per-kilowatt installed, 
the hybrid is 2.8 times more expensive than the 
LWR. 

The cost of electricity from the hybrid is 56 
mills/kWh, approximately twice the cost of LWR 
electricity. The capital portion of the operating cost 

is by far the dominant factor in the estimated cost of 
electricity; for both reactors it is based on a 15% rate 
of return on the capital invested. The fuel cycle cost 
for the laser fusion hybrid is negative because of 
revenues obtained from the sale of its plutonium at 
$30/g. 

The major issue concerning a laser fusion 
hybrid is not how much it will cost nor the price at 
which it can generate electricity. Rather, it is the 
cost of electricity in a scenario that features hybrids 
providing fissile fuel for existing burner reactors. In 
Fig. 8-70 we plot the cost of electricity as a function 
of the cost of fissile fuel for hybrids with varying 
capital costs. The intersection points of the curves 
determine the cost of electricity and fissile fuel in the 
hybrid-LWR scenario. These results indicate that 
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Table 8-1S. Operation performance summary of the LLL/Bechtel hybrid reactor. 

Start of End of Cycle 
life life avg. 

System performance 

Thermal power, MW( 

Fusion therm:! power, MWt 

Gross electrical power, MWe 

Net electrical power, MEe 

Recirculating power fraction 
System efficiency, % 

Blanket energy multiplication 
Tritium breeding ratio 
Net fissile production, kg/MW,-yr 
Maximum power density in fuel, W/cm* 
Average power density in fuel, W/cm^ 
First-wall flux, MW/m2 

4000 4000 4000 
850 550 700 
1520 1520 1520 
1195 1232 1210 
0.22 0.19 0.20 
30.0 30.8 30.4 

Blanket performance 

6.0 8.3 7.15 
0.99 1.07 • 1.03 
1.0 0.84 0.88 
189 220 204 
7B.4 91.3 84.9 
2.0 1.3 I.6S 

Table 8-16. Capital and operating cost analysis of the LLL/Bechtel hybrid. 

Capital cost item $10 6 

Laser system 
Nuclear steam supply system (NSSS) 
Other mechanical 
Civil and structural 
Piping 
Instrumentation 
Electrical 

Total direct 

Field costs 
Engineering services 
Contingency 
Owners cost at 8% 
Interest during construction at 8% 

Total indirect 
Total cost 

Cost per kW installed (J) 

Operating cost item (milb/kWh) 

Capital 
Fuel 
Operating and maintenance 

Total operating 22 56.0 

LWR 
1200 IOT{e) 

Laser fusion 
hybrid 

1200 MW(e) 

NA 149 
78 344 

101 230 
142 165 
77 120 

9 32 
43 90 

450 1130 

79 215 
80 215 
91 390 
56 156 

197 615 
(9 J/•'• (10 yr) 

503 1591 
953 2721 
794 2239 

19.42 55.0 
6.3 -1.0 
• s 2.0 
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the cost of electricity is quite insensitive to the 
capital cost o( the laser fusion hybrid. Specifically, 
the cost of electricity is quite insensitive to the 
capital cost of the laser fusion hybrid. Specifically, 
the cost of electricity increases by only 20 to 40% 
when the capital cost of the hybrid changes from 2 
to 3 times more than the LWR. 

8.6.3 LLL/Westinghouse Hybrid Design Study 
The main differences between the Bechtel and 

Westinghouse designs are listed in Table 8-13. In the 
Westinghouse design, electricity production was 
emphasized by designing a fission blanket with 
higher enerry multiplication (M > 10) and a higher 
power density than the Bechtel design. The resulting 
smaller power plant has less recirculating power and 
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a higher system efficiency for an equal fusion energy 
gain. 

Westinghous-;81 has chosen a very compact 
structure with a high first-wall loading (10 MW/m2 

vs 1.65 MW/m2 for the Bechtel design). The reactor 
consists of a spherical cavity, of 1-m radius, sur
rounded by a modular blanket to facilitate fuel han
dling and maintenance procedures. Figure 8-71 is a 
schematic representation of the reactor. Four of 
these units are located within the reactor building; 
three run simultaneously, while one undergoes 
maintenance. We selected a lithium wetted wall con

cept to accommodate the high first-wall loading. In 
this approach, a thin film of liquid lithium protects 
the first structural wall from x rays and debris 
produced by the fusion microexplosion. 

Figure 8-72 shows the structure of each 
module; Fig. 8-73 presents a detailed view of the 
fuel pin assemblies in a module. '; .- compositions 
of the module zonci are given in Table 8-17. Dif
ferent fuels were considered: uranium metal alloys, 
uranium carbide (UC), uranium nitride (UN), spent 
LWR fuel (U,PU) L\VR i n m e l a l a l ! °y a n d carbide 
form, and metal and uranium carbide fuel with 
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higher enrichments of plutonium (3 and 5%). The 
most attractive fuel appears to be spent fuel from 
LWR's in carbide form. Spent LWR fuel is attrac
tive because it is cheap and readily available, and 
the carbide form is preferable because it allows 'nigh 
fuel burnup at the high fuel temperatures resulting 
from high power-density operation. Table 8-18 lists 
the composition of the LWR fuel. From an initial 

2 3 5 U enrichment of 3.1%, the fissile concentration 
drops to approximately 1.6%. It consists of unburnt 
2 3 5 U plus two fissile isotopes of plutonium ( 2 3 9 Pu 
and 2 4 , Pu) that are generated from neutron captures 
i n 2 3 8 U a n d 2 4 0 P u . 

Table 8-19 gives the operational parameters 
calculated for all of the fuels listed above. Note that 
a fast-blanket design using carbide fuel requires a 
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Table 8-17. Zone compositions for Westinghouse hybrid designs. 

Zone 
Zone 

thickness 
Zone 

description Design 1 

Composition, vol% 

Design 4 

8 
9 

10 

11 
12 
13 
14 

0.1 cm 
2.0 
2.0 
2.0 

25.0 

7.0 

50.0 
20.0 
30.0 

7.0 
5.0 
5.0 

10.0 

Cavity 
Ablative film 
Porous wall 
Coolant plenum 
Support plate 
and coolant 
"Fuel zone" 

Fission gas 
reservoir 
Reflector 
Lithium zone 
Support plate 
and coolant 
Exit plenum 
Module struct 
Inlet ducting 
Containment 
vessel 

15-L i 
23.1- 316 SS 
9.3-void 

S2.6 - U-7Mo 

100- Li 
•50-316SS;50-Li 
• 10-316SS;90-Li 

50-316SS;50-Li 
15-Li 15-Li 
23.1-316 SS 23.1-316 SS 
9.3 - void 9.3 - void 

52.6 - UC 52.6 - UN 

75.14 -void; 9.66 - 316 SS; 15 • Li 
80 -C;10 - 316 SS; 10 - Li 

16 • 316 SS;84-Li 

-50-316SS;50-Li • 
-10-316 SS;90-Li-
— 100- 316 SS 
-10-316 SS;90-Li-

1 0 0 - 3 1 6 f 

a U, Pu has composition of spent LWR fuel or higher 2#>Pu enrichments (see text). 

IS-Li 
23.1-316 SS 
9.3 - void 

52.6-(U,Pu)Ca 

Pu enrichment of 5% ->r larger to achieve an energy 
multiplication greater than 15. The energy mul
tiplication in the LLL/Westinghouse Design is not 
as high as in other reported blankets because of the 
high volume fraction of structure (approximately 
25%) in the blanket region and the use of natural 
lithium as the blanket coolant. Additional blanket 
structure is required because of the high wall 
loadings (10 MW/m2) and power densities selected 
for the design. 

We studied the time-dependent performance of 
the reactor over a 2-1/2-year operating period for 
the spent fuel in carbide form. Figure 8-74a shows 
the increase in energy multiplication and tritium 
breeding, along with the decrease in the plutonium 
production rate during burnup. The change of fuel 
burnup and power density (at maximum and 
average locations) as a function of time are shown 
in Fig. 8-74b. The time-averaged values for the 
energy multiplication, power density, and tritium 
breeding ratio during the 2.5 years are summarized 
in Table 8-20, together with the total amount of Pu 
produced and the total burnup by the end of this 
period. We must emphasize power density and fuel 
burnup are parameters that vary in space as well as 
in time. The values in Table 8-20 are spatially 
averaged over the dimensions of the fusion blanket. 
Power density and fuel burnup are maximum at the 

inner edge of the blanket because of the large fission 
cross sections for high-energy source neutrons. 

The initial tritium-breeding ratio of 0.73 
reaches a value of 1.2 at the end of the 2-1/2-year 
period. The initial tritium-breeding ratio could be 
increased by enriching the lithium in 6Li or by 
reducing the amount of structural and shielding 
material used behind the fission blanket. 

8.6.4 Conclusions 
The hybrid reactor design that we completed in 

collaboration with Bechtel features a cylindrical 
fast-fission blanket fueled with depleted uranium. 
The inner radius of the blanket is 5 m with a height 

Table 8-18. Typical composition of spent LWR fuei. 

Initial U--235 = 3.1% 
Burnup 32,000 MWD/MTU 

Element kg/initial MTU % 
U-234 0.14 0.014 
U-235 8.6 0.889 
U-236 4.0 0414 
U-238 945.0 97.72 
Pu-239 5.4 0.558 
Fu-240 2.1 0.217 
Pu-241 1.3 0.134 
Pu-242 0.5 0.052 

871 



Table 8-19. Operational parameters for several hybrid blanket designs. 

Initial 
operational 

characteristics3 U-7% Mo UC UN (U,Pu)L W R-7% Mo (U,Pu) L W R C (U,Pu)3 %C (U,Pu)5 %C 

Blanket energy 
multiplication, M 6.7 5.5 6.J 8.5 6.6 10.4 15.4 

Average power density in 
the fuel, W/cm3 173 142 153 223 170 275 414 

Net " 9 p u production in 
kg/MWt|, per year 1.35 1.44 1.15 1.05 1.15 0.73 0.46 

Number of fissile atoms 
per source neutron 1.48 1.31 1.13 1.49 0.25 1.27 1.21 

Average burnup, % 0.85 0.90 0.95 1.15 1.10 1.80 2.75 

Tritium breeding ratio 0.75 0.78 0.79 0.84 0.80 0.90 1.14 

aAll values normalized to a first-wall fusion neutron ftuence of 10 MW/irr per year. 

of 10 m. The average energy multiplication of the 
fast-fission blanket for a three-year period is 7.15, 
and the fissile production is 0.88 kg/MW t-yr. This is 
enough fissile material to fuel approximately six 
LWR's of equivalent thermal power. By contrast, 
the hybrid design that we completed with 

Westinghouse is a spherical fission blanket fueled 
with spent LWR fuel. The four reactor chamber 
vessels employed each have an inner radius of 
100 cm. The average blanket energy multiplication 
for a 2.5-year period is 11 and the fissile production 
is 0.63 kg/MWt-yr. This is enough fissile material to 

1.0 2.0 SS 

- • . . . ,i^v* sEr*i'«rAi 
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fuel four LWRs of equivalent thermal power. The 
results presented here show that the Westinghouse 
design provides 50% more energy multiplication 
than the Bechtel design; however, this enhanced 
energy multiplication is gained at the expense of a 
30% reduction in fissile fuel production. 

Our earlier neutronic scoping studies identified 
several attractive features of las<*~ driven fusion 
hybrids: 

• Hybrids can be designed to meet a broad 
spectrum of energy-multiplying and fissile fuel-
producing requirements. 

• Hybrids can operate in a regime that re
quires an order of magnitude less laser/pellet per
formance than pure laser fusion. 

• Hybrids produce ten times more fissile fuel 
than breeder reactors. 

It is encouraging to note that, in general, these 
attractive features have remained in this com
parative analysis, which has been conducted at a 
higher level of engineering design detail than the 
earlier studies. During these more detailed engineer
ing design studies with Bechtel and Westinghouse, 
we came to several conclusions: 

• Laser fusion hybrids should not be 
designed purely as power producers, because they 
will cost two to three times more than LWR's and 
be more expensive than fast breeder reactors. 
Therefore, hybrids that are plausible must produce 
fissile fuel for existing burner reactors. (In Fig. 8-70, 
we show that the cost of electricity in an LWR-
hybrid scenario is insensitive to the capital cost of 
the hybrid. It will increase over present prices by 
only 20-40% when the hybrid cost is two to three 
times more than an LWR.) 

• Hybrids that produce fissile fuel for ex
isting LWR's can extend the energy available from 
those economically proven reactors by two orders 
of magnitude. 

• Laser-driven hybrids can accommodate a 
fission blanket in a more straightforward manner 
than magnetic confinement systems. 

Table 8-20. Time-averaged values of the operational 
parameters for the LLL/Westinghouse hybrid. 

(U,Pu) L W R C 

Avenge energy multiplication 11.0 
Avenge tritium breeding ratio 0.98 
Maximum power density in fuel, W/cm* 640.0 
Avenge power density in fuel, Yl/cm' 330.0 
Total bumup in percent 5.8 
Net a 9 f u production in kg/MW,-ye«t 0.63 

The results presented here have led us to con
clude that hybrid studies should re -am a continu
ing and integral part of the laser fusion technology 
effort. Future studies should seek to establish a 
closer link between evolving laser fusion perfor
mance and the fissile fuel requirements of fission 
burner reactors. If this is done, it will be possible to 
maximize the ratio of energy from hybrid-fueled 
LWR's to hybrid energy, thereby making the cost of 
electricity in the combined scenario less sensitive to 
hybrid capital cost. 

References 
74. F. Powell. "Proposal for a Driven Thermonuclear Reaction 

Cover." LWS-24920, U.S. Atomic Energy Commission 
(1953). 

75. D. H. Imhoff et al.. "A Driven Thermonuclear Power 
Breeder," CR-6, California Research Corporation (1954). 

76. J. A. Maniscalco and L. Wood, Advanced Concepts in 
Fusion-Fission Hybrid Reactors, Lawrence Livermore 
Laboratory, Livermore, Calif.. UCRL-75835 (1973). 

77. J. A. Maniscalco. "Fusion-Fission Hybrid Concepts for 
Laser-Induced Fusion," Nuc. Tech. 28. 98 (1975). 

78. A. G. Cook and J. A. Maniscalco, ' " U Breedi ig and 
Neutron Multiplying Blankets for Fusion Reactors, 
Nuclear Technology, 30, (July 1976). 

79. J. A. Maniscalco. A Conceptual Design Study for a Laser 
Fusion Hybrid. [See also L. F. Hansen and J. A. 
Maniscalco, "Neutronic Study of a Laser Fusion Hybrid 
Reactor Design," Proc. 2nd Topical Mtg. on Tech. of Con
trolled Nucl. Fusion, Conf-7t30935-P2, Vol. 11, 657(a), 677(b) 
(1976), Richland, Washington. September 21-23, 1976.] 

80. W. O. Allen et al.. Laser Fusion-Fission Reactor System 
Study. Job 12013 Bechtel Corporation Research and 
Engineering Project Report. June 1976 (also Lawrence 
Livermore Laboratory Report. UCRL-13720 (1976)]. 

81. L. F. Hansen, R. R. Holman, and J. A. Maniscalco. "Scop
ing Studies of Blanket Designs for a Power-generating 
Laser Fusion Hybrid Reactor," Transactions ANS 26 (New 
York. June 12-16. 1977). 

82. "Laser Fusion-Fission Reactor Systems Study," Job 12013. 
Bechtet Corporation Research and Engineering Project 
Report (Ju.'y 1977). 

83. J. Hovingh, "First Wall Studies of a Laser Fusion Hybrid 
Reactor Design." Proc. 2nd Topical Meeting on Tech. of 
Comrulled Nucl. Fusion. Conf-760935-P2. Vol. II. p. 675. 
(Richland. Washington. September 21-23. 1976). 

Authors 
J. A. Mnniscalco 
J. A. Blink 

8-73 



8.7 Other Civilian Applications 
Inertially confined fusion (ICF) has many 

other civilian applications beyond electric power 
and fissile fuel production. During 1977. we briefly 
examined other ICF applications to find those with 
an earlier economic impact potential than electric 
power production. In addition, we examined ICF 
applications that may complement a fusion electric 
power economy by extending our rapidly depleting 
natural fuel supplies. The ICF applications we ex
amined include synthetic fuel production, actinide 
burning, and propulsion.1*4 

Synthetic fuel production using ICF cannot 
have an economic impact prior to fusion power 
production because it cannot complete with the pro
jected cost of gas from coal gasification. However, 
the cost of ICF should decrease in a maturing fusion 
economy, and the cost of our diminishing supplies 
of fissile fuel will increase. ICF synthetic fuel 
production can extend our coal reserves when 
methane is its end product or it can provide an inex
haustible supply of hydrogen to substitute for 
natural gas. 

Burning long-lived aclinide waste products 
from fission reactors by using ICF neutrons does 
not appear to have a potential short-term economic 
impact because of severe technology problems. 
These technology problems are more severe than in 
a fuel-producing fusion-fission hybrid reactor. If, 
however, we operate on a fission economy and if 
society judges the long-term radiological hazards 
from fission reactor actinides high enough to merit 
constructing actinide burners, then ICF could best 
perform the role. 

Propulsion systems powered by ICF reactors 
could be used to drive large aircraft, ships, and ex
traterrestrial craft. These systems will not have an 
early economic impact since they must be very 
reliable, and will be fueled from the excess tritium 
produced by commercial fusion electric power 
producers. These propulsion systems will stretch 
out our natural portable fuel supplies. Aircraft 
propulsion systems powered by ICF reactors do not 
appear to be an attractive alternative to chemical-
fueled systems because ICF reactors have a lower 
power density than the current chemically fueled 
propulsion plants. ICF plants could provide propul
sion Tor intrasolar or intersteller missions in the dis
tant future. Marine propulsion appears to be the 
least demanding system, with the earliest payoff. 
Since 1CB reactors for marine propulsion also ap
pear to be attractive as small stationary power 
plants for isolated military and civilian location, 
conceptual design studies should go forward. 

While these other aiolicalions of ICF will not 
have an earlier economic inpact than fusion electric 
power production, they are of interest bee \use they 
can complement a fusion electric power economy. 
We present additional details of work on these alter
native applications below. 
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8.7.1 Synthetic Fuel Production 
Our oil and natural gas supplies are declining 

rapidly. Hence, the ability to produce large quan
tities of portable chemical fuels for our homes, in
dustries, and vehicles will be a necessity within the 
next 100 years. Natural gas has been the preferred 
fuel for residential heating and industrial-process 
heat; it is environmentally acceptable, convenient to 
use, and, until recently, low in cost and in ample 
supply as a natural resource. Depletion of natural 
reserves has added emphasis to the search for alter
native fuels. The role of hydrogen, both as a fuel 
and as an intermediate product used in the produc
tion of synthetic fuels, is being considered. An ex
ample of synthetic fuel production is the reduction 
of both carbon and carbon monoxide by hydrogen 
at high temperatures to form methane (CH4). 
Methane is the principal constituent (typically 
about 85%) of natural gas. 

Any large-scale, long-range scheme for the 
production of synthetic fuels should not require 
further depletion of fossil-fuel reserves. It is incon
sistent, for example, to use natural gas when 
producing hydrogen for use as a substitute fuel. 
However, the abundance and general availability of 
water make water an ideal feedstock for hydrogen 
production processes. A laser fusion reactor could 
supply the energy necessary to decompose the 
water, aud such a system would represent a virtually 
inexhaustible source of hydrogen. 

Depending on how energy from the fusion 
reaction is used, water-cracking processes can be 
classified as thermochemical, electrolytic, or 
radiolytic. Figure 8-75 compares the various con
version processes on the basis of recoverable 
hydrogen-combustion energy per unit of thermal 
energy available. 
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The thermal energy from the reactor could sup
port a sequence of high-temperature chemical reac
tions in various hydrogen-producing ther
mochemical processes. While these thermochemical 
processes generally do not consume the chem.^al 
reactants, they often use large quantities of hazar
dous and corrosive chemicals. Practical energy-
conversion efficiencies for typical thermochemical 
processes range from about 30 to 65%. ° 5- 8 6 In other 
words, up to 65% of the fusion energy is recoverable 
as thermal energy by burning the hydrogen 
produced. 

Laser fusion reactors could also generate elec
tricity for subsequent tiectroiysis of water to 
produce hydrogen. The electricity simply supplies 
the energy required to decompose water, a reaction 
that absorbs 68 kcal per mole of hydrogen 
produced. For existing electrolysis plants, the com
bustion energy of the hydrogen produced is 60 to 
100% of the electrical energy input. 8 5- 8 7 Assuming a 
40% thermal-to-electric conversion efficiency for the 
laser fusion power plant, the electrolysis process 
produces hydrogen with an overall energy-
conversion efficiency of 24 to 40%. 

Hydrogen production by radiolysis can be 
achieved in several ways, but all require an intense 
source of radiation. The penetrating neutron radia

tion of a laser fusion reactor could be utilized for 
radiolysis by incorporating sufficient quantities of 
H 2 0 in the blanket regions surrounding the fusion 
vacuum chamber.8 6'8 8 

A concept often used in the discussion of 
radiation-induced chemical processes is the G value. 
The G value for the formation of a chemical species 
is defined as the number of molecuies produced per 
100 eV of energy deposited in the production 
regions by incoming radiation. The generally accep
ted G value for H 2 from water is 0.45, while G 
values as high as 13.6 have been measured in experi
ments using pure 'team exposed to high-energy 
neutrons.88 Radiolytic hydrogen production is 
clearly more efficient in steam than in liquid water. 

Figure 8-76 is a power-flow diagram for a laser 
fusion hydrogen-production plant that also 
generates electricity. Note that more than 25% of 
the energy released by the fusion microexplosion is 
carried by the pellet debris, alpha particles, and 
x rays. This energy is deposited in the vacuum 
chamber wall and thus is not available for radiolytic 
decomposition. 

Figure 8-76 also shows that P n is the total 
energy deposited in the reactor as a result of 
neutron interactions with blanket materials. It is im
portant to note that only a fraction « of the 
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Fig. 8-76. Power flow diagram for a laser fusion radiolysis facility that also generates electricity. 

available neutron energy is actually deposited in the 
steam blankets; the remainder is deposited in reac
tor structural materials and thus is unavailable for 
radiolysis of H^O. Fc- c~ ample, less than 40% of the 
fusion neutron energy •• juld be deposited in a 3-m-
thick region of pressurized steam at 1000 psia. Not 
all of the nuclear energy deposited in the steam is 
used in subsequent radiolysis and H 2 production. 
The term VH,S t n e conversion efficiency of nuclear 
energy deposited in the steam to potential combus
tion energy of the hydrogen produced. It is related 
to the G value for the formation of H 2 by 

VH = 0.01 Gh. 

where h - heat of combustion of an H, mole-
cuie = 2.5eV. l 

The maximum experimental G value of 13.6 
results in a value of JJ H = 0,34. In other words, 34% 
of the energy deposited in the steam is converted to 
potential ..̂ Urogen combusion energy, while 66% 
appears as thermal energy in the system. The total 
fraction of P n that is converted into thermal energy 
is 

( 1 - « ) + ( ! - i ? H ) a = 1 -ytfx. 

The product i ; ^ is an indication of the system 
efficiency for hydrogen power production, 
reflecting not only the efficiency in converting 
deposited nuclear energy to hydrogen but also the 
efficiency at which this energy is deposited in the 
hydrogen-producing regions. The overall energy-
conversion efficiency is the ratio of the potential 
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combustion energy of produced hydrogen to the 
total nuclear energy deposited in all regions of the 
reactor. As shown in Fig. 8-76, the combustion 
energy of hydrogen produced is 

PH=r)iiaP„ , 

while the total energy deposited is 

P T = P n + 0.25 P. V,Q = P n + J f 

T ii in L^ n 3M 

The overall energy-conversion efficiency is th^n 

- PH - / 3M \ 

The blanket energy multiplication M can be in
creased above 1.0 by adding boron to the steam 
blankets. Thermal neutrons absorbed by 1 0B 
release 2.35 MeV of high LET radiation according 
to the reaction 

1 0B + n-»a + L i + 2.35 MeV. 

Thus, values of M as high as 1.2 might be possible. 
Using the values of 7j^ = 0.34 (corresponding 

to G = 13.6 in steam), M = 1.2, and generously 
assuming a = 0.6 for a steam blanket, the overall 
energy-conversion efficiency is only 16%. Liquid 
water blankets have much lower efficiencies (wen 
though a may be nearly unity) as a result of the vtry 
lowG value of 0.45. This gives a value of i j H = 0.01, 
and for a = I results in an overall energy-
conversion efficiency of less than 0.8%. 

If tritium-breeding zones are required, they 
would reduce the fraction a of neutron energy 
available for hydrogen production. Because lithium 
is vigorously reactive with water, special precau
tions would be required to reduce the potential 
hazard. Also, because boron absorbs the neutrons 
required to breed tritium, it could not be used as an 
energy multiplier. A net reduction in the overall 
energy conversion efficiency for radiolysis results 
when tritium-breeding requirements are considered. 

Therefore, while radiotytic hydrogen produc
tion by a laser fusion reactor may be technically 

feasible, it is unlikely that a radiolysis facility using 
H 2 0 could prove practical. Near-term R&D efforts 
in neutron radiolysis should concentrate on 
chemical schemes that could yield much higher G 
values, preferably in liquid media. Chemicals with 
hydrogen bond energies less than those in Hfi 
would be likely candidates, and the use of a liquid 
would offer more efficient energy absorption than a 
gaseous medium. For example, with a G value of 20 
in a liquid medium, laser fusion radiolysis would 
have an overall energy-conversion efficiency of 
37.5%, which is competitive with the alternative 
processes for producing hydrogen in a laser fusion 
reactor (see Fig. 8-75). 

An option for the water-based radiolysis 
system would be the use of the remaining thermal 
energy ( 5 85% of the total) for the production of 
electricity. The electricity could be sold on the elec
tric power grid or used to generate more hydrogen 
by electrolysis. The overall energy-conversion ef
ficiency of a radiolysis/electrolysis hybrid system is 
{ "en by the sum of the overall radiolysis efficiency 
and ,h? overall electrolysis efficiency applied to the 
remaining thermal energy; i.e., 

+ "E"Th h - ^ H i s M T T l ) ' 

where a, i j H , and M are defined as before, and 

i j E = electric-to-hydrogen conversion efficiency, 
riTi[ - thermal-to-electric conversion efficiency. 

Thus, when the overall radiolysis conversion ef
ficiency is 16%, 

)) = 0.16 + 0.84i7E7,Th . 

As before, if we assume j? T h = 0.4 and TIE ~ 0.6-1.0, 
the overall energy-conversion efficiency for the 
radiolysis/electrolysis hybrid system is 36-50%. 

Current natural gas costs are about SI per 
million Btu but may climb to S3 per million Btu 
before the end of the century. 8 9 The present es
timated cost of synthetic gas from coal gasification 
plants is about $4.5 per million Btu for the current 
process to as low as S3.5 per million Btu for future 
plants.* In situ coal gasification may be able to 
produce gas at a cost ofabout $2 per million Btu." 
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Table 8-21. Energy source components of the cost of hydrogen. 

Cost of source energy, 
S/million Btu 

Energy conversion 
efficiency 

Energy source component 
of hydrogen cost, 

S/million Btua 

Thcrmochcmical 

Electrolysis 

Radiolysis 

Radiolysis/electrolysis 

2.46 

2.93 

2.46 

2.93 

0.30-0.65 

0.24-0.40 

0.16-0.38b 

0.36-0.50 

3.80-8.20 

7.30-12.20 

6.S0-15.40 

5.90-8.10 

aDoes not include cost of chemical processing plant, electrolysis units, or radiolysis components required. 
"0.l<i and 0.38 correspond to G values of 13.6 and 20, respectively. 

The cost of hydrogen produced by the various 
laser fusion-driven processes is at least equal to the 
cost of energy from the fusion reactor divided by the 
overall energy-conversion efficiency. For com
parison, assume a laser fusion power plant produces 
electricity at a cost of 25 mills/kWh. (This is com
parable to the estimated cost of electricity from 
LWR and coal stations ordered in 1976 and online 
in 1985, quoted in 1976 dollars.) Also, assume that 
the capital component of the electricity cost is 80% 
of the total and that the electrical power generation 
equipment comprises 20% of this capital cost. (The 
turbine generators and building comprise about 
20% of a typical LWR capital cost.) 9 2 At a thermal-
to-electrical conversion efficiency n T n equal to 0.4, 
the cost of energy is $2.93 per million Btu for 
processes requiring only thermal energy. 

Table 8-21 gives the source-energy components 
of the cost of hydrogen produced by the various 
processes. These values reflect only the cost of using 
a laser fusion reactor as the source of energy for the 
various processes. Additional costs will vary for the 
different processes, depending on the cost of the 
components required. Large electrolysis units, for 
example, will add approximately SI per million Btu 
to the cost of hydrogen. w 

It is clear there is no economic incentive for the 
production of synthetic fuels with laser fusion, at 
the current price of natural gas nor at the projected 
cost of gas from coal gasification. Even so, such a 
system may eventually by required. Oil and natural 
gas currently account for about 75% of this nation's 
energy consumption. As these fuels are depleted, the 
ability to produce large quantities of portable fuel 
will become a necessity. Laser fusion-driven 
hydrogen-production processes represent a virtually 
inexhaustible supply of portable fuel. 
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8.7.2 Propulsion Systems 
As the cost of the fossil fuels generally used for 

transportation continues to increase, the demand 
for nuclear fuels will alsc increase. To date, Fission 
power has been the only nuclear fuel. Fusion will 
have no decisive economic advantage (in cost or 
power density) over fission for marine propulsion, 
which is the only near-term propulsion application. 

8-78 



Furthermore, fission propulsion technology will be 
well entrenched when fusion becomes available. 
Therefore, we don't expect deployment of fusion 
powered ships unless fission power is eliminated as 
an alternative due to social or environmental con
cerns. The established fission propulsion technology 
could be fueled from laser fusion hybrid reactors to 
insure a long-term fuel supply if fission propulsion 
continues to be socially acceptable. 

Fusion-powered aircraft do not appear to be 
feasible from both engineering and environmental 
viewpoints. Fusion-powered extraterrestrial propul
sion systems could be a long-term application of 
laser fusion. 

Nuclear systems of any kind present a potential 
environmntal hazard. In this respect, however, fu
sion systems have an advantage over fission systems 
because they use and produce smaller amounts of 
radioactive elements. The radiation hazards in fu
sion systems are primarily the tritium supply and 
radionuclides in the blanket material. A 0.1-kg mass 
of tritium in the fusion fuel supply amounts to 10 6 

Ci of uniquely low level biological hazard activity, 
but that level represents around 1.5 million kWh of 
usable fusion energy. The blanket material only has 
107Ci of radionuclides and represents a nonvolatile, 
localized hazard. A fission reactor, on the other 
hand, has I0 1 0 Ci of very volatile fission products 
for a power rating of 109 Wt (3 X 105 mechanical 
hp). 9 3 

Nuclear-power propulsion systems will become 
more and more attractive as the price of oil rises, 
and less environmentally sensitive countries might 
pursue such alternatives vigorously. Ultimately, fu
sion, fission, and fossil-powered systems will have 
to compete on a system-by-system basis. Tradeoffs 
of performance, cost, and environmental effects will 
be used to select a system for a given role. 

A propulsion plant must be capable of 
operating at a range of power levels. Laser fusion 

will have power level flexibility through the ability 
to quickly vary either the pulse rate or the pellet 
yield. 

Much of the considerable experience gained in 
marine nuclear-fission propulsion is applicable to 
the fusion system concept. Both fission and fusion 
systems have high technology costs, high fixed 
costs, and low fuel costs relative to fossil systems. 
Fusion fuel costs for material consumed will be 
negligible, but production costs might be quite high. 
Nuclear power (and fusion in particular) is essen
tially clean power, reducing pollution caused by 
fossil fuel combustion. Moreover, the prime can
didates for marine nuclear propulsion are ships of 
high horsepower—larger, faster ships. This implies 
a reduction in the absolute number of ships needed 
to carry any given cargo tonnage, a situation that 
has safety and environmental advantages. 

Engineering Considerations for Fusion Pro
pulsion. In general, a fusion reactor power plant for 
a propulsion system must be designed for minimum 
specific volume and mass. Thus, the reactor will 
operate with a high first-wall loading. Details on the 
specific volumes and masses for several types of 
propulsion applications are shown in Table 8-22. 

Fusion gain ??LQ (the ratio of the ther
monuclear yield to the electric power driving the 
laser system) must be large for a reasonable system 
efficiency and a small specific volume and mass. For 
anticipated laser system efficiencies, the volume and 
mass of the laser system per unit of power input to 
the laser (power stored) is roughly constant. 
Therefore, the larger the fusion energy gain, the 
smaller the laser system specific mass and volume. 

Reactor-chamber optical and first-wall 
materials, in which the short-ranged microexplosion 
energy is deposited, must have long lifetimes to in
crease the vehicle availability and decrease the 
operating costs. Shielding must be provided to 
protect cargo, as well as passengers, from the high-

Table 8-22. Summary of propulsion system characteristics. 

Application Technical 
risk Power 

Maximum 
specific 

mass 

Constriintsa 

Maximum 
specific 
volume 

Marine 
Navy 
Commercial 

Airborne 
Space 

Moderate 
Low 
High 
Highest 

90 MWS 

90 MWS 

130 MW, 
130 GW, 

30 kg/W, 
SO kg/kws 

0.4 kg/kWs 

0.05 kg/kWt 

80 m 3/MW s 

200 m 3/MW s 

1.S m 3/MW s 

Not critical 

'Maximum permitted for competition with other options. Conversion factors: 1 kg/kW = 1,6 lb/lip; 1 m3/MW = 26 ft3/klip. 
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energy neutrons. In addition, the reactor system and 
other vehicle components that are subject to 
neutron activation or that collect activated material 
must be easily accessible and designe. for remote 
maintenance. Although these considerations are not 
discussed in detail in this report, they must be con
sidered in designs of fusion propulsion applications. 

Terrestrial Laser Fusion Propulsion. Terrestrial 
propulsion systems, including marine and aircraft 
propulsion, will probably operate on a parasitic, 
DT fuel cycle using tritium produced in larger 
stationary fusion reactors. The first wall of the reac
tor will be a dry wall and will either be magnetically 
protected or covered with a sacrificial liner. The use 
of a wet wall or fluid wall will be possible only if the 
reactor is mounted on a stable platform. 

The reactors will operate on a Brayton cycle 
with helium, rather than a liquid metal as a cooling 
medium to minimize the hazard in the event of an 
accident. 

The blanket for thermalizing the 14-MeV 
neutrons will consist of graphite with cooiing 
passages for the helium. The porosity of the 2-m-
thick blanket will be about 50%, and it will be 
divided into two zones of equal thickness. The inner 
half of the blanket will be graphite to thermalize the 
neutrons. The outer half of the blanket will be B4C 
which will thermalize and capture the remaining 
neutrons. 

To minimize the specific volume and mass, the 
reactor must operate with a high first wall flux. To 
achieve a long lifetime with a given power and flux, 
it is desirable to operate with small microexplosions 
and a high PRF. The size of the microexplosions 
and reactor gain decrease with a decrease in the 
laser output energy. Thus, a required reactor perfor
mance can be dete. mined explicitly for a specific 
mass, volume, and lifetime. This required perfor
mance must be checked with laser energy—pellet 
gain relationships to determine that the reactor per
formance will satisfy the total-system power re-
quiremnts. 

Approximately two-thirds of the tritium used 
in the pellets will not be burned. The unburned 
tritium from the microexplosions must be collected 
1/ a vacuum system and stored aboard the vehicle 
while it is in transit. This requirement is based on 
sr ..nomics, as well as on the radiological hazards 
associated with the tritium. 

Advanced systems may directly convert the 
charged-debris energy to drive the lasers and the 
vehicle auxiliaries. The neutron energy will be used 
to I'.rive the turbines usin^ a Brayton cycle. 

Marine Laser Fusion Propulsion. Fission-
powered ships are already in wide use, and laser fu

sion reactors will have environmental advantages 
over their fission counterparts. Furthermore, the 
cost and performance of laser fusion reactors are es
timated to be comparable to fission reactors. With 
the continuing rise in fossil fuel prices, both fission 
and fusion propulsion systems promise to be 
economically competitive. They have the additional 
advantage that refueling at sea or in foreign ports is 
not required. 

The technology involved in marine laser fusion 
applications closely follows the development of fis
sion marine propulsion systems. Design require
ments for fusion-propelled ships are based on what 
has been learned from the widespread fission 
marine technology. 

Requirements, however, differ according to the 
needs of the ship owners. Ships intended for 
military use have different requirements than those 
intended for commercial use (see Table 8-22). 
Military ships need to be fast and maneuverable, 
with low specific-weight and specific-volume 
propulsion systems. Commercial uses tend to 
emphasize the economic aspects of the laser fusion-
driven propulsion units. 

Superconductivity will strongly influence Navy 
power in the future because, above about 20,000 hp, 
it provides the minimum weight, space, and compo
nent systems to convert mechanical to electrical 
energy and vice-versa. This will provide more flex
ibility and more operational freedom. . 

A number of new ship concepts will be tested 
by the Navy in the next decade. Successful designs 
will be placed in service near the end of this century 
and potentially could be propelled by fusion power 
plants. Table 8-23 lists these ship concepts and their 
planned displacement and speed ranges. 

The shaft horsepower (shp) requirement for 
each ship concept varies considerably and depends 
on internal design features, such as weapons/sensor 
suite and auxiliary power loads. Figure 8-77 shows 
the specific power requirements of the ships from 
which shp requirements can be identified. The shp is 
related to the cube of the speed fo. conventional dis
placement vessels so that very sopmsticated propul
sion systems will be needed to meet su h a range of 
requirements. By the year 2000, Navy vessels will re
quire higher speed capabilities to retain certain at
tack options, and surface-effects ships (SES) or 
hydrofoils may be utilized.94 If the SES ant! 
hydrofoils are powered by nuclear reactors having 
low specific weight and volume ratios, they could 
exhibit essentially unlimited range, rapid > sponse 
speed, and no need of fuel supply ships and foreign 
ports. 

T igure 8-77 includes the fuel weight for conven-
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Table 8-23. Ship types under consideration by the Navy. 

Displacement, 
tons 

Speed, 
knots 

shp, 
10 3 hp 

Conver*'inal displacement 

Small wateiplane area twin hull (SWATH) 

Hydrofoil 
Surface-effects ship (SES) 

Submarine 

>C 0,000 (carrier) 
> 10,000 (escort) 
> 3,000 (patrol) 

< 3 5 
< 3 5 
<S 35 

250 
100 
40 

> 10,000 (carrier) 
> 3,000 (escort) 

<35 
« 5 0 

200 
120 

< 3,000 (patrol) «65 300 
2,000 (patrol) 
8,000 (escort) 

<100 
<100 

140 
800 

<10,000 (rBM) 
< 4,000 (attack) 

« 3 0 
« 5 0 

60 
120 

tional ships. Depending on endurance, a con
siderable amount of fuel is consumed on conven
tional ships that could be part of a fusion propul
sion plant of increased pay load fraction. 

The trend in naval propulsion is to greater shp 
and lower specific weights and volumes. Fusion 
systems, on this basis alone, must have performance 
goals that equal the minimum requirements for the 
larger combatants of the future. These ships will 
probably fall in the 10,000-ton displacement range 
and require 100,000 to 500,000 shp at specific 
weights and volumes of less than 30kt/kW s 

(50 lb/shp) and 80 m 3/MWs(2"r"t 3/shp). Presently, 
for instance, a 4000-ton nuclear submarine has a 
power-plant specific volume of 160 m 3/MW s 

(4 ft 3/shp). 

An SES weighing 8000 tons and powered by 
four low-specific-weight fission units of 200,000 hp 
each has been studied. It would have a payload 
capability of 1900 tons. For comparison, a fossil-
fueled ship, carrying the same payload 
3500 nautical miles with the same speed capability, 
would have a gross weight of about 17,600 tons and 
require at least 1.5 million hp. The lower ship cost 
and reduced fuel costs of the nuclear propelled ships 
are substantial economic advantages and are well 
worth development effort by the Navy. 9S 

Fusion propulsk/i systems for commercial 
marine applications, unlike those for military ap
plications. ?re not built to the lowest specific weight 
or volume specifications. Economics are a much 
more important consideration. As before, the dis-

Aircraft carrier 

Submarine' 

Fig. 8-77. PrapriiiUHiytUa aaecific 
weifkti far Navy teasels. 

' 0 20 40 90 ~fe * » •&> 140 U» iw 
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cussions about the potential for fusion-powered 
commercial ships are based on analyses and ex
perience with nuclear fission propulsion. 

The commercial maritime industry has been 
unable to sustain major research and development 
efforts; consequently, most important advances 
have been adapted from other industrial or military 
technology. Naval propulsion-machinery research 
and development programs have been particularly 
significant. Therefore, fusion propulsion systems 
will probably not be installed in commercial ships 
unless they are first developed for military use. 

The selection of ship size and speed are the 
most important design decisions confronting a 
prospective owner. Conventionally, with fossil fuel 
systems, the speed has been kept lower than is com
mercially desirable because of the high costs re
quired to increase them only slightly. There has 
been, however, a steady increase in the size of ships 
because larger sizes take only a little more power. 
Typical relationships between size, speed, and 
power for conventional bulk carriers are illustrated 
in Fig. 8-78. % The dramatic increase in the power 
required for increased speed is clearly shown. 
Fusion-powered container ships and tankers will 
probably be in the 250,000 to 450,000 dwt class with 
propulsion power of about 120,000 hp. 

Fusion propulsion in the sea-going submersible 
cargo/tanker ship would be feasible in the 25- to 30-
knot range. Below that, the speed-power ratio is too 
low to benefit from the addition of fusion propul
sion. 

Another future concept applies to tankers 
operating in icing conditions. It is projected that a 
single 400,000-toji displacement, semisubmerged 
tanker 9 7 could tr. isport more than twice as much 
as two conventional tankers. The propulsion re
quirement for this ship is, again, in the 125,000 shp 
range. 

It appears that, if nuclear (fission) propulsion 
becomes competitive with fossil fuel propulsion for 
merchant ships, the breakeven point will occur first 
for ships with the following characteristics. 9 8 

• High power requirements: 100,000 to 
12,000 shp or more. 

• High ship utilization: short turn-around 
time in port, small numbers of loading and dis
charge ports per voyage, and high load factors, i.e., 
a high ratio of cargo carried to available ship space. 

• Large (relative) size: for containerships or 
other quick-turn-around liner vessels, 15,000 dwt or 
more; and for tankers, from 150,000 dwt to 
300,000 dwt and up. 

• Longer trade routes. 
• Subsidies: reduce the shipowner's risk and 
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reduce the break-even point at which the higher 
capital costs of the nuclear-powered ship are offset 
by fuel cost savings. 

These requirements will most likely hold for 
commercial fusion propulsion applications as well. 
Specific weight and volume requirements will be 
relaxed over those given for Navy ships by a factor 
of two or more. 

A marine fusion reactor propulsion system will 
operate on a closed Brayton cycle. For a thermal 
converter efficiency of 35% and propulsion power of 
120,000 shp, the reactor thermal power required will 
be 260 MWt. In addition, assuming a power to the 
laser of 100 MW and to the auxiliary equipment of 
50 MW, the total thermal power required from the 
fusion reactor will be 700 MW f The electric power 
for the laser and auxiliaries will be produced from a 
turboalternator. 

The thermal power cycle can consist of either a 
primary coolant cycle only, where the reactor 
coolant is circulated directly through the turbine-
compressor system, or a cycle where the primary 
coolant heats a secondary coolant, which is cir
culated through the turbine-compressor system. 
The tradeoff between the alternative power cycles is 
a smaller system specific volume and specific mass 
because of the elimination of a heat exchanger verus 
the requirement of remote maintenance for the 
turbine-compressor system. 

The laser-system specific volume and mas; are 
about 10m 3/MW a n ( j 0.3 kg/kW, respectively, 
based on the power input to the laser. The specific 
mass of the reactor system controls the design (for 



the nonoptimum system selected). With a fust-wall 
flux of 1 MW/m \ the specific volume and mass of 
the combined laser and reactor system are 
50 m 3/MW and 30 kg/kWs respectively. The an
ticipated lifetime of the first wall is about 25 years 
for a pulse-repetition frequency of 10 Hz. 

Based on these simple calculations for a nonop-
timized, highly conceptual fusion reactor system, it 
appears th?t small inertially confined fusion reac
tors with fusion energy gains of about seven could 
compete with advanced fission propulsion systems. 

The reactor proposed for marine propulsion 
also appears to be attractive as a small stationary 
power plant for isolated military and civilian ap
plications. Therefore, the development of •small 
stationary power plants can be a spinoff from, or 
result in the spinoff of, fusion-powered propulsion 
plants. 

Aircraft Propulsion. As with marine propul
sion, some experience gained in t.ie development of 
fission reactors for aircraft propulsion can be ap
plied to the development of fusion reactors. This ex
perience is embodied in what remains from the Air
craft Nuclear Propulsion (ANP) project, which was 
terminated in the early 1960's. This program was 
plagued with unpredictable technical problems 
associated with the helium and liquid-metal-cooled 
reactors: of that era and with components, such as 
air-heat exchangers, bearings, pumps, seals, and the 
reactor-shield assembly. These problems, as well as 
uncertain cost benefits and, finally, public concern 
about the risk involved, let to the demise of the 
program. The latter problem is still of concern with 
aircraft nuclear proprlsion. 

Because of increased public environmental 
awareness, it is unlikely that any nuclear-powered 
aircraft (fission or fusion) will be built even if it is 
technically feasible. If these concerns disappear, the 
following potential applications for long-range 
nuclear-powered aircraft can be visualized for both 
land-based and sei planes: 

• Logistic aircraft employed for carrying 
commercial cargo and for rapid military-force 
deployment. 

• Patrol aircraft for forward defense against 
submarine-launched ballistic missiles, terminal 
defense against ballistic missiles, command and 
control, warning and command, and ICBM launch 
surveillance. 

• A strategic-missile carrier. 
In this arucle, we discuss only the commercial 

cargo application. The allowable fusion reactor 
mass is based on the chemical fuel load it displaces. 
Reactor masses and powers are converted to max
imum allowable specific mass for several large 

Table 8-24. Maximum fusion reactor specific mass 
for several aircraft gross weights. 

Aircraft gross weight, 0.8 1 2 10 
10 6 lb 

Total aircraft cruiser power, 170 200 360 1600 
MWt 

Maximum reactor specific 0.9 0.5 0.4 0.25 
massa, kg>.W,j 

Additional AV can be used during the mission, to reduce tile 
transit time. 

proposed aircraft in Table 8-24. The table shows 
that as aircraft size (hence, reactor size) increases, 
the allowable reactor specific mass decreases. 
However, since larger systems will use their mass 
more efficiently, this relationship is not immediately 
prohibitive. Small reactor systems probably cannot 
compete economically with chemically fueled air
craft because of their high capital cost per unit of 
power. The increase in fossil fuel prices over the last 
decade could change that evaluation; however, the 
higher cost estimated for fusion reactors compared 
to fission systems* will offset the chemical fuel price 
increase to some degree. Therefore, we consider the 
design of an ICF reactor for a two-ruillion-pound 
aircraft. This design mist have a specific mass of 
less than about 0.4 kg/kWt< to avoid displacing 
payload. A maximum specific volume constraint of 
about 0.5 m 3/MW t must also be satisfied, but it is 
more speculative because the reactor mass distribu
tion will not match the chemical-fuel load distribu
tion it replaces. 

A fusion-reactor for an aircraft propulsion 
system will operate on an open Brayton cycle. 
Assuming a thermal-convertor efficiency of 35% for 
a cruise power of 125 MWS the reactor thermal 
power will be 360 MW,. For a laser input power of 
95 MW and auxiliary equipment input of 10 MW, 
the total thermal power required from the reactor is 
650 MW r The electric power for the lasers and aux
iliaries will be produced from a turboalternator. 

The energy transfer from the reactor to the air 
passing through the compressor-turbine combina
tion can consist of a primary cycle to the combus
tion chamber, or of a closed primary cycle driving 

'Based on cost estimates of a laser fusion hybrid electrical 
plant. 

The specific mass based on power supplied to the engines dur
ing cruising. Power recirculated to the fusion reactor and tem
porary power surges during takeoffs are not considered. 
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an open secondary cycle to the combustion cham
bers. The one-loop cycle is desirable because of its 
lower specific volume and mass. 

For the reference reactor, the first-wall flux 
must be greater than 10 MW/m2 even if only the 
reactor (without the laser system) is to satisfy the 
maximum specific volume and mass constraints. If 
the effective density of the blanket material were 
somehow reduced by a factor of 5 without 
degrading performance, the product of thermal-
convertor efficiency and fusion gain must be 3.3 for 
the reactor alone to satisfy the maximum specific 
mass constraint with a first-wall flux of 
10 MW/m 2. However, the specific volume of the 
reactor alone would still be higher than the max
imum permitted specific volume. 

Thus, based on these kinds of calculations, it 
appears that a laser fusion power plant for aircraft 
propulsion is not technically feasible because it will 
not be able to compete with chemical or fission 
systems on a specific mass or volume basis.* 

Extraterrestrial Laser Fusion Propulsion. Two 
primary applications of fusion propulsion in space 
are presently visualized: an earth-moon shuttle or 
ferry and a -uerplanetary spacecraft for manned 
missions. 1.. £ applications can take advantage of 
the enormous gain in specific impulses* relative to 
chemical rockets. Nucleons are accelerated in fusion 
reactions to velocities on the order of 10 7 m/s, 
theoretically making impulses on the order of 10 6 s 
obtainable. 9 3 Chemical rockets have specific im
pulses limited to less than 450 s. Fission systems are 
limited to specific impulses of less than 2000 s. " 

Spacecraft capability is normally measured in 
terms of AV.** This index is the sum of all 
propulsive energy required for translations between 
stable orbits throughout the entire mission in units 
of feet per second. The AV is a function of the 
specific impulse of the propulsion system and the 
payload and spacecraft structure fractions. Approx
imate AV's for various missions are given in 
Table 8-25. 

Chemical systems, because of their low specific 
impulses, have AV values most suitable for near-
earth operations. For example, if a chemical system 
was designed to make a manned Venus recon
naissance, the payload fraction would be negligible. 

•This assumes lhat the same fraction of the aircraft is devoted 
to payload. 

'Specific impulse = impulse per unit weight, i.e., (ma)At/(mg) 
= (Av/Al)At/g - M/g (unit is time). 

**This is the spacecraft AV. In the definition of specific im
pulse, Av refers to the velocity of the driving particles. 
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Table 8-2S. Spacecraft capability required for various 
missions. 

Mission AV, f/s a 

Escape from Earth's gravity 40 X 10' 

Round trip from an Earth orbit 
to the Moon's surface 40 X 10-

Manned Venus reconnaissance 150 X 10' 

aAdditional AV can be used during the mission to reduce the 
transit time. 

Even with an advanced fission/chemical staged 
rocket (nucleai stage specific impulse of approx
imately 1200 s) the payload would only be about 2% 
of the total vehicle weight. 

Reasonable translunar shuttle times should be 
on the order of 24 hours. A Fission system with a AV 
of 43,000 f/s, i.e., 3,000 f/s more than required, 
could make the trip in the 24 hours specified. Fu
sion systems with abundant AV could make the trip 
much faster so that local maneuvers would consume 
a large part of the transit time. Such a high-
performance vehicle has been postulated, using a 
laser fusion propulsion system. Figure 8-79 gives the 
calculated performance for a 0.55 X 10 6 specific-
impulse system which produces 130 GW, and 
weighs approximately 300 tons. 

A laser-fusion extraterrestrial propulsion 
system will consist of a sustained series of fusion 
micruexplosions within an axially asymetric 
magnetic mirror (Fig. 8-80). The thrust of the vehi
cle is produced by the redirection of the charged 
plasma debris from the microexplosion through the 
larger of the mirror-loss cones and out the rear of 
the spacecraft. 

The power plant of a specific-impulse-
maximizing spacecraft bears very little resemblance 
to that used in terrestrial propulsion systems 
Thrust is no longer produced as a by-product of a 
thermal cycle, but directly in the form of plasma 
debris from the fuel pellet. Neutrons and x rays 
produced in the fireball are worse than useless; if in
tercepted, their energy must be rejected to space. 
The target design must maximize the ratio of ion 
energy to neutron and x-ray energy, while at the 
same time minimizing required laser energy. Vehicle 
mass is dominated by the need for heat rejection to 
space—which must be done radiatively. Waste heat 
is developed in two ways: component inefficiencies 
and neutron and x-ray interception. The above fac
tors dictate an unenclosed thrust chamber so that 



less than 2% of the solid angle seen by the microex-
plosion is occupied. Thus, while charged particles 
are redirected by the magnetic mirror providing 
thrust, most of the unwanted neutrons and x rays 
escape to space harmlessly. Only 2% of the neutrons 
hit the superconducting-magnet radiation shields, 
payload shadow shields, and laser beam mirrors. 
Even this 2% represents a large heat-rejection load, 
but it has some value because it permits tritium 
breeding in the lithium shields. 

The optimal pellet is an intermediate pR 
design, mostly deuterium with just enough tritium 
to facilitate ignition. Such a pellet burns far more ef
ficiently than low pR pellets that require a smaller 
specific laser size. Furthermore, it allows laser reex-
citation energy to be produced by direct conversion 
from the interaction of the charged plasma debris 
with an induction coil. Between 50 and 70% of the 
fusion energy is in charged debris from the microex-
plosion. 

Hyde, Wood, and Nuckolls did two slides on 
rocket propulsion with laser-fusion micro-
explosions. 9 3 > l 0 ° Their design utilizes heat-pipe 
radiation to dump the neutron and photon heat 
from the structure, radiation shields, and lasers into 
space. The lithium for tritium breeding is circulated 
using MHD pumps utilizing the existing mirror 
magnetic field. 

Three major propulsion-system components 
are vulnerable to meteoroid demage. The laser and 
coil shield must be made almost invulnerable to 
meteoroid damage; therefore, they are protected by 
a double-wall bumper shield. The heat pipes are 
protected by only a single wall, and the loss of a 
portion of them has been anticipated in the design. 

Hyde et al. estimate the total propulsion-
system mass to be 300 tons, distributed as shown in 
Table 8-26. About 112 tons of laser system mass 
and 14 tons of the thrust chamber mass are from 
their heat-rejection systems. Thus, the mass of the 
heat-rejection system constitutes 40% of the total 
mass of the propulsion system. The neutron shield 
mass in the thrust chamber is 20 tons while the mass 
of the coils in the thrust chamber is about 15 tons. 

The specific-impulse-maximizing spacecraft 
study includes a pellet design that requires 1 MJ of 
laser light from a 33% efficient electron-beam-
excited system. The total yield from the microexplo-
sion is 260 MJ, with 120 MJ producing thrust. The 
power needs of the propulstion system are almost 
exclusively those of the laser because refrigeration 
and Li 6-pumping power are negligible. For a PRF 
of 500, the system develops 2.2 tons of thrust at a 
specific impulse of 5.5 X 10 5 s, or an exhaust 
velocity of 6 X 10 6 m/s. For a spacecraft with a 
300-ton propulsion system and a 200-ton deuterium 
fuel load, a payload of 100 tons can make a round 
trip to any point in the solar system in one year. In
terstellar missions of a few decades in transit time 
are also feasible with a laser fusion propulsion 
system. 

Conclusions. Laser fusion reactors for propul
sion (as they are now viewed) would operate in a 
low-yield, high-PRF mode with high first-wall 
fluxes. From inertial considerations, the first wall 
should be a dry wall rather than a wet or fluid wall. 
These reactors could operate on a parasitic fuel cy
cle from larger stationary fusion-power reactors. 

Table 8-26. Mass of spacecraft fusion propulsion system. 

Component Mass, tons 

Propulsion system (total) 300 
Laser system 151 
Thrust chamber 54 
Energy distributor 17 
Refrigeration 9 
Tanks 25 
Miscellaneous parts 44 

8-85 



Although there is an apparent need for advan
ced, low-fuel-cost propulsion systems, it is too early 
to determine if laser fusion will be an economical 
alternative to future chemical or f ssion plants for 
marine propulsion. Aircraft applications appear 
even more uncertain because of the stringent 
specific volume and mass technical constraints. 
Laser fusion propulsion plants for extraterrestrial 
propulsions are possible, provided there is a de
mand for interplanetary or interstellar missions. 
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8.7.3 Actinide Burning 
Introduction. The neutrons from DT-fusion 

systems can convert long-lived fission waste 
products (primarily actinides) to short-lived or 
stable isotopes. This method could serve as a 
mechanism to relax requirements for long-term 
geological storage of high-level radioactive wastes. 
Actinide half-lives are quite long, even in com
parison to such geological phenomena as ice ages 
and earthquake fault movements. Storage of long-
lived wastes is difficult because these events can ren
der a disposal area unacceptable. 

If the fission products in disposed high-level 
waste generated from spent commercial power reac
tor fuels are allowed to decay naturally, the long-
lived actinides in the waste will dominate the hazard 
after only 400 years. Although it is not possible to 
eliminate the long-term hazard, it can be substan
tially reduced (more than two orders of magnitude) 
via a two-step waste recycling process consisting of 
waste partitioning (or separation) followed by ac
tinide transmutation (primarily burning by fission), 
in the partitioning step, the bulk of actinides are 
separated from the disposed waste. They are then 
shipped to an actinide transmutation reactor to be 
destroyed. To achieve the desired reduction in the 
disposed waste hazard, separation factors of 99.99% 
plutonium; 99.9% uranium, americium, curium, and 
iodine (a fission product); and 95% neptunium are 
required. I 0 1 Because this represents a considerable 
advancement beyond the 99.5% separations cur
rently achieved for uranium and plutonium, it is ex
pected that partitioning technology will require 
significant development. 

Ideally, to achieve the maximum possible dis
posed waste hazard reductions, the separated ac
tinides should be entirely destroyed in the actinide 
burner. However, the actinides cannot be entirely 
fissioned during a single fuel cycle period that is 
limited by the fuel element damage rate and fission 
product buildup. Thus, the remainder of the ac
tinides (unburned) are discharged from the actinide 
burner. These will be reprocessed again, supple
mented with fresh actinides from fission reactors, 
and charged as fresh fuel to the actinide burner. 
Some actinides initially charged to the actinide bur
ner will constitute an additional feed to the disposed 
waste stream because of the reprocessing inef
ficiency. 

A consequence of the above is that a principal 
figure of merit for an actinide burner will be the 
average, or mean, life of an actinide atom in the ac
tinide burner, divided by the actinide burner fuel cy
cle period. , 0 2 This ratio determines the actinide 

burnup, which in turn determines the additional 
number of recycles that an average actinide atom in 
the system experiences before it is burned. In this 
sense, the total long-lived hazard of a unit of dis
posed fission fuel is a function of the separation fac
tor and the number of recycles required. 

To minimize the total disposed hazard, three 
goals for an actinide partitioning transmutation 
scheme are apparent: 

• High separation factors. 
• Short in-reactor actinide mean life. 
• Long fuel cycle period (high burnup). 

In addition, a fourth goal would be to maximize the 
actinide throughput to service as many fission reac
tors as possible. Finally, a fifth goal, relevant to the 
case in which a final charge of actinides is to be 
burned in situ, is that the long-term hazard of 
irradiated actinides should be several orders of 
magnitude less than the hazard associated with a 
full charge of unirradiated actinides. Of course, 
these goals neglect the significant, and perhaps 
prohibitive, short-term hazards associated with the 
increased circulation of actinide wastes during the 
partitioning and transmutation process. 

Several studies have investigated the possibility 
of recycling actinide wastes in thermal fission 
reactors l 0 3 and fast breeder reactors. I 0 4 These 
studies have shown that it is possible to burn ac
tinides in fission reactors and that the process is 
more efficient in the harder neutron spectra of fast 
breeder reactors. Logically, fast-neutron-rich fusion 
systems could even more effectively serve the same 
role. Two studies of actinide burning in fast spec
trum fusion reactor blankets have been completed. 

WFPS Study. 1 0 5 An EPRI-sponsored Westing-
house study was based on a beam-driven Tokamak 
fusion-fission hybrid reactor used for actinide 
depletion. Intended for mid-to-late 1980's 
technology, this reactor provides a fusion neutron 
wall loading of approximately 1 MW/m 2 , 
corresponding to approximately 10 1 4 n/cm 2 - s in the 
14-MeV energy range. The fission blanket is fueled 
with actinides contained in the high-level waste 
from the LWR-U cycle. The Mo-TZM clad actinide 
oxide fuel is primarily comprised " f 2 3 7 N p , 2 4 1 Am, 
and 2 4 3 Am, which represent almost 90% of the par
titioned actinides and the principal contributors to 
the very long-term radioactive hazards in LWR 
waste. These actinides are the only fissionable 
material contained in the helium-cooled blanket, 
but they provide sufficient neutron multiplication 
for neutron fluxes in the range of 10 5 n/cm 2 -s. 

The WFPS report analyzed the reduction of the 
long-term hazard of actinides charged to the reactor 
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rather than the reduction of the overall long-term 
hazard of the disposed waste (including the ac
tinides added to the disposed waste after each recy
cle of the fuel). In this sense, the long-term hazard 
of actinide waste irradiated for 30 years at 1.15, 5, 
and 10 MW/m 2 was investigated. For all three 
cases, the same average thermal blanket power 
(13,000 MW,) was achieved by lowering the actinide 
"enrichment" (and thus blanket criticality) with in
creasing wall loadings. The relative ingestion hazard 
vs decay time is shown for the three wall loadings in 
Fig. 8-81. The relative ingestion hazard is an index 
that consists of the ratio of the ingestion hazard of a 
given amount of high-level nuclear waste to the inges
tion hazard of the amount of naturally-occurring 
parent uranium ore from which the wastes were 

produced. Formulation of a relative hazard index on 
this basis is considered to be a realistic measure of 
the effects of high-level wastes, because it compares 
the hazard potential of wastes with that of naturally 
occurring radioactive substances which would exist 
if the uranium was not used in the LWR. However, 
concentration effects which make the waste hazard 
per unit volume much greater for the irradiated 
waste than the parent ore are not indicated through 
the use of this index. 

For a neutron wall loading of 1.15 MW/m2, 
the hazard index of the irradiated actinides initially 
decreased relative to the natural decay curve. At 105 

years, however, it increased back to the natural 
decay level. These results were similar to those 
generated in a BNWL study of actinide irradiation 
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in a moderated neutron spectrum, beryllium 
blanket.1 0 6 

Although the initial depletion rates of actinide 
species loaded into the Westinghouse actinide 
burner are several orders of magnitude higher than 
the natural-decay rates, it was found that neutron 
absorption dominates over fission. Because of this 
effect, considerable quantities of 2 3 8 Pu, 2 4 4Cm,and 
2 4 2 Cm are produced before ultimately fissioning. 
The net effect of producing these nuclides is a 
significant increase in the hazard index in the first few 
years of irradiation, because of the relatively shorter 
half-lives of 2 4 2 Cm, 2 4 4Cm,and 2 3 8Puwhen com
pared to the other actinides. Additionally, the 
2 4 2 C m / 2 3 8 P u decay chain gives rise to very 
radiotoxic long-term daughter products. In fact, all 
the actinides associated with fission reactor waste 
wilt create a dozen or so radioactive daughter 
products before decaying to stable Pb or Bi 
isotopes. Thus, in a meaningful evaluation of the 
long-term radiotoxicity, one must follow the decay 
chains for approximately 106 years to see the effects 
of radioactive daughter products on the potential 
ingestion hazard. 

In the case of a 10-MW/m 2 wall loading, the 
Tokamak actinide burner benefits from two effects 
related to lower actinide concentrations (for cons
tant power) in the blanket. Because lower concen 
trations (by about a factor of four) lead to lower 
criticality, the neutron spectrum will harden 
because of an increase in the ratio of 14-MeV fusion 
neutrons to about 1-MeV fission neutrons. In the 
harder spectrum, the capture-to-fission ratio 
decreases while neutron multiplication from the 
(n,2n) reaction increases. Also, lower actinide con
centrations at constant power imply that the ac
tinide mean life decreases. This has the effect of 
depleting the actinides, including nuclides produced 
in the actinide burner itself, more quickly. For ex
ample, the destruction (i.e., capture and fission) half 
life for 2 3 8Pu decreases from almost 7 to 2 years 
when the wall loading is increased from 1.15 to 10 
MW/m 2. 

The Westinghouse group reports that the post-
irradiation decay hazard index of actinides 
irradiated for 30 years at 10 MW/m 2 can be 
reduced by three orders of magnitude relative to 
natural decay (Figs. 8-81 and 8-82). They conclude 
that low wall loadings or short irradiation periods 
are only marginally attractive, and that a total first-
wall fluence approaching 300 MW-yr/m 2 is re
quired for effective reduction of the hazard 
associated with actinide waste charged to the ac
tinide burner. 

The WFPS study has shown that, from the 

standpoint of economics, the actinide burner can 
produce a very large amount of useful energy (ap
proximately 13,000 MW,). Moreover, this energy 
can be supplied at conditions of fluid temperature 
and pressure suitable for useful power generation. 
The plant WFPS used with the actinide burner 
provides 1050 MW ( for its required circulating 
power, as well as a surplus of approximately 10,000 
MW, for useful export. In view of the extremely 
large power of the plant, it was not considered 
reasonable to supply this export power in the form 
of electricity. Instead, a hydrogen production plant 
was coupled to the reactor to create a marketable 
product from its power. The total capital cost for 
the reactor and plant (excluding escalation an in
terest during construction) was estimated to be ap
proximately $4.7 billion in 1975 dollars. On the 
basis of capital cost per unit of thermal output, this 
figure is approximately three times that of an LWR. 
Assuming a 10-year design and construction period, 
with operation in the mid-1980's (which is extremely 
optimistic), provision for escalation would require 
$4.6 billion and the interest during construction 
another $3.9 billion. This represents a total plant 
cost of $13.2 billion. If one examines operating 
costs, including amortization of the $13.2-billion in
vestment over a 30-year plant life and credits the 
hydrogen production at ine same price per Btu con
tent as that for oil, there is a net operating deficit of 
$1.9 billion per year, which can be assigned as the 
incremental cost for disposing of the actinide inven
tory. 

To put this cost in perspective, the actinide 
burner has the capability to fission 4 metric tons of 
actinide per year, based on a power generation of 
13,000 MW, with an availability of 80%. Since 
depletion of these actinides by fission corresponds 
to disposal of fission-reactor actinide waste 
produced in the generation of 1.5-10 l 2 kWh,* a 
I.3-mills/kWh incremental cost can be assigned to 
the fission-reactor power plant for actinide burning. 
This is about a 4% increase in the total generation 
cost for a nuclear plant scheduled for 1985 startup. 
However, the actinide burner concept has not been 
optimized, and significant cost improvements may 
be feasible. 

Laser Fusion-Driven Actinide Burner Study. At 
present, laser fusion appears to be capable of attain
ing a 5- to 10-MW/m 2 fusion neutron wall loading. 
In addition, the ability to utilize simple geometry 

•Two hundred twenty-two plants (1 GWe each), operating at 
75% capacity, produce 1.5-10 , 2 kWh/yr. Each produces about 
0.018 MT/yr of actinides in the LWR-U fuel cycle. 

3-89 



makes the laser fusion reactor an attractive can
didate for actinide burning. Recognizing these at
tributes, Berwald and Duderstadt (University of 
Michigan) have performed scoping studies , 0 7 for 
an actinide burner adapted from a University of 
Wisconsin pure laser fusion reactor design. The goal 
was to identify a fusion-driven actinide burner 
system that could be expected to perform efficiently 
within the framework of anticipated fusion 
technology. Reasonable extrapolations in 
technologies that could be expected to develop dur
ing the same time frame as the fusion driver itself 
were utilized. 

The lasei fusion-driven actinide waste burner 
(LDAB) system investigated uses partitioned fission 
reactor generated actinide wastes dissolved in a 
molten tin alloy as fuel. A novel fuel processing con
cept based upon work by Anderson and Parlee 1 0 8 

concerning the high-temperature precipitation of 
"actinide-nitrides" from a liquid tin solution is 
proposed. This concept will allow for fission 
product removal to be performed at high burnup 
within the device. Thus, the LDAB actinide 
transmutation pro<as may represent less short-
term hazards than solid fuel systems with a fixed 
fuel cycle period, because the need to refabricate 
and transport actinide wastes once charged to the 
system is eliminated. 

The LDAB is a power producing hybrid reac
tor. With an equilibrium blanket energy multiplica
tion of 30 in actinide fission regions about the axial 
midplane of a cylindrical cavity, a total system 
blanket energy multiplication of 12 is attained. This 
corresponds to a reduction in the laser system recir
culating power fraction from 24% (pure fusion reac
tor) to 2.7%. The equilibrium neutron wall loading 
of 5.7 MW/m 2 represents an average flux of 6.4 
X 10 1 5 n/cm 2-s in the fission regions. The overall 
system power is approximately 22,000 MW l h with 
an average fission power density of 287 W/cm 3 in 
the actinide fuel regions. 

No attempt has been made to optimize this 
system, but potential performance seems im
pressive. In one possible fuel management scenario, 
the LDAB attains an effective equilibrium composi
tion in 15 years. The equilibrium LDAB consumes 
7.60 MT/yr of actinide waste corresponding to the 
waste output from 134 LWR's operating with full 
Plutonium recycle (1000 MWe, 33,000 MW-d/t, 
33% thermal efficiency, 75% capacity factor). With 
an actinide loading of 341, the mean life of an ac
tinide atom in the system is only 4.5 yr. 

If the 134 LWR's and one LDAB are evaluated 
as one system, the LDAB will produce 5.5% of the 
system power. If the cost of LDAB power genera

tion is three times that of LWR power generation, 
then the system power generation costs will be 11% 
above the LWR power generation costs. If the 
LDAB burns LWR-uranium recycle waste instead 
of LWR-plutonium recycle waste, it might serve 420 
reactors with only a 3.7% increment in power 
generation costs. As in the WFPS design study, the 
blanket thermal power could also be utilized for 
synthetic fuel production. 

Although the LDAB has the potential to ef
ficiently burn actinide wastes, process the wastes 
generated in a large system of commercial reactors, 
and reduce the short-term hazard caused by 
transporting and fabricating actinide fuels, its per
formance represents an optimistic goal. Its realiza
tion will require significant development in the 
fields of high-level waste partitioning, laser fusion 
and hybrid systems, fusion environment materials, 
and pyroprocessing. However, these results suggest 
that high-burnup solid-fuel hybrid blanket designs 
with considerably less technological risk might at
tain adequate performance as actinide burners. In 
particular, HTGR fuel pellets appear to have burn-
up capabilities in excess of 25%. 1 0 9 

Comparison of the Two Studies. The LDAB's 
efficiency as an actinide burner is compared with 
the efficiencies of the WFPS Tokamak and other ac
tinide burner systems in Table 8-27, which is taken 
from Ref. 102. The fully loaded Tokamak actinide 
burner designs evaluated by Westinghouse relate to 
initial rather than equilibrium blanket composi
tions. However, the quality of actinide fuel im
proves dramatically during the evolution to 
equilibrium. For example, the LDAB is able to 
reduce its actinide and neutron wall loadings by 60 
and 43%, respectively, while still achieving its initial 
power density (or equivalently its initial actinide 
throughput) during its evolution to equilibrium. 
Since the actinide mean life is the actinide loading 
divided by the throughput, it follows that the mean 
life in an equilibrium actinide burner is quite im
proved over that of a design based on initial condi
tions only. Also, the reactor can be designed for a 
relaxed equilibrium wall loading with only a slightly 
longer evolution to equilibrium. 

Thus, for consistency in comparison, data for 
equilibrium composition Tokamak actinide burners 
is required. To satisfy this requirement, calculated 
performances for the two Tokamak designs shown 
in Table 8-27 were deduced from Ref. 105 and the 
LDAB evolutionary performance. The 5.7-MW/m 2 

Tokamak has the same wall loading as the LDAB. 
This wall loading is optimistic for a beam-driven 
Tokamak design, but the results indicate that the 
neutronic performance of actinide oxide fueled 
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Table 8-27. Equilibrium actinide burner performance. 

Tokamak,b LDAB, 
LWRa LMFBRa 5.7 MW/m2 5.7 MW/m2 

Actinide inventory (MT) 1.8 0.48 24 34 
Power density (W/cm*) - - 230 285 
Actinide throughput (MT/yr) 0.057 0.056 4.7 7.6 
One GWe LWR's served |C 4.8C 261 d 134 d 

Actinide mean life (yr) 31 8.6 S.l 4.5 
Fractional fuel burnup (%) 9.6 13 e 11 2Sf 
Fuel irradiation period (yr) 3 1.1 0.55 1.5 
Additional reprocessing cycles 9.4 6.8 8.3 3 

aLWR and LMFBR analysis discussed in Refs. 102 and 107. 
"Tokamak performance deduced from nonequilibrium results presented in Ref. 105 and adjusted for equilibrium cycle using 

Ref. 102 results. Wall loading equivalent to LDAB. 
CLWR-Pu burns self-generated waste. LMFBR (1200 MWe) burns self-generated waste plus waste from three I200-MWC 

LWR-U's. 
dTokamak burns LWR-U cycle waste (0.18 MT/GWC yr). LDAB burns LWR-Pu cycle waste (0.057 MT/GWe yr). 
eBurnup applies to waste actinides only. LWR and LMFBR regular fuel burnup (33,000 and 100,000 MWD/MT, respectively) 

determines fuel irradiation period. 
'Nominal 25% burnup assumption requires further investigation 

blankets may be similar to the molten tin-actinide 
alloy blanket. The major difference in the LDAB 
and the Tokamak relates to the possibility for 
higher fractional burnup in the molten tin LDAB 
fuel (25%) as opposed to the oxide Tokamak fuel 
(10%). Of course, the Tokamak results are only in
dicative of equilibrium performance. Better es
timates will require detailed neutronics studies. 

As shown in the table, fusion reactors can burn 
two orders of magnitude more actinide waste than 
can fission reactors because they are fueled entirely 
with actinides. Thus, fusion-driven actinide burner 
schemes would employ only a few reactors devoted 
solely to this task. Note that although the LDAB 
has a larger actinide throughput, it serves fewer 
LWR's than the Tokamaks. This is because of the 
larger actinide production in plutonium vs uranium 
burning reactors. 

Actinide Burning in Laser Fusion Pellets. An ad
ditional technique for burning actinide wastes in an 
ICF reactor is to burn the actinides in a fusion fuel 
pellet. This technique increases the neutron fluence 
per shot in the actinides by a factor greater than 
10 9. Calculations have shown that much of the ac-
tir.'ide materials seeded into the pellet can be 
burned. The disadvantage of burning the actinide in 
pellet form is that pellet fabrication and processing 
of fission product waste become more complicated. 
This process is important because a given mass of 
actinides will need to be reprocessed several times 
before it is-completely fissioned. In addition, the 
rate of actinide mass burned in pellets will be much 

less than that in a blanket, because there is a limit to 
the pellet mass that can be compresed by a given 
ignitor-beam energy. 

Discussion. The preceding discussion of ac
tinide depletion is based on the premise that all ac
tinide isotopes that contribute to the hazard index 
are undesirable nuclides. On the other hand, 2 3 8Pu, 
2 4 4Cm, and 2 4 2Cm have identifiable commercial 
applications as beneficial radioisotopes. For exam
ple, 2 3 8Pu is useful for portable and remote power 
sources that include pacemakers, artificial hearts, 
and space and terrestrial power stations. The prin
cipal deterrent to the use of these nuclides has been 
their unavailability and high cost. The actinide bur
ner may be a prolific source of these radioisotopes, 
which are produced by actinide transmutation. The 
2 3 8Pu isotope is the principal contributor to the in
crease in the hazard index during irradiation, and its 
daughter product 2 2 6 Ra is largely responsible for a 
secondary peak in the hazard index at approx
imately 10 5 years (Fig. 8-82). 

Thus, a value judgment is needed to weigh the 
beneficial and potentially detrimental attributes of 
nuclear materials. In fact, Fig. 8-81 suggests that, in 
terms of the relative hazard index defined earlier, 
even unirradiated actinides represent a com
paratively small, long-term radiotoxic hazard. In 
view of these considerations and recent studies of 
waste transport into the ecosystem, the issue of 
long-term hazard potential from actinides should be 
reexamined. 

The environmental and safety considerations 
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associated with the actinide burners pose a variety 
of new problems, although there are parallels with 
present fission reactor plants. The most significant 
environmental constraint will be the need to contain 
large inventories of fission products and tritium. 
These inventories will be one and several orders of 
magnitude higher than the corresponding inven
tories for a current fission reactor power plant. 
Therefore, features such as multiple containment 
and cleanup systems must be carefully designed. 
With regard to safety considerations, the actinide 
burner power will be several times the 3800 MW, 
currently imposed as an upper limit for LWR's. 
Furthermore, the actinide-fuel inventory represents 
a very large collection of those components of high-
level radioactive wastes having the most adverse 
long-term toxicity characteristics. Thus, we an
ticipate that a serious program to design, develop, 
and construct such a plant would have to include 
provision for an extensive review of the regulatory 
implications. The principal consideration in the 
3800-MWt limit is the desire to obtain operating ex
perience with reactors up to that size in a com
paratively mature LWR technology. The possibility 
of constructing actinide burner blanket segments on 
a smaller modular scale and at lower power density 

should be considered. On the other hand, a single 
actinide burner of the type described in this study 
could service a large number of LWR's and would 
not be restricted by siting constraints that tend to 
favor location near electrical load centers. 

Conclusions. The most effective means of 
reducing the long-term radiotoxicity from the ac-
linides is depletion by fissioning the actinides. To ef
fectively burn actinides in a fusion reactor, the 
product of irradiation time and first-wall fusion 
neutron flux must be on the order of 300 MW 
yr/m 2 (10 1 0 MJ/m \ The fusion reactors that 
burn actinides will be very large with power levels 
from 10 to 50 GW,. Because of their size, they will 
generate too much power to be tied to a grid. The 
excess energy can be used for hydrogen production 
by electrolysis or for desalinization of water to help 
reduce the incremental cost assigned to LWR power 
plants for waste disposal. 

It appears that the ICF reactor will be more at
tractive for actinide-burning applications than alter
native systems (LWR, LMFBR, and magnetically 
confined fusion). However, the actinide-burning 
process is of questionable desirability for the follow
ing reasons: 

• Compared to immediate encapsulation and 
storage of actinides, increased handling of high-
level wastes is required. 

• The short-term hazards increase during 
early irradiation because of the production of ad
ditional actinides from neutron capture. 

• Some actinides isotopes are quite useful 
and should not be burned. 

• Reduction of effective half-life from the 
natural half-life for actinides is of questionable 
value. Even without irradiation, the actinides pre
sent the same ingestion hazard as the parent ore af
ter a relatively short storage period (100 years). 

If society decides that the long-term 
radiological hazards from fission-reactor actinide 
wastes are high enough to merit construction of ac
tinide burners, then inrtially confined fusion 
technology can best perform the required irradia
tion. 
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8.8 Environmental and Safety Features 
As the conceptual design of the liquid lithium 

waterfall fusion reactor evolves at LLL, our interest 
in considerations of safety and the environment is 
increasing. ' l 0 In fact, even though we have not yet 
proposed a set of definitive conditions, we have 
already incorporated several environmental and 
safely-related features in the reactor design. Major 
design choices that are now pending, such as the in
clusion of an intermediate heat-transfer loop, will 
certainly be influenced fundamentally by both con
cerns. 

Battelle Pacific Northwest Laboratories, 
LASL, and UCLA have each examined the general 
environmental effects and safety of laser fusion 
generating stations. ' ' I _ 1 1 3 Where these reports con
sidered features of a specific design, the concept 
chosen is characterized by multiple spherical 
cavities operated in the range of 100 MW t h per 
chamber, dry or lithium-wetted first structural 
walls, and 8 or more short-focal-length laser beams 
entering each cavity through glass ports. Each of 

these characteristics leads to specific safety and en
vironmental effects. The liquid lithium waterfall 
concept under study at LLL includes the following 
features (see Fig. 8-2): 

• A single chamber producing 1000 MW t n of 
power. 

• Liquid lithium fall protection of the first 
structural wall. 

• 100-m-long windowless laser tunnels for 
target illumination. 

• Four-beam irradiation in the horizontal 
plane. 

In this article, we explore some safety and en
vironmental consequences of these design features 
and identify areas for ••esearch. 

We selected the 60-cni thickness of the liquid 
lithium fall in the LLL concept to achieve an order-
of-magnitude decrease in the flux of 14.1-MeV 
neutrons at the reactor wall. This decrease results in 
a relatively small cylindrical chamber of 4-m radius 
for the 1000-MW,h design. Lessening the flux of 
high-energy neutrons reaching the first structural 
wall of SS-316 also reduces neutron-produced 
helium deposition to 14.6% of the amount that 
would occur if the liquid fall were not present. This 
reduction, combined with similar reductions in dis-
plements per atom (dpa) damage, should allow use 
of the cylindrical portion of the reactor vessel for 
the entire 30-year life of the plant. Figure 8-83 com
pares the mass and activity of wastes produced in 
two reactors, one with lithium fall protection and 
the other without. An additional advantage is 
reduction of 14.1-MeV neutrons that reach high-Z 
materials in the first structural wall, which leads to a 
lower activation product inventory in the wall sur
face. The head of the reactor vessel constitutes ap
proximately 10% of the cavity surface area. Because 
it is protected by a lithium fall thinner than the 
cylindrical portion of the vessel, the head wil1 re
quire periodic replacement during the life of the 
plant. The lengthened life expectancy and reduced 
activation of structural materials will result in the 
following advantages with respect to other inertia! 
or magnetic containment designs: 

• Lower utilization of resources. 
• Decreased occupational hazards from han

dling activated materials during wall or liner 
replacement. 

• Less radioactive and nonradioactive waste 
accumulation. 
Figure 8-84 represents a comparison between the 
LLL design and UWMAK-1, a typical tokamak 
reactor,'for several specific isotopes. 

Corrosion of wall materials and their subse
quent deposition in the lithium coolant must be 
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Fig. 8-83. Comparison of mass and ac
tivity of wastes produced in two reactors. 
The liquid lithium fall greatly reduces 
wastes of activated steel. 

(Unprotected lithium fall based on head and liner 
replacement each 2 years for a 30-year plant life) 

(Protected lithium fall based on head replacement 
each 4 years and no wall replacement for 30-year 
plant life) 

Quantity of steel wastes discharged 
Unprotected 

Protected 
e==a 9.56 X 10 4kg 
Activity of steel wastes discharged 
Unprotected 

Protected 
B 2.385 X 105Ci 

5.98 X 10 5kg 

5.95 X 106Ci 

minimized to reduce transport of activation 
products to other parts of the heat transfer system. 
One possible solution is to use low-corrosion 
materials such as ferritic steel or 2-1/4% chrome-1% 
molybdenum steel as the first structural wall. The 
lithium waterfall concept allows flexibility in the 
choice of materials, oecause of the absence of 
magnetic field requirements, decreased thermal and 
mechanical cyclical stresses, and a relatively 
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Fig. 8-84. Comparison of LLL-designed reactor and 
UWMAK-1 for several specific isotopes. The liquid lithium 
fall reactor greatly reduces induced radioactivity. 

moderate operating temperature (500°C). Because 
chromium and nickel are likely to be in short supply 
and are not domestically available, the selection of 
high ferritic materials is also favorable from the 
standpoint of environmental impact. 

The lithium fall and chamber contain approx
imately 100 metric tons of liquid lithium. Another 
500 to 800 metric tons circulate in the heat transfer, 
pumping, and tritium-recovery systems, depending 
on pump optimization. Consequently, efficient 
tritium-recovery schemes are needed to maintain a 
low tritium inventory in the circulating lithium. In 
the LLL concept, the reactor, heat transfer system, 
and tritium recovery facility are all located within a 
single containment building. We believe an ap
propriate design-basis accident for such a power 
plant would be a rupture of the lithium outlet line 
from the reactor vessel, followed by a liquid metal 
spill and possible Tire. The use of catch pans and 
liners such as those designed by Hanford Engineer
ing Development Laboratories (HEDL) for the Fast 
Flux Test Facility (FFTF) should greatly reduce the 
consequences of such an accident, especially 
because lithium is much less reactive than the liquid 
sodium used as a coolant in the FFTF. 

The liquid lithium fall reactor chamber is 
penetrated by four windowless laser beam tubes 
that run underground for 100 meters. The use of 
large f-number optics results in reduced activation 
and radiation damage of the final optical flat 
mirrors. ' l 4 Research is required to develop designs 
to maintain Class 1 containment along the beam 
tubes and at the turning optics that effectively cou
ple the laser containment to the reactor system. 
Possible solutions to this requirement, such as the 
use of fast-acting valves and a spatial-filter penetra
tion scheme, are being investigated. 1 1 5 
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Lawrence Livermore Laboratory, in concert 
with architectural engineering firms and reactor 
vendors, is proceeding toward a definitive reactor 
design. We are investigating questions of contain
ment structure design, activation and transport of 
wall materials, corrosion, and efficient tritium ex
traction. In this way, these environmental and 
safety issues will achieve equal footing with 
engineering considerations in the tradeoffs that 
precede selection of final design parameters. 
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8.9 Long-Range Planning 
LLL's input to the OLF long-range plan is 

described in the 1976 Annual Report. " 6 This year, 
we have provided input to the Inexhaustible Energy 
Resources Study (DOE HQ) and to the Battelle 
Pacific Northwest Laboratory effort supporting the 
OLF long-range plan. 

We also examined the sensitivity of fusion 
deployment rates ' 1 7 to several variables. Our model 
uses US electric grid history up to the present and a 
DOE projection ' 1 8 of the grid size and mix through 

the year 2000 (1390 GWe total and 380 GWe fission 
in 2000). All plants are retired after 30 years. In a 
given year, we force the constructed total capacity 
to equal the sum of the retired capacity plus the new 
demand. We have five types of plants: large 
(>1 GWe) pure fusion, small (sub-GWe) pure fu
sion, hybrid, fission, and fossil. The variables in
clude: 

• Pure fusion and hybrid introduction date 
(1995, 2005, 2105). 

• Number of fission plants fueled by one 
hybrid of equivalent size. (Hybrid fuel production 
capacity ir excess of US fission fuel demand was not 
allowed.) 

• Total g rid growth rate after 2000: 

Rate, 20S0 grid, 
% GWe 

0 1390 
1 2286 
2 3741 
2.5 4778 
3 6094 

We assume industrial capability to produce 
new plants (fusion, hybrid, or fission) grows at a 
given rate until a certain capacity is reached and 
then grows at a different, lower rate. Priority of con
struction is fusion, hybrid, fission, and fossil. (In 
scanarios without hybrids, the fission and fossil 
capacities are aggregated.) The specific growth rates 
used are shown in Table 8-28. 

Table 8-28. Growth rates. 

Rate Early 
"rate, 
%/yr 

Switch point 
(% of 20S0 potential) II

I 
High so IS 20 
Medium 40 10 15 
Low 30 s 10 

In addition to the exponential introduction 
scheme described above, we tested a more conser
vative scheme. It allows six GWe of new orders 
when the demonstration plant comes on-line, two 
GWe ordered per year until the first six GWe are 
on-line, and exponential growth thereafter. We used 
a five-year construction period for sub-GWe units 
and eight years for multi-GWe units, including 
hybrids. 

The dependent variable in the study was the 
percentage of the grid served by advanced 

8-95 



Grid growth rates 
0% 

. 2% 
3% 

Fusion growth rates 
High 
Medium 

1 — Low 

Small fusion, fission, and fossil plants 

Conservative introduction 

Demonstration in 1995 

Pig. 8-85. Comparison of grid growth rates and fusion growth rates. Deployment is more sensitive to the fusion construction capability 
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fission plants (Fig. 8-89). The number of fission 
plants fueled by one hybrid is a significant 
parameter. Of course, if hybrids are deployed at all, 
they will be an interim measure designed to solve 
short-term demands until the more environmentally 
acceptable pure fusion reactors are deployed. 
Figure 8-90 shows that the combined hybrid-fusion 
scenario deploys much faster than scenarios for 
either technology considered alone. Twenty years 
after the demonstration plants come on-line, fusion, 
hybrid, and hybrid-fueled plants could account for 
almost 50% of the grid. If the fusion demonstration 
is delayed by 10 years, the fusion-hybrid-fueled 
plants and hybrid-fueled plants account for 50% of 
the grid five years later than for simultaneous 
demonstration (Fig. 8-91). The 10-year delay in the 
fusion demonstration also results in a peak hybrid-
plus-hybnd-fueled capacity of 70% vs a 27% peak 

for simultaneous demonstration (Fig. 8-92). Low 
industrial growth capability also results in higher 
peak hybrid penetration (Fig. 8-93). 

Although the model used in this sensitivity 
analysis is crude, several interesting results emerge: 

• Pure fusion will take considerable time to 
have an impact on the grid (~10% in 20 years. 
~25% in 25 years). 

S Hybrid-plus-hybrid-fueled fission plants 
deploy faster (~ 10% in 10 years, -25% in 20 years). 

• Small units deploy faster than large units. 
• Deployment is sensitive to the early in

troduction rate and the industrial capability growth 
rate, and it is relatively insensitive to the overall de
mand growth rate. 

• Delay in completing a demonstration plant 
is not regained later. 

• In a combination hybrid-fusion scenario. 
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Fig. 8#7. Exponential and conservative introduction shcemes for fusion demonstration plant. Deployment is sensitive to the early in
troduction scheme. 
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Fig. 8-89. Hybrid, fusion, and fission grow in rates for various plant types. Hybrids can impact the grid much faster than pure fusion. 
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Fig. 8-92. Effect of a 10-yr delay in pure fusion demonstration en peak hybrid penetration. 
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SECTION 9 

LASER ISOTOPE SEPARATION PROGRAM 

9.1 LIS Overview 

Since the completion of Project Morehouse in 
early 1975—an experiment designed to demonstrate 
scientific feasibility of laser isotope separation (LIS) 
of uranium—our primary task has been to evaluate 
the technology and the physics scaling laws for LIS 
processes utilizing atomic vapor as the working 
medium. Our evaluations indicate that different 
atomic vapor LIS processes can be used for either 
primary enrichment or tails stripping (i.e., the 
uranium ore supply can be increased by eco
nomically processing tails from the present gaseous 
diffusion and from the planned gas centrifuge 
enrichment plants). 

Key components of the LIS processes ad
vocated in our program already exist—no new in
ventions are required. These available components 
can be utilized for LIS through emphasized research 
engineering, scale-up, and engineering hardening. 
Although many scientific, technical, and engineer
ing problems must be addressed before atomic 
vapor LIS can be used in commercial operations, we 
are confident that they can be solved if adequate 
resources are applied at the proper time. 

Many LIS process options appear to be both 
feasible and economically attractive; several options 
offer a potentially high payoff. Furthermore, the 
subsystem options can be utilized interchangeably. 
Therefore, we prefer to keep these options open, not 
exclusively singling out one combination of compo
nent concepts at this time. We feel that, by adopting 
this matrix of options, we can greatly reduce 
residual risk and offer the potential for continuing 
cost reductions. 

Two of the major objectives of our program are 
(1) to demonstrate a reference L/> process as 
quickly as possible so that we can establish the 
economics of LIS and aid in an expeditious im
plementation, and (2) to continue a concerted LIS 
process development program to assure that the 
economic goal for the reference LIS process is met 
and to provide the basis for realizing even greater 
economic potential. 

The LIS program is structured in four principal 
overlapping phases. Some uncertainty in the timing 
of these phases results from the unpredictability of 
funding and national requirements for nuclear 
power: 

• Technology Evaluation (1978-1980). The 
basic LIS process parameters will be determined 
and components options established 

• Component and S> >'.em uemonstration 
(1980-1984). The LIS components will be scaled to 
size and integrated into an operating system. 

u bngineering Demonstration (1984-1987). 
Operability, maintainability, and economics will be 
established sufficiently to permit commitment to a 
full-scale production facility. 

• Production Demonstration (1987-1992). 
Full-scale production facility for tails depletion will 
be brought into operation. 

The necessary technology for atomic vapor LIS 
is nearly complete: many crucial experiments are be
ing conducted currently and components in all 
critica' areas are being developed. In addition, most 
of the required physics and technology are now well 
defined, curtailing the risks involved in the planned 
approach to LIS uranium enrichment. Thus, an LIS 
plant can be developed in time to meet the uranium 
enrichment needs of this country. 

A thorough review of the research and develop
ment of previous years directly relevant to the 
atomic uranium vapor LIS processes is documented 
elsewhere. Here, we dc not detail the entire uranium 
LIS effort; rather, we present only a few selected 
topics concerning alternate applications of LIS to 
related sciences and technologies. 

Although the major goal of the LIS program is 
to develop an economic method using lasers for the 
large-scale enrichmen* of uranium, the same 
technology can be used, to a large degree, for 
enriching many other elements. For example, the 
techniques developed for the laser enrichment of 
uranium have, in the past year, been applied to the 
study of many fundamental problems encountered 
in photochemistry and atomic physics. 

Whereas some of the studies reported here deal 
with the evaluation of the atomic uranium LIS 
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program, others concern the physics and chemistry 
of new laser-driven processes. Measurements on the 
scattering of uranium atoms and on the kinetics of 
metastable excited atomic states, as well as model
ing of the physics of atomic multiphoton ionization, 
are reported here as examples of research closely 
aligned with the existing atomic uranium LIS 
program. Studies of new laser-driven processes have 
led to several experiments on the chemistry of laser-
excited atoms, as described here. We also discuss 
the systematic study of the photoionization of the 
lanthanide series elements, to demonstrate the 
ability of the photoionization methods developed at 
LLL to reveal unifying features in the behavior of 
highly excited states of complex atoms. The follow
ing articles are representative of the basic 
theoretical and experimental efforts required to sup
port the development of isotopic and nonisotopic 
laser-driven applications. 

Author 

J. Davis 

9.2 Atomic Vapor Lanthanide 
Spectroscopy with Lasers 

In the 1976 Laser Program Annual Report 
(UCRL-50021-76), we described how lasers could 
be employed to obtain a number of atomic 
parameters for very complex atoms. ' Data such as 
level energies, J-values, level lifetime, and level 
branching ratios, transition strengths, ionization 
threshold, and Rydberg series (the latter two yield 
the ionization potential) can be obtained for ele
ments whose spectra are so complex that conven
tional spectroscopic methods fail. The lanthanides 
are such a group of elements. Lanthanide elements 
are of special interest because of their similarities in 
chemical properties, resulting from the fact that 
electrons are added to the inner 4f shell rather than 
to the valence shell as the series is ascended. 
Regularities in these elements, such as ionic radius 
and energies of electronic configurations, have long 
been of interest. 

We have determined accurate first ionization 
potentials of 10 lanthanide elements by laser tech
niques. These accurate values have enabled us to 
ascertain that the change in ionization potential 
with atomic number is very regular across the 
lanthanide series. 2 The ionization process f N s 2 

-> f N s is well fitted to two straight lines that are 
joined at the half-filled shell (Fig. 9-1). Subse
quently, we found that this connected, two-straight-
line behavior can be observed in any row of the 
periodic table when the ionization limit can be nor
malized to an ionization mechanism of the type 
( Ns 2 -, ( Ns or ( Ns -» ( N . This behavior holds true 
for any stage of ionization, enabling interpolation 
or calculation of ionization potentials when a value 
is missing in a row or when data are sparse (e.g., as 
for the actinide elements). The theoretical explana
tion for the connected, two-straight-line behavior 
has been presented in detail by Rajnak and Shore. 3 

Here, we briefly describe the methods used to 
obtain accurate ionization potentials for the 
lanthanides. We provide the simple physical ex
planation for the connected, two-straight-line 
behavior. The results obtained by application of the 
theoretical model to extrapolate ionization poten
tials for ionized species of the lanthanides and for 
the actinides also are given. 

9.2.1 Lanthanide First Ionization Potentials 
The lanthanide ionization potentials were 

determined, using multistep laser excitation and 
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Fig. 9-2. Excitation schemes used to obtain Rydberg and 
autoionization spectra. 

photo, field, or collisional ionization (Fig. 9-2). The 
experimental apparatus is described in Refs. 1 and 
2. In these experiments, a beam of atoms of the ele
ment under investigation is irradiated by two or 
more synchronous pulse dye lasers. This irradiation 
populates the high bound Rydberg levels that are 
eventually field- or photo-ionized. The ions are then 
mass filtered and detected by a channeltron ion 
detector. All spectra are given as ion signal vs scan 
laser wavelength. 

Ionization limits accurate to ±30 cm"' 
(0.003 eV) can be determined from photoionization 
threshold scans. Ionization potentials accurate to 
± 5 cm "' (0.0006 eV) are then determined from 
Rydberg series observations that yield the con
vergence limit. The photoionization threshold 
usually is observed first, using the two-step method 
(Fig. 9-2a). This method involves scanning a con
siderable range of wavelengths estimated from the 
available literature ionization potential values4-5 

with quoted uncertainties as large as ±800cm"1. 
The most recent compilation of values based on 
spectroscopic data 4 quotes uncertainties of about 
±200 cm "' and, in most cases, the thresholds are 
found within the -.vavelength ranges estimated from 
these values. Thresholds also are observed using the 
three-step method (Fig. 9-2b) to confirm and im
prove some of the two-step results. We obtain the 
photoionization threshold limit to an accuracy of 
about ± 30 cm "' for an element. Then, we estimate 
wavelength ranges in which we must search for 
bound Rydberg series with field ionization or 
collisional ionization, or for autoionizing series con
verging to excited states of the ion for various 

parent levels that could be conveniently populated 
by one- or two-step excitation. Scans are made from 
various parent levels until the complete series is ob
tained. 

In most cases (e.g., for Nd, Sm, Eu, Dy, and 
Er), we obtain autoionizing Rydberg series converg
ing to an excited state of the ion. For lanthanides 
where the autoionizing Rydberg series are obscured 
by the high density of autoionizing valence states, 
we had to use field ionization (e.g., for Ce, Gd, and 
Tm). The ionizing field is applied 2 to 5 us after the 
populating laser X2

 o r ^ j This time resolution 
allows for radiative decay of some of the shorter-
lived valence levels, facilitating preferential detec
tion of the longer-lived Rydberg levels. Collisional 
ionization is used to observe a series in holmium. 
For holmium, the oven temperature is increased un
til the atomic vapor is dense enough so that the 
bound Rydberg levels are collisionally ionized and a 
long series is obtained. 

Results. A photoionization spectrum for neo-
dymium, obtained by the two-step process, is shown 
in Fig. 9-3. The neodymium excitation sequence 
also is shown in this figure. The thresholds are 
marked by the onset of very strong autoionizing 
levels. In addition, weak background resulting from 
continuum ionization is present. In contrast to the 
neodymium spectra where the density of well-

4 1 4 0 4 1 3 0 4 1 2 0 4 1 1 0 4 1 0 0 

^2 wavelength, A 

Fig. 9-3. Pkotoioaizatlon threshold spectrum for 
MOdyHNM. The 20, 300.8cm" 1 level is populated by laser 
Na. 1. The indicated threshold waveltagth yiehb an ionization 
liMil of 5.523 eV. The arrow labeled RL indicates the position 
of the Ryderf co»»erjt»ce limit. 
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defined autoionization peaks approaches in
strumental resolution, the spectrum for europium 
(Fig. 9-4) exhibits very few autoionization peaks 
and the threshold is identified by the weak con
tinuous photoionization background. The density 
of autoionizing transitions of each element follows 
roughly the complexity of the level structure as 
revealed by the analysis of the emission spectra. 6 

Except for europium, the lanthanides that we in
vestigated all exhibited autoionization spectra near 
the threshold similar to that shown by neodymium. 
The ionization potentials determined from the 
photoionization spectra are given in the fourth 
column of Table 9-1. 

The autoionizing Rydberg spectrum for 
dysprosium (Fig. 9-5) is a double series that con
verges to the 4 f l 0 6 s 4 I | 3 / 2 limit, 828.31cm"1 

above the ground level of the ion. The dysprosium 
spectrum is relative1;/ free from perturbing and 
obscuring autoionizing levels. Similarly well-
developed auloionizing Rydberg series also are ob
tained for Eu, Nd, Sm, and Er. 

For the cerium Rydberg series (Fig. 9-6), we 

Table 9-1. Summary of lanthanide first ionization poientials from LLL laser spectroscopy work and from Refs. 4,5, 
7, and 8 (values in parentheses indicate that the last digits are in error to the amount indicated; values in brackets 
indicate an interpolated value). 

LLL Laser Spectroscopic Techniques Non-LLL 

Element 
Electron 
impact3 

Spectroscopic 
techniques'' 

Photoinnization 
threshold 

Rydberg 
convergence 

Rydberg 
convergence 

Ce 5.44(10) 5.466(20) 5.537(5) 5.5387(4) ND 

Pr 5.37(10) 5.422(20) 5.464(+12,-2) [5.473(10)] ND 

Nd 5.49(10) 5.489(20) 5.523(2) 5.5250(6) ND 

Pm NDC 5.554(20) ND [S.S82(I0)] ND 

Sm 5.58(10) 5.631(20) 5.639(2) 5.6437(6) ND 

Eu 5.68(10) S.666(7) 5.666(4) 5.6704(3) 5.670 45(3) d 

Gd 6.24(10) 5.141(20) ND 6.1502(6) ND 

Tb 5.84(10) 5.852(20) ND 5.8639(6) ND 

Dy 5.90(10) 5.927(8) 5.936(3) 5.9390(6) ND 

Ho 5.99(10) 6.018(20) 6.017(3) 6.0216(6) ND 

Er 5.93(10) 6.101(20) 6.104(2) 6.1077(10) ND 

Tin 6.11(10) 6.18(2) ND ND 6.184 36(6) e 

Yb 6.21(10) 6.25(2) ND ND 6.253 94(25) e 

*Ref. 5. This reference also 
"Ref. 4. This reference is a 

of publication in 1974. 
c Not determined. 
dRef. 7. 
eRef. 8. 

contains a collection of limits determined by other techniques up to 1975. 
collections of the best available limits derived by spectroscopic techniques up to the date 
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Fig. 9-5. Dysprosium autoionizing Rydberg series converging to the 4 1 , 5 / 2 limit, 828.3 cm"1 above the * l 1 7 / 2 ground state of the ion. 
This is a doabk series converging to the same limit. Value n' is the effective quntum namber. 

used field ionization with a field strength of 
100 V/cm and the pulse delayed by 4 /is from the 
populating laser A 2. 

The variation in quantum defect (n - n*) vs n 
with change in the assumed limit value for cerium is 
shown in Fig. 9-7. The n value is not necessarily the 
principal quantum number but is an integer chosen 
close to n* to evaluate the variation in quantum 
defect. The effective quantum number n* is ob
tained from n* = [R/(assumed limit - level 
value)] xl\ where R is the Rydberg constant. The 
selected ionization limit of the element is that which 
gives the smoothest and most constant value of the 
quantum defect as a function of n for the high quan
tum number Rydberg levels. 

Discussion. A summary of the lanthanide 
ionization limits that we obtained, together with 
those obtained by various methods, is given in 
Table 9-1. Except for erbium, the latest electron im
pact values 5 agree with our accurate Rydberg con
vergence limits within the quoted uncertainties. The 
spectroscopic values by Martin et al.,4 are in ex
cellent agreement with our Rydberg convergence 
limits for Sm through Er, but their Ce, Pr, and Nd 
values are lower than ours. 

A comparison of our threshold limits wit'i the 
Rydberg convergence limits reveals that, in every 
case, the threshold limits are lower by approx
imately 0.002 to 0.005 eV (15 to 40 cm "'). The Ryd
berg convergence limits for neodymium and 
europium are indicated in Figs. 9-3 and 9-4 by an 
arrow labeled RL in the photoionization threshold 
spectra. As is the case in the neodymium scans 
(Fig. 9-3), the Rydberg convergence limit generally 
occurs above the first apparent autoionization peak 
or peaks for all cases except europium. However, 
the first very strong autoionization peak always oc
curs at or above the Rydberg convergence limit. In 
our uranium investigation, ' a similar difference be
tween the limits was seen; however, it remains an 
unexplained experimental discrepancy. Stray elec
tric fields, the effect of intense laser radiation, and 
collisional effects are all possible explanations. Thus 
for all lanthanides, we believe that the Rydberg con
vergence limit values are the more precise and thus 
they are the preferred values. 

In Table 9-1 we include interpolated values for 
praseodymium and promethium. We believe these 
are currently the most accurate values for the 
ionization potentials of the two elements. 

With the exception of cerium and gadolinium, 
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the ionization process in the lanthanides involves 
the removal of an s electron from the 4f N6s 2 con
figuration with N equal to 2 through 14. The ioniza
tion potential is the energy required to remove an s 
electron from an atom in the lowest level of the 
f N s 2 configuration of the neutral state and produce 
an ion that is in the lowest level of the f Ns con
figuration. The ionization processes in cerium 
(N = 2) and gadolinium (N = 8) correspond to 
f N-'ds 2 - f N - 'd 2 and f N"'ds 2 -. f N"'ds, respec
tively. However, these ionization limits can be 
corrected to correspond to the f N s 2 -> f N s ioniza
tion process by using the very accurately known 
positions of the lowest levels of the f N s 2 and f N s 
configurations in the neutral and singly ionized 
atoms of cerium and gadolinium. 6 Thus, all these 
ionization potentials can be normalized to corres
pond to the removal of an s electron from the lowest 
level of the f Ns 2 configuration. The resulting nor
malized ionization limits are plotted as a function of 
N in Fig. 9-1 and clearly show a connected, two-
straight-line behavior with a change in slope at the 
half-filled shell (N = 7). The limits for thulium and 
ytterbium are taken from Camus. 8The solid line in 
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Fig. 9-1 is an unweighted least squares fit to the ex
perimental data, using a connected, two-straight-
line equation; the resulting numerical fit is shown at 
the bottom of the figure. The experimental nor
malized ionization values have a standard deviation 
of ±84 cm _ 1 from this solid line. 

A theoretical explanation of the behavior of the 
( N s 2-t Ns and the ( NsY ionization potentials is 
given in Ref. 3, where it is shown that the change in 
slope at the half-filled shell is equal to G/ o n ((,s). 
The difference in slope between the two lines in 
Fig. 9-1 is 220 ± 23 cm - l . This is in good agree
ment with the average experimental value of G f̂fs) 
= 205 ± f> cm "' for the lanthanides. 

The linear dependence of the ( N s 2 -> ( N s 
ionization process on N with a slope break at the 
half-filled shell is not confined to the lanthanide 
series; we see the same behavior for the 3d and 4d 
series elements and for the s M N -• s( N ionization 
process for the 2p and 3p series elements. The plot 
for the 3d or iron series is shown in Fig. 9-8. Again, 
the connected, two-straight-line behavior with a 
slope change at the half-filled shell is shown. This 
behavior can be found for any stage of ionization, in 
any row of the periodic table, when ionization limits 
are normalized to correspond to ionization 
mechanisms of the type <f N s 2— (f" N s - <fN s — ^ N . 

A simple physical explanation can be given in 
terms of the Pauli principle and Hund's rule. For an 
ionization process of the type ( N s 2-> ( N s and in the 
absence of electron correlations, as one moves 
across a given row of the periodic table, the ioniza
tion limit increases monotonically and linearly with 
N as a result of incomplete shielding of the added 
electrons. However, the exclusion principle requires 
that the various electronic motions be correlated. 
As a result, Coulomb repulsion between electrons is 
least energetic and binding energies are greatest 
when the spatial wavefunction is completely an
tisymmetric with all electronic spins parallel. From 
Hund's rule, the term of highest multiplicity has the 
lowest energy within a given configuration. Thus, 
the ion ground state experiences a substantial 
correlation energy between the aligned spins of the 
f shell and the single s electron; this correlation does 
not exist in the neutral atom where the s shell is 
filled with two antiparallel electrons. The greater 
the number of f electrons, the greater the correla
tion term or binding energy of the electrons in the 
ion. This is the reason for the linearly increasing 
deviation of ionization limits from the behavior in 
the absence of electron correlations (or the increas
ing difference of binding energies in the lowest level 
of the ionic ( N s and the neutral ( N s 2 configura
tions) as one moves toward the half-filled shell. \ t 

the half-filled shell, additional electrons begin pair
ing spins and the deviation diminishes linearly with 
the number of paired electrons. 

Elementary application of the Slater-Condon 
semiempirical methods to calculate the ionization 
potential IP N for the process t N s 2 ± ( N s suggests 
that the pattern in ionization limits should be 

= A + NB, N < 1( + 1 

= A + NfB + G^s) ] , N > 2 + 1 . 

That is, the ionization limits are piecewise linear 
with a change in slope occurring at the half-filled 
shell. The constants A and B are combinations of 
Slater parameters. The important point is that the 
change of slope at the half-filled shell is simply the 
Slater exchange integral of the ion, Q({(&). More 
elaborate ab initio Hartree-Fock calculations con
firm this interpretation.3 Consequently, knowledge 
of any two ionization limits plus an exchange in
tegral within a row, or alternatively knowledge of 
three ionization limits, allows interpolation of any 
other ionization limit within that row. We have ap
plied this method to obtain values for the ionization 
limits of the neutral actinides as well as of the 
doubly and triply ionized lanthanides. 
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9.2.2 Ionization Potentials Of Singly, Doubly, 
and Triply Ionized Lanthanides 

The singly ionized lanthanide ionization poten
tials are known to 0.1 eV or better. 8 The values 
form two connected straight lines (Fig. 9-9) and are 
well fitted by the equation given below the figure. 
For the doubly and triply ionized lanthanides, there 
are few experimental values. The equations derived 
by semiempirical methods (involving both 
theoretical and experimental parameters) and ex
plained in detail in Ref. 3 are 

{ = I688N + 145,449, N < 7 

= 226IN + 141,438, N > 7 

for doubly ionized species and 

{ = 3182N + 211,656, N < 7 

= 2347N + 217,236, N > 7 

for triply ionized species. In all cases, the ionization 
potentials given thus are for the process f N s -» f N . 
Because most of these ions have the ground con
figuration f N + 1 , the correction for the f N + 1 -> f N s 
energy difference must be made to find the ioniza
tion potential of the ion. 

9.2.3 Actinide First Ionization Potentials 
In contrast to the lanthanides, few accurate 

ionization potentials are available for the actinides. 
An additional complication arises because the 
ground state for the first five actinide elements (Ac 
to Np) is not f N s 2 . Configuration interactions 
severely affect the position of this configuration 
relative to the ground configuration when the 
energy difference is known. The equations 

(368N + 45,362, N < 7 
<PN= \ 

(338N +42,071, N > 7 

for the energies of the f'V -» fNs ionization process 
were derived by extrapolating experimental and 
theoretical data for the lanthanides to the 
actinides.3 The results are in good agreement with 
Sugar's values9 that are based on the fNs2-> fNs s' 
interval for the higher actinides (Pu to Es). The 
value for Np of 47,202 cm"1 is in agreement with the 
recently determined value of 47,788 cm"1 for the 
fV- . ih, ionization process in Np. This value was 
determined from the series convergence for five dif
ferent Rydberg series in Np observed, using laser 
spectroscopy techniques at LLL. 

The determination of the Am and Cm ioniza
tion potentials by laser techniques would allow a 
much more accurate extrapolation of ionization 
potentials for the higher actinides in the series. 
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9.3 Measuring Absolute Elastic Scatter
ing Cross Sections in the Uranium-
Krypton System 

In support of the existing photophysical and 
potential photochemical LIS processes, we have in
itiated a program to measure the scattering and 
chemical reactions of ground and excited state 
uranium atoms under single collision conditions. 
The most basic question we must answer is: "What 
is the hard sphere diameter of the atom?" This 
measurement would yield the scaling factor, which 
then could be used to estimate all gas-phase 
uranium atom properties with greater confidence. 
The value for the atomic radius of uranium is 
derived from experiments on the scattering of 
uranium from krypton. In effect, we are using 
modern technology to measure a transport 
property. 

This year we completed our study of the 
uranium-krypton system by calibrating absolutely 
the scattering of a uranium beam. The molecular 
beam machine, with the gas catcher installed for ab
solute calibration measurements, is described 
elsewhere. 1 0 

The use of crossed beams for absolute scatter
ing measurements is a new technique for which we 
derived the necessary theory. The working formula 
relating the center-of-mass differential cross section 
d 2<r/d(»2 to the uranium beam scattered at 
laboratory angle O, 1(6), and the straight-through 
uranium beam I o is 

1(6) 
In 

K F 9 (3fy* *» (^), 

A D A S D 
R 2 R 2 

K S V R V D 
n 2V *SV A DV ^ D 

The subscripts S, V, and D denote the source, scat
tering volume, and detector, respectively. The 
forward F and backward B center-of-mass angles 9 
that scatter to one laboratory angle are defined in 
Fig. 9-10. Also, K is the kinematic weight (i.e., the 
scattering observed at O if d 2o-/dii> 2 were constant), 
A is an aperture area, R is a distance, and V is the 
size of the scattering volume. The krypton atom 
number density in the scattering volume is 
measured with the gas catcher as 

n2 = 2.37X I0"cm- 3. 
All quantities on the right-hand side of the working 
formula are either measured or geometric properties 
of the apparatus. The kinematic weights are 
calculated from first principles. 

The overlapping contributions from forward 
and backward scattering can be sorted out at large 
0, corresponding to large 0 where d 2a/da 2 is con
stant and 0 F « 0 B (Fig. 9-10). The absolute center-
of-mass cross section is then unrolled to smaller 8 
(see Fig. 9-11). Integrating this cross section 

LAB scattering angle 

CM forward scattering angle 

Final CM U velocity, 
forward scattering 

Initial CM U velocity 

CM backward 
scattering angle 
Final CM U velocity, 
backward scattering 

Initial LAB Kr velocity 
Initial LAB 
U velocity 

Fig. 9-10. Kiiematlcs of uraiium-krypton elistic scattering. 
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Table 9-2. Effective atomic radii for metal and 
rare-gas scattering from krypton. 

Radius, 
Element A 

Ne 1.40 
Ar 1.60 
Kr 1.79 
Li 2.40 
U 2.43 
Na 2.49 
K 2.80 
Rb 2.92 
Cs 3.06 

weighted by (1 -cos0), we determine that the ab
solute uranium-krypton momentum transfer cross 
section, at the experimental energy of 0.10 eV, is ._ 

< r m (U-Kr) = 46.5tlf/f 2. 

Previous crossed beam experiments on alkali 
atom/rare gas and rare gas/rare gas scattering ' ' 
enable us to estimate the krypton atom radius and 
the Van der Waals attractive potential well depth 
for the uranium-krypton system. Then, the classical 
theory of transport cross sections l 2 can be applied 
to generate a zero-energy uranium atom repulsive 
wall radius of 2.43 A. This value is compared in 
Table 9-2 with similarly derived radii for alkali 
scattering and rare-gas scattering from krypton. 
The uranium atom is found to be smaller than is 
naively expected. 
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9.4 Laser Photochemistry 
9.4.1 Reactions of Excited State Alkaline 
Earth Elements 

The central principle of laser photochemistry is 
the ability to drive chemical reactions through the 
selective irradiation of one or more reactants to 
states that favor the ensuing reaction. Often, such 
states are inaccessible at modest temperatures; laser 
excitation, however, opens up new synthetic routes 
for making bulk or fin? chemicals. However, ap
plications in practical synthesis must first be 
preceded by studies on the reactivity of specific 
laser-prepared states in simple systems. Accord
ingly, we initiated a series of studies to further our 
understanding of the dynamics of chemical reac
tions that proceed from excited electronic states 
where a multiplicity of potential surfaces can in
fluence the outcome of the reaction. In particular, 
we concentrated on the reactions of the alkaline 
earth metals with halogenated methanes and 
hydrogen halides. These reactions are well suited to 
experimental study and are amenable to limited 
theoretical interpretation. The reactions of ground 
and excited state alkaline earth atoms with 
halogenated methanes offer unique opportunities 
for studying the behavior of various excited state 
reaction surfaces that are highly exoergic. The reac
tions of alkaline earths with hydrogen halides are 
reported here to illustrate the effect of the reactant 
state on the energy disposal in the reaction 
products. 

These reactions have been conducted under 
molecular beam conditions. The atomic beam is ex
cited to a reactive state with either a parametric os
cillator or a flashlamp-pumped dye laser. The 
product molecules are detected, after a suitable 
delay time to allow for completion of the reaction, 
using another tunable laser as a probe by laser-
induced fluorescence (LIF). 1 3 In LIF, the product 
molecule1: and their internal state distributions are 
identified by fluorescence induced by the probe 
laser at wavelength \. This serves as an unam
biguous fingerprint of the presence of specific 
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product molecules of well-specified internal energy. 
The LIF method is limited in that only those 
molecular products having fluorescent states ac
cessible with currently available tunable lasers can 
be studied. These same states also must possess 
well-studied spectroscopic features. However, the 
great attractions of LIF are its simplicity and sen
sitivity (see Refs. 13-16 for details). 

The experimental arrangement for these studies 
consists of a differentially pumped molecular beam 
apparatus, interfaced with a nitrogen-laser-pumped, 
tunable probe dye laser and with a narrow band 
(0.2 cm ~') flashlamp-pumped dye laser, to energize 
the atoms to their excited states (Fig. 9-12). 
Typically, the experimental procedure involves ex
citing the alkaline earth atoms and then detecting 
the product, some microseconds later, with the 
tunable probe laser. A fluorescence detection 
photomultiplier, placed a few centimeters from the 
reaction zone, is gated on approximately I lis before 
the probe pulse. The atomic oven is operated at 
about 1000 K in a chamber held at 2 X 10 " 6Torr. 
The atoms, collimated by an approximate 3-mm-by-
10-mm slot, enter the reaction chamber which is 
filled with reactant gas at pressures between 5 
X 10 " 5 and 1 Xl0 _ 3 Torr. Pressures are measured 
with a single-sided MKS Baratron, which is at
tached directly to the interaction chamber, and by 
calibrated ion gauges in the chamber. Boxcar in
tegration is performed on the laser-induced 
fluorescence signal. The experimental data consist 
of records of fluorescence intensity as a function of 
exciting laser wavelength and reactant quantum 
state. The resulting spectra are interpreted to iden
tify the products and the manner in which the 
energy available from the chemical reaction is par
titioned. This information furnishes important clues 
to the mechanism of the reaction. 

Consider the reactions 

Sr*(3Pi) + HF-*SrF ++H, (1) 
Sr*(*i)+HCl-SrCI + + H . (2) 

Reactions (1) and (2) are slightly endothermic when 
both reagents are in their ground states. Excitation 
of the strontium to the 3P l state is energetically in
sufficient to give rise to an electronically excited 
SrX product. The complete product spectrum can 
thus be detected by LIF. 

Figure 9-13 shows the LIF spectrum for the 
product SrF of reaction (1). From the published 
spectroscopic constants for the relevant electronic 
states of SrF, the distribution of internal energy in 

the SrF product can be obtained from this spec
trum. The spectrum exhibits LIF of the SrF product 
formed in vibrational states ranging from V" = 0 to 
V" near 15. The fluorescence bandhead intensities 
only need to be corrected for the Franck-Condon 
factors and for the calculated relative velocities of 
the product molecules in each internal state, before 
the bandhead intensities can be converted to the 
true relative internal state populations. From these 
manipulations, we find that the SrF formed in reac
tion (I) consumes 40% of the energy available from 
the chemical reaction by releasing this energy as 
vibrational excitation. The SrCl formed in reaction 
(2) consumes 70% of the available energy by releas
ing the energy as vibrational excitation. 

This large fraction of reaction exothermicity 
consumed in vibrational excitation of the products 
is in contrast to the reactions of ground state 
alkaline earth atoms with hydrogen halides. For ex
ample, when ground state barium collides with HF, 
only 12% of its exothermicity is deposited into 
vibration; BaCl is produced with 33% of reaction 
energy used in vibration (Table 9-3). A simple ex
planation for the difference in behavior between 
ground state and excited state alkaline earth atoms 
is based on the expected qualitative differences be
tween the singlet and triplet surfaces that correlate 
with the ground state products (see Fig. 9-14). In 
going from reactants to products, the alkaline earth 
atom trades its covalent character for a highly ionic 
character by adiabatically mixing in contributions 
from either a singlet-coupled or triplet-coupled 
ionic state growing out of the Sr + ( 2S) ® F ~( 'S) ® 
H( 2S) asymptotic limit. Because the excited state 
surface is initially closer to the energy of the ionic 
state, it feels the influence of this attractive con
figuration more rapidly than does the ground state. 
This effect is further enhanced by the fact that the 
triplet state is more attractive than the singlet state. 
These two effects combine to give the lowest 
adiabatic triplet surface an earlier release of energy 
than the ground state singlet, implying that the ex
cited state reaction will channel more of its exother
micity into vibration. 

We also have completed a series of experiments 
on the reactivity of halogenated methanes with the 
ground and excited states of barium and strontium. 
An unusual aspect of these systems is that although 
they are generally characterized by substantial exo-
ergicity, large barriers in the reaction channels often 
prohibit the reactions from taking place on the 
lowest potential energy surface. With photo
chemistry, however, it is possible to overcome this 
topographical feature by placing the reactants on a 
potential energy surface with a smaller or nonexis-
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tent barrier. Using experimental methods similar to 
those outlined for the hydrogen halide studies, we 
obtained the data in Tables 9-4 and 9-5. Several 
features of interest emerge. First, in each case where 
more than one type of halogen molecule is bonded 
to the carbon atom, it is always the bond of the 

Table 9-3. Energy deposition in alkaline earth-hydrogen 
halide reactions. 

Reaction 

Fractional disposal of 
energy as vibration, 

F V 
Exoetgicity, 

eV 

Ba('s) + HF 0.12 0.55 

Ba( lS) + HCi 0.28 0.48 

Ba('s) + HC1 0.29 0.42 

Ba( lS) + HBr 0.36 0.61 

Ba('s) + HI 0.18 1.26 

Si( 3P) + HF 0.40 1.49 

Sr(3P) + HCI 0.70 1.39 

heavier halogen that is broken. The carbon-fluorine 
bond has proven to be an especially difficult bond 
to break by metal atom attack. Second, and most 
important for reactions with CF^Cl and CH3CI 
where a substantial barrier prevents reaction along 
the lowest potential energy sutftce, reactions from 
the excited triplet states are sometimes observed. 

Note that the methyl- and trifluoro-leaving 
radicals give rise to two distinct groups of 

Sr + ( 2 SI + H H 2 2 ) 

Sr '^Sl + HFt 'Z) 

S r V ^ D . ' P J + HFt^E) 

Sr*{ 3P) + HF( 1 2) 

Srt'SI + HFt'S) 

SrF( 2n) + H( 2S) 

SrF( 2 2) + H( 2S) 

SrF( 2n) + H( 2S) 

SrF( 22) + H( 2S) 

The ionic character increases for lowest 2 surfaces 

Fit. 9-14. Adiabatic 2 states jhowiag Uw gradual acquisitioii of ionic character. 
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vibrational energy distributions in the diatomic 
halide products, regardless of whether the reaction 
was initiated on the ground surface or on the excited 
triplet surface. This indicates that the pyramidal 
triiiuoro-leaving radical and the planar methyl-
leaving group are dominant factors in the reaction 
dynamics. The methyl group departs with con
siderable internal energy because it changes from 
pyramidal to planar geometry during the chemical 
reaction. The trifluoro radical, on the other hand, 
does not undergo such a change. Thus, much of the 
energy available from the chemical reaction with the 
methyl halides is absorbed by the methyl-leaving 

radical, whereas the internally cold trifluoro radical 
permits the diatomic halide product to attain much 
higher vibrational temperatures. 

Experiments are now in progress to determine 
the reactivity differences of the various excited-spin-
orbit reactions with bromochloro methanes in the 
singlet and triplet reaction surfaces. We have also 
found that it is possible to determine the reaction 
cross section of the laser-prepared species or the 
ground state species by measuring the relative num
ber density of the reactant state of interest, as a 
function of the reactant gas pressure as it is titrated 
into the chamber. Relative density is determined as 

Table 9-4. Reactions of fia(-S) and Ba(3D) with halogenated methanes. 

Halogenated methane Ba('S) Ba( 3D) 

C H 3 F 

CH3CI 
CHjBr 
CH3I 

CH2C12 

OCI3F 
CC1 4 

CF 4 

CF3CI 
CR3B1 

CF,I 

v » n , F V «. 0.3 
V « 21, F v «. 0.4 
V » 39, F v «* 0.6 
V w 30, F v * 0.6 
V * 45, F v * 0.8 

nr 
nr 

V * 30, F v * 0.8 
V * 27.52, F v * 0.7 

23, F v K 0.3 
ns" 
ns 
ns 

V « 60, F v « 0.7 

a No reaction. 
"Not studied. 

Table 9-5. Reactions of barium and strontium with halogenated methanes. In the far left column, the values in 
parentheses are the carbon-halide bond energies (kcal); in the other four columns, the values in parentheses denote 
the reaction exoergicity. 

Halogenated 
methane Ba('S) Ba(3D) Srl'S) Sr(3P) 

CH3FOO8) 
CH3CI (81) 
CH3B1 (67) 
CH3I (54) 
CH 2Ci 2 (76) 
CCI3F (-70) 
OCI4 (123) 
CF3CI (80) 
CF3CI (80) 
CF3Br(68) 
CF3I (54) 

'No reaction. 
"Notitudied. 

nr1 (31.5) nr (58.9) nr(20.7) m (62.2) 
nr (234) BoCI (50.8) nr(14.9) nr (56.4) 
BaBr (18.5) ns b SrBr(11.7) ns 
Bal(17.6) ns Sri (11.6) ns 
BaO (28.4) ns ns ns 
BaCl (-34.4) ns ns ns 
BaCI(34.4) ns SrCl (25.9) ns 
nr(16.S) nr (43.9) nr (5.7) nr (47.2) 
«• (MA) BaCI (51.8) nr(15.9) nr (57.4) 
BaBr (17.5) ns SrBr (10.7) ns 
Bal (17.6) ns Sri (t 1.6) ns 
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a function of pressure, simply by probing the reac-
tant state population through the measurement of 
the laser-induced atomic fluorescence of this state 
with a separate probe laser and detector. Sample 
data obtained from a cross-section Measurement of 
this type are shown in Fig. 9-15. The laser-prepared 

3 P, state of strontium reacts so quickly that relaxa
tion via collisions into the 3 P 0 and 3P2 states is an 
insignificant mechanism for the quenching of the 

3P i level population. It will be extremely interesting 
to measure the relative reactivity of the various laser 
prepared, spin orbit 3D states of barium. 

The reactions of metal atoms with halogenated 
methanes are ideal for synthetic laser photo
chemistry. The reaction rate can be enormously ac
celerated by single-photon excitation of the metal 
atom. In fact, the reaction cross section changes 
from zero to roughly 100/f2. Also, with single-
photon excitation (rather than with multistep ex
citation schemes), the available population of reac-
tant states is maximized. Finally, as has been shown 
for strontium 3P[ states, the ratio of o- r e a c , i o n to 
" relaxation ' s ' a rg e> probably greater than 20. This 
situation is favorable for efficient photon utiliza
tion. Thus, we hope i. it future studies of this type 
will continue to advance our understanding of ex

cited state photochemistry and may lead eventually 
to the discovery of photochemical pathways of com
mercial significance. 
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9.4.2 Associative Ionization Reactions 
of Strontium 

We describe some initial experiments on the 
chemistry and kinetics of high Rydberg states in 
atomic systems. The motivations for these studies 
include: 

• Multiphoton ionization experiments.I7 

• Observation of superelastic collisional 
heating of electrons.I8 

• New applications of infrared lasers and 
detectors. 

• Advances in Rydberg state chemistry. 
To date, our experiments have involved studying 
the collisional and associative ionization behavior 
of laser-excited Rydberg states in atomic strontium 
vapor. We studied strontium because its excited 
state Rydberg spectra have been extensively 
analyzed. 

The production of dimer ions by homonuclear 
associative ionization (HAI) of atomic Rydberg 
states is known to jcur for the noble gases 1 9 ' 3 0 and 
for the alkali metals.21 Although HAI has been 
assumed to occur for the alkaline earths, no 
systematic study or product identification has been 
reported.22 We, however, have observed the HAI 
process, 

Sr(5sn0 + Sr(5s2) -. Sr^ + e", 

for laser-populated Rydberg states of atomic stron
tium. The energy to produce the ion is provided by 
the binding energy of the molecular ion. The 
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production of dimer ions by this reaction was con
firmed by mass spectrometry. We studied this reac
tion under conditions of low- and high-excitation 
density (<10 1 2 and >10 1 2 Rydberg atoms/cm3, 
respectively). We find strong evidence that elec
trons, initially produced by photoionization, play 
an important role in the ionization of laser-
populated high Rydberg states through an 
avalanche mechanism. This avalanche mechanism 
strongly influences the chemistry of these Rydberg 
states at high-excitation density. 

With some minor modifications, the ex
perimental technique we use here is identical to that 
employed in our previous multistep photoionization 
experiments on heavy atoms (see Fig. 9-16).23 

Briefly, the stream of atoms in the vacuum chamber 
is irradiated by the output of two or three dye lasers 
tuned to excite the atoms to high Rydberg states 
through resonant transitions. The source of the 
strontium vapor is a re islively heated tungsten 
oven containing a tantalum crucible loaded with 
strontium metal. The vapor issues through a 2-by-
10-mm slit into the photoionization volume, 2 cm 
away. The oven is operated at the high temperatures 
necessary to obtain strontium vapor densities in the 
interaction zone in excess of 1014atoms/cm3. The 
background pressure is typically less than 10 - 6 Torr. 
Under these conditions, ionization collisions can 

take place on a time scale comparable to the 
radiative lifetimes of the low-n Rydberg states.24 

Ion products, resulting from photo, collisional, 
and associative ionization, are then electrostatically 
focused onto the quadrupole mass analyzer used at 
a resolution of about 2 amu. The mass-filtered ion 
current is detected and amplified by a channeltron 
particle multiplier; the output is processed by a box
car integrator. The tunable pulsed dye lasers are 
pumped by separate, synchronous nitrogen lasers. 
The dye lasers provide unpolarized peak-power out
puts of about 10 kW, 10 ns in duration, and with a 
2-cm"1 linewidth. 

Rydberg states in the 5sns'S0 and 5snd'-3D 
series are populated by the two-step process, 

Sr(Ss- 'Sn> M 
4607 A 

S r < 5 s 5 P P l > = n 7 T S r < 5 s n C > -

This excitation sequence is shown in Fig. 9-17. The 
Rydberg states accessible by this technique have 
been observed and characterized previously by laser 
spectroscopy.25 All experiments entail measuring 
either the atomic ion signal at mass 88 or the dimer 
ion signal at mass 176 as a function of the scanned 
laser wavelength (see Fig. 9-18 for results).26 
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Fig. 9-16. Diagram of the laser photoionizalion spectroscopy apparatus. 
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Strontium ionization potential 45,932 cm"1 
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Ai the highest vapor densities (~10 1 4atoms/ 
cm3), associative ionization is observed down to n = 
8 at 41, 052.5 cm - 1 for series members 5sns'S0 and 
down to n = 6 at 39, 685.9 cm"1 for series members 
5snd '-3D. Because the ionization potential of stron
tium is known25 to be 45, 932.2 cm"1, the dissocia
tion energy of the dimer ion Do (Sr }) must be at 
least 0.77 eV. This can be compared with the theo
retically calculated value of 1.04 eV for Ca$. 2 7No 
reaction is observed for the 5s7s'So level at 
38,444 cm"1 or for the 5s7s3S, level at 37,424 cm"1 

(0.93 and 1.05 eV below the strontium limit, respec
tively). However, it is difficult to observe associative 
ionization of states of low n value because of their 
short radiative lifetimes.24 In addition, although 
energetically allowed, we did not observe25 

associative ionization of the Interloping valence 
levels 4d 2 3Po,i,2- These valence levels occur between 
the 1 Is and 13s Rydberg levels and yield very strong 
Sr + signals. 

The Sr+ signal from high members of the 5sns 
and 5snd Rydberg series, obtained at low vapor 
density (~ 10 1 0 atoms/cm \ is shown in 
Fig. 9-18a. Strontium ions are produced by direct 
photoionization of the Rydberg levels by the scan
ning laser: 

Sr(5sn0 ~ S r + + e "(~2 eV). 

The Sr + signal depends (I) on the cross section for 
population of the Rydberg level (~n " 3 depen
dence), and (2) on the photoionization cross section 
from the populated level. The second cross section 
is responsible for the large intensity variations in 
this spectrum. 2 S 

In Fig. 9-18b, we show the spectrum for high 
members of the 5sns and 5snd Rydberg series, taken 
at a significantly higher strontium vapor density 
(~10 13atoms/cm 3). Here, the production of the 
Sr + signal is dominated by the collisional processes, 

Si(5snfi) + Sr(5s2) -+ Sr+ + Sr + e", (3) 

Sr(5snS) + j Sr(5sn'S>') | -> Sr+ + e" + Sr , (4) 

Sr(5snE) + e" -* Sr+ + 2e" . (5) 

Reaction (3) is most important at high n, whereas 
reaction (5) is more important at 14 < n < 35. The 
seed electrons for reaction (5) can be generated by 
reaction (3) or (4). 

The peaks in scan b of Fig. 9-18, indicated by 
dots between n = 16 and 20, represent newly ob

served phenomena: near-resonant, two-photon 
transitions to core-excited autoionizing Rydberg 
states: 2 8 

Sr(5s2 ] S 0 ) — L - * . SKStfp'P,) s r(5^)" S r( 5P n ' ! ! '>-

Consequently, these resonances do not appear in 
the associative ionization collision scans. 

Scans c and d of Fig. 9-18 reveal the asso
ciative ion production for the laser-populated 
bound Rydberg states. Scan c was taken at a stron
tium vapor density of approximately 10 1 3 atoms/ 
cm 3. The nominal 10-kW intensity of the pop
ulating laser was reduced tenfold. Under these con
ditions, the transitions to the lower n Rydberg states 
are still close to saturation. At full laser intensity 
and at the same initial ground state vapor density 
(scan d), the molecular ion signal for the series num
bers 14 < n < 35 exhibits a spectral line reversal. 
These dips in the centers of the lines increase 
dramatically with laser intensity and strontium 
vapor density. A comparison of scans a and d 
reveals that the magnitude of the dip correlates 
directly with the photoion signal. The molecular ion 
signal nearly disappears for the 18s 'S and 17d l , 3 D 
levels. This effect is not observed for the atomic ion 
signal (compare scans b and d). 

We believe that the primary mechanism 
responsible for this photoion signal effect is an 
avalanche of electrons produced by electron impact 
ionization of the high Rydberg states (reaction 5). 
The initial electrons are provided by photoioniza
tion (reaction 2). The Rydberg states are destroyed, 
producing even more electrons by electron impact 
ionization before an associative ionization collision 
can occur. This effect increases nonlinearly with the 
number of electrons produced by photoionization. 
The observed lineshapes and the near disappearance 
of the signal near n = 17 can be thus explained. 

We can estimate the cross section of electron 
impact ionization from the work of Percival. 2 9 The 
cross section scales geometrically with radius; for n 
= 20 and 2-eV photoeleetrons, the cross section is 
1.4 X 10 " I 2 cm 2. With the laser intensities used to 
obtain scan d in Fig. 9-18, we expect a photoelec-
tron density of 0.1 to 10% of the strontium ground 
state density, or 10 1 0 t o 10 l 2 electrons/cm 3 when 
the ground state density is 10 l 3 atoms/cm 3. If this 
were a steady state electron density, an electron im
pact ionization collision would occur every 0.01 to 
1 MS. [With a cross section of <raj(20) = 10 ""cm 2, 
associative ionization collisions occur every 25 /us.] 
The radiative lifetimes of Rydberg states with 
n > 15 are probably longer than I //s. 2 4 Undoubt-
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edly, the radiative lifetimes are lengthened 
significantly by electron impact I changing colli
sions whose cross sections can be an order of 
magnitude larger than o-ai. 3 0 

A rate equation model that assumes an initial 
electron density, and includes only two competing 
collisionul channels (associative and electron impact 
ionization), can reproduce the spectral line dip in 
the dirner ion signal. Certainly, other processes such 
as n and I changing collisions with electrons. •" ex
cited stale and ground state atoms,-12 and super-
radiance, •1:> can redistribute the population among 
the high Rydberg states. These processes must be 
considered in any full treatment of the problem. 
However, from our experimental observations, the 
general flow of the high Rydberg state population at 
high excitation densities is seen to proceed to atomic 
ionization via electron impact collisions. In some 
cases, complete ionization can occur (see scan a near 
N = J 7). limiting the excited state density that can 
be achieved for these Rydberg states, either for 
chemistry or device applications.34 

At a high initial ground state density (~10 l 4 

atoms/cm 3), we also observed associative ions from 
pumping the 5s5p 'P | state. These ions could arise 
either directly from ' P ( - 'Pj collisions, or indirec
tly from collisionally populated Rydberg states that 
subsequently ionize associatively. (The 5s8d. 5s9p, 
and 5s 18s slates are near resonance with twice the 
5s5p 'P] energy.) We have planned experiments for 
the near future to elucidate this mechanism. 
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9.4.3 Facility for Laser-Molecular 
Beam Photochemistry 

A facility for high-resolution beam spec
troscopy and the measurement of elastic scattering 
and chemical reactions of laser-excited species was 
completed last year with the addition of a pair of 
dye lasers to the molecular beam machine. A 
diagram of the beam machine as configured for 
high-resolution elastic scattering is given in 
Fig. 9-19. The main chamber, detector system, and 
gas source designs are all based on a molecular 
beam machine constructed by Professor Y. T. Lee 
of the University of California, Berkeley. 

In this configuration, collimated molecular 
beams from each source intersect in a well-defined 
region (the scattering center) in the main chamber. 
The detector rotates about the intersection region, 
and the intensity of either of the scattered beams or 
of a reaction product is monitored. In the case of 

reactive scattering, such angular scans yield infor
mation about reaction pathways, limits on reaction 
exothermicities and bond strengths of simple 
molecular fragments, and the dynamics of the reac
tion itself. This information is required for 
evaluating potential reagents for photochemical 
separation schemes and for interpreting measure
ments of reactions of laser-excited reagents. 
Angular distributions for nonreactive scattering can 
be analyzed to yield the integral cross sections for 
scattering as well as the transport properties of the 
reagents. 

Most of our experiments have been conducted 
in support of the LIS program and involve measure
ments on atomic uranium. The uranium source, a 
2600-K oven, is placed as close as possible to the 
scattering center. The uranium is contained in a 
thick walled, lidded, tungsten crucible that is sup
ported from below. The crucible is surrounded by a 
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Fig. 9-19. Main chamber and detector of the molecular beam machine, showing crossed molecular beam operation. 
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cylindrical, tungsten-mesh indirect heater that 
hangs from the rear on its electrodes. The mesh 
heater is directly wrapped with several layers of 
tungsten foil. No oxide insulators are used in the 
hot zone because they are attacked by uranium to 
form comparatively volatile uranium oxide. The 
oven is contained in a water-cooled copper en
closure that is lined with tungsten and tantalum foil 
heat shields; the copper enclosure forms the front of 
the plug-in source chamber. Separating the uranium 
containment and heating functions minimizes the 
effects of corrosion by liquid and gaseous uranium 
and of creep of the liquid uranium. The oven has 
been operated as high as 2800 K and routinely runs 
above 2500 K. Temperatures, monitored by an 
automatic optical pyrometer that views the rear of 
the crucible, are corrected for the emissivity of 
tungsten. 

For the gas source, we use either a differentially 
pumped, high-flux, supersonic free-expansion noz
zle (used for elastic scattering) or a small effusive 
source located in the main chamber. With the small 
source, we can obtain a significant (> 10) increase in 
the apparatus sensitivity; this source has been used 
for studies of ground and excited state chemistry. 

In 1977, the major addition to the molecular 
beam machine was a pair of tunable cw lasers to 
pump successive transitions in uranium atoms. The 
decision to use cw rather than pu!- ed lasers was dic
tated by signal-to-noise considerations. A typical 
pulsed laser is on for £1 us, although the mean 
transit time for the product molecules to reach the 
detector (and thus the time the detector must be 
gated open) is about 1 ms. If cw lasers can saturate 
the uranium transitions, the signal-to-background 
noise ratio is increased more than 1000-fold. The 
calculations that predicted saturation with the 
available cw lasers have been verified experiment
ally. 

The most significant problem encountered in 
the use of cw dye lasers is that they are too 
monochromatic. The Doppler width of the uranium 
atomic beam is about 35 MHz with the present 
(wide) slits. The laser fills less than 1 MHz in 1 us, 
the atomic transit time across the light beam. In an 
attempt to address more of the uranium atoms, we 
have angle-tuned the lasers into the interaction 
volume by matching the convergence angle of the 
light to the divergence of the atomic beam. 

The Coherent Radiation (Model 599)dye lasers 
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combiner 

Interaction region 
Laser turning mirror 

20O-litre/s ion pump 
Cooled PMT 

Rotating detector 
/ -50- l i t re /s ion pump 

Ionizer 
Quadrupole mass 
spectrometer 

Periscope and 
cylindrical telescope 

Telescope 

10-in. diffusion pump 
Exit ion lens 

-Cylindrical focussing lens 
-Fluorescence light pipe 

-Cooled PMT 

'-Microwave lamp 

Spectrum analyzer 
Pellicle 

Fig. 9-20. Molecular beam apparatus wira gas jet source, lasers, and optical train in the configuration for uranium atom 
pkotodienifsay. 
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are designed for single-mode output, internally 
locked to an oven-stabilized reference cavity; these 
lasers sweep this mode over 30 GHz with level out
put. Outputs of over 100 mW at 600 nm 
(Rhodomine 6G) are routinely maintained for 
about 10 h without a mode hop. 

The laser optical frain is shown in Fig. 9-20. 
The polarization rotator and polarization beam 
combiner superimpose the two laser beams with low 
loss (< 15%). The loss is directed through a uranium 
microwave lamp to match the optical characteristics 
of the laser and lamp radiation and then focused on 
the entrance of a 1.5-m double-pass monochro-
mator. The combination of the uranium lamp spec
trum for absolute calibration, the 3-GHz effective 
linewidth of the spectrometer, the 30-GHz laser tun
ing range, and sensitive fluorescence detection 
makes the tuning of the laser to a uranium atomic 
beam absorption a simple process. The superim
posed laser beams are cylindrically focused indepen
dently in two dimensions: in depth, to match the 
depth of the scattering volume, and in width, to 
angle-tune the frequencies. 

The mode-stabilized dye lasers drift freely off 
the atomic beamline centers in about I min. 
However, a single measurement of a laser-induced 
reaction requires 30 min of data acquisition. For
tunately, we recognized from the start the need for 
an active control loop to hold each laser on the 
atomic frequency. The key elements in this control 
system are a pair of fluorescence detectors. Each 
detector consists of a 100-A bandpass interference 
filter and a lens to image the scattering volume 
through a set of tight baffles and into a light pipe 

O 1st-step fluorescence 

• 2nd-step fluorescence 

X Dip in Ist-step fluorescence 
at 2nd-step resonance 

J i I i i *, 
20 40 60 

Laser power, mW 

80 

FH>. 9-21. First- and second-step saturation carves. Least 
squares fit of a simple Mo-level rate equation model to the 
first-step (solid curve) and to the second-step (dashed curve) 
transition. 

that feeds a cooled photomultiplier. The detectors 
can be position-tuned even when the beam machine 
is under vacuum. Typical fluorescence signals are 
2 X 105 Hz on a background of 102 to 103 Hz. The 
backgrounds compare favorably with the 1017oven-
light photons and the 5 X 10 1 7 laser photons pass
ing through the scattering volume each second. 

The two dye lasers are frequency-modulated to 
a depth of approximately 3 MHz at 51 and 111 Hz, 
respectively. The fluorescence amplitude modula
tion is detected with a phase-sensitive lock-in am
plifier to generate a derivative error signal. The in
tegrated and amplified error signal drives a 
Brewster plate in the reference cavity of the dye 
laser. Time constants are chosen so that the internal 
(mode holding) control loops are 10 times faster 
than the external loops and so that the second-step 

-37 MHz 

!\wrii'V^>i^v;^ fy;*;;V;'|w5'-.:i» 

43 MHz 

-77 MHz 

V , 

Fig. 9-22. Uranium atomic beam fluorescence resonances: 
( I ) first-step laser swept, fluorescence from intermediate 
level, (2) first-step laser locked, second-step laser swept, 
fluorescence from intermediate level, and (3) first-step laser 
locked, second-step laser swept, fluorescence from upper 
level. 
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loop is 10 times faster than the first loop (on which 
it rides). This control system has operated more suc
cessfully than we expected. With periodic, on-line, 
and manual adjustments, the lasers can be held to 
within a few megahertz of their respective line cen
ters for more than 12 h. 

Saturation curves for a typical two-step atomic 
excitation scheme are shown in Fig. 9-21 along with 
the best fit of a simple two-level rate model. In 
terms of the conventional saturation parameters x, 
the transitions appear to be several times saturated. 
The first- and second-step resonances, as observed 
in fluorescence, are shown in Fig. 9-22 to illustrate 
the high signal-to-background noise ratio and the 
narrow fluorescence linewidths. The middle curve in 
Fig. 9-22 shows the dip in the first-step fluorescence 
when the second-step laser is swept through 
resonance. Depletions of the intermediate level pop
ulation, measured from these dips, range from 22 to 
29%: this range of experimental values compares 
favorably with the 28% depletion calculated from a 
rate equation model. 

Authors 
N. Lang 
R. Stem 

9.5 Multiphoton Dynamics 
In the 1976 Laser Program Annual Report 

(UCRL-50021-76). we detailed our work to design 
efficient isotope separation facilities based on 
isotopically selective laser excitation and subse
quent ionization of the atomic vapor. In 1977, we 
concentrated our efforts on clarifying the 
relationships between the characteristics of vapors 
and lasers, and the desired ionization. This section 
summarizes our advances in theoretical and com
putational skills. 

Excitation of atoms or molecules by laser 
irradiation can differ appreciably from excitation by 
particie impact, broadband radiation, or thermal 
energy sources. Whereas an adequate description of 
thermal excitation requires only a specification of 
the time dependence of the excitation population 
(or probabilities), the sharply definable frequency of 
laser fields permits the maintenance of temporal 
phase relationships among probability amplitudes. 
This situation persists until relaxation mechanisms 
sufficiently alter the system behavior to mask any 
evidence of coherent excitation. Relaxation may 
originate in laser phase fluctuations, amplitude fluc
tuations, collisional phase interruptions of the 
atoms, or spontaneous decay. To exploit effectively 

the potential for practical application of laser-
induced excitation (e.g., for laser isotope separation 
or laser-induced chemical reactions), we must un
derstand the basic physics of coherent excitation. 
This understanding and the computational skills 
thus developed make possible the modeling of prac
tical laser excitation devices and the subsequent op
timization of their operation. 

9.5.1 Excitation Equations 
The basic microscopic dynamic equation is the 

time-dependent Schrodinger equation, 

i(d/dt)* = H* . 

To reduce this equation to a tractable form, we in
troduce a succession of idealizations. First, we con
sider only a finite set of discrete energy levels, say N 
in number, that are linked by near-resonant 
radiative transitions. These energy levels serve as 
the basic states for the problem. The expansion 
coefficient C n of >!', when squared, yields the 
probability P n of finding the atom excited into level 
n: P n = |C n | \ The N-level truncation restricts us 
to treating laser fields whose interaction energy with 
the atom is significantly less than the binding 
energy: the N-level truncation does not admit the 
continuum states needed to describe strong distor
tion in the laser field. More importantly, the trunca
tion eliminates many degrees of freedom. We 
replace the many separate (though interacting) 
atoms of an ensemble by an average N-level atom, 
whose interaction with the remaining universe ap
pears in appropriate equations of motion. In its sim
plest form, this equation consists of a Schrodinger 
equation with a possibly non-Hermitian effective 
Hamiltonian W, 

i(d/dt)C = WC. 

The operator W can account for irreversible 
probability loss from levels of the N-level atom, 
thereby modeling ionization or decay to nonexcited 
levels. (See Refs. 35-37 for a discussion of 
specialized solutions to these equations.) After 
transforming to the rotating-wave picture, the basic 
mathematical parameters of this equation are the 
Rabi frequencies (i.e., the off-diagonal elements of 
W expressing the interaction energy between atomic 
dipole-transition moments and the laser electric 
field vector), the cumulative detunings of sequences 
of lasers away from the corresponding sum of Bohr 
resonance frequencies, and the various probability 
loss rates. 

By avenging solutions to such models over an 
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appropriate distribution of excitation conditions, 
we can incorporate the effects of "inhomogeneous" 
relaxation. 3 8 which occurs with thermal Doppler 
shifts3 9 or magnetic sublevel degeneracy.40 

However, to treat fully the possible "homogeneous" 
relaxation, such as spontaneous emission or phase 
interruptions, we must work with a probability den
sity matrix i>„m rather than with the probability am
plitudes C n, with probabilities obtained as diagonal 
elements P n = pnn. The Bloch equation for the N-
level density matrix has the form 4 I 

i(d/dt)p = W/o - /JW - il>. 

The operator W is the Schrodinger effective 
Hamiltonian operator. The linear operator V repre
sents the effects of homogeneous relaxation and 
hence its parameters are defined by the relaxation 
rate coefficients. 

Continuing with the progression of in

creasingly dominant homogeneous relaxation, we 
can denvs an excitation equation with complete in
coherent: dealing only with probabilities P n, rathe: 
than with phase-sensitive quantities such as 
probability amplitudes. The simplest traditional 
derivation balances gains and losses to yield an 
equation of the form 

(d/dt)P = MP. 

Here, M is a matrix of rate coefficients. 
The preceding linear equations represent dif

ferent, although nonexclusive, physical regimes, 
ranging from complete coherence (Schrodinger 
equation) to complete incoherence (rate equation). 
As noted previously, exact analytic solutions have 
been obtained for time dependence in a number of 
interesting and highly idealized examples of the 
Schrbdinger equation. 3 7- 4 2 At the opposite rate-
equation extreme, we can readily obtain steady state 

Fig. 9-23. Behavior of excitation 
probability F n vs time T (first frame) for 
all N, and vs level number n at fixed time T 
(second through fourth frames) as com
puted using the SchrSdinger equation for » 
lossless 20-level atom: (a) equal Rabi fre
quencies, S)n = 1; (b) harmonic-oscillator 
Rabi frequencies, SJ = 0.1S\a. 
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solutions in simple lossless examples. In more 
general cases, we have employed straightforward 
numerical integration routines to study the in
terrelationship of solution behavior and equation 
parameters. We also have studied partially coherent 
systems via the N-level Bloch equations. 4 I 

It is instructive to compare elementary exam
ples of solutions to the various equations, to ap
preciate their effects on the populations of varying 
the physical parameters and the degree of 
coherence. In Fig. 9-23, we illustrate the excitation 
predicted by the (completely coherent) Schrbdinger 
equation for a 10-level lossless "atom." These solu
tions, although not periodic, are marked during the 
t'.me interval shown here by a "sloshing" flow of 
probability that never permits a quiescent steady 

state. In contrast, rate equation solutions 
(Fig. 9-24) follow a monotonic approach to steady 
state. Moreover, the Schrodinger equation solutions 
reveal frequent brief population inversions, whereas 
the rate equation solutions show inversion only if 
upward rate coefficients from level n exceed 
downward coefficients into level n. 

Although the population oscillations that mark 
coherent solutions are absent in rate equation solu
tions, often we can derive a rate equation that 
describes the evolution of effectively time-averaged 
populations. A successful application of this tech
nique to a resonantly excited three-level atom with 
an appreciable probability loss from level 3 (here, 
the loss rate equals half the common Rabi fre
quency) is shown in Fig. 9-25. In Fig. 9-25a, the 
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Fig. 9-2S. Excitation probability P „ vs time T for a three-
level atom computed using Bloch equation (solid lines) and 
master equation (colored lines): (a) no relaxation, (b) relaxa
tion equal to Rabi rate, ionization rate = 0.5. 

black curves represent populations obtained from 
the SchrSdinger equation and the colored curves 
show solutions of a derived rate equation.41 We see 
that, although the incoherent rate equation results 
fail to reproduce the Rabi oscillations of the 
coherent excitation, the results do yield a satisfac
tory portrayal of average populations. In 
Fig. 9-25b, we have replaced the completely 
coherent Schrodinger equation with a partially 
coherent Bloch equation (relaxation rates equal to 
Rabi frequencies). The closer agreement of black 
and colored curves illustrates the tendency toward 
rate equation behavior as inhomogeneous relaxa
tion dominates coherent interactions. Although rate 
equations do provide a satisfactory time-average 

description of some excitation processes, there are 
many regimes in which simple rate equations are 
not adequate. 

We have explored several graphical display 
techniques for visualizing the complicated time 
dependence of the (complex-valued) probability 
amplitudes and density matrices. Some of these 
computer-generated diagrams have been assembled 
as an instructive movie,43 which we have shown at 
several conferences. 

9.S.2 Multiphoton Resonances 
In an N-level atom or molecule excited by a 

single laser, mismatching between Bohr resonance 
frequencies and the laser frequencies can inhibit ex
citation; this phenomenon is called detuning. In 
Fig. 9-26, we have displayed the excitation 
probability in a lossless system of 15 sequentially 
linked levels with successive Rabi frequencies in
creasing in the ratio 1, \fl, ^/J, ... VTB", as ap
plicable to a harmonic oscillator. The first frame 
shows how, when the energy levels are equidistant 
and the laser is tuned to the common resonance fre
quency, excitation flows up to the final 15th level, 
after which it returns to lower excitation in a quasi-
periodic fashion. (The markedly low probability of 
the next to last level is a prominent characteristic of 
the truncated harmonic oscillator.36) Succeeding 
frames show the effects on this probability flow of 
introducing anharmonicity into the energy level 
spacing, while retaining the first-step resonance 
condition as well as the Rabi frequencies. We see 
that as anharmonicity increases, the excitation 
becomes more closely confined to the lower levels. 
As a rule of thumb, we find that excitation can 
proceed up the N-level ladder until it reaches a level 
at which the cumulative detuning balances the Rabi 
frequency for the next transition. Thus, by increas
ing laser power (and thereby Rabi frequency), we 
can excite higher lying levels—an example of power 
broadening. 

To achieve single-laser excitation of high lying 
levels, we need not rely on high intensity. We can 
retune the laser so that, instead of establishing 
resonance with the fundamental frequency, we 
achieve resonance condition only after a few steps, 
i.e., we rely on an N-photon resonance. In 
Fig. 9-27, we demonstrate schematically the energy 
matching in one-, two-, and three-photon 
resonances. Figure 9-28 presents the time depen
dence of excitation in a four-photon resonance with 
large anharmonicity. Because the first step is now 
off-resonance, the first frame in Fig. 9-28 reveals 
that little excitation rises initially out of level 1. 
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However, over a longer time, there is a gradual flow 
of probability from level 1 into level 5 w thout ap
preciable population in the intermediate off-
resonance (virtual) levels. The long time required to 
complete the multiphoton transition complements 
very sharp frequency selection. The long-time 
average excitation probability is shown in Fig. 9-29 

3co, - 6A 

2a;, - 2A 

Fig. 9-27. Examples of laser frequency tuning for one-, two-, 
and three-photon resonances. 

as a function of laser tuning. At sharply defined 
values, we see a highly enhanced probability of ex
citation—the multiphoton resonances. It is possible 
to obtain simple analytic expressions for the widths 
of these resonances and for the time required to 
complete a multiphoton transition. 

9.5.3 Additional Studies Related 
io Multiphoton Dynamics 

The elementary N-level, ladder-linkage, 
coherent-excitation system described in the 1976 
Laser Program Annual Report continues to serve as 
a valuable reference model. However, real atoms 
have several properties that require extension of this 
elementary model. An obvious requirement is that 
the mathematical description include '...« conse
quences of the thermal distribution of vapor 
velocities along the laser beam direction. The conse
quent Doppler shifts appear in the mathematical 
description as a distribution of detunings: the solu
tions of Hamiltonians with a distribution of 
diagonal elements must be averaged. We have con
tinued our studies on the effectiveness of various 
techniques for exciting and ionizing the bulk of the 
Doppler distribution. 

A second similar extension of the elementary 
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N-ievel lacJer occurs because an atom that exists in 
an energy level characterized by angular momentum 
quantum number J has 2J + 1 distinguishable and 
discrete possible orientations with respect to a 
reference axis, such as the laser electric field 
vector. 4 0 Each such orientation, characterized by 
magnetic quantum number m, yields a different 
value of the angle between the dipole moment d and 
the electric vector E in the expression for interaction 
energy d-E. If we continue to neglect spontaneous 
emission (i.e., optical pumping) and deal with 
polarized light, the N-level excitation ladder 
becomes a set of 2J + I independent N-level lad
ders, differing in Rabi-frequency sequences that 
must be averaged. These averages tend to dampen 
the appearance of population oscillations (see 
Fig. 9-30). This damping, an example of in-
homogeneous relaxation, is similar to the damping 
caused by Doppler shifts (also by inhomogeneous 
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relaxation), although the exact details differ 
(Fig. 9-31). 

When a two-level atom is excited by intense 
near-resonant radiation, the induced Rabi popula
tion oscillations alter the nature of both the 
fluorescence and the absorption spectrum. For ex
ample, if we probe the excited level with a weak 
tunable ionizing laser, a sweep in frequency of the 
probe laser reveals a splitting of the low-field ab
sorption peak into two peaks, separated by the Rabi 
frequency. This splitting, caused by an alternating 
electric field, is known as the ac Stark effect. The 
presence of angular momentum, with consequent 
orientation averages, tends to broaden the in
dividual peaks, even though the two components 
may remain visible. The pattern, illustrated for 
resonant excitation in Fig. 9-32, changes with time. 
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We have published a discussion of these effects40 

and are continuing to study examples of the ac 
Stan; effect both theoretically and experimentally. 

The occurrence of nuclear spin I and atomic 
angular momentum J makes possible the hyperfine 
interaction of nuclear magnetic-dipole and electric-
quadrupole moments with the electronic field and 
gradient. In the presence of the interaction, an in
dividual J level splits into, at most, 21 + 1 levels, 
each characterized by quantum number F. 
Although the energy splitting is small, the new 
angular momentum quantum number follows selec
tion rules A F = ± 1,0 (but not 0 -• 0), and hence the 
linkage pattern becomes much more complicated. 
For example. Fig. 9-33 illustrates the added linkage 
complexity that occurs when a two-step sequence 
(with each J > 3) extends to include hyperfine struc
ture for I = 1. We are currently studying the effects 
of hyperfine structure on excitation and ionization. 

9.S.4 Numerical Modeling 
Predictions of excitation and ionization 

behavior in uranium vapor are now made routinely 
with two general codes. The more sophisticated 
code, SHUX, integrates the time-dependent 
SchrSdinger equation after automatically com
puting the hyperfine-structure energies and linkages 
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(given the hyperfine splitting parameters A and B) 
and averages these solutions over magnetic sub-
levels and Doppler shifts. The code permits nearly 
arbitrary specification of phase and amplitude 
modulation, thereby enabling realistic descriptions 
of experimental conditions. The alternative code, 
BLOCHB, treats more idealized models and per-
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Fig. 9-33. Connections for hyperfine levels of J = 3 -»3 -> 3 
with nuclear spin 1 = 0 (no hyperfine) and 1 = 1. 

mits the use of either Bloch or rale equations. In 
each code, graphical display of the level populations 
or the ionized fraction as a function of time or of 
detuning is the primary output format for results. 

Although analytic solutions are most tractable 
for monochromatic excitation, numerical modeling 
permits a variety of pulse shapes. In particular, we 
have investigated the effects of pulse modulation on 
the excitation and ionization efficiency. ** Our 
results revealed that the efficiency of excitation 
could be significantly improved by modulation. 
This enhancement can be viewed as a redistribution 
of oower into sidebands, thereby broadening the ef-
fecuve laser bandwidth and avoiding saturation. 

All of our modeling assumes that ionization 
can be incorporated into the Schrodinger equation 
as a non-Hermitian effective Hamiltonian. We have 
investigated the validity of this assumption by 
studying numerical solutions of the time-dependent 
Schiodinger equation in position respresentation 
for a one-dimensional square well potential. 4 5This 
model idealizes the photoionization or dissociation 
of a system possessing a single bound state. Our 
results reveal cases for near-threshold excitation 
where population oscillations into the continuum 
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negate the conventional assumptions of incoherent 
loss. 
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9.6 Relaxation Kinetics 
of Metastable Excited States 

The efficiency and selectivity of an LIS process 
or a laser-derived chemical reaction often are con
trolled by two important parameters: the ratio of 
the reactive to the nonreactive collisional cross sec
tions, and the ratio of the density of the excited 
atoms or molecules populated by lasers to the initial 
density of excited species prepared from the reac-
tant source. It is commonly recognized that a 
detailed knowledge of the distribution of the excited 
state population and its relaxation processes must 
be obtained before any practical laser chemical or 
LIS process can be developed.46 

To obtain information on the initial distribu
tion of the excited state population of metallic 
vapor produced by electron beam heating, and to 
gain a basic understanding on the relaxation 
mechanisms of the excited population, we have 
made some systematic measurements on the pop
ulation und on the relaxation rate of electronically 
excited neodymium vapor during the evaporation 
process. We chose atomic neodymium as the test 
sample because of its spectroscopic and kinetic sim
plicities. 

The experimental system used in this work con
sists oi three major components: the atomic source 
generaior, the surface temperature and vaporation 
rate monitors, and the cw laser-absorption ap
paratus. A diagram of this system is given in 
Fig. 9-34. 

The atomic vapor is produced through the sur
face evaporation of metallic neodymium by impact 
with high-energy electrons. The electron beam is 
generated from a cw thermionic spot gun. Electron 
energy, current, and heating spot size are con
tinuously adjustable. Electron energy and current 
are typically in the 20-to-25-kV and IO-to-50-mA 
ranges: a typical heating spot size is about 8 mm in 
diameter. The electron beam strikes the sample sur
face at an angle of 24 deg from vertical. The debris 
produced by the primary beam consists of a swarm 
of electrons and ions, together with excited and 
ground state atoms. The typical degree of ionization 
is about 10 _-\ 

We made quantitative measurements of the 
angular distribution of neodymium vapor by 
depositing metal vapor on platinum witness pieces. 
The pieces were mounted on an arched stainless 
steel fixture, placed 20 cm from the source, which 
was located behind 1.6-cm-diameter holes. After 
each evaporation experiment, the weight gain of 
each witness piece was determined. We found that, 
at moderate vaporization rates, evaporation 
becomes more directional: about 20% more vapor is 
emitted toward the vertical direction than is pre
dicted from Lambert's cosine law. 

Transient evaporation rates were monitored 
with a pair of quartz crystal, deposition rate, thin-
film monitors located approximately 27 cm from 
the source at 0 deg and 14.5 deg from vertical. A 
metal collector was used to collect the vapor emitted 
from the source. Averaged total evaporation rates 
were determined by measuring the target weight loss 
and the weight gain of the collector, both before and 
after the evaporation experiment. We found that, at 
moderate evaporation conditions, the transient and 
average deposition rates measured by the two 
monitors were in good agreement (within ±10%) 
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Fig. 9-34. Apparatus fur the atomic absorption experiment using a cw dye laser. 

with the total vaporization rates, assuming a cosine 
distribution. The sticking coefficient of neodymium 
on a precoated neodymium collector was found to 
be near unity. Assuming that atoms leave the target 
surface with a velocity related to its spot tem
perature, we can calculate the initial vapor density 
from the measured evaporation rates. 

Temperature measurements were made with an 
automatic optical pyrometer located directly above 
the source. The pyrometer was calibrated to the In
ternational Practical Temperature Scale of 1968 by 
comparison with an NBS reference lamp. Window 
absorption and emissivity correction factors were 
determined before the experiments. 

The populations of neodynr.um atoms at the 
ground state (4f 4 6s 2 , J = 4) and at the 1128-
cm -' (J = 5), 2367-cm "' (J = 6), and 3682-cm -' 
(J = 7) metastable levels, 4 7 were determined by a 
laser resonance absorption technique. Figure 9-34 
includes a diagram of this optical setup. We used a 
Spectra Physics tunable dye laser for both linewidth 

and percentage absorption measurements. The laser 
has a frequency bandwidth of about 30 MHz and an 
output power of 40 mW. For the experiment, the 
laser radiation was split into two beams. One beam 
was fed to a spectrum analyzer to monitor the laser 
bandwidth. The other beam was split again, with 
50% sent to a reference photodiode and 50% di
rected through the vapor chamber onto another 
photodiode. We used neutral density filters to at
tenuate the laser beam to avoid saturation or optical 
pumping effects. Signals from both diodes were 
then fed to a ratiometer, monitored on an os
cilloscope, and recorded on a chart recorder. 

During the evaporation experiment, the cw dye 
laser was tuned to sweep across the 5620-/f region to 
monitor the ground state, and to 5676 A, 5785 A, 
and 5827 A to sweep the 1128-cm"1, 2367-cm -', 
and 5827-cm "' levels, respectively. Linewidths and 
percentage absorptions for each transition were 
measured at various distances from the evaporation 
source. We calculated the absolute density of 
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neodymium at each state, using published gA 
values.4 8 The total particle density of neodymium 
at the absorption position was calculated from the 
flux and the average velocity. The flux is derived 
from deposition rate measurements and the 
calculated velocity. 

To determine the absolute population of 
neodymium in its various electronic levels, the ab
solute absorption cross section of the probed transi
tion and the total particle density must be ac
curately known. Uncertainties in branching ratios 
and radiative lifetimes of reported transitions 4 S in
troduce a large uncertainty in the desired absolute 
populations. The total particle density of 
neodymium at the absorption position is deter
mined from both evaporation rate and surface tem
perature data. As shown in Fig. 9-35, the thin-film 
monitor located at y-rnM a n t ' ( ) — '4-5 deg records 
the total particle flux (ground state, excited states, 
and ions) from a source for the solid angle sub
tended by the detector. The relationship between 
the thin-film monitor data and the particle density 
at y 0 , 0 = 0 deg can be written as 

where 7 is the heat capacity ratio of neodymium 
gas, T 0 is the surface temperature, the M terms are 
the Mach numbers, K is the Boltzmann constant, 
and m is the atomic weight of neodynium. 

The relationship between the Mach numbers at 
two distances from the source is taken to be 4 9 

"TI-'M ~yTVM) 

TFM 
(6) 

and M = 2(y0/ro) ~^, where y 0 is the distance from 
the source and r 0 is the source radius. As shown in 
Eq. (7), the stream line velocity V s t r e a m becomes in
sensitive to the Mach number at M > 3 or 4, i.e., the 
stream line velocity is no longer changing at M > 3 
or 4. Thus, by measuring the surface temperature 
T 0 . the stream velocity at yncan be determined. The 
total particle density N t (y 0 ,0deg) is then cal
culated from Eq. (6). 

Figure 9-36 shows the measured population 
ratio of N^N, employing Corliss's gA values 4 8 for 
5620.54 A. Using the published gA values for the 
5675.97-4, 5784.96-4, and 5826.74-4 transitions, 
we also determined the N ^ g / N ^ N2367/Nt, and 
N3682N/1 r a t ' ° s ' The experimental data indicate 

where V is the stream velocity of evaporant at y-rFM 
and y 0 . The stream velocity can be calculated from 

si ream m \ 2 / 2 (7 ) 
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significant increases in relative population during 
expansion for the ground and 1128-cm"' levels. 
There is very little change in population after (y/r0) 
> 6. The final population of neodymium appears to 
be frozen at about 1600 K, which is lower than the 
surface temperature of the melt. As a result of un
certainties of vapor angular distribution, stream line 
velocity, hyperfine structures, and absorption cross 
sections, the absolute populations shown in 
Fig. 9-36 are only accurate to about ±45%. The 
changes of relative populations are not likely to be 
affected by any systematic errors introduced 
through either the absolute magnitude of the ab
sorption cross sections or the precise angular dis
tribution and velocity of vapor. Thus, our data 
clearly demonstrate that relaxation of electronically 
excited neodymium atoms in a weakly ionized 
plasma does take place during vapor expansion into 
the vacuum. 

To gain an initial understanding of the 
mechanism of metastable excited state relaxation in 
the expanding plasma, we derived simple kinetics 
models. As atoms evaporate from the liquid surface, 
they can be electronically excited by inelastic colli
sions with high-energy impinging electrons, ex
panding secondary electrons, and ions. Radiative 
lifetimes of most excited electronic states are very 
short, 4 8 but because the branching ratios for 
cascading to the ground stale are small, high pop
ulations in metaslable excited states can build up af
ter excitation. The relaxation of these metastable ex
cited states during expansion can proceed by two 
different processes: relaxation by collisions with 
other neodymium atoms, or relaxation by collisions 
with the coexpanding electrons. 

The relaxation of the excited state neodymium 
atoms by atom-atom collisions from an expanding 
spot source can be described 5 0by 

where y is the heat capacity ratio of neodymium 
gas, Nd(rQ) is the initial neodymium atom density, 
and <T,._T is the energy transfer cross section and a 
function of a kinetic temperature of the gas. For 
simplicity, we assume that IT^-T is roughly a con
stant. A plot of Ndnty)/NdnXr0) vs (y/r,)) is shown 
in Fig. 9-37 for an initial vapor density at the sur
face of I d l 5 atoms/cm3 and for two distinct energy 
transfer cross sections. Cross sections for relaxation 
processes with .iE = 1128 cm"1 and 3682 cm""1 

were estimated from collective data 5 I on alkali 
atoms. The spot radius r n and the y value were 

assumed to be 0.4 cm and 1.67. respectively. During 
the gas expansion, very little depopulation of the 
3682-cm "' level because of E-T energy transfer is 
expected. However, collisional relaxation of 
1128 cm "' to the ground state, or energy transfer 
between adjacent high lying metastable states. 
might still be possible. 

As shown in Fig. 9-37, heavy particle 
collisional relaxation ceases quite early at about y 
= (2 or 3)r0 for an initial vapor density of 
10 '•''atoms/cm -\ The expected terminal Mach 
number M T of the expanding vapor is about 3 or 4. 
Thus, further relaxation can only be achieved by 
other mechanisms, such as collisions with ex
panding electrons if their kinetic temperature is 
lower than the electronic temperature of the 
metaslables. The two temperatures will be essen
tially decoupled as the electron and neutral densities 
drop during expansion. Because the degree of 
ionization in vapor is about 10 ~3 and a large frac
tion of the neodymium atom is at its excited states. 
there are roughly 10 3 times more metastables than 
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electrons in the vapor. Cooling of the metastable-
electron bath will have to depend on an effective 
electron-electron cooling process and on 
metastable-electron energy transfer mechanisms. 
The cross sections for superlastic collisions 5 2 be
tween metastable neodymium and low energy elec
trons, 

Nd m + e d e ~ e . x Nd + e* , 

are probably too small for efficient relaxation of 
metastases at low electron densities. One possible 
relaxation process of neodymium metastases can 
be described as 

N D m + e * ^ iENd* + e , (8) 
I— Nd + hi> 

where collisions between metastable neodymium 
atoms and electrons excite the neodymium atoms 
into some nearby excited states of different parity. 
Because radiation from these states is optically 
allowed, relaxation of metastables by radiation can 
be accomplished. Thus, during the expansion 
process, the electrons also can be cooled by reaction 
(8). Assuming that electrons retain constant kinetic 
energy as they expand into vacuum, the relaxation 
rate for Nd m induced by electron metastable colli
sions can be calculated by 

S * - ^ . « * . £ •.[-£)]}• 
where a is the ratio of Nd + to Nd (estimated to be 
about 10 _ 3 ) , V e o is the thermal velocity of electrons, 
which is a function of average electron temperature, 
V d is the directional velocity during expansion, and 
(Te_E is the excitation cross section of neodymium 
covered by electron impacts. For simplicity, we 
have assumed that o-e_E is roughly 10 " , 5 cm 2, and 
similar values are found for other atomic 
transitions.52 A plot of N d ^ / N d ^ n ) vis (y/rn) is 
also provided in Fig. 9-37 for an initial vapor den
sity of 10 " atoms/cm3 at an electron temperature of 
1 eV. We note that the collisions with low-energy 
electrons in the expanding plasma might provide an 
effective channel for the relaxation of neodymium 

metastables that result from electron impact excita
tion near the source. 

We observed increases of population in both 
the ground and the 1128-cm-' levels but few 
changes in either the 2367-cm _ l or the 3682-
cm "' levels (see Fig. 9-36). This clearly indicates 
that relaxation of higher metastables (>0.5 eV), 
such as 4f45d6s levels, is involved. Because we 
found very little change in the populations of the 
2367-cm -' and 3682-cm "' levels, the feeding of 
these levels from higher levels must be as fast as the 
removing rates. It is clearly evident from our 
analysis that relaxation of high lying metastables 
(>0.5 eV) by collisions with other neodymium 
atoms through the E-T process freezes out quite 
early in expansion. The E-T processes are partially 
responsible for the feeding of adjacent levels from 
nearby metastable states. Feeding of the 1128-cm "' 
and ground levels most likely occurs from relaxa
tion of high lying levels by collisions with low-
energy electrons followed by radiations. 
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