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LASER DEVELOPMENT FOR LASER 
FUSION APPLICATIONS 

INTRODUCTION 

Advances in knowledge about laser-driven 
thermonuclear implosions have been and are 
being paced by the development of advanced 
laser dr ivers . The physical principles of 
this promising new source of energy are now 
quite clear, and commercialization of leiser-
Eusion energy will be paced by the develop
ment of advanced high-average-power laser 
dr ivers . 

The laser research and development de
scribed herein was conducted for the USERDA, 
Division of Laser Fusion. The goal of this 
research is to develop the laser technology 
that is required for commercialization of 
laser-fusion energy. 

Our program addresses three promising 
high-power laser systems: iodine, hydrogen 
fluoride and Group VI atoms. Both the iodine 
laser-and the HF laser have a demonstrated 
high-power capability, and experimental 
results indicate that there a r e probably no 
serious problems in the way toward develop
ment of either of these l ase rs for laser -
fusion applications. In both these technology-
development programs, we a r e making steady 
technical progress: we know where we are 
going, we understand the problems and know 
how to go about solving them, and we have a 
sufficient number of alternatives to give con
fidence for success . The Group VI atom 
lasers continue to show great promise as 
high-power l a s e r s , but the progress toward 
development of these l a se r s has been disap
pointing. In this report we describe in detail 
the progress that we have made in the devel
opment of these three l a se r s , and we docu
ment the areas that need further study. 

HF-LASER PROGRAM 

Overview 

Sandia's HF- laser program for FY 77 ana 
FY 78 was revised in June 1977 in order to 

meet several new program milestones that 
were established by the Division of I-a3er 
Fusion of ERDA. The present HF-laser 
program objectives a re to: (1) improve 
the kinetics code so that reliable projections 
of large systems can be made, (2) demon
s t ra te efficient energy extraction from HF 
high-gain amplifiers, (3) demonstrate fo-
cusability of the HF laser , and (4) demon
s t ra te short-pulse generation and amplifica
tion. The new milestone schedule will lead 
to the demonstration of high-optical-quality 
short-pulses (5 na) from large-volume am
plifiers before the end of FY 78. Optical 
quality will be demonstrated by performing 
sma'1-diameter pinhole t ransmission stud
ies . In order to concentrate our effort on 
meeting our immediate objectives, portions 
of our previous program have been post
poned or terminated. The canceled o r te r 
minated programs are : theoretical £wd ex
perimental kinetic studies, a prototype 
angular multiplexing experiment, hi#h-
pressure flowing H2-F2 stability stt.dies, 
and the development of a backup near -
diffraction-limited oscil lator-preamplifier 
chain. 

There were two major experimental accom
plishments in this reporting period. The 
first was the demonstration of efficient 
energy extraction from a 200-J amplifier 
using an oscillator whose spectra matched 
that of the amplifier. The second was the 
development of a near-diffraction-limifed 
multiline oscillator~preamplifier system to 
be used for the upcoming demonstrations of 
high-optical-quality beams from l a r g e -
volume high-energy HF amplifiers. In ad
dition, the HF kinetics code has been up
graded with more recent kinetic data, and 
comparisons of predictions by our code with 
others a re now satisfactory. 

Objective cf HF Oscillator-Amplifier 
Studies Using H2-Fg Gas Mixtures 

One of the pui'poaes of these studies was to 
determine the energy extraction character
ist ics of a large-volume high-energy 
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electron-beam-initiated amplifier using an 
oscillator whose spectra matched those of 
the amplifier. Of particular importance is 
the input energy density required to extract 
a significant amount of energy from the am
plifier. The input energy density required 
to suppress both backward and forward am
plified spontaneous emission (ASE) and 
parasit ic oscillations'must be known in order 
to project performance of advanced systems 
and to estimate the expected level of pre-
pulse on target . 

The second purpose of this ser ies of studies 
was to compare the beam divergence of the 
amplified beam with that of the beam incident 
on the amplifier in order to document that 
severe degradation of beam optical quality is 
not experienced. Because of the power and 
energy requirements of the oscillator, a 
large-volume (2.9 liter) oscillator was used. 
Consequently, its output was many times dif
fraction limited, and foe usability studies 
would not be indicative of limitations imposed 
by the amplifier medium. The next genera
tion experiments will use a near-diffraction-
limited oscillator-preamplifier chric to dem
onstrate good focus ability of amplified beams 
from large-volume HP amplifiers. 

Characteristics of Large-Volume 
Oscillator Using H2-F2 Mixtures 

The operating characteris t ics of the ^-geom
etry electron-beam-excited oscillator that 
was used for the oscillator-amplifier studies 
were carefully documented. The details of 
this, system and some of the experimental r e 
sults were discussed in the last semiannual 
report . The optical cavity of the oscillator 
was a stable configuration and consisted of 
a calcium fluoride flat and a 20-metre-
radius-of-curvature copper m i r r o r . The 
cavity m i r r o r separation was 208 cm and the 
active medium length was 92 cm, giving an 
active volume of 2.9 &. The laser was nor
mally operated with A/2O3 brewster-angle 
windows. 

The total output energy from the l a se r was 
measured as a function of Pg pressure at a 
constant F 2 / 0 2 / H 2 rat ion of 1 .0 /0 .3 /0 .25 . 

The resul ts a re shown in Pig. 1. Also 
shown in Fig. X is the dependence of the 
laser pulse width (PWHM) as a function of 
P2 pressure and the previously reported 
e-beam energy deposition resul t s . Above a 
pressure of about 400 tor r F2» the l a se r 
energy output begins to deviate from the 
linear energy deposition. This behavior i s 
believed to be due to paras i t ics . The evi
dence for this assumption will be discussed 
later . 

F t ' ° C / H 2 " 1 0 / 0 . S / M 6 

A ClF 2 OUTPUT WINDOW 

O Al£Os OUTPUT WINDOW 

I0O2003004OOS0O60070OB0O 
F2 PRESSURE 

Fig. 1. Oscillator energy output as a func
tion of F 2 p ressure for a fixed 
F2.'02:H2 ratio of 1:0.3:0. 25. Also 
shown is the pulsewidth (FWHM) 
and the estimated electron-beam 
energy deposition. 

The time-integrated spectra of the l a s e r 
output were obtained using a Sandia-built 
grating spectrograph. The spectral data 
were recorded as a burn pattern on un
exposed developed Polaroid film. An es t i 
mate of intensity was made by visual in
spection of these burn pat terns. These data 
a re l isted in Table I. 



TABLE I 

Identification and Belative Intensity of the Oscillator Spectra 

Identification Intensity Identification Intensity Identification Intensity 

Pj<6) M P 2(9) VS P 5 (7) S 

P j C ) S P a U0) VS P2<8> M 

PjO) S P 2(14) W P 5(9) M 

P jO) vs P 5(10) VW 

PjfH) M . p 3 ( 4 1 M 

P j d S ) W P 3(S) VS P 6 (4) M 

P j d S ) W P 3(6) VS P„<5> M 

FjiW W P 3(7) VS P 6 (6) M 

Pj(18) VW P 3(8) VS P 6 (7) VW 

PjUS) vw P 3(9) s P 6 (8) VS 

P ^ O ) vw P 6 (9) VW 

Pj(21) vw P 4(5) 

P 4(6) 

M 

M 

P 2 (4) vw p 4 m s 
P 2 (5) s P4<8) s 
P 2 (6) vs P 4 (9) M 

P 2 (7) vs 
P 2 (8) vs P 5 (4) 

P 5 (S) 

P5(6> 

w 
M 

S 



The relative energy spectral distribution waa 
obtained by placing a small-aperture calo
r imeter behind, the film plane in the spectro
graph. The spectral range was defined by 
the aperture si te . This spectral distribution 
of the energy output of the laser is shown in 
Fig. 2. The grating used to obtain these data 
was blazed at 2.8 microns . No correction 
for the variation of grating efficiency with 
wavelength has been made. As a rule of 
thumb, the efficiency curve for a grating 
blazed at \ g drops to about 70 percent of 
blaze efficiency far >. = \ B ± X s / 2 k < i n 

order k). Because of this rule of thumb J the 
wavelength dependent correction for grating 
efficiency would not be expected to be large 
from 2. 6 to 3.5 | im. Also shown in Fig. 2 
a re the wavelength locations of the various 
vibration-rotation lines which have been 
identified in the time-integrated spectrum. 
About 70 percent of the total output energy is 
in the wavelength region between 2. 6 and 
3.0 microns. The spectral lines in this 
region originate primarily from the first , 
second, and third vibrational levels. 

I 

Tc / < V H , • I.0/0.3/0.ZS 
I J PfclTI 

I I P5OT 
I J P4OT 

I I P5IJ) 
I I I PeWl 

I I I I I I I I I P|(JI 

n a 2.6 3.0 3.5 
WAVELENGTH (micront) 

Fig . 2. Relative spectral distribution of the 
HF l a se r output. Also shown are 
the observed P-branch transitions. 

The temporal behavior of selected vibration-
rotation lines have also been obtained. These 
data, which have been time correlated with 
the electron-beam current and the spectrally 
unresolved laser pulse, a r e shown in Fig. 3. 
The time marked Tj is the start of the 
electron-beam current and the time T2 in
dicates the start of the laser pulse. As 
these data show, lasing occurs initially on 
the 2 -> 1 vibrational transition. The se 
quences P3<5), P2(6), and Pj(7) are in cas 
cade, and the data indicate that lasing on the 
P3(5) and Pj(7> lines s ta r t s after lasing 
s tar ts on Pg(6). These data suggest that, in 
this cascade system, the population of 
vibration-rotation leveL v = 2, J = 5 is ini
tially inverted with respect to the population 
of the v = 1, J = 6 level, while there is no 
initial population inversion of the v = 3, 
J = 4 level with respect to the v = 2, J = 5 
level, and there is also no initial inversion 
of the v = 1, J = 6 level with respect to the 
v = 0, J = 7 level. As lasing s tar t s on the 
P2(6) transition, the population of the v= 2, 
3-5 level s tar ts to decrease and the v = 3, 
J = 4 level becomes inverted with respect to 
the v = 2, J = 5 level. Lasing then occurs 
on the P3(5) transition. Also, lasing on 
P2(G) increases the population of the v - 1, 
J = 6 level with the result that it is, inverted 
with respect to the v - 0, J = 7 level. Las
ing then occurs on the Pi<7) transition. As 
further evidence that this cascade behavior 
is correct , the periodic oscillations that 
occur on each of the lasing transitions has 
the proper temporal correlation. That i s , 
when P2(6) is at a maximum, P3<5) and 
P^(7) are at a minimum, and when P;j(6) is 
at a minimum, P3(5) and Pi(7) a re at a 
maximum. The frequency of the periodic 
oscillations corresponds to the round t r ip 
transi t time ot our low Q crvity. 

The thin-film ablation technique for obtaining 
focal-spot intensity distribution, which was 
described in the last progress report , has 
been used to measure the focal-spot intensity 
distribution obtained with a 1-metre-focal-
length m i r r o r . These results a r e shown in 
Fig. 4. Integration of the focal-spot in
tensity distribution indicates that 90 percent 
of the output energy is contained within a 
cone of angular half-width equal to 3. 5 milli-
radians. This number assumes that the 



focal-spot intensity distribution does not 
have a large-diameter low-intensity tail. 

40 80 120 160 
TIMEfntJ 

Fig. 3, Time correlation between the 
electron-beam current, total l a t e r 
output and various P~branch tran
sitions. The time Tj represents 
the beginning of the current oulse, 
while Tg represent the onset of the 
laser pulse. 

ITIATED OSCILLATOR 

FOCAL SPOT DIAMETER (mm) 

Fig. 4, Focal-spot intensity distribution 
for the electron-beam initiated 
oscillator. 

The effect of parasit ic oscillations on the 
• a s T output is now discussed. In the s e c 
tion on HF '.ode development, a simple one-
line computer code is discussed which a l 
lows lasing to cccur t ransverse to the 
Optical axis of the laser cavity. It is found 
that, under certain conditions, oscillator 
performance can be degraded even when the 
threshold gain for parasit ics exceeds the 
cavity threshold gain. This effect occurs 
because of gain overshoot. This simple 
model predicts that parasi t ics will become 
important for specific conditions, namely, 
when the ratio £ T / L _ is grea ter than 
Xj^/L, , where I_ and JJL are the t r ans 
verse and longitudinal dimensions of the 
laser medium, respectively, and L-j* and 
L L are the m i r r o r separa t ic i of the t r ans 
verse and longitudinal cavities. These con
ditions a r e probably fulfilled in this osci l 
lator because the rat io 4 J , / L L is about 
equal to 0.5, while i^/L.^ » 1. As an 



experimental check of this model, the output 
energy of the oscillator could be determined ' 
as a function of the length of the longitudinal 
optical cavity. However, in the present con
figuration of the oscillator, it i" .not possible 
to make an appreciable change in this length. 
It is possible to reduce the longitudinal cavity 
loss by replacing the sapphire windows with 
calcium fluoride windows. This has the ef
fect of lowering the longitudinal cavity thresh
old with respect to the i. .-an s verse cavity 
threshold. The results with CaF2 windows 
are compared with A/2O3 windows in Fig. 5, 
With the lower loss longitudinal cavity, the 
oscillator energy output does not deviate 
from a linear pressure dependence as it does 
when the A.E203 windows are used. While 
this single experiment does not prove the 
importance of parasitic'-oscillations in this 
oscillator, it does give reason to believe 
that they may be important in systems for 
which the active medium is much shorter 
than the cavity length. . 
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5. Laser output rniergy as a function of Fg 
! '-pressure for two different types of out

put windows. 

The oscillator output energy should also be 
influenced by changing the laser tube wall 
reflectance. This will have the effect of 
lowering the threshold for t ransverse lasing 
To increase the wall reflectance, a thin 
stainless-steel l iner was inserted into the 
laser tube. Fo r a mixture of F2/O2/H2 
equal to 400/120/100 t c r r , no output energy 
from the oscillator was detected. With 
these same conditions, without a liner, an 
output energy of about 70 joules was mea
sured. The gain overshoot in the HF laser 
is related to the H2-F2 burn time (i. e . , the 
magnitude of gain overshoot increases with 
decreasing burn time), and it is possible to 
change the burn ra te by changing the con
centration of molecular hydrogen in the . 
l aser gas mixture. The laser energy output 
as a function of H2 pressure was measured 
for the case of the normal laser tube and 
the case' of a s tainless-steel l iner. ' The r e 
sults a re shown in Fig. 6. Also shown is 
the laser pulse duration (FWHM) for both 
cases as a function of H 2 p ressure . For the 
case of the stainless l iner, one observes an 
increase in output energy as the H2 pressure 
is increased and then an extremely rapid de
crease in output energy. 

These experiments indicate that either a 
poor optical cavity design or a high reflec
tivity laser tube wall may severely degrade 
the performance of •* large-volume HE laser 
oscillator. 

Characterist ics of Large-Volume Amplifier 
Using H2-F2 Mixtures. 

The amplifier used in the extraction experi
ment was electron-beam initiated and used 
mixtures of Hg> F2» and Og. The eLectron-
beam-iised for this amplifier was our 
Maxwell Labs FOCO machine (MIMI). Some 
electron-beam deposition studies for the 
amplifier were given in the last semiannual 
report . . 

Scattering structures were inserted, in the 
standard MIMI diode to increase the 
electron-beam temperature in an effort to 
reduce the strong pinching reported in the 
last semiannual report . Caly slightly im
proved electron-energy spatial distributions 
•yere obtained by this method.. Therefore, 



the drift region and pressure relief tank be
tween the electron-beam machine and the 
laser cell were removed and the diode was 
modified to extend the anode 15 cm from the 
normal location. Figure 7 is a schematic 
view of the modified arrangement. The 
standard 50-cm-long cathode was used on a 
0.64-cm x 50-cm x 15-cm-long cathode ex
tension shank. A 25 pm-thick titanium anode 
was separated from a 127-^m-thick stainless-
steel high-pressure window by a Z-cm-thick 
support s tructure. Rectangular openings 
1. 27 x 5 cm in the support s tructure allowed 
passage of the electron beam. No failures 
in the high-pressure window due to reaction 
overpressure have occurred in over 300 
shots. This modified geometry has been 
operated at a diode voltage of 1.5 MeV and 
diode current of approximately 85 kA. 

PRESSURE RELIEF TANK 

AMPUFICB CELL 

Fig. 7. 

I TRAHSMOStOH UNE 

Schematic view of modified diode 
arrangement used for the electron-
beam initiated amplifier. 

/ 
ilk 

B NO LINER 
O 9.9. LINER 
A PULSE DURATION 

Fig. 6. Lase r output energy as a function of 
H2 pressure with and without a thin 
stainless steel l inen Laser pulse 
duration (PWHM) are also shown 
for both configurations. 

The electron-beam energy distribution mea
sured along the optical axis of the amplifier 
cell is shown in Fig. h>. For these measure
ments the cell was filled with 1352 to r r of 
N 2 which has a density equaL to an F2/O2/H2 
mixture of 800 torr /240 torr /200 to r r . The 
measurements were made using a single 
linear a r ray of 23 calorimeter elements. 
Each element was 2. 54 cm x 2.54 cm. The 
PWHM of this distribution is 44 cm com
pared with an FWHM of 30 cm with the 
normal diode. Of equal significance is the 
more uniform distribution with the modified 
geometry. CYLTRAN calculat ions 1 indicate 
that 0 .1 joule of electron-beam energy is 
deposited in the l a se r volume for each to r r 
of the F 2 - 0 2 - H 2 mixture. 

Figure 9 is a schematic c ross section of the 
amplifier cell. In addition to the main am
plifier axis, additional ports were provided 
to observe radiation perpendicular to and at 
a 15-degree a n g ^ to the amplifier axis . All 
surfaces around these axes were machined 
with a phono-finish to reduce specular r e 
flections. The cell was constructed to 
minimize the volumes near the high-
pressure window and near the blow-out dia
phragm, since these volumes were not con
tained within the cylindrical optical cavity 
(unprobed volume). 
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Fig. 8, Electron-be am energy distribution 
along the optical axis of the laser 
cell. 
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Fig. 9. Schematic cross sections of the am
plifier cell. 

The amplifier was operated an as oscillator 
to investigate the laser energy output as a 
function of p ressure to determine laser out
put'timing with respect to electron-beam 
current , and to devise means for reducing 
parasi t ic oscillations. The mole ratio of 
F2/O2/H2 was held constant at i / 0 . 3/0.25, 
Initial energy measurements were obtained 
with sapphire brewster-angle windows and 

with resonator reflectors separated by 
3 me t re s . These reflectors consisted of a 
12-metre-radius-of- curvature gold m i r r o r 
and an Infrasil- quartz flat. With a brass 
blow-out diaphragm and with a mixture con 
taining 400 tor r of F2, only 8 joules was ex 
tracted from the volume as shown in Fig. 1( 
This energy was increased to ~ 25 joules bj 
replacing the brass diaphragm with a mylai 
diaphragm, which allows most of the trans
verse radiation to escape into the pressure 
relief tank. Curve <a) in Fig. 10 shows 
the laser energy a s a function of Fg p res 
sure for Fg pressures between 400 and 800 
torr . The improvement with the mylar 
diaphragm is attributed to a decrease in 
parasitic oscillations set up between the 
high-pressure window and the blow-out 
diaphragm. When the brewster-angle 
windows were removed and the reflectors 
were placed directly on the ends of the am-
pUfier cell, the laser energy increased to 
the values shown in curve (b) of Fig. 10. 
The factor of four increase in er ."gy is 
attributed to the further suppression of 
parasit ic oscillations by the la rger laser 
flux in the excited volume that is realized 
with the shorter cavity and with elimination 
of losses by the brewster windows. The 
factor of four increase with the shorter 
cavity is consistent with estimates made by 
the one-point single-transition rate equatior 
treatment. A slight further increase in 
energy was obtained by lining the cylindrica 
volume of the amplifier with stainless-steel 
screen; this prevents low-angle radiation 
originating in the unprrcbed volumes from 
extracting energy from the probed v<? ume. 
This effect is shown by curve (c) of Fig. 10 
The blow-out diaphragm for these measure
ments was an ebanot-c brass foil which 
gives the same performance as the mylar 
sheet but whicli does not have the disadvan
tage of leaving molten mylar in the amplxfie 
cell. In addition to the data shown in Fig. 10 
the effect of adding 200 to r r of SFg to the 
F 2 - 0 2 - H 2 mix was investigated. The laser 
energy increased about linearly from 244 
joules at 400 to r r F2 to 288 joules at 800 
torr . The axes normal to the amplifier and 
at 15 degrees to the amplifier were moni
tored with AuGe detectors. No radiation 



was detected along either the t ransverse or 
the diagonal axis under any conditions. 

400 tor r to 1600 to-rr averaged 49 nano
seconds. No consistent trend to shorter 
pulse widths at higher pressures was ob
served. 

500 1000 BOO 
F 2 PRESSURE (torr) 

Fig. 10. Energy extracted from the ampli
fier operated as an oscillator as a 
function of F2 pressure . The 
mole ratio of F2:02:H2 was 1.0: 
0. 3:0. 25. Data points refer to: 
x - brass blow-out diaphragm, 
with 3 metre cavity, curve (a) -
mylar blow-out diaphrag.Ti with 
3 metre cavity, curve {b) - mylar 
blow-out diaphragm with 1 metre 
cavity, curve (c) - ebanol-c blow
out diaphragm and stainless steel 
screen liner with 1 metre cavity. 

Figure 11 shows the relative timing between 
the electron-beam current pulse and the 
laser output signal for a mixture containing 
800 to r r of F2. The laser pulse width 
(PWHM) over the F2 pressure range from 
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Fig. 11. Relative timing between electron-

beam current and l a s e r output 
intensity. 

Spectra from the amplifier, when operated 
as an oscillator, consisted of the following 
lines: F ^ - I O ) , P 2 (S-11), F 3 <5-7,9) , 
P4<6,8), P 5 (5-7) , and P 6 {5). These t ime-
integrated spectra were obtained from burn 
patterns taken at the focal plane of a 1-
metrR radius of curvature mi r ro r . This 
technique did not allow us to observe some 
weak lines that were not capable of produc
ing burns . 

Experimental Results of the Oscil lator-
Amplifier Study 

The objective this experiment was to deter
mine the extractable energy from an HF 
amplifier as a function of input power, to 
determine the effect of varying the input 
power on the amplitude of the forward and 
backward amplified spontaneous emission 



(ASE), and to compare the spatial intensify 
distribution of the input and output optical 
beams. 

A schematic diagram of the experiment is 
shown in Fig, 12, The oscillator and am
plifier shown in this diagram a re the 
electron-beam-initiated systems whose 
characterist ics were described in the p re 
vious two sections. The energy output and 
pulse shape of the oscillator were monitored 
using a total absorbing calorimeter and an 
Au-Ge detector, respectively. The forward 
and backward ASE were monitored using 
quartz beam spli t ters and calorimeters as 
illustrated in Fig. i 2 . The temporal be
havior of the ASE + and ASE_ signals were 
monitored with Au-Ge detectors. To sepa
ra te the extracted energy in the collimated 
beam from the radiation emitted at large 
angles by AEE, the calorimeter that was 
used to measure the collimated energy was 
apertured and located 5.4 m from the center 
of the amplifier. This aperture, which was 
a 10-cm-diameter copper flat m i r r o r , was 
located 2.8 ra from tha center of the ampli
fier. The collimated beam siae at the aper
ture (10 cm flat mirror} was determined 
from footprints, and it waa determined that 
all of the energy was collected. The amount 
of ASE reaching the calorimeter, determined 
by exciting only the amplifier, was found to 
be insignificant. 

The input power to the amplifier was varied 
using attenuators. These attenuators con
sisted of single surface reflections from 
various combinations of small angle wedges. 
The peak input intensity to the amplifier was 
varied from 10 4 W/cm* to 10 7 W / c m 2 . 

The pulse width from the oscillator and the 
duration of positive gain in the amplifier 
were both approximately 50 nanoseconds. 
The energy extraction from the amplifier as 
a function of dolay time between the start of 
the electron beam current and the s tar t of 
the oscillator pulse is shown in Fig. Z3. 
Maximum energy is extracted for a time 
delay of 30 to 40 nanoseconds. 

Fig. 12. Block diagram of oscillator-
amplifier experiment. 

Fig. 13. Extracted energy of the amplifier 
as a function of delay time between 
the oscillator pulse and the gain 
pulse of the amplifier. 



The time correlation of the electron-beam 
current, the oscillator-input into the ampli
fied signal, and the amplified spontaneous 
emission in the backward direction are 
shown in Pig, 14. These data have all been 
time correlated to the same spatial point, 
namely, the center of the amplifier cell. The 
amplified signal s ta r t s at the same time that 
the input does, although it reaches a peak 
approximately 20 ns alter the peak of the 
input signal. The amplified spontaneous 
emission starts at about the s tar t of the 
electron-beam current and reaches its peak 
at about the same time as the amplified 
signal. 
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Fig, 14, Time correlated data showing the 
relationship between the electron-
beam current, input intensity, am
plified intensity and the amplified 
spontaneous emission in the back
ward direction (ASE). 

The results of the energy extraction experi
ment a re shown in Fig. 15. All the data 
were taken with the amplifier operating at an 
F 2 / 0 2 / H 2 pressure of 800/240/200 to r r . 
The F 2 / 0 2 / K 2 pressure ratio of the osci l
lator was 400/120/100 to r r . All the data 
displayed ill Fig. 15 were obtained with the 
delay between oscillator puise and electron-
beam current that gave maximum energy 
extraction. The input intensity was taken to 
be the peak intensity of the oscillator pulse 
measured at the input to the amplifier. The 
extracted energy was obtained by subtracting 
from the collimated energy the corrected 
input energy. A correction for the losses in 
the two windows on the amplifier was made. 
The horizontal dashed line in the figure is 
the energy out of the amplifier that was 
obtained when it was configured as an osci l 
lator and represents the total extraetable 
energy from the amplifier. The data in 
Fig 15 show that an input intensity of 
10' W / c m 2 is sufficient to extract 90 per
cent of the extractable energy. 
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Fig. 15. Output energy of the amplifier as 
a function of input intensity. A 
data point obtained using SFg-H2 
ra ther than H 2

_ , F 2 i n t n e - s c i l " " 
lator is also shown. 

The amplified spontaneous emission for an 
input intensity of 10 W / c m 2 decreased 
about a factor of three trom the value mea
sured when there was no probe beam into 



tue amplifier. Increasing the input power 
above this level did not further reduce the 
amplified spontaneous emission. These r e 
sults a r e not understood at this time but may
be due to parasit ic modes. 

To determine the' effect of a different input 
spectrum on the energy extracted, the 
oscillator was operated using a mixture of 
S F 6 r H 2 . This gave a spectrum that con
tained vibration-rotation lines from only the 
first three vibrational levels ra ther than the 
first six obtained when mixtures of H2 and 
Fz were used. The peak input intensity was 
l O ' W / c r a , and the energy extracted was 
25 joules. While tttere a re i\o experimental 
data using H2-F2 mixtures in the oscillator 
at this same power level, the curve of Fig. 15 
indicates that we would expect to extract 
about 80 joules. This measurement indicates 
that, for efficient energy extraction from an 
amplifier using Fg and H2, it is necessary to 
use an oscillator spectrum that contains 
vibration-rotation lines from, the first six 
vibrational levels. 

The time-integrated spectrum from the out
put of the amplifier was measure.i and com
pared with the oscillator input. This com
parison is shown in Table II. As the table 
indicates, a few weak lines that a re observ
able in the oscillator spectrum are not ob
servable in the amplified spectrum. 

The amplified beam quality was compared 
with the oscillator beam quality using the 
thin-film ablation terhnique that was de
scribed in the last semiannual report . Fig
ure 16 shows this comparison. Within the 
l imits of this technique, which are pointed 
out in the section on oscillator character
i s t ics , the input and output energy distribu
tions a r e identical. The next se r ies of 
experiments will use a near diffraction 
limited beam from an SF 6 -HI discharge 
osci l lator which will permit a more critical 
evaluation of beam quality limitations im
posed by the amplifier. 
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Fig. 16. A comparison of input and output 
energy distribution as a function 
of focal spot diameter. 

Objective of High-Quality Pis charge -Initiated 
SF6-HI Oscillator-Preamplifier System 

The HF- laser research program at Sandia 
is currently directed toward evaluating 
energy extraction techniques from electron-
beam-driven amplifiers containing mixtures 
of H2, F2, and O2. One facet of this pro
gram requires a high-quality (2X diffraction 
limited divergence) oscillator-preamplifier 
chain with sufficient power density (> 1.0 W/ 
cm^) at the Hg-Fg amplifier to extract a 
significant fraction of the available energy -
This system ntods *o include a large per
centage of HF vibrational-rotational lines 
extending frair. v = l t o v = 6 i n order to 
efficiently probe the final amplifier- Initial 
experiments a re to include determination of 
net energy extraction, comparison of beam 
quality before and after the final amplifier, 
and documentation'of focusability of the final 
beam. All of these experiments can be ac
complished with-a long pulse oscillator-
preamplifier (~ 100 ns) . However, for future 
experiments, the system must be converted 
to a system with a relatively.short pulse 
width (~ 5 ns) . 



TABLE II 

Spectral Comparison Between the Amplifier Input and Output 

Input Output Input Output Input Output Input Output 
Pj(4) - vw P 2<4) VW W P 4 (4) - VW ry 4> M M 

P^S) M M P 2 (5) S s P4<5) M s P 6 (5) M M 

P ^ ' ) s S P 2 (6) VS vs P4<6> M s P 6 (6) M M 

PjIB) =i s P 2 (7) VS vs P 4 (7) S s P 6 (7) VW V W 

P,(9> vs vs P 2(8) VS vs P4<8) S s P G(8) VW -
PjflO) vs vs P 2 (8) VS vs P 4 (9) M s P 6 (9) V W -
P , (H) M w P 2(10) VS vs 
P j d s ) w w P 2(14) W - P 5 (4) W M 

P j d e ) w M P 5 (5) M s 
PjdT) w vw P 3 ( « M s P 5 (6) S s 
P X U8) vw vw P 3 (5) VS vs P 5 (7) S s 
P j d g ) vw - P 3 (6) VS vs P 5 (8) M M 

Pjfao) vw - P 3(7) VS vs P 5 (9) M M 

p ^ i ) \w vs P 3 (8) 

P 3(9) 

VS 

S 

vs 
M 

P 5 (10) vw VW 

The first choice for an oscillator-
preamplifier system meeting the above 
requirements would be. based on H 2 - F 2 

mixtures, but this would require much 
development and the program milestones 
time scale did not permit this luxury. 
After studying alternate s y s t e m s , 2 a 
system was designed using electric dis
charges in SFg- in mixtures for two r ea 
sons. F i r s t , the design could utilize the 
proven technology of a pin-discharge-
initiated oscillator and Marx-driven 

ampli f iers^ '* (these systems have been 
successfully demonstrated at LASL using 
S F 6 / C 2 H g mixtures). Secondly, electric 
discharges in SFg-HI mixtures have been 
shown to yisld l a se r action on HF 
vibrational-rotational lines from v = 1 
through v = 6 . 5 

The characteris t ics of the oscillator- . 
preamplifier system that was developed 
a r e discussed in this section. A schematic 
drawing of the system is shown in Fig. 17. 



Briefly, tne system consists of a pin-
discharge oscillator operating in the T E M 0 0 

mode, a 4X beam expander with a spatial 
filter, a 2. 5-cm-diameter preamplifier, a 
2.6X beam expander, and a 3,75-cm-
diameter final preamplifier. The output of 
the final preamplifier i s expanded to match 
the diameter of our electron-beam-initiated 
200-joule amplifier. Table III gives the beam 
diameter, energy and divergence of the s y s 
tem at various locations along the chain. A 
more detailed discussion of the individual 
components as well as experimental data 
will be given in the following sections. In 
addition, the short-pulse option is discussed 
as well as a possible upgraded oacillator-
preajiplifier t - stem using H 2 - p 2 - < ^ 2 m i x * 
tures and electron beam excitation. 
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Fig. 17. Schematic of the high quality, long-
pulse discharge, initiated SFg-HI 
l a s e r system. ;.' ,J. 

-Fin-Discharge-Initiated Oscillator and-Firat 
Beam Expander :- ;. ' . , " ' . : • 

The physical characterist ics of this system 
are s imilar to those presented in Hefs. 3 
and 4. The discharge takes place between a 
double row of pins and a cylindrical rod 
across a. 15-mm. gap* The pins i t teach row 
are spaced 6.4 mm apart and the rows are 

separated by 6.4 mm. The discharge regit 
extends 30 cm and is driven by a Q . Q 2 - M F 
capacitor charged to 35 kV. 

The oscillator cavity is 110 cm long and 
consists of a 5-metre-radius-of-curvature 
copper m i r r o r and a ZnSe flat with one; side 
AR coated. In order to obtain TEM o c . oper
ation, apertures were placed at each end of 
the cavity. The starting point for the deter 
mination of the size of these apertures was 
a calculation of the T E M 0 0 mode spot s ize 
at each m i r r o r . The apertures should be 
typically 1. 5 times the 1/e 2 points of the 
Gaussian, beam. From this p.-rint, one must 

. experimentally adjust the aperfur j until 
stable operation of the l a s e r is obtained. 
The apertures used here a re 3. 5-mm diam
eter and 5.4-mm diameter, with the lat ter 
being at the output coupler. 

The first beam expander con lists of two 
BaF2 lenses (chosen to minimize dispersion 
with a 200-ji-diameter apatial filter at the 
mutual focus. Expansion rat ios of 4 .1 and t 
have been, used in these experiments. 

Beam divergence before and after the first 
beam expander was obtained by measuring 
the focused spot s ize . These results a re 
presented in Table III. Figure 18 shows the 
locused spot profile, taken after the beam 
expander. The profile was determined by 
scanning a detector with a 200-fi-diameter 
aperture across the focused beam using a 
5-metre-focal-length mi r ro r . The dashed 
curve in the figure is a least -squares fit to 
a1 Gaussian profile. The beam profile di
rectly out of the oscillator was also deter
mined during these experiments and was 
found to be consistent with a Gaussian pro
file. The measured waist size (Table III) 
was about. 50-percent la rger than expected 
from calculations.. 

The single-mode output of the oscillator was 
10 m j (150 ris) using a 20:1 mixture of 
SFgiEQV The output varied somewhat with 
overall p ressu re and, more importantly, 
the spectral content varied with overall 
p ressure . The HF (v = 5,6} l ines were 
particularly sensitive to p ressure , vanishing 



for pressures greater than 95 to r r . Time 
histories of each line of the 30 or more lines 
were obtained for total p ressures of 70 torr 
and 90 tor r in order to determine the opti
mum conditions fnr matching the H^-Fa 
electron-beam-initiated amplifier spectrum. 
Table IV shows the lines present in the oscil
lator spectrum at 70 tor r , as wed as those 
present in the H2-F2 system (when con
figured as an oscillator) ant1 +ftose present in 
the SF$-H3 preamplifier {when cOiifigured 
as an oscillator). The matchup is reason
ably good, provided that temporal matching 
also occurs. Examination of the individual 
time histories (Fig. 19) shows that there 
are timo intervals where a majority of the 
lines are coincident in t ime. 
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Fig. IB. Focal sp',\. intensity distribution of 
the osci 1' r output. The dashed 
line is a least squares fit to a 
Gaussian profile. 

TABLE III 

Beam Characterist ics of SFg- HI Oscillator Preamplifier System 

Location 
Beam 

Diameter 
0.35 cm 

Energy 
Full Angle 
Divergence 

2.0 mrad 

Ratio rf Measured to 
Calc. Diff. Limited 

Divergence 
Oscillator 

Beam 
Diameter 

0.35 cm 10 mJ 

Full Angle 
Divergence 

2.0 mrad 1.5 

Output of F i r s t 
Beam Expander 1. 5 ± 0. 2 cm 10 mJ 680 /jrad 1.5 

Output of 2. 5 cm 
Preamp 1.5 ± 0.2 cm 190 ± 40 mJ 760 (^rad 1 . •• 

Output of Second 
Beam. Expander 3.6 ± 0. 2 cm 190 ± 40 mJ 330 ^rad 1.7 

Output of 3. 75 cm 
Ffeamp 

Apertured to 
3.3 cm 

1. I ± 0. 1 J 
(1.5 J, Un-
apertured) 

420 fxrad 2 . 0 

Output of Final 
Beam Expander 6.6 cm 

1. 1 ± 0. U 
(1, 5 J, Un-
apertured) 

200 ± 50 prad 2 . 0 



Spectral Comparison of SF5-HI Discharge System With ELectron-Beam 
Initiated H2-F2 Oscillator 

H 2 - F 2 S F 6 - H I 

P 2 ( V ) 

H 2 " F 2 

VS 

S F 6 - H I 

P 4<7> 

V F 2 
S 

S F 6 - H 

P j W 

H 2 - F 2 

O P 2 ( V ) 

H 2 " F 2 

VS A O P 4<7> 

V F 2 
S A O 

Pj(5) O P 2 < 8 ) VS A O P 4 ( 8 ) S A O 

Pj(e) M A O P 2 <9> vs A P 4 O t M A O 

Pj(7) s A O p2uo> vs 
Pj<S) s A O P 2 ( 1 4 ) w P 5 ( 4 , W A 0 

?,{$) vs A P B ( 5 ) M A O 

PjdO) vs A P 3 ( 4 ) M • A O P 5 ( 6 ) S A O 

p l ( l 4 ) M P 3 (5> vs A O P 5 ( 7 ) s A O 

Pj(15) . W P 3 ( 6 ) vs A O P 5 ( 8 ) M A O 

Pjds) W P 3 < 7 ) vs A O P 5 ( 9 ) M A O 

PJ1V W P 3 ( 8 ) vs A O P 5 U 0 > vw A O 

PjdB) vw P 3 ( 9 ) s A O 

p l ( 1 9 ) vw P 6 ( 4 ) M 

p ^ o ) vw - P 4 ( 4 ) - A O P 6 ( 5 ) M O 

P 4 <5> M A O P 6 ( 6 ) M O 

P 2 ( 4 ) vw A O P 4 ( 6 ) M A O P 6 ( 7 ) VW 

P . 2 ( 5 ) . s A O P 6 <8> VW 

P 2 < 6 ) vs A O P 6 ( 9 ) vw 

O - Oscillator transition 
A - Amplifier transition 
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Fig. 1». Time history of the laser transitions 
from the oscillator using gas mix
tures of SFg-HI. 

Most of the diagnostics described here were 
also performed with mixtures of SFg-C2Kg. 
The beam quality was essentially identical 
with that when SF5-HI was used and typically 
about twice the energ;- was extracted from the 
system [although only HF (v = 1 to v = 3) lines 
were present ] . Since the HI mixtures tended 
to be unstable (HI photodissociates), the 
ethane mixtures provided a source for system 
setup and checkout pr ior to introducing the 
HI. The SFg-Hl mixtures were stored at a 
temperature of 7°C and, after passivating 
the container, were usable for a period of 
several months. 

Fast-Discharge-Initiated Preamplifiers 

The two preamplifiers in the system are each 
excited by a discharge between two Rogowski 

shaped electrodes. The first preamplifier 
(2. 5-cm aperture) has an excitation volume 
of 2.5 cm x i . 5 cm x 50 cm. The second 
preamplifier (3.75-cm aperture) has an 
excitation volume of 3. 75 cm x 3.75 cm 
x 50 cm. The discharge for both of the 
amplifiers i s driven by fast Marc banks. 
The two-stage Marx for the 2. 5-cm-
aperture amplifier contains two 0.04-/JF 
capacitors. Each capacitor is normally 
charged to 35 kV. This produced an initial 
voltage of 70 kV across the discharge 
region. The Marx for the 3. 75-cm-aperture 
amplifier i s a three-stage Marx with three 
0.04-^iF capacitors, which a r e each charged 
to 35 kV. This produces an initial voltage 
of 105 kV across the discharge region. 

The preamplifiers were initially tested by 
putting the amplifiers in a cavity consisting 
of a sapphire flat for an output coupler and a 
totally reflecting 5-metre m i r r o r . Studies 
of energy output for different mixtures and 
pressures of SF 6 -C2H6 a n d SFg-HI, and 
different discharge voltages were made. 
The relative output in the 2. 5-cm-diairteter 
amplifier as a function DI the initial charge 
voltage on the capacitors is shown in Fig.20 
for an S F Q - H I mixture of 20:1. The total 
output energy was not sensitive to the gas 
mixture using SFg:HI ratios between 15:1 to 
20:1. Although the total stored energy can 
be increased by increasing the voltage 
across the discharge, 35-kV charge per 
capacitor was chosen for both preamplifiers 
in order to minimize voltage breakdown 
problems. At this charge voltage, a maxi
mum of 0. 6 J from the 2. 5-cm-ampIifier 
and 1. 5 J from the 3. 75-cm amplifier was 
obtained using SFg-HI (20:1) mixtures . With 
SFg-C2H 6 (15:1) mixtures , a maximum of 
1 J was obtained from the 2. 5-cm amplifier 
and 4.0 J was obtained from the 3.75-cm 
amplifier. It is interesting to note that, 
although the excitation volume for the 
3.75-cm amplifier is two times that of the 
2 .5-cm amplifier, the energy obtained is 
nearly four times that of the 2. 5- ,-m 
amplifier. As each preamplifier was in
serted into the system, the relative 
oscillator-preamplifier timing required for 
maximum energy extraction was determined 



by locating the time for onset of amplified 
spontaneous emission (ASE) in the preampli
fier. This is the time at which l a se r action 
occurs with no external Feedback and proves 
to be the optimum time for energy extraction 
by the oscillator pulse. Finally, the energy 
extraction as a function of amplifier p r e s 
sure was determined. A typical result is 
shown in Fig. 21 for a 2 .5-cm-aper ture 
preamplifier. The overall system ji t ter 
(trigger input to l a se r pulse output) was less 
than 10 n s . 
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Fig. 21. Relative gain of the preamplifier 
as a function of pressure for a 
fixed SF 6 :HI ratio of 20:1. 

that it is not possible to continue to use r e 
fracting optics throughout the chain due to 
the dispersion that would be introduced into 
the chain. However, the use of reflecting 
optics is not without problems. In order to 
keep the cost of the reflecting elements 
reasonable, off-axis-spherical m i r r o r s a re 
used instead of off-axis parabolas. Care 
must be taken so that the divergence due to 
off-axis aberrations is not excessive. The 
cr i te r ia used for these optical elements 
were 

Fig. 20. Output energy from the 2. 5 cm 
diameter preamplifier run as an 
oscillator as a function of gas 
p ressure and charge voltage. 
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Reflecting Beam Expanders for Oscillator-
Preamplifier System 

The beam expander between the 2 .5 -cm-
aperture amplifier and the 3. 75-cm-aperture 
amplifier as well as the final beam expander 
a r e constructed using reflecting optics. Al
though the first beam expander is constructed 
from refracting optics, calculations indicate 

The angular width of the beam is ft the diam
eter of the beam on the m i r r o r is D, and F 
is the focal length of the m i r r o r . The angle 
6 is the angle between the incident and r e 
flected beams. 



The second beam expander is constructed 
from a 1, 5-metre-radius-of-curvature con
vex m i r r o r and a 4„0-metre-radius-of-
curvature concave m i r r o r , giving a beam 
expansion of 2. 67. The final beam expander, 
chosen to match the aperture of the H2-F2 
amplifier (not shown in Fig. 19), was con
structed from 5-metre-radius-of-curvature 
convex m i r r o r and a 10-metre-radius-of-
curvature concave mi r ro r giving a final beam 
expansion of two. 

Beam Quality of Pis charge-Initiated 
Oscillator-Preamplifier System 

The beam diameters and the measured di
vergence angles for the electric-discbarge-
initiated oscillator-preamplifier system are 
summarized in Table III. The oscillator di
vergence was determined as previously 
mentioned by measuring the focused spot 
profile {Fig. 18). The l a se r beam diver
gence was also measured subsequent to the 
first preamplifier and after the final pre
amplifier. The technique used to measure 
the du'ergence utilized multiple reflections 
from one surface of a ZnSe wedge. The 
resultant beams, each increasingly attenu
ated, were then focused onto a *hir> bismuth 
film and the diameter of the ablated spot was 
determined. The smaLl thickness of the film 
{400 -* 800 nm) provides a reasonably sharp 
ablation threshold. The relative attenuation 
factor for each reflection has been calibrated 
using an HeNe laser and a photodiode. In
tensity as a function of focal spot diameter 
is shown in Fig. 22 for the oscillator and 
both [u-uamplifiers but without the final (225) 
beam expander. Also shown ?re the data for 
extraction from the 2. 5-cm-^perture pre
amplifier only, and the 3.75-cm-aperture 
preamplifier only. These data were taken 
by not charging one amplifier. For each 
case, the initial beam diameter was 3. 3 cm. 
Clearly the beam is somewhat degraded by 
the large amplifier, and relatively more 
energy is present at large divergence when 
this amplifier i s saturated. This technique 
was not used in conjunction with the final 
beam expander due to the off-axis astigma
tism introduced when, allowing for the greater 
jearn diameter. 
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Fig. 22. Focal spot intensity distribution 
for various configurations of the 
oscillator-preamplifier system. 

In addition to this technique for divergence 
measurements , shear-plate interferometry 
was applied to the beam at various locations. 
In order to obtain a usable patlern, the 
pattern from the shear plate was focused 
onto Polaroid film. These results were in 
agreement with the focused-beam results 
before the Una! expander and gave a value of 
200 ± 50 /jm radian full-angle divergence at 
the final output. Moreover, some phase 
distortions were present in the beam, but 
the distortions were no worse than X/2 over 
the entire wavefront. This technk, ie will be 
applied to the beam at various points along r 
the optical path both before and after the 
electron-beam-initiated final amplifier in 

rde r to check the various m i r r o r surfaces 
and to determine :he beam degradation due 
to the amplifier. 



Short Pulse Option for Discharge Initiated 
SFg-HI System 

The beam from the final electron-beam-
initiated Hg-Fg amplifier should be near-
diffraction limited with a high contrast ra t io . 
The pulse length requirements far laser 
fusion are of the order of a few nanoseconds. 
The previous sections have discussed the 
development of a long-pulse oscillator-
preamplifier chain that will be used to study 
the extraction of energy from large-volume 
H2-F2 e-mplifiera. In this section we will 
discuss the development of a technique for 
generating a.short pulse from an oscillator-
preamplifier chain. In addition to gener
ating a short-pulse, it is necessary that the 
technique be capable of controlling ASE in 
the preamplifier. The technique of polari
zation rotation, where the polarization of 
the beam is rotated 90 degrees for a few 

- nanoseconds, has been discussed previously^ 
and has beep demonstrated using mixture of 
S F 6 - C 2 H 6 . b With this technique the ASE 
will be suppressed because a photon flux 
will be in the preamplifiers at all t imes . 

The next generation of experiments will r e 
quire that this technique be demonstrated for 
our SFg-HI oscillator-preamplifier chain. 
Currently, a high-optical-quality oscillator 
and preamplifier with the short pulse gener
ation capability is under development. The 
final system that will be used is shown in 
Fig. 23. The osci l la tor /operat ing in the 
T E M O D mode, is polarized as indicated in 
the figure. At the desired time in the 
100-ns-long pulso, the output polarization of 
the oscillator output is rotated for a fixed 
time period. Th(- entire pulse, including 
both polarizations, is then amplified by the 
two succeeding preamplifiers. The short 
pulse i s split off after the final preamplifier 
by a brewster-an^le beam split ter. All of 
the components with the exception of the EO 
crystal and polarizer a re currently being 
used for the long-pulse laser system de
scribed in the previous section. The com
ponents that will be added to the existing 
chain a re a polarizer and the EO crystal . 
A final brewater-ahgle polarizer.will be 

added at the.end of the amplifier chain in 
order to separate the short pulBe from the 
total pulse. Currently, a ZnSe wedge 
(7. 6 cm x 25. 4 cm) and a quartz wedge are 

• available. About 49 percent of the energy 
'•. in the short pulse will be reflected with the 
'.ZnSe, while 14 percent will be reflected 
using the quartz wedge. 

Fig. 23. Schematic of the high-quality dis
charge system showing the com
ponents necessary for short-pulse 
operation. 

.Currently, 3 TEMQ -mode pin-discharge 
oscillator and a 2.5-cro-diameter p re 
amplifier a re being constructed. Experi
ments on the system should begin in the near 
future with a target date of February for a 
working sys tem. 

Hg-Fa Electron-Beam-Initiated Oscillator-
J^reampliiier System", ~~~~ 

An attractive possibility for a high-quality 
oscillator-preamplifier system whose spec
trum would match those of an H2-F2 ampli
fier is one using the same chain reaction. 
Some initial experiments along this line 
have been performed at Sandia. 



A 20-cm-long high-pressure laser cell has 
been constructed and is designed to operate 
with H2-F2-O2 mixtures of up to 4 atmo
spheres . The mixture is ignited with a 
300-keV or 600-keV electron beam (3 ns , 
10 joules) from a Febetron 706 fitted with an 
extended diode. The electron beam is guided 
into the X-geometry cell with a 4-kG mag
netic field. This laser can be operated at 
various pressures and concentrations so that 
it will produce pulse widths s imi lar to that of 
our pin-discharge oscillator. Therefore, by 
the correct choice of cavity components and 
apertures , the oscillator can be made to 
operate in the T E M Q O mode. The preampli
fiers would be initiated by s imilar electron-
beam machines, but they could have shorter 
pulse widths since the l a se r is expected to 
produce pulses as short as 10 ns at the maxi
mum pressure . The final osczllatur-
preamplifier cl.rin would be s imilar to that 
shown in Fig. 7. However, taking advantage 
of the inherently high efficiency of an 
electron-beam initiated laser using H2-F2-02 
mixtures, one might expect an output of ap
proximately 2 joules for an oscillator-single-
preamplifier chain. The electron-beam-
initiated oscillator-preamplifier system 
would be configured much like that shown 
in Fig. 23. 

In order to demonstrate the feasibility of an 
oscillator-preamplifier chain based on the 
H2-F2 reactions, one must first demonstrate 
that a high-optical-quality laser beam is 
obtainable from such an oscillator. More
over, the efficiency and spectral content 
must be determined for initiation levels of 
a few joules and compared with ear l ier high-
energy experiments. In order to meet pro
gram milestones on t ime, work on this 
backup oscillator-preamplifier system has 
been postponed so that more effort could be 
placed on construction and testing the d is 
charge system. If the spectra obtained from 
lase rs using mixtures of SFg-HI do not con
tain enough lines to extract a significant 
amount of energy from electron-beam 
initiated H2-F2 l a se r s , this work will r e 
sume. 

Chamber for HF-Laser Focusing 
Experiments 

One of the HF-Iaser program milestones 
scheduled for completion in early FY 78 is 
to focus energy from an electron-beam 
initiated HF laser system through small 
diameter pinholes {< 400 /xm) in order to 
demonstrate focus ability. Because of the 
power densities involved, a i r breakdown 
problems would be encountered unless the 
experiments were carried out in an evacu
ated chamber. In order to perform such 
focusing experiments, a vacuum chamber 
and optical system have been designed and 
constructed so that a 7. 6-cm-diameter 
collimated laser beanr. can be reflected 
from an off-axis copper parabolic m i r r o r 
to the focal spot. The vacuum chamber 
incorporates a calorimeter to measure the 
energy transmitted through the pinhole, as 
well as the off-axis m i r r o r and pinhole 
assemblies. The chamber has been con
structed so that initial m i r r o r and pinhole 
alignment can be performed while opened 
to the atmosphere without moving the posi
tion of the optically flat laser beam t rans
mission window on the vacuum chamber. 
The system has also been designed so that 
the six degrees of rotational and translation 
motion of the m i r r o r mounting assembly 
and three degrees of translation for the 
pinhole mount can be remotely adjusted 
from outside the chamber after evacuation. 
A number of observation ports z.re included 
so that the m i r r o r mounting and pinhole 
mounting assemblies can be viewed from 
the outside of the chamber. The chamber is 
also designed to accommodate a probe laser 
beam to investigate pinhole closure t imes. 

A diagram of the l a s s r beam chamber is 
shown in Fig. 24. The chamber is 1.8 m 
long and has a diameter of 76 cm. The 
chamber is mounted on a stand that permits 
alignment cZ the chamber with the incoming 
laser beam. The laser-beam window has 
a 14-cm clear diameter while the main 
observation port at the opposite end of the 



chamber accommodates a 24-cm-diameter 
window. Three pinhole-viewing windows 
(two of which are on one side of the chamber 
with the third on the opposite side) have a 
diameter of 11.4 cm. The chamber incor
porates a-Bolid steel optical bench with a 
three-position leveling arrangement in order 
to align the plane of the bench parallel with 
the incoming HF la se r beam. A diagram of 
the optical bench, mi r ro r , pinhole, and 
calorimeter is shown in Pig. 25. The 43-
by 97-cm optical bench is large enough to 
accommodate 10-cm-diameter parabolic 
m i r r o r s with an offset of 10 cm from the 
inside edge of the m i r r o r to the axis of the 
parabola. Gold-coated glass m i r r o r s with 
a focal length of 46 cm have been obtained 
for initial focusing studies. Solid copper 
m i r r o r s having a 25-cm focal length were 
obtained also and are currently undergoing 
final polishing with an outside contractor. 

REMOVABLE CHAMBER TOP 

7 

rlS 
1—OeSERVATION J 

W1N0CW I 

PINHOLE 
AMD MIRROR 
POKriOfT^H 
FEED—THROUGH 
SHAFTS 

I ELECTRICAL 1 
J FEE£>-THftOU6H \ 

TB I 
1 

LASER 
BEAM — 
W1N00W 

PINHOLE 
O B S E R V A T I O N 

WINDOW 

Fig. 24. Diagram of the l a se r beam chamber 
for focusing HF la se r energy 
through small diameter pinholes. 

Commercially available m i r r o r mounts and a 
translational mount tor the pinhole were 
modified so that they could be actuated with 
rotary, feed-through drive units mounted in ' 
the vacuum chamber. Additional modifica
tions of the m i r r o r mounts were made in . 

order to more accurately control the posi
tion of the focal spot within the aperture of 
the pinhole. 

Initial focusing procedures a r e to be initi
ated shortly using a 10-cm-diameter colli-
mated He-Ne l a se r beam to align the off-
axis parabolic m i r r o r such that its focus 
corresponds to the geometric position of the 
pinhole. AIBO, the expanded He-Ne beam is 
to be used in facilitating initial alignment of 
the m i r r o r and pinhole assembly with the 
HF laser beam. 

Computer Study of Parasi t ic Oscillations in 
HF Amplifiers and Oscillators 

In the previous semiannual report , an ap
proximate treatment for parasit ic osci l
lations in directions t ransverse to the 
optical axis was described and incorporated 
into the HF laser code. Parametr ic studies 
have since been carr ied out. A number of 
unexpected resul ts were obtained and will be 
presented here . The results for oscillators 
have also been obtained using a simple one-
point, single-transit ion cavity rate equation 
treatment. This simple treatment will be 
used to conveniently illustrate the underlying 
mechanisms for the oscillator resul ts . 

Some representative results of the paramet
r ic study are shown in Figs. 26 through 28, 
These are calculations or electron-beam-
initiated HF oscillator and amplifier per
formance for the approximate geometry, gas 
mixture, and input-signal, condition!: of 
Sanctta's REBA experiments. 7 Figure 26 
illustrates the predicted variation of osci l
lator output energy with wall reflectivity. 
When the gain threshold, for parasit ics falls 
below the oscillator gain threshold, quasi-
steady-state theory predicts a discontinuous 
decrease in oscillator output. The more in
clusive theory embodied in our code predicts 
a smooth transition, as shown, with importani 
parasitic degradation even when the para
sitics threshold is grea ter than the oscillator 
threshold. Figure 27 illustrates the varia
tion of amplifier output energy with wall 
reflectivity. Additional results not shown , 



demonstrate that parasi t ics become increas
ingly important with increasing pressure . 
Figure 28 shows the parasit ics-l imited 
oscillator output energy as a function of H 2 

partial p ressure . The predicted decrease 
in output energy with increasing H2 partial 
pressure beyond about 50 tor r is caused by 
parasi t ics . The general trend illustrated 

here has been confirmed experimentally and 
is shown in Pig. 6. In addition to the above 
resul ts , the HF code has also shown that 
increasing the cavity length for a fixed 
active-medium length will enhance parasi t ic 
oscillation. Recent experimental resul ts 
shown in Fig. 10 are consistent with this 
prediction. 

Fig. 25. Diagram, of the optical bench for mounting the m i r r o r , 
pinhole and calorimeter within the Laser beam chamber. 
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Fig. 26. Performance of HF oscillator as a 
function of parasit ic wall reflec
t ivit ies. 

Fig. 27. performance of HF amplifier as a 
function of parasit ic wall reflec
tivities. 
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All of the predicted trends for paras i t ics-
degradation of oscillator performance ob
tained with the HP code have been duplicated 
using the simple one-point treatment men
tioned ear l ie r . Figure 29 shows a schematic 
of the one-point model ar.d the associated 
equations for a single-transition four-level 
model. The subscripts L and.T denote 
longitudinal and t ransverse directions. The 
active-medium and cavity dimensions A and 
.5? and the reflectivities R are illustrated. 
The cavity radiation densities are given by 
E, and the gain coefficient a and spontaneous 
emission t e rm S are calculated in t e rms of 
the upper- and lower-level number densities 
ng and nj_. Pumping strength is denoted by 
P , and the various characterist ic times a re 
given by T. Binary scaling of collisions! 
processes and Lorent2 broadening of the line 
profile a re assumed. Figure 30 shows r e 
sults for oscillator output as a function of 
wall reflectivity at various gas p res su res . 
Numerical values for the various governing 
parameters a r e shown on the figure and were 
chosen to approximate conditions of Sandia's 
electron-beam-initiated HF- laser experi
ments . As also pradicred by the HF code, 
paras i t ics degradation is seen to become 
Increasingly severe with increasing p re s 
su re . This i s shown again in Fig. 31, which 
also i l lus t ra tes the enhancement of parasi t ics 
by increased cavity length. 

Fig. 29. Schematic and equations for 
simple model of parasi t ice-
limited oscillator. 
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Fig. 31, Effect of wall reflectivity, cavity 
length, and pressure on oscillator 
output. 

grea ter slope as well. Thus, in this case, 
for sufficiently large gain overshoot, the 
parasit ic oscillation builds up faster th.ui 
the desired cavity oscillation. It is now 
clear that increasing either p ressure or 
•J^L, will enhance the parasi t ics . 
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An important characteris t ic of all of the 
foregoing results is that parasitic oscillations 
occur despite the fact that the gain threshold 
for parasitics exceeds the cavity threshold. 
This is shown to be attributable to transients 
as follows. The gain thresholds a re shown 
in Fig. 32, along with representative energy-
density and gain t ime-his tor ies . Severe gaii! 
overshoot is evident. During the period of. 
overshoot for a mode, the associated radia
tive energy density increases . The reason 
that t ransverse (parasitic) radiation increases 
faster than the longitudinal radiation, initially, 
is shown in Fig. 33. The ra te of increase of 
radiation (essentially {lt$)a + (l&) £n eR) is 
plotted versus a for each mode. While the 
values of R and % dictate a greater abscissa 
intercept (gain threshold) for the t ransverse-
radiation result , the values of A/57 dictate a 

Fig. 3". Representative energy-density and 
gain-coefficient time histories at 
one atmosphere with 85 percent 
wall reflectivity. 

The work described above permits some 
insight into the existing experimental results 
and suggests conditions that must be avoided 
if parasit ic oscillations are to be minimized, 
A less restr ict ive treatment of the 
directional-dependence of parasit ics radia-
tiun has subsequently been formulated. It is 
anticipated that formulation would bring the 
HF code into better agreement with experi
mental data. This more refined formulation 
will be implemented as time and necessity 
dictate. 



Pig. 33. Relative magnitudes of time rate 
of change o[ oscillator and 
parasit ic radiative-energy density 
as a function of gain coefficient. 

Kinetics Upgrade of HF-Laser Code 

Following a review of our HF- laser predictive 
capabilities, ERDA/DLF suggested specific 
measures be taken in order to upgrade the 
kinetics packages of the HF computer code. 
Of prime concern was the large overpredic-
tion of light-output pulse width when electron-
beam dissociation of Fg was assumed to cost 
10 eV of deposited energy per F-atom pro
duced, the widely accepted value. The speci
fic measures that were taken were: 

1. Add the chain-terminating reactions 
involving oxygen, as privately t ransmit-

, ted by Dr. Ray Taylor of Physical Sci
ences, Inc. <PSI). 

2. Add the multiquantum HF-HF vibration-
translation exchange, scaling with 
vibrational level v as v * , as recently 

-. implemented by Dr. J . J. T . Hough. 8 

3. Add tr j updated Lorentz-broadening 
treat ' . ient as recently described in the 
l i t e r a t u r e . 8 

4. Bring all other data in the HF code 
reaction package up-to-date with the 
codes at PSI and Aerospace Corp. 

5. Compare computed results with 
experimental data reported by 
Dr. J . Mangano 9 of Avco Everett 
Research Lab. 

6. Recompute the results corresponding 
to Sandia's experiments, with an F -
atom cost of 10 eV. 

Figure 34 shows computed results for a 
standard test case first calculated by the 
code RESALE. I 0 For this case, the active 
medium length is 100 cm, with m i r r o r 
reflectivities 0 .8 and 1.0. The initial p r e s 
sure is 1. 207 atm, and the initial mixture is 
F 2 / H 2 / F / A r = 1/1/0. 1/50. RESALE pre
dicted 0. 101 jou le / cm 3 output energy. 
Hough's code SPIKE predicted 0. 089 joule/ 
c m 3 , and Sandia's modified code HFOX 
predicts 0.058 jou le /cm 3 . The differences 
in output energy and pulse shape are ex
pected in view of the many differences be
tween the three coci?s. The most important 
differences were as follows: RESALE did 
not allow gain overshoot, and RESALE and 
SPIKE did not allow rotational nonequilibrium 
or multiquantum HF-HF V-T exchange. 

Figure 35 shows computed results for 
Mangano's 30 percent F 2 c a s e , 9 assuming 
12 eV per F atom. An updated version of 
SPIKE predicted 0.0225 jou le /cm 3 output, 
the PSI code predicted 0.0320 jou le /cm 3 , 
and HFOX predicts 0.0160 joule/cm 3 , while 
experiment indicates 0.051 jou le / cm 3 . No 
record of the experimental output time 
history is available, although the pulsewidth 
(FWHM) is reported as 2.0 jus. A number of 
differences exist between the three codes in 
this case also: SPIKE did not include the 
oxygen kinetics, the PSI code used v 2 ' 9 

ra ther than v 2 , 3 scaling for the HF-HF 
multiquantum V-T r a t e , both the PSI code 
and SPIKE assumed that all the F atoms 



were made instantaneously at t = 0, while 
HFOX simulated production over 200 ns , 
corresponding to the electron-beam dura
tion, and only HFOX included spatial non-
uniformity and rotational non equilibrium. 
It should be mentioned that the three t ime 
histories shown in Fig. 25 each have slightly 
different definitions. The SPIKE result is 
output power, directly. The HFOX result ia 
power incident on the output coupler, and, 
therefore, should be multiplied by the t rans-
missivity, 0, 9, to get output power. The 
PSI resul t is "intracavity flux" and should 
be multiplied by -teneR)/(2I_,) = 1.15 to get 
output power. 
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Fig. 35. Various code predictions of pulse 
power for Mangano's F2~rich code. 

Fig. 34. Various code predictions of pulse 
power for standard test case. 

Finally, fcr one of Sandia's REBA experi
m e n t s , 7 with 10 eV per F atom cost, HFOX 
predicts a relatively long low-power output 
pulse (hundreds of n s , 30 MW/cm 2 ) com
pared with experiment (50 ns , 200 MW/cm 2 ) . 
Thus it appears at this time that the code up
grading has not resolved the problem of 
pulsewidth overprediction for intense-
excitation cases . The reason of the disagree
ment between prediction and experiment r e 
mains a mat ter of current investigation. 

Repetitively Ignited Flowing H2-F2-Q2 
MixtucBS 

The purpose of this study was to establish 
techniques and requirements for achieving 
stability against spontaneous detonations and 
to achieve an acceptable degree of uniformity 
in laser-type mixture slugs of gas flowing in 
a repetitively ignited H2-F2-O2 system. Ini
tial studies concerning slug separation had 
established that hydrogen injected repet i 
tively into a flowing F2^02 system could be 
isolated to the extent that a continuous com
bustion would not occur for slug injection 
ra tes up to 10 per second. ** Although the 
initial data were obtained using Ar as a 
substitute for the Fg-Og mixture and He as 
a substitute for H 2 . subsequent measure 
ments with F2-O2 mixtures and H2 have 
shown that an acceptable level of slug sepa
ration could be achieved with these gases . 

Tha presently described study has been con
cerned with the determination of mixture 
uniformity occurring over the active mixture 
volume that, in the present case, would be 
equivalent to a laser cavity volume of 2 cm 
in diameter and 8 cm long. This c o r r e 
sponds to the ignition region** of the flow
ing system. 



In order to examine the slug uniformity 
after injection anil passage of the slugs 
through a 40-cra-loiig mixing region to the 
8-cm-long ignition region, additional mass 
spectrometric data were obtained. For this 
study, the mass spectrometer probe was 
constructed to measure time-dependent con
centrations at different points throughout the 
ignition region so that a three-dimensional 
number density profile of the slugs could be 
obtained. The mass spectrometer experi
mental arrangement used for this study is 
shown in Fig. 36. The time-dependent gas 
number densities within the ignition region 
of the flowing system were recorded using 
a digitized data recording system which con
verted the time-dependent gas concentration 
at the sampling probs into a digitized signal 
level recorded in a multichannel scaler . The 
signal levels for gas number densities at the 
sampling probe were calibrated using a 
se r ies of gas mixtures obtained from 
Mathescn, in order that absolute rather than 
relative concentrations could be obtained. 

A concentration profile for a slug after pas s 
ing into foe ignition region is shown in Pig. 37. 
Although these data were obtained for the case 
where He was substituted for H2, the concen
tration contours shown in the figure would be 
equivalent to the hydrogen concentration in an 
H2-F2-O2 ylug as it passes through the igni
tion region of the flowing system. The data 
shown were obtained usiing an He injection 
time of 30 ms and give an equivalent maxi
mum hydrogen content of about 16 percent 
(as is used in most of our HF laser studies). 
Other gas composition ratios can be obtained 
by changing the diameters of the gas flow 
orifices at the injection head. 

In examining the slug concentration contours 
(as shown m Fig. 37), a position of the slug 
with respect to the ignition region can be 
determined which will yield a minimum 
radial gradient in the preiginition index of 
refraction for a light path parallel to the 
mixture flow and extending through the 8-cm 
ignition region (Fig. 38). The preignition 
index of refraction at any point in the slug is: 
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where n(pg)' n(C>2)' a n < ^ "(Hs) represent 
the index of refraction at 1 atm of Fg, O2, 
and H2. respectively, and or, /3, and y are 
the mole fractions of each gas auch that 
a + £ + y = J. Under the conditions for 
obtaining the data shown in Fig, 37, 
P = 1 atm and P / P 0 = 1. The average index 
of refraction, n a v , along any ray parallel to 
the flow and extending for an 8-cm path 
length through the slug (corresponding to 
the 8-cm-long ignition region) is 

Z 
n av = -z-hr/ V 2 • < 2 > 
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where ZQ is an arbitrary starting point for 
the ray at some point on the leading edge of 
the slug. The value of n a v can be deter
mined for an 8-cm-long ray along the center 
of the cylindrical ignition region and for 
other rays parallel to the flow farther out 
towards the wall of the ignition portion for 
the flow system such that n a v ( r ) can be 
determined by any Z0 to ( Z Q + 8) cm path 
through the slug which is at some fixed 
position in the ignition region (i. e . , af a 
given instant of time). If n a v ( r ) is deter
mined over the 8-cm ignition region for a 
se r ies of slug positions with respect to the 
ignition region, a region in the slug coin
ciding with the ignition region can be found 
where there is a minimum change in the 
value of n

a v . ( r * from the center of the flow
ing system (r, = 0) out ;o the outer wall 
(r = 1 cm). In the case of the data shown in 
Fig. 37, a minimum change in n a v ( r ) in the 
ignition region occurs when the maximum 
H2 concentration has reached the down 
s t ream end of the ignition region (the 



right-hand side of the ignition region as 
shown in F ig . 38). When the slug is located 
in such a position, the average H 2 concen
tration through the 8-cm ignition region 
changes by about 1 percent from the center 
of the flow to the outer wall. This yields a 
value of An/n of about ±3 x ID" 7 using in
dexes of refraction for H2J F2 , and O2 
determined at the sodium D line under the 
conditions *vhere [F2]:[02]:[H2]=* 1:C. 3:0.25 
and P = 1 atm. This relatively small shift in 
the index of refraction would cause a wave-
front distortion {over an active volume of 
30 cm) of X/15 for sodium D radieition. The 
slug uniformity was considered good enough 
at this time to conclude the mass spectro-
metr ic studies and proceed with stability 
studies at the remote test site using H2 
slugs in the flowing F2-O2 system. 

The stability tests were carr ied out with the 
fLow system as shown in Fig. 38 in conjunc
tion with a charcoal reactor to dispose of the 
exhausted F2 and traps to remove HF so '-hat 
flow rates of 10 3 c m / s could be studied. The 
F2-O2 mixtures were introduced into pres
sure containers at 400 psi arid mixed by con-
vective heating. For the initial fLow studies, 
the F2-O0 and H2 pressures delivered at the 

Fig. 36. Diagram of the mass spectrometer 
gas sampling system for quanti
tative measurement of gas con
centrations within the mixture 
slugs. 

flow-limiting orifices of the injection head 
were about 170 psi , giving a flow velocity 
in the range of 10 3 cm/s and a composition 
at the center of the slugs of F2:C>2:H2 = 
1:0. 4:0. 25. Some of the pressure t r ans 
ducers (Fig. 38) were triggered s imul
taneously with H2 slug injection in order 
to determine if slug stability could be 
maintained during slug injection, during 
flow through the mixing region, and during 
entrance into the ignition region *;uch that 
no ignition would occur spontaneously 
through the system prior to ar r ival of the 
slug at the charcoal disposal t rap. 

3 0 MSEC VALVE PULSE 

FLO* VELOCITY- I x l O 3 C U / S £ C 

FLOW DIRECTION' 

1 B CM 1 

Fig. 37. The equivalent H2 concentration 
occurring within a slug as it flows 
through the ignition region of the 
flowing system. 

Fig. 38, A block diagram of the flowing 
system as was used at the remote 
test si te to study stability in laser " 
type mixtures of H„, F„, and 0 „ . 
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Initial tests of the flowing system indicated 
that ignition of the Hg slugs occurred at the 
injection head during H2 injection. The 
apparent reason for this initial lack of sta
bility was that prepassivation of the system 
was incomplete because of the rapid removal 
of F2 by the charcoal reactor . However, 
after continuous operation of the system, 
preignition ceased to occur and successful 
H 2 slug injection into the F 2 ~ 0 2 mixture and 
flow through the mixing and ignition regions 
took place. 

Initial studies of the flowing system were 
carried out using 30-ms H2 slug injection 
t imes. As indicated in Fig. 38, when the H2 
flow was off. He flow system was maintained 
through the H 2 injection ports of the £[3 flow 
system to maintain a time-independent gas 
flow rate in the system. A time-dependent 
oscilloscope trace of the output from a p re s 
sure transducer located in the ignition region 
of the flowing system is shown in Fig. 39, 
which was obtained using a repetition rate of 
two slugs/second. This t race shov/s a small 
pickup signal corresponding to the 30-ms H.£~ 
valve opening pulse and is followed by a large 
pressure excursion occurring 100 ms after 
H2 injection. From the known flow velocities 
it was determined that slug detonation oc
curred within the charcoal trap downstream 
from the ignition region ra ther then in. the 
mixing or ignition regions of the flowing 
system. Thus, from repeated runs as shown 
in F ig . 39, it was determined that shor t - term 
stability (seconds of firing) could be achieved 
for injection, mixing, and flow through the 
ignition region for atmospheric pressure 
laser- type H2-F2-O2 mixtures. 

In order to meet ERDA/DLF established 
milestones on schedule, it was necessary 
that these studies be postponed. However, 
a number of significant accomplishments 
have thus far been achieved as follows: 

1. Active mixture slug separation was 
achieved for slug injection ra tes up to 
10 slugs/second. 

2. Slug mixture uniformity over the ignition 
region v/i'-d quantitatively determined and 

found to be essentially acceptable for 
laser cavity operation* Thus, the desi{ 
of the valving system, injection head, ar 
mixing region seems adequate for a re 
petitively ignited Hg-Fg-Og l a s e r systen 

Slug stability during gas injection at 
high pressure was achieved for the non-
diluted H2-F2-O2 mixtures . 

Stability, of slugs was maintained during 
passage through the mixing and combus
tion regions of the rlowing systems. 

Short-term stability for repetitive slug 
injection and flow through the complete 
system was achieved for slug injection 
rates of 2 per second. 

A tentative proof was obtained that the 
system does not flash back during oper
ating conditions. 

Fig. 3D. An oscilloscope trace from a 
pressure transducer at the 
ignition region. The trace 
shows large spikes occurring 
when laser type mixture slugs 
were detonated within the 
charcoal F„ t rap. SmaLl ex
cursions occurring 100 ms 
before each detonation spike 
corresponds to H slug injec
tion at the injection heat. The 
trace timing is 200 ms /division. 



Spontaneous Detonations in Multiatmosphere 
H2-F2-O2 Mixtures 

It is sometimes observed that spontaneous 
detonations occur in H2-F2-O2 mixtures 
during loading of these gases into the laser 
cell or prior to ignition of the laser gas with 
an electron beam. Work concerning stability 
of multiatmosphere H2-F2-O2 mixtures has 
shown that it is possible to achieve stability 
provided that the mole fraction of oxygen is 
maintained above a minimum value depending 
upon the total pressure and the [F2] / [H2] 
ratio involved. 1 _ Although the mechanisms 
by which stability takes place in such mix
tures have been the subject of a number of 
s tud ie s , "* ** little effort has been expended 
in the development of a kinetic model for the 
existence of third-limit detonations in 
H2-F2-O2 mixtures. 

Effort has been given, during the period 
covered by this report , to examine possible 
spontaneous detonation mechanisms which 
are consistent with experimentally observed 
phenomena regarding detonations in multi-
atmosphere H2-F2-O2 mixtures . One of the 
most salient features concerning spontaneous 
detonations in such mixtures is that they are 
initiated at the surface of the containing 
vessel ra ther than from the free gas 
v o l u m e . 1 1 ' 1 Z The effect of shifting the ex
plosion limits by use or nonuse of the hydro
gen surface treatment previously discussed 1 1 

is shown in Fig. 40. 

Thus, any kinetic model for (he occurrence 
of detonations in multiatmosphere H2-F2-O2 
mixtures must account for surface-initiated 
processes ra ther than those only occurring 
in the gas phase. The only mechanism thus 
far proposed 1 for the occurrence of third-
limit detonations in H2-F2-O2 mixtures has 
involved volume ra ther than surface pro
cesses and can be explained by the following 
sequence of reactions in K2-F2-O2 mixtures: 

Linear Chain 
F + H 2 -* HF* + H (3) 

H + F„ -»HF* + F (4) 

H 2 CELL 
TREATMENT 

!000 4000 6000 8000 
F. PRESSURE (TOHR) 

Fig. 40. Observed pressures at which 
spontaneous detonations occur in 
H2-F2-O2 mixtures . Explosions 
occurred at the solid points (or 
c rosses from Ref. 12) as the H2 
is added to Fg-02 mixtures placed 
in the cell prior to H2 introduction. 
Curves A and B were obtained 
using Fg passivation prior to each 
gas filling. Curves C and D were 
obtained utilizing the explosion 
cell hydrogen treatment and subse
quent F , passivation p r io r to each 
gas filling. The partial pressures 
of Og used to obtain each curve 
a r e shown in the figure. 
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(6) 

(7) 

Termination 

H + 0 2 + M -» H 0 2 + M 

Regeneration 

(9) 

It has been s h o w n ^ ' 14 t n a t r e a c t i o n s (3) 
through (7) a r e responsible for detonation. 
Reaction (8), however, acts as a chain te rmi
nator to prevent detonation above the second 
explosion limit. The process F + 0 2 + M -> 
F 0 2 + M has also been considered as a chain 
terminator. However, it has been pointed 
o u t 1 4 ' 1 5 that the reaction F 0 2 + H 2 -* HF + 
Og + H may proceed at such a high ra te that 
F 0 2 formation may not play an effective role 
as a chain terminator in Hg-F^-Og mixtures . 
Under conditions of high fluorine p res su re , 
as in multiatmosphere laser-type Hg-Fg-Og 
mixtures , reaction (9) has been proposed*** 
to initiate third-limit detonations through 
regeneration of F atoms. This type of deto
nation could occur if the HO« concentration 
formed through reaction (8) "becomes great 
enough so that F atom regeneration through 
reaction (9) equals the H atom loss through 
reaction (8). Under such conditions, r e 
action (8) could no longer act as a sink for 
atoms and the mixture would tend to become 
explosive. In the present case, however, 
loss of HOg by tho process*? 

HO„ H 0 o (10) 

with a rate coefficient of k„ = 1. 8 x 10 cm / 
mole-second would account for an HOg loss 
g r ea t e r than that through reaction (9) Tor the 
case where 6000 tor r or F 2 is present in the 
mixture if the H 0 2 concentration reaches 
1. 6 x 1 0 " 1 2 m o l e s / c m 3 . The HO s loss rate 
through reaction (10) increases as the square 
of the H 0 2 concentration, while the loss of 

HOg through reaction (9) changes linearly 
with HOo concentration. Thus, as the HO a 

concentration increases in a pre-explosion 
reaction sequence, reaction (10) could 
eventually account for much of the HOg loss 

It is of interest , nevertheless, to examine 
what the quasi-steady-state H atom concen
tration would be in a mixture containing say 
6000 tor r of F 2 and 630 torr of 0 2 under the 
conditions where F atom regeneration 
through reaction {9) is equal to the H atoms 
loss through reaction (8). In such a case: 

[ H ] [ 0 2 ] [ F 2 ] k 6 * [ H 0 2 ] [ F 2 j k ? (11) 

and 

[HO ] k g 

M ' [O ] k < 0 - ° * " > [ H 0 2 ] . (12) 

Equation (12) was obtained with an upper 
limit value for k^ and an accepted value for 
kg at 287 K . 1 4 IT the H 0 2 concentration 
reaches a value of 1.6 x 10~* 2 moles /cm , 
the [H] atom concentration would approach 
1. 3 x l < r 2 0 m o l e s / c m 3 . At the HOg con
centration where loss of HOg through r e 
action (10) exceeds the loss of this radical 
through reaction (9), there a re so few H 
atoms to enter into chain reactions (3) and (< 
that a near linear chain-initiated third-limit 
detonation involving reaction (9) could not 
take place. Thus, a conclusion is reached 
that the proposed volun**e initiated third-
limit detonation mechanism could not occur 
in mixtures containing up to 6000 to r r 0/ Fg 
and 630 to r r of 0 2 at room temperature. 

As HgOg forms in the mixture througli r e 
action (10), there will be a tendency for 
water vapor to eventually form in the ex
plosion cell through decomposition of Hg02* 
Decomposition of HgOg can occur at the wall 
of the explosion chamber such thsf 



takes place readily at room temperature. ' 
With at least 100 to r r o£ H 2 in the H 2 - F 2 - 0 2 

mixture, the p r o c e s s 2 " 

H 2 + OH-» H 2 0 + H (14) 

is the dominant loss process for removal of 
OH from the system until the OH concentra
tion becomes unreasonably large (i. e . , 
> 10" 8 mo le s / cm 3 ) . The formation of water, 
essentially at the surface of the explosion 
eel) supplies the igniting mechanism in 
.7^-Fa-02 mixture since it has been shown 
. : u t water vapor will ignite in a fluorine 
atmosphere at a metal surface such as nickel 
wire* * Thus, the proposed model for deto
nations in H2~I r2"02 mixtures is consistent 
with the experimental observation that spon
taneous detonation in H2-F2-O2 mixtures 
initiates at the surface of the explosion cell 
rather than primarily from the gas volume. 
This model i s supported by the experimentally 
observed fact that pre-exposure of the explo
sion cell to small amounts of water vapor 
pr ior to filling the cell with H o - F o " ^ mix
tures drastic :v.ly reduces the stability of 
such mixtures . " 

High-Pressure H2-F2 Laser Studies 

The HF laser , operating on the H2-F2 chain 
reaction, is an attractive system due to its 
relatively hig'i overall efficiency. The avail
able output energy i s , however, distributed 
over a large number of vibrational-rotational 
lines of the HF molecule. For an efficient 
oscillator-amplifier chain, one therefore r e 
quires a s imilar spectrum throughout all 
early stages. This situation has been dis
cussed in a previous section, with current 
development emphasizing electric discharges 
in SFg-HI gas mixtures to obtain a high-
quality beam wiih reasonable spectral match. 
A second possibility for the oscillator i s , 
clearly, an electron-beam initiated mixture 
of H2 and F2* With sufficiently short initi
ation times (few ns) one could then expect to 
achieve laser pulses of comparable duration 
by increasing the gas p ressure . Provided 
the fractional initial dissociation ( F / F , ) does 

not decrease with overall p ressure , the 
burn ra te and subsequent l a s e r pulse would 
then decrease with increasing p ressure . 
Moreover, with initiation levels s imi lar to 
those anticipated for the final amplifier, one 
may expect to achieve a reasonably s imi lar 
spectral match. 

The experiments described here were origi
nated to examine the pressure-dependent 
HP laser pulsewidths for pressures up to 
10 atmospheres of F2/H2/O2 at approximate 
relative concentrations of 1:0. 25:0. 3. Oxygen 
is present in these mixtures in order to p re 
vent premature detonation of the mixture. 
The electron-beam pulse, origin; .Ing from 
a Febetron 706, was 2. 5 ns (FWHM) in 
duration, with electron energies of either 
•140 keV or 625 keV- The test cell was de
signed to withstand pressure excursions up 
to 3000 psia . From energy deposition mea
surements , the initial F / F 2 rat io was ex
pected to be about 0. 1 percent or more . 
Subsequent experiments must then examine 
the feasibility of obtaining a high-quality 
laser beam from this oscil lator. The r e 
sults described here a re preliminary in 
nature; further work has been postponed in 
order to accelerate progress on the electric 
discharge system. 

The high-pressure cell used here was 
equipped with sapphire windows mounted 
t ransverse to the electron beam axis. After 
each shot, the overpressure was allowed to 
expand into a pressure-re l ief tank through 
a thin Mylar rupture disc. The gain length, 
determined from electron-beam, profile 
determinations, was approximately 1 cm. 
A cavity was formed with a 98-percent 
reflectance 2-metre-radius -of-curvature 
m i r r o r and various output couplers. Most 
of the measurements were performed with a 
60-percent-reflecting ZnSe flat. Others 
use-d were an uneoated ZnSe flat (~17-percent 
reflectance) and a coated Germanium flat 
(80-percent reflectance). Laser pulses were 
monitored with an Au:Ge (77 K) detector 
(response time 2 ns). Energy measurements 
were made with a 2. 5-cm-diameter Scientech 
calorimeter . 
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Briefly, the portion of this work which ha3 
appeared in ea r l i e r reports showed that 
l a se r action did not occur for these condi
tions without f eedback , 1 J i . e . , the single 
.pass gain (1-cm gain Length) was not enough 
to overcome the window losses . This i s a 
unique situation for electron-beam-initiated 
H 2 - F 2 mixtures and resulted in increased 
sensitivity to otherwise small kinetic losses . 
It was shown that the laser pulse consisted 
of two distinct peaks, with the second peak 
probably originating from higher HP vibra
tional levels <v > 3). The amplitudt *f this . 
peak (which conFained 'moat M the total 
energy) decreased strongly with increasing 
fractional pressure of oxygen. The ea r l i e r 
studies showed that the laser pulsewidth 
decreased with increasing total p ressure 
(with standard l ^ ' ^ - O g mixtures) up to 
1200 to r r F 2> The present work ha j ex
tended the range of pressures studied up 
to 2400 to r r F 2 and 600 to r r H 2 with a wide 
range of 0 2 concentration. The output 
energy dependenceon 0 2 concentration has 
been, studied in grea te r detail, and the pos
sible ef/.ects of parasit ic oscillations has 
been,investigated. For one case , the output, 
pulse shape has been compared with Sandin's 
HF l a s e r code. 

The 0 2 dependence of the l a se r output i s 
•summarized in Fig. 41 for 1200 to r r F 2 , 
800 to r r F 2 , and 400 tor r F 2 at a fixed H 2 

fraction of 0. 25. The results a re shown-as 
a function of total 0 2 p ressure . The results 
indicate that, for these conditions, ,the 
standard 30 percent 0 2 / F rat io would r e 
sult in practically no output at 1200 to r r F g . 
The portion of the l a se r pulse which had 
earl ier been attributed to the higher vibra
tional levels of HF [and, therefore, due to 
the "hot" reaction: H + F •». HF(v < G) + F ] 
was the only par t of the pulse which was de
graded with increasing O2, over the range 
indicated in Fig. 41. Less than 10 percent 
of the output was contained in the remainder 
of the l a se r pulse. 

WitK this in mind. Fig. 41 suggests that 0 2 , 
or one of its products formed in the mixture, 
contributes strongly towards quenching the 

o «o • a». aw 
0, (TOW I 

Fig. 41 . The variation of laser output en
ergy with 0 2 p ressure for three 
F 2 p re s su res . The H2/F2 rat io 
was fixed at 0. 25. The gain 
length was 1 cm, with an initial 
F / F 2 ratio of approximately 
0 .1 percent . 

"hot" reaction. Typical ra te constants for 
the competing reaction H + O2 + M K H 0 2 

+ M a re of the order of 1 0 " 3 2 c m 6 s - l 
m o l e c " 2 or l e s s , which predicts reaction 
times of several hundred ns—somewhat 
longer than the observed l a se r pulse. 
Nevertheless, this mechanism generally 
accounts for the observed behavior, and 
more extensive measurements are required 
to clarify' this point. The decrease in output 
seen in Fig. 41 at low 0 2 p ressures is pos
sibly due to increased preignition buildup 
of HF—a process which is inhibited in the 



presence of Og. Fo r regions of the curves 
where decreased output was observed, in
creasing the cavity feedback (from. 60 per
cent to 80 percent) resulted iii a consider
able increase in output energy and pulsewidth. 
This resul t i s consistent with predicted ef
fects of the H-atom scavenging reaction 
mentioned ear l ie r . At the highest pressures 
studied here (2400 to r r Fg 600 to r r H 2 , 
400 to r r O a ) . the l a se r pulsewidth varied 
from about 10 ns with 60 percent feedback 
to 50 ns with 80 percent feedback. In order 
ft.- the results to be meaningful to the over
all program of oscillator development, 
s imilar experiments must necessar i ly in
clude a determination of laser spectral con
tent as a function of pressure and mixture 
composition. 

The Sandia HF l a s e r code results were com
pared with the data at 800 torr F 2 ( F 2 / H 2 / 0 2 

= 1/0. 25/0. 30), and the overall pulse shape 
was in reasonable agreement, although the 
energy was overpredicted by nearly a factor 
of 10"*. In order to determine if part of the 
discrepancy was due to parasit ic oscillations 
within the cell, several computer runs were 
made based upon a simplified parasitica 
model developed by J . B. Moreno. This 
model predicted that the presence of para-
s i t ics would be indicated by sensitivity of 
the results on cavity length and wall reflec
tivity. Several experiments were run, vary
ing the cavity length and the internal cell 
reflectivity. 

The latter was achieved by placing various 
l iners , including Teflon and wire mesh 
within the cell. The results were generally 
independent of any of these variations. The 
HF laser code has recently been modified by 
J . B. Moreno to include the various effects 
of 0 2 chemistry and will be useful in future 
experiments of the type described here . 

In summary, the development of a smal l -
volume high-pressure H2~F 2 , electron-
beaxn-initiated oscillatoi* which requires a 
short pulse at high pressures with a spectral 
match to larger scale amplifiers will r e 
quire a more detailed understanding of the 

0 „ chemistry on the mixture. The results 
shown here , although preliminary, indicate 
that the HF inversion density for v _> 3 is 
seriously affected by the presence of 0 2 

for systems of comparable scale to that 
described he re . 

Time Sequenced Energy Extraction on the 
High-Gain Xenon Lase r 

It has been proposed that the technique of 
angular multiplexing could provide an effi
cient scheme for extracting short pulses 
from a high-gain l a se r with spatial and 
temporal control of the extracted l a se r 
beam. The angular mul t ip lex ing" scheme 
produces a short laser pulse (~ 1 ns) by 
sequentially passing several short pulses 
through the amplifier at slightly different 
angles, and each of the amplified l a s e r 
pulses a r e then combined into a single short 
laser pulse by appropriate optical delay 
l ines. The intensity of each pulse must be 
sufficient to control the forward and back
ward amplified spontaneous emission (ASE). 
The purpose of this study was to experi
mentally examine the technique of angular 
multiplexing. The prototype system chosen 
for study was the high-gain infrared xenon 
l a se r . The xenon laser was chosen be
cause: (1) it is a high-gain system (mea
sured small-signal gain coefficient is 
g Q = 2,5 c m - 1 ) , (2) it operates at wave
lengths 1 * in the same range as other more 
complex high-gain l ase rs such as HF (this 
is important if comparisons and scaling to 
other high-gain systems are to be made), 
and (3) of the available high-gain l a s e r s , 
the xenon laser system is probably the 
least complex with regard to construction 
and operation. 

The initial phase of this program was to 
characterize well the xenon-laser system 
that was fabricated for this study: namely, 
determine the small-signal gain, saturation 
intensity, and spontaneous emission pa ram
eters for this laser . The performance of a 
master-osci l la tor power-amplifier (MOPA) 
combination was also measured in order to 
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determine what fraction of the available en
ergy could be extracted and what effect, if 
any, t ransverse reflectivity had on t r ans 
verse ASE and the extracted energy. These 
results were reported in Ref. 11. 

The second part of the study was concerned 
with sequentially passing two xenon-laser 
pulses through a power-amplifier at slightly 
different angles. The questions addressed 
in the second part were: (1) what fraction 
of the available energy in the amplifier 
could be extracted by both pulses, (2) how 
does pulse distortion an<! energy extraction 
vary with pulse separation and pulse delay, 
and (3) how does the forward ASE flux vary 
with pulse separation and initial pulse delay. 
Input pulsewidths and pulse intensities were 
kept constant for the second part of the 
study. 

The experimental arrangement is shown in 
Fig. 42. It consisted of two oscillators 
each pulsed sequentially in time with var i 
able pulse separation of 0 . 1 , 0. 5, 1.0, 1.5, 
and 2.0 / i s . The oscil lators, described J n 
Ref. 24, were identical and each consisted 
of an 8 mm-I . D. quartz tube with two hollow 
aluminum electrodes separated by 25 cm. 
Each oscillator produced approximately 

O . l m J i n a 1.5-JJS (FWHM) pulse. Each 
pulse was passed through the power-amplifier 
at an angle of approximately 10 mrad with 
respect to the amplifier axis and was ex
panded to fill a 4-cm^ area of the amplifier 
cross section. Each pulse filled about 
82 percent of the active discharge volume of 
the amplifier. The first oscillator pulse 
was initiated at various predetermined delay 
times with respect to the electrical initiation 
of the amplifier. 

The laser amplifier consisted of a 30-cm-
long quartz tube with Infrasil Brewster-angle 
windows at each end. As described in Ref. 11, 
an absorbing material lined the walls of the 
amplifier to minimize the formation of para
sitic oscillations. For the same reason, the 
aluminum electrodes of the amplifier were 
sandblasted. The gain period of the ampli
fier, obtained from the time dependence of 
the ASE, was approximately 4. 5 JJS long with 
an FWHM or 1. 3 us. The results of previous 
expe r imen t s 2 4 have shown that the smal l -
signal-gain coefficient and saturation inten
sity of the xenon gain medium was go = 

2. 5 c m " 1 and I s = 0. 2 W / c m 2 . The output 
spectrum of the MOPA system contained 
lines at 2.027, 2. 05, 3.508, and 3. 65 nm. 

OSCHLATORH 
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Fig. 42. Diagram of experimental arrangement used for studying time 
sequenced energy extration on the high-gain xenon laser . 



The intensity of input and output pulses to 
the amplifier were monitored using Au:Ge 
infrared detectors cooled to 77 K. In addi
tion, the intensity of the forward ASE was 
also measured. 

In Fig. 43 the forward ASB of the amplifier 
as a function of time delay is shown. The 
amplifier pump is turned on at t = 0. The 
time delay was measured from the leading 
edge of the leading oscillator pulse to 
t = 0. At a time delay of > 0.05 ,us for the 
.eading input pulse, the ASE intensity is at 
a maximum value of 5. 5 W / c r a 2 . By r e 
ducing the time delay to approximately 
-0 . 3 (is, the peak of the leading pulse is 
coincident with the peak o/ the amplifier 
gain pulse. At - 0 . 3 ps, the ASE intensity 
has decreased to less than 1 W/cm . De
creasing the time delay less than -0 . 3 [is 
resulted in a gradual increase in the ASE 
Intensity (at - 0 . 5 us, the forward ASE 
intensity was 1. 8 W / c m 2 ) . 
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Fig. 43. Forward ASE intensity for various 
time delays of initial pulse. 

separation of 1.0 txs, a fixed oscil lator 
pulsewidth of 1.5 as (FWHM), a id a fixed 
input pulse intensity of 2 W/cm were used 
in this case. Figure 44 indicated an opti
mum leading pulse delay of approximately 
-0 . 3 us for these experiments. The leading 
pulse extracts about 60 percent of the mea
sured maximum extractable power because 
it overlaps the maximum inversion time of 
the amplif ier . ' The maximum extractable 
power was measured to be 12 W/cm in 
Ref. 24. These measurements were taken 
for input intensity levels, 1^, ^p rox imate ly 
10 times the saturation intensity level 
c y i g = io). 
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Fig, 44. Extracted intensity a s a function. 
of t ime delay for leading input 
pulse. 

Figure 44 shows the extracted intensity 
(i. e . , l o u t - 1^) as a function of time delay 
for the leading input pulse. A fixed pulse 

Figure 45 shows ex t ra^^d intensity 
U _ u t - Ijjj) for the leaaiwg and trailing 
pulses as a function of pulse separation. 
A fixed leading-pulse delay of -0 . 3 us and 



an input intensity of 2 W/cm for each input 
pulse was used in this measurement. Fig
ure 45 shows that, with small pulse sepa
rations {nearly overlapping input pulses), 
both pulses extracted the same amount of 
energy. As the separation is increased, 
the trailing pulse extracts less energy be
cause at la ter t imes there i s less avail
able energy in the amplifier. F rom Fig. 45, 
the optimum pulse separation for maximum 
extraction is seen to be between 1.0 and 
1. 5 p s . At pulse separations la rger than 
2.0 us, the total extracted intensity by both 
pulses (sum of both output pulse intensities) 
falls to l ess than 42 percent of the maximum 
extractable power. This is compared with 
93 percent for the total extracted intensity 
at 1.0-jus pulse separation. 
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Fig. 45. Extracted intensity for initial and 
secondary pulses for various 

. pulse separation t imes . 

At pulse separation l ess than or g rea te r than 
the range 1.0 to 1.5jLts, ASE becomes the 
predominate competitor for available power. 
Thisj.is verified by Fig. 46 which shows the 
forward ASE as a function of pulse separa
tion for a fixed t ime delay of - 0 . 3 jis and a 

fixed input pulse intensity of 2/W cm*. 
Forward ASE was reduced to less than 
0.5 W / c m 2 for pulse separations of 1.0 to 
1. 5 u s . The uncertainty in measured ASE 
intensity and extracted intensity in these 
experiments was ±10 percent. The in
crease in the forward ASE increases both 
for separations less than 1.0 jus and sepa
rations greater than 1. 5/xs because, under 
these conditions, the input pulses do not 
cover in time the entire gain-period of the 
amplifier. Intensity in. these experiments 
was interpreted to mean average intensity, 
calculated from the measured energy, 
laser pulsewidth, and the active c ro s s -
sectional a rea . 

LEADING PULSE DELAY--0.3/ / S 
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PULSE SEPARATION 

Fig, 46. Forward ASE intensity as a func
tion of pulse separation for a 
fixed time delay of - 0 . 3 jus. 

In Fig. 47 we show the temporal shape of 
both output pulses for various input pulse 
separat ions. The input flux for each pulse 
was 2.0 W / c m 2 . The time delay was fixed 
at - 0 . 3 jus. The input pulsewidth dhown by 
the dashed lines in Fig. 47 (b, c, d, e) 
were each 1.5 j*s (FWHM). Curve (a) of 
Fig, 47 shows the time dependence of the 
amplified spontaneous emission from the 
amplifier with no input. This represents 
the gain-period of the amplifier. Curve (b) 
shows the leading and trailing pulse outputs 
when the separation of the two oscillators 
was 0 ,1 jus* As expected, the outputs a re 
nearly identical. 



Fig. 47. Temporal shape of amplified 
pulses for various input pulse sep
arations. Curve (a) shows the 
time dependence of the amplifier 
gain pulse. The dashed curves in 
(b), (c). (d), and (e) a re the time 
histories of the input oscillator 
pulses. 

For the cases of optimum pulse separation 
(c and d in Fig. 47), the technique of 
amplifier-multiplexing has been demon
strated. These data show that individual 
pulses shor ter than the amplifier gain pulse 
can be produced from a high-gain amplifier. 
The time at which the leading and trailing 
intensities a re equal corresponds to the time 
at which the intensities of the two input 
oscillator pulses a r e equal. Under these 

conditions, more than 90 percent of the 
available energy was extracted from the 
amplifier and the ASE was reduced by a 
factor of ID over that measured when no 
input flux was present in the amplifier. As 
shown in Fig. 47 (c, d) there is very little 
temporal distortion in either pulse; the 
trailing pulse showed nc distortion while 
the leading pulse was broadened from 1. 5 
to 1. 7 jus (FWHM). This distortion is 
caused by the temporal variation of the gain 
in the amplifier. As the number of input 
pulses a r e increased (shorter input pulse-
widths) the distortion in the pulses should 
be reduced. 

Figure 47 (e) shows the effect of separating 
the pulses such that the amplifier gain 
period is not entirely covered by the input 
oscillator pulses. Both pulses a re tempo
rally distorted, and no gain was measured 
for the trailing pulse. The leasing pulse 
is much longer than (c) and (d) because of 
the increased ASE at this separation. 

Measurements indicate that optimum pulse 
separation as well as pulse delay t ime exist 
for the xenon laser . Fo r this opt.'mum pulse 
separation and pulse t ime, the temporal 
shape of the amplified pulses was relatively 
undistorted. Also, at this optimum pulse 
separation and pulse delay t ime, the power 
extraction efficiency was maximum and 
measured forward ASE was minimum. 
Power extraction efficiency and forward 
ASE were found to be a sensitive function 
of pulse separation and pulse delay t imes . 
The measured optimum pulse delay and 
pulse separation times; were - 0 . 3 jus and 
1. 25 ±0. 25 [is, respectively, for the xenon 
l a se r . These measurements were made 
for fixed input beam intensities and fixed 
pumping level of the gain medium. 

The next phase of this experiment was to 
produce shorter oscillator pulses such that 
a c learer demonstration of pulse shortening 
by angular multiplexing could be demon
strated. Unfortunately, it was necessary 
to terminate this program in order to meet 
our HF program milestones. However, the 
resul ts demonstrate the concept, and they 



permit us to proceed -with confidence that 
the technique can be used on large HF laser 
systems to shorten the pulse width and to 
suppress laser prepulse on target. 

, / I O D I N E LASER PROGRAM 

Overview 

Experimental studies during this report 
period emphasized evaluation of beam 
quality in saturated and unsaturated ampli
f iers , pulse distortion, efficiency and code 
development. The codes a re now in good 
shape, and little further development is 
needed in o rder to confidently design more 
complex systems. Chemical kinetic model
ing has been used to predict starting mate
r ia l consumption in an iodine laser , and a 
study of chemical regeneration has been 
initiated. 

SAIL-1 Output Beam Quality 

The transmission of the oscillator output 
beam through apertures of various rad i i was 
measured at three different distances z 
from the oscillator mode-selecting aperture. 
The results a re shown in Fig. 48. The 
solid curves correspond to the expected 
transmission for a Gaussian beam with a 
full-width divergence (1/e intensity points) 
ui 455jjrad. The agreement with the data 
is extremely good. Agreement is also very 
good with previously taken lateral shearing 
interferpgrams of the oscillator output 
beam. 2 o In the latter case the beam diame
te r at z = 26. 4 m was originally estimated 
to be 9 mm from photographs of the beam 
profile. However, from Fig. 48, the inten
sity diameter at z = 26, 4 m is 12 nm. The 
divergence inferred front the lateral shear
ing interferograms then agrees exactly with 
the divergence obtained from Fig. 48. 

AOIUS'CM.1 

Fig. 48. The transmission of the SAIL-1 
atomic iodine oscillator beam 
through various diameter aper
tures at three distances z. 

Photographs of the preamplifier output beai 
were taken using the EPL streak camerr. a; 
an image converter. Similar photographs 
were previously taken of the oscillator out
put beam, 2 G Figure 49 (a) is a photograph 
oE the preamplifier output beam taken at a 
distance of 26.4 m from the oscillator 
mode-selecting aperture. The preamplifie 
was unsaturated and the gain was — 100. 
Figure 49 (b) and 49 {c> are a "shade-of-
gray" plot, and a contour map was con
structed from a densitometer scan of 
Fig. 49 (a). It can be noted that the p re 
amplifier output beam diameter is slightly 
smal ler than the oscillator output beam 
diameter at the same distance z. 26 This i 
consistent with previously taken la tera l 
shearing interferograms of the preamplifie 
output beam, 2 5 and is caused by gas 



dynamic motion of the preamplifier gain 
medium resulting'from nonuniform pumping. 

Photograph of 
beam profile 
taken with EPL 
streak camera 
used as an 
image converter. 

1 'Shade-of-gray 
plot" made from 
densitometer 
scan of (a) 
above. 

(c) Contour map 
made from 
densitometer 
scan of{a) 
above. 

I cm 

PREAMPLIFIER 

Fig. 49, The beam profile of the iodine 
preamplifier output at a distance 
of 26. 4 m. 

Lateral shearing iuterferograms were also 
taken for the 75-mm-diameter amplifier 
output beam, both in the unsaturated and 
saturated case. The system was modified 
slightly prior to taking the interferograms. 
Longer flashlamps were installed in the 
7 5-mm-diameter amplifier, and the active 
gain medium length was increased from 

312 to 353 cm. Also, an optical gate con
sisting of crossed polarizers and a Pockels 
cell was installed between the preamplifier 
and the 75-mm amplifier. The optical gate 
introduced a small amount of phase distor
tion to the beam wavefront, but it was con
sidered small enough to neglect. In order 
to avoid phase distortion introduced by the 
preamplifier, 2 S the oscillator pulse 7/r.s 
injected into the preamplifier 2 ^ s ea r l i e r 
than was normally the case. This advance 
was determined by taking lateral shearing 
interferograms of the preamplifier output 
as a function of delay from initiation of the 
preamplifier flashlamps to insertion of the 
oscillator pulse. This eliminated the phase 
distortion, from the preamplifier, and the 
preamplifier gain was still ~ 40. Fig
ure 50 (a) shows a la tera l shearing in te r 
ferogram for the 75-mm amplifier with a 
gas mixture oi 10 fcorr C3F7I plus 750 to r r 
argon. The gain is ~ 700, and the ampli
fier is unsaturated. The resultant fringe 
pattern is consistent with an interferogram 
of ti.3 oscillator itself. 2 5 The radius of 
curvature is the same as for the oscil lator, 
and little phase- distortion is present . F ig
ure 50 (b) shows an interferogram for the 
75-mm amplifier when the amplifier has 
been saturated. The gain has been reduced 
to 80. The input energy is 6 m j , and the 
beam has not been expanded before inser
tion into the 75-mm amplifier. 

A number of observations a re worth noting 
from Fig. 50 (b). F i r s t , the beam diam
e te r has grown, because the net gain in the 
wings is higher than it is on-axis. Second, 
the fringes have the same tilt angle as in 
Fig. 50 {a) on the outer edges of the beam, 
but the tilt angle i s smal ler in the center of 
the beam, where most of the saturation 
occurs . The radius of curvature i s 23 per
cent la rger on-axis than at the edges, i. e . , 
that part of the beam has experienced a 
slight positive lensing (whole-beam self-
focusing). Prel iminary calculations using 
a one-dimensional propagation code pre
dict for the same conditions a s imi la r phase 
retardation on-axis as that inferred from 
Fig. 50 (b). The effects of phase 



retardation due to gain saturation on the 
ultimate focusability of the output beam a re 
being investigated. 

<a) UNSATURATED 

G - 710 

V 2 5 " J 

(b) , SATURATED 

. G -80 

E - 6 m J •;• 

Pig. 50. Lateral shearing interferograms 
ofSAIL-1 75-inm amplifier out
put beams for a nonsaturating and 
a saturating input pulse. 
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Temporal Broadening of an Unsaturated 
Amplified Pulse Due to Insufficient 
Amplifier Bandwidth 

It i s important that the amplification of a 
1 l a se r pulse does not modify the temporal 

pulseshape, because in general the pulse-
shape influences the target interactions. 
The bandwidth of the iodine laser is typi
cally 10 to 20 GHz for buffer gas p ressures 
o£ a few thousand to r r , and the question 
ar ises as to the effect of this bandwidth or 
smal ler bandwidths on the temporal pulse-
shape of aniplifie-d subnanosecond pulses. 
To this end, we have measured the broaden
ing of pulses in the unsaturated preamplifier 
under various conditions using the EPL. 
streak camera. Figure 51 is an example of 
the broadening that can occur. The p re 
amplifier buffer gas pressure was 500 torr , 
which corresponds to a bandwidth of ~ 3 GHz. 
Appreciable broadening of the output pulse 
is evident. There is a split filter across 
the camera slit for calibration purposes, so 
that the top half of the exposure is brighter 
than the bottom half. 

0 PA 

I I 
I nsec 

- — T I M E — • » 

Fig. 51. Temporal pulse broadening of 
SAIL-1 oscillator output <OJ 
by low pressure (low bandwidth) 
preamplifier (PA) 



The parameter used to character ize the 
broadening was TQ - T^ , where T 0 and r^ 
a re the puleewidth <FWHM> of the output and 
input pulse, respectively. This parameter 
was chosen because two simple analytic 
thujries suggested that this parameter should 
be independent of the pulsewidth itself. 2°> 2 9 

This occurs because shor ter pulsewidths 
produce more broadening, and the two ef-
fec's tend to cancel each other. The quan
tity r 0 - Tf was calculated as a function 
of In g s s using a 1-dimensional beam prop
agation code. 27 The results a r e shown in 
Fig. 52 for three different bandwUths 
(argon buffer gas pressures of 350, 500, and 
1000 tor r ) . Two temporal pulseshapes were 
used in the calculations: exp(-4 An 2 t 2 / r ) 
and exp(-16 in 2 t 4 / r 4 ) ; the calculated tem
poral broadening for these two pulseshapes 
is given in Fig. 52 by the solid curve and the 
dashed curve, respectively. Agreement 

with the data, which a r e .lao plotted in 
Fig. 52, is poor. 

The poor agreement may be explained by 
the following argument. Because the two 
simple analytic theories * ** indicated 
that the broadening should be independent 
of the pulse width, the oscillator cavity 
length was not carefully tuned to the active 
mode-locker frequency. This resulted in 
a range of pulse widths ?-s expected, but it 
also resulted in a range of pulse shapes as 
well. Examples of the different pulse shapes 
are shown in F ig . 53. The "good" pulse is 
characteris t ic of a well-aligned oscillator; 
the small perturbations a re noise from the 
s t reak camera . The "fair" pulse has a dis
tinct shoulder, and the "poor" pulse has the 
top clipped off. These two latter pulses 
would result in an incorrect inference of the 
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Fig. 52. Effect of pulseshape on temporal broadening and comparison to experiment 
for an unsaturated atomic iodine amplifier at various bandwidths. 



pulse width (FWHM), because the data a re 
being compared to a smooth temporal pulse 
shape* 

Fig. 53. Examples of three classes of 
streak camera photographs of 
atomic iodine oscillator pulses. 

The total energy stored on the amplifier 
capacitor bank ( E c a „ ) can be varied from 30 
to 50 kJ. The logarithm of '.he small signal 
gain (jjn G s s ) is proportional to the energy 
stored in the gain medium. A plot of An G s s / 
E c a p v s * E c a p i s s h o w n i n F i e - 5 4 ' A s E c a p 
was varied from 30 to 50 kJ, the overall 
efficiency was virtually unchanged (note the 
expanded vertical scale). This suggests 
either that the effective blackbody tempera
ture of the flashlamps did not change appre
ciably with a 30% increase in peak current , 
or that the contribution to the total light 
emission in the laser pumpband by blackbody 
radiation from the lamp plasma is small . 
The resul ts of Ref. 31 would yield an 11% 
higher temperature for a 30% increase in 
current . It is to be noted that there is a 
significant contribution to the near ultra
violet radiation by line radiation from silicon 
ablated from the flashlamp inner wail, and 
its role in the lamp behavior has yet to be 
ascertained. 

It can be seen in Pig. 52 that the "good" 
pulses agree best with the theoretical 
broadening for the Gaussian pulses (solid 
line), which i s the expected pulse shape for 
an actively mode-locked oscillator. 3 " The 
"poor" pulses have the worst agreement. 
In retrospect , this experiment should be 
repeated using only "good" pulses, with the' 
oscillator cavity length well tuned to the 
active mode-locker frequency. However, 
it is encouraging that the initial broadening 
data agree qualitatively with the 1-
dimensional code calculations. Also, it is 
important to point out that when the p re 
amplifier is operated with a sufficient band
width, no pulse distortion is observed. 

Overall Efficiency of the SAIL-1 '75-mm 
Amplifier 

An attempt was made to optimize the overall 
efficiency of the SAIL-1 75-mm amplifier by 
varying both the capacitor bank energy and 
the C3F7I fill p ressure . Both of these 
parameters had a Bmatt effect on the overall 
efficiency. 

Fig. 54. Logarithm of small signal gain 
An G s s divided by capacitor bank 
energy E c a p v s . E c a p . 

If not all of the flashlamp emission in the 
laser pumpband is absorbed by the gain 
medium, the overall efficiency will be r e 
duced. To investigate this effect, the SAIL-1 
75-mm amplifier was run as an oscillator. 
A cavity was formed by placing a 100% r e -
i lector at one end and a 30% reflector at the 



other end. The total laser energy was 
measured as a function ol C3F7I pressure . 
The laser energy for a free-running iodine 
oscillator is equal to 2/3 of the stored energy 
above threshold. The rat io of argon buffer 
gas pressure to C3F7I pressure was held 
fixed at 50:1. The threshold inversion 
varied as the C3F7I pressure was varied, 
but since the amplifier was pumped strongly, 
the threshold inversion was negligible com
pared to the l a se r energy. Thus, the laser 
energy was proportional to the stored energy. 

The l aser energy vs. C3F7I pressure is 
shown in Fig. 55. For low C 3 F ? I p ressures , 
the laser energy increases rapidly. As the 
medium becomes optically dense at higher 
pressures , the laser energy levels off, since 
all of the available fLashlamp pump light is 
absorbed. The tailoff at sti l l higher C 3 F 7 I 
pressures is due to losses at the tube c i r 
cumference, where the lasing is now occur
ring. At C3F7I pressures > 15 to r r , the 
radial gain profile is nonuniform. At 10 
to r r , the radial gain profile i s quite uniform 
and the stored energy i s only 16% down from 
the peak stored energy. The latter does not 
seem to be an unacceptable lass in order to 
achieve a uniform radial gain profile. 
However, if a nonuniform radial gain profile 
does not result in excessive degradation of 
focusability (which is yet to be determined), 
a 15 to r r CgF™! fill p ressure is optimal for 
this amplifier. 

The peak overall efficiency f"om Fig. 49 is 
0. 22%. Similar experiments performed at 
Max-Planck-Institut fur Plasmaphysik and 
at the University of Manchester have yielded 
peak overall efficiencies of ~ 1%. One signif
icant difference between the present experi
ment and these two other experiments is that 
our flashlamps have a peak current of 
— 25 kA, whereas the peak flashlamp current 
in the other two experiments is ~ 50 kA, The 
most efficient blackbody temperature is 
approximately 19, 500 K for radiation in the 
iodine pumpband. For a flashlamp bore of 
1. 5 cm (all three facilities have s imi lar bore 
flashlamps), the current which produces this 

temperature is ~29 kA. The fact that signif
icantly higher currents yield much higher 
efficiencies may suggest that the plasma 
opacity is not high enough in the iodine 
pumnband to permit blackbody-like radiation. 
Reference 36 addresses this question, and 
experimental evidence gathered in this 
laboratory is consistent with the increase in 
plasma opacity with increasing discharge 
current, 
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Fig. 55. Output energy of SAIL-1 75-mm 
Amplifier run as an oscil lator 
vs . C3F7I p re s su re . 

In addition to the difference in flashlamp 
currents , there a re other differences in the 
experimental setups, each of which tends to 
lower the overall efficiency of the SAJL-1 
75-mm amplifier. These factors include: 
germasi l filters surrounding the flashlamps, 
use of sealed rather than recharged lamps 
(with new gas), nonoptimal flashlamp reflec
tor geometry, and frosting of the l a s e r tube. 
The design of a practical laser system must 
include the consideration of each of these fac
tors as it affects total system performance. 



Comparison of 1- and 2-Diroensional Beam 
Propagation Code Results With Experimen
tally Determined Line Broadening and Gain 
Saturation Parameters 

One of our primary goals has been to develop 
reliable 1- and 2-dimensional beam propaga
tion codes to model the iodine l a se r system. 
Reliable codes a r e necessary to scale the 
iodine l a se r to systems with the energies 
and powers appropriate to laser fusion. Two 
important parameters used in the codes a re 
line broadening coefficient B and the sa tura
tion flux P s . The latter parameter is r e 
lated to the stimulated emission cross 
section Q. 

The atomic iodine transition is split into six 
hyperfine transi t ions. The strongest is 
the F = 3 -* F - 4 transition, which is the 
transition on which the SAIL-1 oscillator 
l a se s . As the argon buffer gas p ressu re is 
increased, these six transitions begin to 
overlap, and the gain at the F = 3 -» F = 4 
wavelength reflects this overlap. A mea
surement of the gain at the F = 3 -» F = 4 
wavelength as a function of argon pressure 
can then in principal determine the broad
ening coefficient B. 

Figure 56 shows the product P ^ r £n G s s as 
a function of argon pressure for the SAIL-1 
preamplifier. The r i se in this product with 
increasing pressure is due to both the over
lap of the hyperfine lines and the increase in 
preamplifier bandwidth. At low argon p r e s 
s u r e s , there i s insufficient bandwidth to 
amplify efficiently the 225-ps (FWHM) pulses 
from the oscillator. The solid curves a re 
fit i:o the data (obtained by varying the inver
sion density) u s i n g a 1-dimensional beam 
propagation code, - ' assuming B = 3, .6, and 
9 MHz/ tor r for the broadening coefficient for 
argon. The shape of the curve is relatively 
insensitive to B; however, B = 5 to 6 MHz/ 
t o r r resul ts in the best fit. Numerous p r e 
vious determinations of B by several 
laborator ies , " including Sandia, also 
range between 5 and 6 MHz/torr". Thus, the 
1^-dimensional code quite accurately r ep ro 
duces the change in G 3 S due to bandwidth 

, effects and line overlap. 

Fig. 56. Variation of in G s s t imes total 
pressure vs total pressure in an 
atomic iodine laser amplifier. 

One other point can be inferred from Fig. 33. 
In order to extract an appreciable amount of 
energy from the F = 2 upper state, the argon 
buffer gas p ressure should be at least 3 to 
4 k torr . If it is necessary to operate at 
p ressures lower than this, in order to reduce 
the saturation flux, a two-line oscillator may 
be desirable if optimum extraction efficiency 
is r e q u i r e d . 1 

Another test of the ability of the codes to 
reproduce experimental data is the predic
tion of gain saturation. Figure 34 shows the 
saturation of the gain of the SAIL-1 75-mm 
amplifier. The experimental conditions for 
the data shown are P . r = 750 tor r , P c F ? I = 
10 tor r , and E c a p = 50. 8 kJ . In order to 
obtain maximum saturation, the input beam 
has not been beam-expanded. Since the input 
beam must t raverse several metres through 
the amplifier, an increase of the beam dia
meter will occur due to the natural diver
gence of the beam. For this reason, the 



2-dimensional beam propagation code was 
used. Three different predictions of the 
code are shown in Fig. 57: B = 5 MHz/torr 
with lower level relaxation, B = 5 MHz/torr 
with no lower level relaxation, and B = 
3 MHz/torr with lower level relaxation. For 
all three cases, the total A-coefficient was 
assumed to be 7. 91 second" 1 . 
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Fig. 57. Gain vs. input energy E n for 
SAIL-1 75-mm atomic iodine 
laser amplifier. 

All three calculations fit the data 
however, the calculation with B = 
and lower level relaxation <which 
to be realistic) does not saturate 
rapidly as the data indicate. The 
relaxation rate has not been well 
and there is great discrepancy be 
different l i terature values. ' 
if the broadening is controlled by 

relaxation, as is currently believed, then 
the relaxation rate should be rapid enough to 
relax the lower levels under the experimental 
conditions of the data shown in Fig. 57. 
One other possibility is that the code in its 
present form does not include all the sources 
of the self-focusing that we have observed 
for gain saturated pulses. The contributions 
to self-focusing from the nonlinear r e 
fractive indices nq of argon and C3F7I are 
not included in the code and are now being 
investigated more fully. The fact that 
focusiijg is observed in the shear plate inter-
feromeiry measurements indicates that the 
nonresorant part'of the refractive index due 
to the different polnrizabilities of the J = 1/2 
and J - 3 / 2 manifolds is not dominant. This 
effect would cause defocusing. More experi
ments may be necessary, however, in order 
to resolve the slight discrepancy between 
;he gain saturation data and the predictions 
of the 2-dimensJQiial code using what we 
consider to be the proper input parameters . 

Two-Dimensional, Time-Dependent, Multi-
level Maxwell-Bloch Code for Iodine 

In a previous report , a one-dimensional, 
time-dependent Maxwell-Eloch code (LSK) 
was described for calculating the evolution 
of the electric field as it is amplified in the 
six-level iodine system. The necessity of 
using smal l - radius beams ra the r than ex
panded beams forced the development of an 
accurate two-dimensional version of the 
amplifier code because of significant dif-
fractive beam spread inside the amplifiers. 

The Maxwell-Bloch equations to be solved 
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where S J J is a line strength and the other 
symbols have their usual meanings. In these 
equations p., ^ j v a n t * & are functions of the 
cylindrical coordinates r and z and of time 
t. There a re six level densities, six com
plex medium polarization densities corre
sponding to the six transitions between levels, 
and the one complex electric field amplitude. 

In order to integrate the parabolic partial 
differential equation for <§" with numerical 
stability,- one should use an implicit tech
n i q u e . 4 4 , 4 5 V/e use the Crank-Nicolson 
method with the Thomas a l o r i t h m 4 4 for the 
solution of the banded matr ix system. In 
order to use this method efficiently, the two-
step predictor* corrector integration method 
of Icsevgi and L a m b 4 was abandoned in fa
vor of the simpler Heun method, • which is 
used as a single step predictor-corrector.- In 
termB of retarded time, the Maxwell-Bloch 
equations can be symbolically written as 

&-&'?) -*• 
& J( = f 

(15a) 

(15b> 

Uljj has been used to denote any of the 12 
.dependent variables relating to the medium. 
TheVpresence of off-resonant transitions in 
these Maxwell-Bloch equations necessitates 
a small integration step size in time. One 
must allow for a time grid of the order of 
500 points. The number of radial points 
depends on the divergence of the paraxial 
beam; the number may vary from 100 to 
several thousand for divergent beams. The 
number of points in axial distance z varies 
widely, depending upon the amplifier length 
and1 gain, in order to make the problem 
tractable in storage and speed on our larget 
computers, the following design has been 
chosen for the computation. Let g{z, t) and 
tCtn(z, t) be vectors representing the depen
dent variables at a particular z and t. Eact 
element is the value at a given radius. 
In this vector notation, the transverse 
Laplacian becomes a banded matrix oper
ator: 

2ik^ 

The Maxwell-Bloch equations may riow be 
written as 

(£-£) ,16a) 

(16b) 

The implicit predictor-corrector algorithm 
for integrating the equations can-now be de
scribed easily; let superscript P denote a 
predicted value, superscript C a corrected 
value. F i r s t , predict £ by advance in z 
using the Crsnk-Nicolson-Thomas proce
dure. 



^ p ( z , t) • (1 - 1/2 D ) " 1 hz &{z - Az, t) 

+ U + 1/2 D> #(z - Az, t)} . <17a) 

Second, predict all medium quantities by-
advance in t: 

Rapidly accessible disc file storage is used 
for the electric field and medium polariza
tion. At a particular z, the vectors (radial 
variation) are stored end-to-end in order of 
increasing time on the disc file: 

<ff(z, o), &(z, Q), £(z.At), ^(z.At) , 

\jfKi, t) = ^f (z, t - At) 

hAt fM(z, t - At) . (17b) 

Third, evaluate predicted time derivatives 
using all the predicted dependent variables: 

N'nY P 

Fourth, compute the corrected electric field 
by Crank-Nicolson-Thomas advance in z: 

£ <s.O = U - 1/2 p ) 

jl/2Az (.f(z - Az, 0 + ^ P ( z , t)j 

+ <1 + 1/2 p) £ (z - Az, t>! . {17d) 

Finally, obtain corrected medium quantities 
by time advance: ^ -\ 

.•f('W'a,t) '-sf4,(B, t - At) 

l/2Atif£<z, t) +4 n (» , t - At». U7e) 

where tjr is the final time point used in the 
time grid. This procedure requires storage 
of only about 90 radial vectors in the com
puter memory at any instant. Typical cal
culations have required from 1 to 5 minutes 
CDO760Q execution time for a single pulse's 
evolution through the SAIL-1 main amplifier. 

This code (called TZYR for t, z, and r) has 
been utilized for the gain saturation calcula
tions described elsewhere in this report . 
The code is in a state of modification since 
it is sti l l to be amalgamated with more 
powerful wave propagation codes being 
developed. 

Approximations to Maxwell-Bloch Equations 
Suitable for Longer Pulses 

Since the SAIL-1 oscillator is capable of 
producing pulses of the order of 200 ps and 
shorter, the basic theoretical description of 
amplification in the iodine system began with 
the Maxwell-Bloch equations which properly 
account for coherent transient effects through 
the medium polarization decay ra te . In the 
event that longer pulses become of interest, 
as appears likely in the laser fusion program, 
we can approximate the Maxwell-Bloch 
equations in the standard manner that leads 
to the photon rate equations. Thus, instead 
of integrating the differential equations for 

file:///jfKi


the six complex, oscillatory medium polar
ization densities, one approximates them as 
functions of the local field, i. e . : 

rftPj/gj - P j /g j ) . (18) 

This approximation saves considerable com
puter time for it effects a reduction in the 
number of points in the time grid. The 
electric field envelope and the medium level 
densities a re atill integrated aS before, 

A few computational tes ts were run to evalu
ate the accuracy of this approximation as to 
the effect on pulse phase distortion. For 
pulses of the order of 200 ps, the resul ts 
were not encouraging and it was decided not 
to make use of the approximation. However, 
the pulse phase distortion predicted by the 
Maxwell-Bloch theory settled down to the 
phase predicted by this approximation in the 
trailing edge of the pulse. Thus one would 
find the approximation useful for pulses of 
the order of 1 ns or perhaps even shorter . 

A further, more drast ic , but nevertheless 
useful, approximation is to reduce the photon 
rate equations for a six-level system to a 
two-level model. In this case the amplifica
tion process is described by 

\oz c a t / se 

JL n = - b ~ a n , (20) 
,3t hv se 

where 1 is intenrity, n is inversion density, 
°se * s ^ e stimulated emission cross section, 
and b is 1 + Su/g^/ T h e s o l u t £ o n t o t h e s e 

equations may be written out algebrai
cally. 4 7 ' 4 8 A small computer code (TWOL) 
was written to evaluate chained amplification 

based on this two-level model, ft has been 
used to predict long pulse extraction effi
ciencies in the current SAIL-1 system. 

Development of More Advanced "Wave 
Propagation Codes 

Our two-dimensional, time-dependent 
Maxwell-Bloch code ("TZYR") described 
elsewhere in this report solves in cylindri
cal coordinates for the propagation of a 
pulse through an amplifier. This is appro
priate in most cases since the length of a 
given amplifier is normally much shorter 
than the Rayleigh range (1/2 kw 3) character
istic of the beam size (w) inside the ampli
fier. Thus, if the beam is injected at near-
collimation, it will not undergo significant 
diffraction spreading before exiting the 
amplifier. However, two serious problems 
ar ise with the use of cylindrical coordinates. 
Firs t , propagation between amplifiers must 
allow for large increases in beam size 
(e. g. , the Asterix design ), and. secondly, 
beams may not always be collimated before 
injection into the amplifiers. In either case 
the use of a. cylindrical coordinate system 
requires a large number of radial grid points 
and a prohibitive amount of computer time. 
What is needed is a coordinate system that 
follows the expansion of the beam and also 
allows tor the factorization of divergent 
phase fronts from the electric field enve
lope, S, In the case of laser beams propa
gated long distances through the atmosphere, 
it is advantageous to use a coordinate system 
adapted for pure Gaussian beams. Although 
the SAIL-1 oscillator beam is well charac
terized by a Gaussian, amplifi cat ion-induced 
phase distortions and transverse profiles 
soon destroy the Gaussian character. We 
have decided to implement the following 
coordinate transformation to enable our 
numerical grids to adapt to the local prop
ert ies of the propagating pulse. 

Consider the usual MaxweU-BIoch equations 
for the electric field envelope and the medi
um quantities that evolve in t ime (written in 
retarded coordinates). 

/ 



F~ 2 * w 2 + ' a ' )J (a) 
The equation Cor <? becomes 

2 i k

a

2 U 2 9 7 J ' (22) 

If the pulse is propagating in free space, & is 
zero. Now make the following coordinate 
transformation. 

s = z 

6 =e/z , 

Note that the quantities factored from s may 
be written a s 

. k rt2 . k 
1 M 2 S 9 1 - x & -— e = — e 

which is exactly the paraxial phase front and 
amplitude decay associated with a beam 
emitted from a source at z = 0. 

The differential equation for <?becomes 

[as s BB 2ik s 2 ^ 9 2 e a e / J * " • 

We now may make a dependent variable 
transformation to remove the phase factor 
associated with a divergent beam. It is also 
convenient to factor an s" dependence at 
this point: 

The great practical advantage is that the 
integration of the new parabolic partial 
differential equation for S' is very s imilar 
to the previous one for <S?in cylindrical coor
dinates. Thus we may use the Crank-
Nicolson-Thomas method virtually unchanged. 
The coordinate grid in r now becomes a grid 
in the angular variable Q, which expands or 
contracts to follow the beam propagation. 
The only parameter to be fixed is the origin 
of s (or z), which controls the ra te of ex
pansion of the grid with distance. We are 
presently investigating methods of choosing 
this parameter and will begin k^merical 
investigation of the use of this coordinate 
system in a free space propagation code. 

Fox-L,i Calculations for Iodine Oscillator 

Aperture measurements of the radial p ro 
file of the oscillator beam in SAIL-1 con
firmed that the beam has a Gaussian profile 
at 6 m from the exit window of the oscillator 
cavity. The divergence angle (X/n w Q) is 
determined to be 318 firad. The beam is 
well characterized as Gaussian T E M - . mode 



with an electric field waist w Q pr 1. 316 mm 
located 1 m outside the plans-plane cavity. 
We htve adopted this characterization of the 
oscillator beam for all theoretical studies. 
The question arose as to the unusual loca
tion of the waist. Fox-U calculations were 
performed for the oscillator cavity including 
the aper tures in front of both plane m i r r o r s . 
These calculations used our wave propaga--
tion code "FOCUS/ 1 described previously. 
As soon as the iterative cavity calculations 
stabilized, the beam was propagated out
ward from the cavity. Figure 58 displays 
the predicted behavior of the waist <here 
defined as the 1/e point of the radial inten
sity variation) with distance. The fact that 
this simple calculation could display a slight 
contraction of the beam outside the cavity 
lends considerable weight'to the empirical 
beam characterization. The far-field diver
gence angle i s predicted quite accurately. 

indicates Sandin's approach toward opti
mizing chemical efficiency. A kinetic model 
is presented and used to calculate the con
sumption of chemical starling material 
associated with laser operation. This con
sumption depends sensitively on several 
chemical kinetic rate constants, some of 
which are not known accurately and must 
therefore be determined. 

The recent results of experimental efforts to 
determine important rate constants a re 
summarized. Results of model calculations 
make it clear that it is economical! •, i.:i 
attractive to replace chemicals consumed 
during laser operation by purchasing new 
starting material . A scheme for regener
ating starting material Trom by-products of 
laser operation is presented. The eri_ ;gy ex
panded in the regeneration process is es t i 
mated to be a minor component or the total 
energy required to operate a laser . 

Fig, 58. Variation of SAIL-1 oscillator 
beam radius with distance. 

Chemical Recovery of Laser-Medium 
Starting Materials 

If the iodine laser i s to prove attractive as a 
candidate for l a se r fusion applications, it 
must be shown to be capable of efficient 
operation in addition to having suitable opti
cal output. This section discusses the role 
chemical reactions play in determining the 
overall efficiency of an iodine laser and 

Kinetic Model and Calculated Chemical 
Consumption - - The iodine laser operates 
on the 5 z P j ^ 2 - 5 p 3 / 2 transition of the 
iodine atom. Excited atoms are produced by 
near-ultraviolet photolysis of iodine-bearing 
compounds, RT. Typically, the R group is 
Cn F2n+i« t n a t l S t a perfluoroalkyl radical. 
These species are chosen because they yield 
on photolysis a large value of f*. the frac
tional atomic excited state population, and 
because the collisional deactivation of the 
excited atoms I* by R is slow. The working 
medium of a typical iodine l a se r a m p l i f i e r 5 1 

is a mixture of Rl highly diluted in argon. 
The argon serves to pressure-broaden the 
lasing transition and to minimize the tempera
ture rise resulting from the absorption of the 
pumping radiation. Reference 52 summarizes 
much of the physics and chemistry of the 
iodine laser . 

When pure Rf is subjected to intense, un
al tered ultraviolet radiation from a high-
current flashlamp, ajriultitude of reaction 
products i s obtained. Use of a filter which 
blocks wavelengths less than 220 nm elimi
nates many undesirable effects of photo
lysis, 4 and dilution of RI with Ar eliminates 
the pyrolytic decomposition of RI. 5 2 Only 
when the temperature of the working medium 



exceeds about 900 K are products other than 
RI, R 2 , I2 and buffer gas (if used) found in 
the working medium after photolysis. . The 
temperature in the amplifier of the Sandia 
atomic iodine laser , SAIL-1, does not ex
ceed 400 K, and filters blocking short wave
lengths are used. Thus, a Tairly simple set 
of chemical'reactions is sufficient. The 
amplifier model treated here includes the 
following processes: 

1 - f* 

AN(t ) ^ (1 + SAT) AN 
ex 

(t ) {2> 

k 3 = k R I * I* + R -A ^ RI {3) 

tabulates f* for most of the compounds for 
which it has been determined experimentally. 
Process (24) represents the extraction of 
optical energy from the amplifier by a very 
short input pulse occurring at the time t e x . 
For the cases disuussed here t e x = 2 A t p U m p , 
where the iatter quantity is the temporal 
full-width-at-half-maximum intensity of the 
photolysis pulse. It is assumed that energy 
is extracted from both upper hyperfine levels 
with equal efficiency, governed by the para
meter SAT. Processes (25) through (29) em
body the kinetics considered here . The ra te 

i a re constants k^ and kg are well known and 
k 4 = 3. 6 x 10" n c m 3 s e c " 1 5 6 •<-- = * ' 
1 0 " 3 3 c m 6 s e c " 1 . 5 7 

3 s e c " 1 , a b k 6 = 6. 7 x 
A survey of the l i te ra

ture indicates that k3, kg, and k R R a re 
well determined for at most only a few R 
groups. For the calculations reported here , 
the following values were assumed: kg = 5 x 
1 0 " 1 1 c m 3 s ec -1 , k 3 = 1. 5 x 1 0 ~ 1 2 c m 3 

R P C " * U i s a v a r i n l i l o n a r a m p f p p . Thf* *RR is a variable parameter . The 
value of k R R for a given R group is chosen 
by reference to the l i terature or by reason
able extrapolation. Processes (23) through 
<29) encompass most of those currently 
thought to be important in an iodine ampli
f i e r / 5 2 Calculations were perfc-med for 
more extensive se ts of kinetic processes by 
including 

N = k RI I + R — 2±. RI (27) • A I + Q (30) 

I + T + Ar - *- I 0 + Ar (28) I* + f + Ar 

Process (23) represents the ultraviolet photo
lysis of the starting material Rf. The photo
lysis pulse is assumed to be of the form 
I ( t / T r e " t ' r , where I governs the i r r ad i 
ation intensity, and N and r are chosen to 
give the desired pulse shape, A fraction f:: 

of the photolytically produced iodine atoms 
appears in the excited state. Reference 52 

and by allowing k3, k 5 , and k i n to change as 
k R R was varied. i n Equation (30) Q is a spe
cies in the working medium which quenches 
excited iodine atoms. Calculations utilizing 
expanded se ts of kinetic processes gave r e 
sults qualitatively similar to those reported . 
here. The expanded-set calculations did no', 
however, fit the data on loss of RI associated 



with l a se r operation, reported by Fusa and 
Hohla, as well as those based on Equations 
<23) through (29) only. 

Figure 59 i l lustrates typical resul ts obtained 
by numerical integration of the differential 
equations appropriate to the model discussed 
above, considering only Equations (23) through 
(29). ' The quantity M, the number of mole
cules of RI consumed per l a se r output photon 
(or twice the number of Rg or I2 molecules 
thus formed), is plotted aB a function or k R j j 
for three values of A t p u m E - There is a 
significant dependence of 7A on At m for 
4i 2> 1 fis because, in this regime, ap
preciable R - R association can occur during 
pumping if a long photolysis pulse is used. 
Labeled dots on the A t p u m p = 1 us curve 
idenb-y the estimated values of fcjm for sev
e ra l compounds of interest, M depends 
strongly on k^R. but can be constrained to 
M < 0.1 for any photolysis pulse width con
sidered if k R R - S 4 x 1 0 " 1 4 c m 3 s e c - 1 . It is 
obvious that precise predictions of M require 
an accurate knowledge of k R R , and evaluation 
of this parameter for compounds of interest 
i s the main goal of Sandia's experimental 
work in the a rea of determining chemical r e 
action ra te constants. The constants kg and 
k§ a re also important and will be determined 
Simultaneously with k ^ R . 

Any RI consumed during laser operation must 
be replaced; if replacement is through pur
chase of additional RI, the following argu
ment indicates that the replacement cost is 
not economically attractive. The current 
cost of C 3 F 7 I is about $300 per mole in 10-kg 
lots; for simplicity this price is also assumed 

• for t-C^Fgl, Using the values of IW displayed 
in Fig. 59 for A t _ u r n p - 1 us , the costs of r e 
placing the RI lost in the generation of 1 kJ 
iodine laser output are: t-C^Fgl, $0. 13; 
i - C 3 F 7 I , $0. 40; 11-C3F7I, $1. 06. If an over
all e lectr ical efficiency of 1% is assumed for 
the laser and if the cost of electric'fy is 
$0. 01 per MJ, then the cost of the electricity 
required lor 1 kJ of l a se r output is $0. 001. 
It i s c lear that chemical replacement cost 
strongly dominates electrical energy cost and 
would continue to'do so even if chemical 
p r ices vrere reduced by a large factor. This 
indicates that a pract ical operation of a 
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large-scale iodine laser requires regenera
tion of products to starting mater ia ls by a 
process which does not require more etierg 
than that used in pumping the laser . The 
following material discusses Sandia's pro
grams in the determination of chemical r e 
action rate constants and the development -J 
an attractive regeneration process. 

Fig. 59- Effects of radical-radical associ
ation rate constant and photo
lysis pulse width (FWHM) on 
consumption of starting material 
in an iodine laser amplifier. 
Labeled dots identify estimated 
values of kon for several com
pounds of interest . 

Determination of Chemical Reaction Rate 
Constants — The method employed at Sandia 
for determining rate constants involves 
measuring the energy gain in an iodine am
plifier as a function of time after activating 
the amplifier medium using a flashlamp 
pump. An advantage of this technique is 
that data a re obtained in systems very s im
ilar to actual l a se rs . Because gain depends 
on the concentrations of both excited and 
ground state iodine atoms, it is influenced 
by any reaction influencing either of these 
concentrations. All the reactions considered 
in the kinetic model presented earl ier , ex
cept reaction (23}, influence directly either 



the concentration of ground or excited state 
iodine atoms. Reaction (23), R + R —*- R 2 , 
influences both these concentrations, but only 
indirectly, by removing one of the reactatits 
in reactions (25) and (27). Rate constants a re 
obtained from gain-veraus-time data by com
puter fitting the data with kinetic models 
using ra te constants as variable parameters . 

Early work at Sandia ' was aimed at 
establishing the reliability of the gain-versus-
time technique and consequently was pe r 
formed in relatively simple systems for 
which many of the reaction ra te constant 
were known. This work demonstrated the 
validity of the technique but did not determine 
its sensitivity to k ^ i the most important 
parameter for predicting consumption of 
starting material . Numerical calculations of 
gain-versus-t ime curves, based on the model 
presented earl ier , indicate that the data 
should be quite sensitive to k p R . Figure 60 
presents calculated curves for two values of 
k RR w i t n o t n e r m ° d e l parameters held fixed. 
The qualitative difference in curve shapes 
indicates that the gain-versus-t ime method 
can be used to determine kpp_ with good pre
cision. This has been confirmed in two wavs. 
Firs t , the curves of Pig. 60 were fitted with 
the standard gain-versus-t ime computer 
analysis techniques, and sensitivity to ^RR> 
'^, and kg was established. Second, experi
mental work was extended to the n-CgFyl -
Argon system. Figure 61 shows experimen
tal data and two computer fits. The fit of 
lower quality ignores all radical-radical r e 
actions, and the fit of higher quality includes 
reactions (25), (27), and (29). Table V presents 
a summary of the overall analysis of data 
presented in Fig. 61 along with other data 
taken for different conditions in the n-C3F ? I -
Argon system. Estimated uncertainties r e 
flect the sensitivity of the computer analysis 
routines to the various ra te constants. 
Comparisons with l i terature values a re indi
cated where applicable. 

A comparison of the values of the radical-
radical reaction ra te constants given in 
Tabl e V with the est imates used to calculate 
the curves in Fig. 59 indicates that the orig
inal estimates were somewhat high. This 
i l lustrates the difficulty of estimating unknown 
chemical kinetic parameters . The experi
mental and computer techniques for obtain
ing and analyzing gain-versus- t ime data a re 
now well established; they must be applied 
to a se r ies of perfluoroalkyl iodide systems 
to generate reliable data for the computation 
of chemical consumption in iodine l a se r s . 

Results ol Kinetic Analysis of Gain vs. Time Data 
Obtained with a C,F,I Iodine Laser Amplifier 

UR1) • 3 i 2 x HJ"15 cm3/mo1ecule-SK 

W • 2 i l x I 0 " 1 3 cm 3/mol«ule-sec 

k.,. - 1 * . 5 x t 0 era /molecule-sec 

l i terature Values 

cm /molecule-secZalesskiland Krupenifcova. 1971" 

• 4 x 1 0 cm/molecule-sec. Kuznetsova and Mastov, 1974 

k R - 9 x 10 cm finolecule-sccfcEnetwva and Maslow, W7A 

f • > 0,99 Donoiiueand WIesenfeld, I975 M 
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Fig. 60. Computer simulated iodine laser 
amplifier gain vs . time for two 
radical-radical association ra tes . 
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Chemical Regeneration Scheme — This 
material t rea ts two variants of a scheme fc 
regenerating RI from R 2 and 1 2 and estimat 
the efficiency of the regeneration process. 
Schemes for regenerating RI from species 
other than R^ anc' 1^ are not discussed be
cause, as was indicated in the discussion o 
the kinetic model, sixh species are not 
formed under typical amplifier operating 
conditions. The dissociation energies of 
C-C, I-I, and C-I bonds are 3. 60 eV, 1. 6 e 
and 2.4 eV, respectively. Thus the mini
mum energy expenditure for the process 

i s about 0. 2 eV per molecule of RI producec 
Unfortunately, no scheme for carrying out 
Equation (33) with an energy expenditure 
approaching this minimum value has ever 
been devised. The difficulty in devising 
efficient schemes for carrying out Equa
tion (33) a r i se s from the fact that R, is a 
perfluoroalkane and these species a re ex
ceptionally stable, exhibiting virtually no 
chemical reactions. It presently appears 
tha-, in order for Equation (33) to proceed, 
it is necessary to break the C-C bond unit
ing the two R groups. The reaction 

Fig . Gl» Gain vs. time in an iodine laser 
amplifier: CgF I. 

will then proceed spontaneously. If the 
required C-C bond cleavage can be perform* 
selectively, chemical regeneration can be 
made relatively efficient. If a nonselective 
technique such as pyrolysis is used to break 
C-C bonds, 6 the overall efficiency of the 
regeneration process will be appreciably 
lower. 

One conceptually simple scheme for ca r ry 
ing out Equation (33) is the following two-
step process: Multiple photon dissociation o 
Rg> followed by reaction of R with I 2 as des
cribed by Equation (34). Specifically, a 
mixture of Rg in an excess of 12 is irradiate' 



with an intense infrared laser pulse. During 
the pulse an individual R2 absorbs enough 
photons that it can decompose unimolecularly. 
The overall pressure of the mixture is ad
justed to such a value that, for the i?2 excita
tion level under consideration, decomposition 
through C-C bond breakage occurs on the 
average before the occurrence of collisions 
which might deactivate the excited f .̂ The 
R. fragments then react with I 2 to form HI. 
This reaction occurs after the laser pulse i.s 
over, thus the RI formed will not be excited 
or decomposed by irradiation. 

The calculations required to estimate the 
excitation energy required for a given R2 
unimolocular dissociation rate can be carried 
out easily under the assumption that excita
tion energy is randomly distributed in the R, 
molecule. RRKM theory yields the approxi
mate relation 

substituted for ^c-C* a n t * t n e o v e r a U ex~ 
pression must be multiplied by the number 
of C- F bonds in R.2* 

Figure 62 displays calculated values of k ^ j 
for the irradiation of 02^6 a t a n m ^ ^ a ^ 
temperature of 300 K, The value of u v ^ was 
assumed to be 3 x 10* 3 s e c - 1 . If the regen
eration process is carr ied out at a total 
pressure of the order of 1 torr , k ^ j must 

C-C 
be of the order 10 s e c - 1 for C 2 F 6

 t o d i s s o _ 

ciate to 2 CFy before any deactivating colli
sions occur. This requires that EJJ^ *» 
5. 7 eV, and at this level of excitation 
k u n i .kunj > 1 0 . In general, the amount 

C-C' C-F 
of energy which must be absorbed by R2 
molecules to regenerate the laser mixture 
is, per photon of laser output, 

•k . (see" 1 ) =u . . ( ° ^ S 1 » (35) uni v^b \ e „ _ + D„ _ i C-C \ C-C C - C / 

where k u n i is the dissociation rate through 
C-C 

the desired C-C bond cleavage, uvii3 is an 
average molecular vibrational frequency, e 
is the total internal energy in excess of the 
C-C bond energy D c _ c , and n may be taken 
to be the total number of vibrations in the 
molecule. (See Reference 64 for a more 
exact but only slightly different definition of 
n. The difference is inconsequential he re . ) 
The quantity e« ^ is related to other energies 
by 

{36) 

where Ejp is the amount of energy absorbed 
by a molecule from the infrared laser beam 
and E t n e r m a l i s the average thermal excita
tion. The expression for k ^ . is analogous 

C-F 
to Equation (35) except that the C-F bond 
dissociation energy, D C h _ F = 5. 0 eV, must be 

(37) 

where M is presented in Fig. 59 and E 'TR is 
the absorbed energy yielding the desired 
k uni • F o r a t l amplifier using CF3I and 

C-C 
having A t p u = 1 us, the requirement kxmi = 

fi C-C 
10° yields E R = 2. 7 eV, The corresponding 
energies for operation with n-C3F 7 I , ^ 
i - C 3 F 7 I , and > C 4 F 9 1 are 2. 1 eV, 0. 77 eV. 
and Q. 33 L-V, respectively. For comparison, 
the energy of an iodine laser photon is 
0. 94 eV. It must be mentioned that the r e 
generation scheme described here may not 
be appropriate ,por molecules such a s C g F 1 4 

or C g F l f l . The reason is that the required 
energies E ' jp are so high that C-C bonds 
other than the one joining the two R groups 
may break at a ra te comparable to the decay 
ra te in the desired channel. The C-C bond 
joining two i-C^F^ or two t-C^Fg groups is 
expected to be the weakest bond in an Rg 
molecule, but a quantitative determination of 
the difference between its strength and that of 
the other C-C bonds is not available. The 
difference may not be large enough to ensure 
that the desired C-C cleavage occurs with 
nearly unit probability unless e in Equation 
(35) is small . A regeneration process with 
small c i s described below. 



Fig. 62, Dependence of unhnolecular 
decomposition ra tes in C-C and 
C-F channels on absorbed energy 
for the case of C2Fg irradiated 
at an initial temperature of 
300° K. 

The pulsed laser scheme described above is 
analogous to dissociation schemes pursued 
for S F 6 and other m o l e c u l e s 6 9 , 7 0 for 
several years . It re l ies on the absorption of 
sufficient infrared quanta during a single 
l a se r pulse that decomposition occurs before 
collisional deactivation. The requirement of 
rapid dissociation leads to large e. Recently 
the decomposition of ethane samples placed 
in the output beam of a CW CO^ laser has 
been reported. Ethane does not absorb 
COo radiation at 10. 6 urn, and decomposition 
occurred only when SFg and C2HC were 
mixed. No decomposition of SFg was ob
served. The experiment i s not yet well 
enough understood Chat the detailed kinetics 
can be interpreted, but absorption of radia
tion by SFg followed by efficient V-V energy 
transfer to C2Hg must be involved. The fact 
that the experiment is carr ied out in a CW 
ra ther than in a pulsed mode of operation r e 
moves the requirement of rapid unimolecular 

, decay and allows for the possibility of small 
e. Reference 71 reports that the absorbed 
energy per molecule of C$$.§ decomposed 
was 3.8 eV under the best attainable experi
mental conditions and predicts that lower 

values would be obtained with higher power 
C 0 2 laser excitation. D^-C = 3 * 6 e V ; t h u s * 
the above remarks and referen.ce to Equa
tion {36) indicate that the CW decomposition 
scheme can indeed be used t~> dissociate 
molecules under conditions for which e is 
small and selectivity i s maintained. 

There appears to be no reason why the tech
nique discussed above should work only for 
C^^G' C 2 F 6 a n t i o t n e r R 2 m ° t e c u l e s have 
energ-, levels lying close to the appropriate 
levels in SFg, and V-V energy transfer from 
SFg to K., yhould be an efficient process . 
Chemical regeneration using the energy 
transfer scheme could be carried out as fol
lows. A mixture of SFg and Rg diluted in 
Ar is flowed through the output beam of a 
CW CO a laser, resulting in dissociation of 
Rg to 2R. Immediately downstream of the 
excitatir-n region Ig is mixed intn the stream 
to allow the regeneration of RI. The relation 
(37) may sti l l be used to calculate En, but 
now E ' J R "* ̂ c-C ^ o r a ' * s P e c i e s R 2 - This 
means that the CW regeneration process 
would be appreciably more efficient than the 
pulsed one. 

It i s now possible to estimate the efficiency 
of the chemical regeneration process and to 
compare it to the estimated efficiency of the 
\ jmping process . Consider a figure of 
merit TJ, customarily called the efficiency, 
defined for closed loop amplifier performance 

__ extracted laser energy 
total input energy 

If several operational steps are involved, and 
•nj for step i is defined in a manner analogous 
to Equation (38), then 

-1 ?rj ; -1 (39) 

Only the pumping (electrical) figure of meri t 
Tjp and the chemical regeneration figure of 

http://referen.ce


mer i t T]T> will be considered here . The value 
of r)R is related to E R defined in Equation p7) 
by 

E (eVf" 

where 0. 94 eV is the energy of an iodine 
laser photon, Vj^ is the overal figure of meri t 
of the infrared laser used in the regeneration 
process, and 0 is the fraction of the infrared 
photons actually utilized. For purposes of 
evaluating T]R» it is assumed that the infrared 
laser used is a C 0 2 laser {typical R 2 species 
absorb in the region of the CQ2 laser out
put). The value of TJ L is assumed to be 
0. 2. This value can be attained in either 
pulsed 7 3 - 7 4 or C W 7 5 operation. The best 
current estimate of 0 for pulsed experiments 
is 0. 5; the data in Reference 47 indicate that 
0 ^ 1 for carefully conducted CW experi
ments. The numbers for ijj_ a ° d P given here 
together with values cited ear l ier for E^ and 
the information contained in Fig. 48 are used 
to construct Table VI. 

Tabulation of Estimated Figures of Merit 
ilj, for Pulsed and CW Chemical 

Regeneration Processes 

appropriate data in Fig. 59. Values of TJ R 

are given for both pulsed and CW regenera
tion processes for comparison purposes, but 
the reservations expressed ear l ie r concern
ing the use of the pulsed technique with large 
molecules should be remembered. The CW 
process is more efficient than the pulsed one 
by a factor that increases with increasing 
size of the RI molecule. The reason for this 
can be seen by inspecting Equation (35). For 
a given value of k ^ i t e increases with n. 
Only when a low value of k u n j is acceptable 
can the dissociation process proceed with 
small e, more o r less independent of n. 
There is , of course, a lower limit on the 
value of kuni which is acceptable in a given 
experiment, and actual values of 7 j R for large 
molecules regenerated in a CW process con- . 
sequently may be smaller than those reported 
in Table VI. 

Based on the foregoing material , it seems 
reasonable to predict that a chemical regen
eration process with r/^ « 0. 1 to 0. 2 can be 
found. It is instructive to compare this 
estimate to the expected pumping efficiency 
Tip. In the case of photolysis using conven
tional flashlamps. rjp is the ratio of energy 
extracted from the amplifier to energy stored 
in the flashlamp capacitor bank. It has been 
e s t i m a t e d 7 6 that with conventional flashlamp 
pumping the maximum attainable electr ical 
efficiency is Vp *° 0. 01. Experimentally 
determined efficiencies 7 ~™ are a factor of 
two o r more lower than this est imate. When 
estimated values of T|R and rjp a re compared 
and considered in t e rms of Equation <39), it 
is clear that the overall figure of mer i t for 
an iodine laser should not be strongly influ
enced by the requirement of chemical regen
eration, if conventional flashlamp pumping is 
used. A much more efficient pump source 
would have to be found before tjjj could be
come the limiting term in the overall oper
ational figure of meri t , if the above regen
eration scheme is in fact successful. 

The data in Table VI apply only for Atpump = 
1 Ms. Values of TJ R for other photolysis 
pulse widths may be determined by using the 

Work currently in progress at Sandia will 
investigate experimentally the regeneration 
scheme discussed here . A pulsed, line-
tunable COg laser has been obtained for use 
as the irradiation source. Infrared spectro
scopic and mass spectrometric systems are 



being assembled for use as diagnostic tools. 
Initial irradiation experiments with C2F6 will 
commence shortly. Although only l ase r -
based chemical regeneration has been d is 
cussed here , there i s some indication in the 
l i tera ture that perfluroalkanes may be disso
ciated efficiently in low-frequency d is 
charges. ^° This possibility will also be 
explored. 

Flaahlamp Studies 

Sore, previous studies on doped flashlamps 
were repeated because of some questions 
that were ra ised by ILC, and we developed a 
phenomenological model of doped flash-
lamps. °* Figure 63 shows the light as de
tected with a 2800 ± 100 X interference filter 
and a photomulfciplier combination. The r e 
sults represent three different experiments 
for which the vert ical scale sensitivity is the 
same. It is to be noted that in the case of 
pure xenon (Pig. 63a) the light s ta r t s at the 
onset of breakdown. The second bump is 
due to the ringing of the discharge current . 
The addition of 60-mg Zn3P2 resul ts 
{Fig. 63b) in several interesting observa
tions: (1) The light output is delayed by 
approximately 5 JIS, {2) the peak output is 
slightly higher than for pure xenon, and 
(3) the second peak is approximately twice 
as intense as it is for pure xenon. The first 
of these observations gives the key to a 
physical model for this doped discharge. 
When the gas breaks down, the a r c channel 
begins to expand radially but little light 
escapes due to the opaque dopant film on the 
inside of the quartz wall. When the a rc 
reaches the proximity of the wall, the dopant 
i s blown off (much like a blow-off shutter) 
and now light can escape. The time scales 
and energies involved a r e consistent with 
D r a b k i n a ' s 8 2 analysis. The relatively la rge 
increase in the second peak is due to dopant 
mixing with the a r c . The above suggested 
that perhaps a more volatile dopant would 
give more dramatic resul ts ; thus, tellurium 
was added. The resul t is shown in Fig. 63c. 
Again, there is a 5-jna delay, but now the 
f irs t peak was considerably bigger than in 

the other two c?.ses, exactly as was antici
pated. When the tube diameter was de
creased to 8 ram ID the delay wag 2. 5 JIS. 

Considerable effort was also spent on 
analyzing promising ways to produce shorter 
pulse width photolysis sources , which are 
necessary to reduce the cost or chemical r e 
covery of laser-medium starting mater 
i a l s . 8 3 These results indicate that it is ne
cessary to shorten the pump pulse to ~ 1 us 
(or less) . Another advantage of short pump 
pulses is the avoidance of gas dynamic dis
turbances in the l a se r medium. Conse
quently, we have begun studies on short 

, pulse width flashlamps. Some of these r e -
1 suits a re presented in Figs . 64 and G5. The 
I results of these figures show that the opti-
] mum xenon pressure is a function of tube 
; bore and discharge energy. In Fig. 64, r e -
: suits a re presented for a charging voltage 

of 35 kV. The two curves represent inte-
, gra'.ed energies for 2 us and 10 jus into the 

light pulse. We a re pursuing a detailed 
program to evaluate the characteris t ics of 
short pulse lamps under repetitive opera
tion and the efficiency and lifetime with 
which one can expect reasonable operation. 
We have found that the discharge circuit 
paramaterization used in Bet. 84 is accept
able for 1-MS discharge. 

SAJL-1/Streak Camera Response 

In the previous Laser-Fusion Research 
Progress Report, reference was made to an 
experiment in progress for recording icdine 
laser pulses over a greater dynamic range. 
Now substantially completed, this study 
utilized Kodak Royal X Pan 4166 film, an 
extremely fast film which exhibits a dy
namic range of several thousand. The 
streak camera system was known to be 
nonlinear at the iodine wavelength; i . e . , 
the exposure level on film was increased to 
an extent grea ter than a corresponding 
increase in input intensity at the entrance 
slit. It was to be expected that the dynamic 
range of the camera-film system would be 
limited by this nonlinear instrumental 
response. 
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Pig. 63. The flashlamp light as detected with an interference 
filter (280O± 100 A)/photomultiplier combination. 
The three cases (a, b , and c) were identical except 
insofar as the filling. 
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Fig. 64. The energy contained in 2 n& and 
10 us units of the flashlamp light 
contained in a band defined by an 
interference filter <2800± 100 A). 
The tube bore was 8 mm. 

As before, calibration data were taken using 
the SAIL-1 oscillator as the camera input 
source and operating the camera at a s treak 
ra te of. 10 c m / s . A split attenuator was 
included at the entrace slit , permitting two 
simulataneous exposures of a single input ; 
pulse at intensity levels differing by a factor 
of two. The input energy density level at the" 
entrance slit was varied from approximately 
1 ixJ/ctn2 to cover 30 / i j / c m 2 . Useful ex
posure levels on film were maintained by 
operating the image converter tube relay 
^ens at progressively smal le r aper tures . 
.Values for the relat ive apertures had been 
determined previously, and in all cases the 
follow-on image intensifier was operated at 
maximum gain. 

Density samples obtained from the resulting 
photographs were used to construct a camera-
film system response curve in t e rms of 
density.versus relative Login exposure. The 
film was also independently calibrated over 

Fig. 65. The energy contained in 2 JJS and 
10 (is units of the flashlamp light 
contained in a band defined by an 
interference filter (2800± 100 A). 
The. tube bore was 6 mm. 

an exposure interval of 10"^ s to simulated 
F l l phosphor light using a xenon flash 

• sensitometer and appropriate band pass 
f i l ters . Figure fi6 shows a camera-film 
system response curve obtained for the 
camera operating at maximum sensitivity, 
and an independent film calibration curve. 
A Photometric Data Systems Model 1010 
micro densitometer system was used for all 
data reduction. 

The relative response of the camera system 
results from a comparison of the film r e 
sponse data as shown in Fig, 67. Here the 
nonlinearity previously mentioned is r'em-
onstratedand the maximum possible u/naroic 



range, approximately 50, is shown to He be
tween film exposure threshold and the level 
of exposure at which defocusing in the image 
converter s treak tube occurs . The onset of 
defocusing was noted at an energy density of 
approximately 10 /jj/cm.^ at the entrance 
slit for a nominal 200-ps pulse. A useful 
dynamic range of 30 seems real is t ic . This 
compares with a range of approximately 8 
obtained using Polaroid Type 57 film. 

o .o i .o 2 .0 

LOG.n EXPOSURE (RELATIVE ) 

2 . 0 
. I ( R E L A T I V E ) 

Fig. 67. Log exposure for Royal X Pan 
4166 film vs log intensity at s t reak 
camera entrance slit , X= 1.315 urn. 
Image converter tube relay lens 
operated at maximum aperture (O); 
set for exposure decrease of 
8x<& and 16x (D). 

Fig. 66. Density vs relative log exposure 
for the streak camera system in
cluding film (curve A) and for film 
independently exposed to simulated 
P l l phosphor light (curve B). 
Royal X Pan 4166 film. 

Photocathode Responsivity - - The image 
converter s treak tube S-l photocathode r e 
sponsivity at X = 1. 315 ^m has be^-n revised, 
resulting in a substantially lower value. The 
photocathode current density ranges reported 
previously, while approximate, are valid for 

reported; producing the photographic data rt 
i . e . , the range l O - ! * to 1 0 - 1 0 A/ 
input intensity integrated over 1. 6 x 10" 
and 3 x 1 0 " 4 to 10 A/cm lor nominal 

for low 
2 „ 

200-ps iodine laser pulses to give useful ex
posure levels on Polaroid Type 57 film. An 
inconsistency was noted when these same 
current densities were calculated forward to 
give intensity density and ultimately energy 
density values at the photocathode and, in 
logical sequence, at the camera entrance 
sl i t . 

The photocathode responsivity measurements 
were made using a tungsten ribbon filament 
lamp in combination with a small grating 
monochromator to illuminate the photo
cathode surface. Broad-band cut-off filters 
were introduced to eliminate unwanted orders 
passing through the monochromator. The 
bandpass was 13, 2 nm FWHM using 2-mm 
sli ts and 3. 3-nm FWHM using 0. 5-mm s l i t s . 



The monochromator throughput was mea
sured with a Hewlett-Packard Model 8330A 
Radiant Flux Meter and Model 8334A Radiant 
Flux Detector-which had been calibrated 
against an Eppley lamp standard of total 
i rradiance. in order to measure photo-
cathode'current, the image tube was operated 
as a simple diode. The extraction screen 
was used as the anode and operated at +500 V, 
and the photocathbde was connected through, a 
picoarnmeter to ground. Other external tube 
connections, the normal anode and deflection 
electrodes, were made common to ground. 

In repeating the calibration, it was deter
mined that the Corning 2-64 filter originally 
used to eliminate second order , X = 657.5 nm, 
in fact transmitted approximately 12 percent 
at this wavelength. Because the photocathode 
sensitivity i s comparatively high at 657. 5 nm, 
2. 2 i 10 3 A/W, an unrealistically High value 
of 1.31 x 10" 5 A/W was determined at 
1. 315 ym. Currently, two Corning 7-56 
filters a re used in cascade to give a total 
thickness of 5.08 mm for all measurements 
beyond X - 1 um. (For a single 7-56 filter 
2.11 mm thick, the measured transmission 
was 10" 7 at X = 657.5 nm and 8. 2 x 10" 1 at 
X = 1. 315 nm.> With these cut-off f i l ters, 
the responsivity at 1. 315 f/m was determined 
to be 1. 69 x 10" 6 A/W. The total e r r o r in 
repeating this measurement was approxi
mately 15 percent. 

The further inclusion of a X = 1. 315'Mm» 
5-nm FWHM narrow band pass filter demon
strated the strong influence of scattered light 
•within the monochromator for measurements 
in a region of steep fall-off in photocathode 
spectral responsivity. As a result , a double 
monochromator will be used for future mea
surements . A final value of 1.U4 x 10~ 7A/W 
was established by this technique at a current 
.density of 2 x 10"" 1 1 A / c m 2 . The total e r ro r 
in repeating this measurement i s approxi
mately 30 percent. Spectral responsivity 
versus wavelength is given in Fig. 68. Using 
a CW lase r operating on the 1. 318-^m t rans i 
tion in Nd:YAG, values were obtained at a 
current density of approximately 5 x 10"= A/ 
cm^, indicating responsivity between 
1. 7 x 1 0 " 7 and 3 x 1 0 - 7 A/W. This range of 

sensitivity is ascribed at least in part to 
variation in the CW output of the YAG laser 
The generally higher responsivity at higher 
input intensity is also possible. 

Fig. 68. 

0,« O.B 1.0 I.B I . * 
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Photocathode responsivity vs wav 
length for Instrument Technology 
Ltd image converter streak tube, 
ser ia l no. STM-S1-43. Mono
chromator operated with 0.5 mm 
slits (3. 3 nm FWHM) and second 
order cut-off filters (O), with 
2 mm slits (13. 2 nm FWHM), 
second order cut-off filters and 
narrow band pass filters (+1. 

Analysis of Lateral Shearing Interferometer 

The wedged, la tera l shearing interferometeJ 
is very useful for measuring lase r -beam 
wavefront radius of curvature and for makin 
semiquantitative estimates of beam phase-
front distortions. Although shearing 



interferometers have been used and analyzed 
for many yea r s , there is no derivation in the 
l i terature of the formulas for the evaluation 
of the wavefront radius of curvature. 

B a t e s 8 5 first discussed the principle of the 
lateral shearing interferometer. Important 
extensions were made by Drew8** and by 
Brown . 8 7 The original application was to 
measure aberrations produced by optical 
elements. These early, relatively complex, 
devices were designed to maintain a zero 
optical path difference for the sheared beams, 
A significant advance in shearing interfer-
ometry was made by IVIurty 8 8 who introduced 
the simple wedged (or plans parallel) glass 
plate with a nonzero optical path difference. 
This instrument must be used with nearly 
monochromatic sources , and it is the one 
used for laser beam studies. To date there 
have been few reports of l a se r beam analysis 
using the Murty-type interferometer. 
Anthes et al reported an experiment using 
a high-power glass laser in which the beam 
divergence was determined by measuring the 
fringe rotation of the interferogram. Lurie^" 
reported an analysis but did not give the for
mulas necessary for interpretation of rotated 
fringe pat terns. His results a re also r e 
str icted to near-normal incidence on the 
shear plate. 

We decided to make a theoretical and experi
mental effort to obtain an understanding of 
the shear plate adequate for our laser beam 
applications; the results a re being published/* 
so they are only summarized here . The 
principle of the interferometer involves 
dividing the initial laser beam into two com
ponents of approximately the same intensity 
and displacing them laterally with respect to 
one another. In that region where the two 
beams overlap, interference resul t s . As 
described, it is seen that the interferogram 
compares the original phase front relative 
to itself, displaced by the shear distance. 

Figure 69 shows a side and top view of the 
interferometer with exemplary ray paths. 
The wedger angle 8 has been greatly ex
aggerated in this schematic drawing. A 

left-handed coordinate system (x, y , z) is 
erected with the origin at the point of inter
section of the incident principal ray and the 
front surface* The z-axis lies on the r e 
flected ray from the fron* •.urface; the x-
axis lies in the plane of incidence; the y-axis 
is upward (out of the plane of the figure in 
the top view). We characterize the incident 
beam by a paraxial form. Upon reflection 
from the front surface, we may write that 
part of the b-..m as 

- „ - ikz- i * (x ,y ,z) 

in the chosen coordinate system. Another 
part of the beam is reflected from the r e a r 
surface of the wedged plate. If we call this 
beam E2, it is obvious that the intensity of 
the reflected beam is given by the sum. 

allowing the interference of the beam with 
itself. The equation for the fringes (light 
or dark bands} may be derived, 

2NTT = k6y - kD + *{x, y, L) - <Kx - s , y 

+ 8L, D . 

In this equation, L. is the distance from the 
shear plate to the image, N is the order of 
the fringe, D is the optical path difference 
of the two beams, s is the shear distance, 
and 8 is the beam tilt angle. In t e rms of 
the plate thickness, angle of incidence, and 
index of refraction, one finds the lateral 
shear distance, s, and the tilt angle, 0: 

, sin 2a 

6 = 2d(n2 - s i n 2 * ] 1 ' 2 . 

The optical path difference is not important 
for our resu l t s . 



* - J Side View 

Top View 

Fig. 69. A schematic representation of a 
la tera l shearing interferometer of 
the Murty type. 

In the event that the beam is free of distor
tion, the phase front will r e given by 

2R(z) 

where R<z) is the local radius of curvature. 
The fringe pattern is found to be straight and 
simply rotated from the x-axis by an angle 0: 

i M s d 
t a n * = " X R T U -

These quantities a re illustrated in Fig. 70 
for a converging beam of negative B(L). If 
the beam does not possess a simple para
bolic phase front, the interference pattern 
does not consist of straight fringes. It is 
possible to unfold such an interferogram by 
numerical procedures. More relevant here 
is the ability to make a qualitative deter
mination of phase front distortion by ob
serving the deviation of the fringes from the 
ideal l inear pattern. Suppose the inter
ference pattern shows a region where the 
fringes undergo an excursion that i s a frac
tion, f), of the normal separation, K (see 
Fig. 70). This implies C(x, y, L) - <Kx -
e» y* L) possesses a fraction rj of a full 
wave distortion from a pure parabolic wave 
front along the direction of shear over the 
distance s. Thus, a given interference 
pattern immediately shows the deviation 
from ideal phase behavior across the di
rection of shear . 

0(1 - L /RID) 

Fig. 70, A schematic i-epresentation of the 
interference pattern resulting 
from a lateral shearing inter
ferometer. 



We performed experimental verification of 
the results by producing beams of known 
radii of curvature. 91 The formulas for 
fringe rotation predicted the experimental 
results very accurately. We also confirm
ed the predicted variation of fringe rotation 
and spacing with the angle of incidence. **• 
The utility of this interferometric technique 
lies in the simplicity with which one can 
measure the phase front uniformity of a 
parabolic phase front. Figure 71 shows the 
shear interferogram resulting from the 
reflection of a beam from a spherical m i r r o r 
(10 m radius of curvature) with a 2-mm-
diameter hole in the center. The phase dis
tortion due to the presence of the hole is 
apparent. 

Fig. 71 . A shear interferogram resulting 
from the reflection of a l a se r beam 
from a spherical m i r r o r (10 m 
radius of curvature) with a 2 mm 
hole in the center. 

\S^POWER CONDITIONING FOR GROUP VIA 
(iS) ATOMS 

Overview 

The class of gas - l ase r systems based on the 
excitation of the p lS state of Group VIA 
atoms i e . g . , O, S, Se, Te) with energy ex
traction on the p 4 i s -> p 4 *D or p 4 J S 
-> p 4 3p transition is an extremely promis
ing one for laser-fusion applications. Long 
energy-storage t imes a re possible since the 
Is state exhibits a long radiative lifetime 
and is resistant to deactivation by a wide 
variety of other species . Also, these t ran
sitions occur at useful wavelengths (439 to 
790 nm) and exhibit stimulated emission 
cross sections that are low enough to inhibit 
parasi t ic amplified spontaneous emission 
but not so low that the medium cannot be 
saturated at reasonable energy fluxes. 

The pr imary difficulty with this laser sys 
tem is that no efficient means of generating 
large densities of *S atoms has yet been 
demonstrated. Fo r this reason, as noted 
in the last semiannual r e p o r t , 2 we had 
implemented a research program to evalu
ate three different concepts for producing 
Group VIA (lS) a toms. As described in that 
repor t , the three concepts involved in-si tu 
electron-beam-excited r a r e - g a s metastable 
energy transfer; in-situ electron-beam-
excited photolytic energy transfer; and 
extra-cavity photolytic energy t ransfer . Our 
evaluation of the first two concepts is con
tained in that previous report . In the r e 
mainder of the present repor t , we will 
describe our progress in examining the 
third concept. 

Experimental Program 

Extra-cel l photolytic energy transfer uti
l izes spontaneous or lasing emission from 
a source (the photolytic dr iver) , which is 



transported to a separate cell containing the 
Group VIA bearing molecule that is to be 
photodissociated. The success of this 
approach relies on finding an efficient source 
of a radiation at a wavelength that coincides 
with a *S-state producing absorption band of 
an appropriate molecule. 

We had proposed 9 ^ ea r l i e r that one such 
photolytic source could be the ra re -gas 
halogen excimer NeF*. Although NeF* had 
not been observed before our work, it was 
p r e d i c t e d ^ to emit near 1070 A. a useful 
wavelength for photolytically producing 
O^S) from C02. 

In order to search for NeF* emission, we 
configured the LILI electron-beam d e v i c e 9 5 

as shown in Fig. 72; The electron beam, 
confined by an externally applied, 3-kilo-
gauss , axial magnetic field passed through 
the 25-ym-thick anode foil and entered a low-
pressure drift region. After drifting 61 cm, 
the electron beam entered the high-pressure 
test cell region through a 32-^m-thiek 
s ta inless-s teel foil. The magnetic field then 
turned the beam by 45 degrees into the l a se r 
excitation region. The length of this region 
was 210 cm; the diameter was 7. 5 cm. For 
these experiments, the electron beam had a 
peak current of about 20 kAj an area of 
45 c m 2 , a pulsewidth of about 400 ns , and 
a peak electron energy of 850 keV. The 
energy deposited in the cell was determined 
calorimetrically for each gas aa described 
in the last report . 9 6 In order to avoid 
window-induced wavelength-dependent 
attenuation of the expected ~ 1100 A radiation, 
a gate valve was placed between the test cell 
and the spectrometer . The spectrometer 
was filled with Ne to a pressure matching 
the total p ressure in the cell , and the valve 
was open only during the t ime of the shot. 

Figure 73 contains a microdensitometer 
t race of Kodak SWE film exposed to the 
emission from e-beam-excited mixtures of 
Ne and Fg* The peak of the strong emission 
feature, which we attribute to NeF*, is at 
1080 A. Two much weaker features a re 
seen at 1195 A and 1220 I . The 1080 A 

emission is not present when the e-beani is 
used to excite neon alone or helium/fluorine 
mixtures . 

LIL I 

E lec t ron Beam 

Device 

850 keV 
520 ns 

Fig. 72. Schematic diagram of the LILI 
experimental apparatus. 

In addition to these spectral studies, we 
examined the temporal behavior of the 
NeF* emission with an absolutely calibrated 
windowless photodiode containing a tantalum 
cathode. The t ime dependence of the 1080 A 
feature followed the e-beam current pulse. 
Figures 74 and 75 show the behavior of the 
time-integrated NeF* fluorescence signal 
with changes in neon and fluorine pressure . 
The peak fluorescence signal corresponds 
to a fluorescence efficiency of 5.8 percent. 
{Efficiency is .defined as radiated energy 
divided by deposited e-beam energy.) 



Fig. 73. Microdensitometer t race of the 
emission spectrum in the spectral 
region from 1050 to 1250 A for 
electron-beam excited Ne/F2 
mixtures . The vert ical scale is 
l inear in optical density. The 
film was Kodak SWR, exposed in 
an 0.5 m Seya-Namioka spectro
graph in first order with a 
200-jum slit . 

Variation in NeF Fluorescence 
with Neon Pressure 

500 1000 1500 
Neon Pressure (Torr) 

Pig. 74. Variation in the time-integrated 
NeF* fluorescence signal with 
neon p ressu re at a constant 
1. S to r r F 2 p ressure . The 
vert ical scale is in relative 
units but i s the same for both 
Figures 74 and 75. 



Variotion in Ne F* Fluoresce nee 

with Fluorine Pressure 

1 2 3 4 5 
F2 Pressure (Torr) 

aluminum mi r ro r at one end of the cell and 
a nonaligned MgF2 window„at the other end. 
Under these conditions, F £ lased for helium 
pressures _> 1500 to r r and F 2 pressures 
between 1 and 4 t o r r . Neon/fluorine mix
tures did not lase in the pressure range 
investigated. 

-7 
• • 

y NeF* 
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1000 IIOO COO 

Wavslenjth (A) 

Fig. 75. Variation in the time-integrated 
NeF* fluorescence signal with F2 
pressure at a constant 1000 tor r 
neon p re s su re . The vertical scale 
is in relative units but is the same 
for both Figs . 74 and 75. 

This new light source is an interesting can
didate for producing 0(*S) from CO2 as 
shown in F ig . 76. The NeF* emission lies 
in a spectral region that has been shown**' to 
have high quantum yield for Of -̂S) production. 

While studying e-beam excited Ne/F2 mix
tures , we discovered another broad emission 
feature between 1500 and 1600 1 , This emis
sion band, which we attribute to a *it -* 3TT 
transition in F2» is observed in both e-beam-
excited Ne/F2 a^d He/Fg mixtures but not in 
Ar /Fg mixtures . The lower t race in Fig. 77 
shows the spontaneous emission from this 
molecular fluorine band. As shown by the 
upper t r ace in this figure, lasing can occur 
at the 1575-A peak of the emission spectrum 
in He/F2 mixtures . We obtained this laser 
spectrum with an ~ 80 percent reflecting 

Fig. 76. The NeF fluorescence spectrum 
superimposed on the 0( S) quan
tum yield vs wavelength from 
C 0 2 {filled circles) . 

This new emission is a very promising one 
for photoly tic ally producing §,(*S) from COS, 
as shown by Fig. 78. The F2 radiation 
occurs in an experimentally convenient spec
t ra l region in te rms of window transmission 
and m i r r o r availability. Further, both the 
spontaneous emission and lasing overlap the 
region of highest quantum yield^B f 0 r S(*s) 
production. And, as will be discussed in 
more detail below, F;j can be produced 
efficiently by e-beam excitation. 

With an absolutely calibrated ITT 4115 
photodiode, we observed the temporal be
havior of the F | emission. Under conditions 
for which F§ lased, the photodiode signal 
exhibited a sharp onset, delayed from the 
s ta r t of the e-beam current pulse, and fol
lowed the current pulse thereafter. The F | 
spontaneous emission closely followed the 
time dependence of the current pulse. 



Pig. 77. Microdensitometer t race of the 
emission spectrum in the spectral 
region from 1500 to 1600 A for 
electron-beam, excited He/Fg 
mixtures showing the spontaneous 
emission (lower trace) and lasing 
emission (upper t race) . The 
vertical scale is l inear in optical 
density. The base line for the 
lasing spectrum is vertically dis
placed, and the film is saturated 
at the peak of this spectrum. The 
spectra were recorded with a 
0. 5 met re Seya-Namioka spectro
graph in first order with a 100 |im 
slit on Kodak SWR film. 

Figure 79 shows the time-integrated fluores
cence efficiency of the spontaneous emission 
from He/Fo mixtures- aa a function of helium 
pres su re . The triangles were obtained with 
the full incident e-beam of 40 j / c m 2 . At 
1000 tor r , this energy loading corresponds 
to a deposited energy of 48 m j / c m , r m , ° The 
data represented by circ les were obtained 
by attenuating the e-beam with s ta in less-
ateel screens installed in the drift region. 

The F | spontaneous emission 
spectrum superimposed on the 
S r S ) quantum yield vs wavelength 
from COS {filled circles) . The 
K r | emission spectrum is also 
shown for comparison. 

At an incident e-beam energy of 2. 7 J / cm 
and 1000 tor r helium, the deposited energy 
was 3. 2 m J / c m ^ . The lower energy loading 
leads to somewhat increased fluorescence 
efficiency. Both se ts of data indicate thzit 
st i l l higher efficiencies might be obtained 
at higher helium pressu res . The LILi test 
cell is structurally limited at present to a 
maximum pressure of ~ 1800 to r r . 

in order to examine the F£ radiation, bath 
parallel and perpendicular to the e-heam 
axis, we mounted a side-light-viewing 
photodiode midway down the test cell in 
addition to the end-light-viewing photodiode 
shown in Fig. 72. The experimentally ob
served side-light to end-light signal ratios 
a re shown in Fig. 80 for both high (tri
angles) and low (circles) incident e-beam 
energies. Fo r these measurements , the 
end and sides of the cell opposite the photo-
diodes were blackened with Nextel paint to 
eliminate optical feedback. The decrease in 
signal ratio with increasing helium pressure 
at an incident e-beam energy of 40 J / c m 2 

i s indicative of amplified spontaneous emis 
sion along the axis of the cell. This effect 
is not evident for. an incident e-beam energy 
of 2.7 J / c m 2 . Both sets of data yield equal 



ratios at low helium pressu res . This r e 
sult provides strong evidence that the e-
beam does not produce a significant con
centration of transient species that might 
absorb F2 radiation during the e-beam 
pulse, even at e-beam energy depositions 
near 50 J IK In view of the large absorp
tions normally observed during an e-beam 
pulse in the visible and near UV, the lack of 
significant absorption in the present case 
near 1575 A is a very gratifying resul t . 
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Fig. 79. Th'j F2 fluorescence efficiency vs 
helium pressure at a constant 
1 t o r r F 2 p ressure . The t r i 
angles a r e for an incident e-beam 
energy of 40 J / c m 2 , and the 
circles a r e for an incident energy 
of 2.7 J / c m 2 . 

The LILI electron-beam device, as presently 
. configured, does not appear to be capable of 
: producing a highly efficient F2 lase r . With 
' an optical cavity consisting of a highly r e 
flecting dielectric m i r r o r (R > 96% at 15751) 

X 
(9 I I I I I I I I I 

I Torr F 2 

0 1000 2 0 0 0 
HELIUM PRESSURE (Torr) 

Fig. 80. The side-light photodiode to end-
light photodiode signal ratio vs 
helium pressure at a constant 
1 tor r F2 pressure . The t r i 
angles a re for an incident e-beam 
energy of 40 J / c m ^ and the 
circles a re for an incident energy 
of 2.7 J / c m 2 . 

at one end of the cell and an aligned M g F 2 

flat output coupler at the other end, we 
obtained a maximum laser efficiency of 
~0. 5 percent. (Efficiency is defined as 
extracted l a se r energy divided by deposited 
e-fceam energy.) The F | l aser energy was 
measured using an evacuable calorimeter 
assembly that consisted of a 125-um-thick 
titanium foil coated with carbon black and 
spot welded to a chromel-canstantan 
thermocouple. The laser efficiency noted 
above was obtained at the highest excitation 
intensity level available with the L1L1 de
vice, i . e . , 40 J / c m 2 , 500 ns , 1800 to r r 
helium, and an active medium length of 
2.1 me t re s . Further , the l a se r efficiency 
was increasing markedly with small in
creases in excitation intensity. For 



example, the laser efficiency increased a 
factor of 5 by increasing the helium pressure 
from 1550 to r r to 1800 tor r , an increase of 
only 16 percent in pressure and in deposited 
e-beam energy. This observation led us to 
expect that still higher excitation intensities 
would produce even larger l a se r efficiencies. 
Our expectations have been realized in the 
se r ies of experiments to be described next. 

In February of 1977 we began design and 
construction of a 1. 8-metre-long l a se r cell 
with a "A" geometry, to be excited by a 
Febetron 705 electron-beam pulser (1.8 MeV, 
400 joules, 50 ns). It was expected that the 
high intensity of this electron beam, coupled 
with the high-pressure capabilities of the 
laser cell {> 10^ torr) would allow us to 
achieve an excitation intensity (energy de-
posi ted/cm^-s multiplied by the length of 
cell) of 25 MW/cm 2 , a factor of eight higher 
than the excitation intensities available on the 
LILI device. 

Initial experiments were performed with a 
70-cm-long straight l a ^ r cell which had 
ports to observe radiation both parallel (eraJ 
light) and perpendicular (side light) to the 
e-beam. axis. Analysis of the side-light 
emissions (observed with an absolutely cali
brated VUV photodiode) from this laser cell 
indicated optimum fluorescence efficiencies 
of ~ 15 percent, in agreement with ear l ier 
results obtained with the LILI device. Under 
most conditions, the light emerging from 
the end^light port of the l a se r cell was com
pletely dominated by stimulated emission. 
The time history of these l a se r pulses closely 
followed the time history of the ~ 50-ns-wide 
e-beam current pulse. By comparing the 
intensities of the side-light and end-light 
signals, we estimated a small signal gain in 
this test cell of ~ 3 percent /cm. 

After the initial experiments with the short 
laser cell , the 1, 8 metre " V cell was a s 
sembled on the front of the e-beam machine 
(see Fig. 81), and the magnetic-field coils 
were adjusted to guide the electron beam 
around the corner of the " V section and 
down the 1,4-metre active length of the cell. 
The Helmholtz coils at the end of the cell 
deflected into the chamber wall whatever 

fraction of the e-beam had not been absorb
ed, preventing the beam from damaging the 
optics or end windows. Ws then performed 
extensive calorimetry with a segmented 
carbon calorimeter (30 segments) to assure 
that the electron beam was propagating down 
the center of the test cell anC that energy 
was being deposited in the gas at a ra te p re 
dicted by Sandia's one-dimensional, Monte-
Carlo electron-beam-deposition code. ^ u 

Total e-beam energy reaching the calorim
eter at several different He pressures and a 
number of different calorimeter positions 
in the l a se r cell i s plotted in Fig. 82, 

APPARATUS FOR F* LASER STUDIES 

I 1 

FEB. 

705 

Fig. 81. Schematic of 1.8 met re F„ l a se r 
cell . £ 

The 1575-A-laser energy was determined by 
measuring the temperature r i s e of a black-
painted, 125-/jm-thick, t i tanium-disc calo
r imeter , which was vacuum coupled to the 
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end of the l a se r cell . This calorimeter was 
calibrated by measuring its response to a 
standard quartz-iodide lamp which had been 
calibrated by the Epply Research Labora
tor ies . The VUV photodiode used to view 
side-light fluorescence was calibrated by 
comparing its response to a 1575 A mono
chromatic light source to that of a standard 
calibrated photodiode, which had been cali
brated by the National Bureau of Standards. 
The transmission of each MgP2 window or 
flat used in these experiments was mea
sured using the same 1J75 A light source. 
(The monochromatic light source consisted 
of a stable, H2~continuum discharge lamp 
and a VU.V monochromator, > Considerable 
care was taken in all of the measurements 
leading to values for fluorescence efficiency 
and l a se r efficiency. Therefore, we feel 
that we can place conservative e r r o r bars 
on our absolute values of fluorescence and 
l a se r efficiency of ±29 percent and ±31 per
cent, respectively. Relative uncertainty of 
various values of fluorescence and laser 
efficiency are considered to be ±10 percent 
o r l e ss . 
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Fig. 82. Deposition of electron beam from 
Febetron 705 in helium; total 
energy reaching :he carbon calo
r imete r at position px is plotted 
vs px. The prediction from 
Sandia's 1-dimensional Monte-
Carlo code "Tiger" is also shown. 

In order to minimize the optical losses in 
the 1. 8-metre laser cavity formed by the 
" \ " cell, m i r r o r mounts were constructed 
which held the mi r ro r s inside the laser 
cell , in direct contact with the H e / F 2 l a se r 
mixture. Because the laser cell flexed 
noticeably when it was filled to 10 4 t o r r , it 
was also necessary to design these mounts 
so that they could be adjusted from outsids 
the pressure/vacuum seal of the l a se r cell. 
Thus, final m i r r o r alignment was perform
ed after the cell was filled with the l a se r 
gas mixture. 

Table VII shows the results of firing the 
e-beam into the laser mixtures (7750 tor r 
He, 10 tor r F2) vith several different 
optical cavities on the system. In each 
case , the optical components had a 4. 5-cm-
diameter clear aperture. The optimum 
laser efficiency for this gas mixture was 
obtained with a dielectric coated ugh r e 
flector on on<; end of the cavity and a M g F 2 

flat output coupler on the other end. Ap
parently, optical feedback on the central 
axis of the laser i s "e ry important in this 
system. It should be noted that all-
dielectric reflective optics were an absolute 
necessity with this l a se r . Due to the laser 
power densities of ~ 5 MW/cm 2 , aluminum-
coated optics were typically destroyed in a 
single shot of the device. 

In order to get an estimate of how strongly 
the gas medium was being saturated by the 
laser photons, the total flux of the 1575 A 
side-light signal was repeatedly observed 
with the l a se r m i r r o r s first aligned and 
then misaligned. The ~ 3 - cm -diameter 
laser beam (determined by burn, patterns) 
was smaller than the 4. 5-cm clear aperture 
of the optics and was essentially equal to 
the 2. 8-cm-diameter e-beam. Therefore, 
the saturation observed in the side light 
should provide a reasonable estimate of the 
actual medium saturation on the laser axis. 
It is c lear from the data in Table VII that 
the gas medium is significantly saturated 
by the l a s e r photons. This conclusion is 
also supported by single-pass gain mea
surements made on the l .S -mi t re - long 
cell , which determined that the large-signal 



gain was ~ 1 percent/cm in contrast to the 
small signal gains of ~ 3 percent/cm mea
sured on the 70-cm-long straight test cell. 
After determining the best optical cavity for 
a set oi gas mixtures which were felt to be 
near optimum, we made a careful survey of 
laser efficiency, fluorescence efficiency, 
and sidelight saturation for a variety of He 
and F2 p res su res . The resul ts of this sur
vey are shown in F igs . 83 and 84. Perhaps 
the most important conclusion that may be 
drawn from these figures is that the optimum 
efficiency of the F * l a se r in this l a se r cell 
is 3. 5 percent. However, from the data in 
Figs. 83 and 84 wg,feel confident that the 
efficiency of the Fjj l aser can be increased 
a factor of 2 or more . The fluorescence 
efficiency measurements in Fig. 83 indicate 
that the optimum operating point for this 
laser system should he at He pressures 
lower than 5000 to r r . However, at He pres -
sures lower than 5000 to r r , not enough e-
beam energy is deposited in the l a se r cell 
to allow us to optically saturate the laser 
medium. This explains the sharp drop off 

of both laser efficiency and side-light satu
ration at low He p res su res . The highest 
sidelight saturation achieved in these ex
periments was 32 percent. For a l a s e r 
transition ending on the ground state with 
equal statistical weights for the two laser 
levels , 50 percent saturation would be the 
maximum expected under normal conditions. 
However, the lower level of the F-lj l aser 
transition is probably an excited state which 
should be quickly quenched to the ground 
state in the high-pressure l a se r mixture of 
interest . , Thus, if the l a se r pulse could be 
made longer than the collisional relaxation 
time of the lower state, g rea te r saturations 
than 50 percent could be achieved and hence 
larger amounts of energy could be ex
tracted. 

To test these hypotheses, we plan to double 
the active length of the present 1. 8-metre-
long l a se r cell. This will allow us to work 
at much higher saturation levels at low He 
p re s su re . Also, by using a more highly 
reflective optical cavity, we whould be able 

Flat High Reflector 
with i /2 - ind i hole 

TABLE VII 

Comparison of Optical Cavities on F2 Laser 

Optical Cavity 

VUV 
Laser 
Energy 
( J / cm 2 ) 

0.12 

11 ll 1 

Laser 
Pulsewidth 

(ns) 

Sidelight 
Saturation 

Laser 
Efficiency 

(%) 
Flat High Reflector 

No Mirror 

VUV 
Laser 
Energy 
( J / cm 2 ) 

0.12 

11 ll 1 33 15 1.3 

Flat High Reflector 
MgF„ Flat 0.25 7. 6 x 10 33 

Note: Laser X = 1575 A 
Gas Mix = 6450 to r r He, 10 to r r F . 
Active Length of Lase r Medium = 1 . 4 met re 

2 E-Eeam Energy Deposited Along Optic Axis = 9. 3 J / c m 



to lengthen the t ime laser photons spend in 
the optical cavity to greater than 100 ns to 
test its effects on the level of saturation. 

In summary, the demonstrated efficiency of 
the F2 laser i s L3. 5 percent, far higher than 

any other l a se r In the vacuum ultraviolet. 
We feel confident that the efficiency of the 
J?§ laser can at least be doubled to 7 per
cent and 10 to 15 percent efficiency may b 
possible. We feel that it \r a very a t t rac
tive candidate as a photolytic pump for a 
Group VI l a s e r fusion lase r . 
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Fig. 83. P2 fluorescence efficiency, l a se r 
efficiency, and sidelight sa tu ra 
tion vs He p ressure . 

Fig. 84. F-2 fluorescence efficiency, lasei 
efficiency, and sidelight sa tura
tion vs F2 p ressure . 
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