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C.P. 65, 00044 Frascati (Rome) Italy 

Abstract 

Recent progress on a few key physics issues for the design of 
indirect-drive targets for heavy ion fusion is reviewed. The critical 
dependence of the gain predictions on such issues as symmetry, sta
bility, and radiation generation is illustrated by means of a model 
for the target gain. Design constrainu set by the Rayieigh-Taylor 
instability are discussed. Then, beam-to-capsule energy coupling in 
hohlraums with a few converters is considered, with emphasis on ra
diation generation and symmetrization. Results are also given on an 
alternate, spherically symmetric indirect-drive target, with a diffuse 
converter; the conditions for effective radiation drive and hydrodu-
namic insulation are discussed. 
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1 Introduction 
Energy production by inertial confinement fusion (ICF) requires that the 
product of the driver efficiency (?fc) times the target gain (G) be at least 
about ten. Heavy ion accelerators can, in perspective, achieve rjd > 20%, 
so that target gains G « 50 would be adequate for heavy ion fusion (HIF). 
Target design aims at designing robust targets, suitable for reactor applica
tions, i.e. achieving the needed gain, and somewhat tolerant to the unavoid
able deviations from the design parameters. Of course, target optimization 
should properly take into account driver and reactor chamber features. 

Symmetry and stability considerations have convinced most researcher 
that indirect-drive is the principal approach to HIF [1-6]. In this scheme the 
ion beams are used to generate thermal x-rays, which confined in a suitable 
cavity, or hohlraum, then drive the implosion of the fusion capsule also 
enclosed within the cavity (see Fig. la). Radiation driven ablation mitigates 
the instability of the capsule ablation front, while the physical separatness 
between the ion deposition region and the capsule ensures the hydrodynamic 
insulation of the capsule from the perturbations generated in the beam 
absorbing region. Indirect-drive also allows for achieving symmetric capsule 
drive while using non-spherically symmetric beam configurations, which are 
favourite by driver and reactor chamber designers. On the other hand, an 
energy penalty has to be paid, because of the conversion of beam energy to 
radiation and. above all. due to the losses in the cavity walls. 

In this paper we review progress on a few key physics issues concerning 
indirect-drive HIF targets. The presentation is mostly of qualitative or 
descriptive nature, and is mainly based on the work performed at the ENEA 
Fusion Department of Frascati, in the frame of an ad-hoc programme on 
the physics of HIF targets. Details can be found in recent or forthcoming 
publications. 

In Sec. 2. using the results of a simple, analytic gain model [7], we 
identify the issues more strongly affecting target performance. In Sees. 3 
and 4 we discuss, respectively, aspects of the Rayleigh-Taylor instability, 
and beam-to-capsule energy coupling in hohlraums. In Sec. 5 we review 
the main features of-an indirect-drive target concept recently proposed as 
an alternative to-the hohlraum [8-12]. Such a target, schematically shown 
in Fig. lb, is spherically symmetric, and the role of radiation converter is 
played by a thick layer of low density material (a foam) surrounding the 



«ir—"1* The converter is in turn coated by a layer of high density, high-
Z (atomic number) «i>t—MJt acting both as a radiation confining casing 
and as a hydrodynamic tamper. It «rill be shown that the most severe con
straints to the design of this target come from the requirements of radiation 
drive and of hydrodynamic insulation 

2 Gain curves: critical dependences 

Gain curves, based on systematic champaigns of numerical simulations, 
with parameters constrained by considerations concerning symmetry and 
stability, have been published by the Lawrence Livermore Laboratory's 
group [1,2,13,5]. Physical interpretation of the gain curves is provided by 
analytical models. Despite their simplicity, they can be useful for under
standing trends, and identifying critical issues. Here we use the results of 
the recent work by Piriz and Wouchuk [7], who have computed the tar
get gain by using the standard expressions, which can be found, e.g. in 
Ref. 14, but have taken into account an ignition configuration which is 
consistent with the implosion process, and have also included the physics 
of ablative implosion. Such ignition configuration consists in a hot spot, 
surrounded by a region where the temperature gradually decreases and the 
density increases (a transition region), in turn surrounded by a region at low 
temperature, where the density exhibits a peak value and then gradually 
decreases with the radius; the pressure gradually decreases with radius over 
the whole fuel. These profiles replace the simpler two-step profiles of the 
isobaric model used in previous calculations (e.g. (14,6]). The model allows 
for computing the fuel gain GF{EPT) or the target gain G(E) = TJGF(T)E) 

as a function of several parameters. Here E is the beam energy. 17 = Em IE 
is the coupling efficiency, and EQT is the energy delivered to the fuel. For 
a hohlraum rj — r\xT]tTT]^ wherj TJX is the conversion efficiency, fy, is the 
transfer efficiency and rjh is the hydrodynamic efficiency [3,15]. A useful 
presentation of the results is in the form of gain curves G{E), for fixed 
values of the implosion velocity v, of the radiation temperature T, of the 
isentrope parameter a, of the coupling efficiency 17, and of the parameter 
Hh. The latter quantity- is the ICF confinement parameter / pdr, measured 
over the fuel region driven on a high isentrope, i.e. the hot spot and the 
region of transition between the hot spot and the cold fuel. The in-flight 
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aspect ratio (IFAR) is also a constant along each curve. A typical curve is 
shown in Fig. 2a, where the arrows indicate how the curve translates when 
the values of the relevant parameters are increased. The model also shows 
that the energy threshold for ignition (the ignition ckff) scales as 

o3Jf? 

*-«V- (1) 

For comparison, ret. 5 gives the scaling £ ^ . oc a4v~s. Equation (1) shows 
how critical are the dependencies on a, v, and U*. We recall that a is 
related to temporal pulse shaping, 17 depends on the conveision efficiency 
and on symmetrization (through the factors 17* and 17*, respectively), Hk 
is related to symmetry and mix at ignition (the poorer the symmetry, the 
larger Hk is needed to achieve ignition). Furthermore, the implosion veloc
ity is, for a given T, nearly proportional to the IFAR [5]. Allowed values 
of the IFAR, in turn, are upper-bounded by the constraints set by the 
Rayleigh-Taylor instability. 

Optimal gam curves for indirect-drive, and for a given set of symmetry 
constraints, can be obtained by taking the envelope of the family of the 
gain curves for different values of », and for fixed values of a, Hk, n, IFAR 
and of the convergence ratio of the hot spot CR , and for the minimum value 
of T allowing for the achievement of the given v. It turns out (see Fig. 2b) 
that the limiting gain scales as G oc E013; also, on the gain curves T <xv. 
Such scalings are in very good agreement with those found in ref. 5. 

In HIF, T)Z cannot in general, be taken as a constant as E is varied. 
Gain curves for HIF can instead be generated, as will be shown in Sec. 4.1, 
by using the above results for the fuel gain, together with an appropriate 
model for the evaluation of TJZ. 

3 Rayleigh-Taylor instabilities and design 
constraints 

The Rayleigh-Taylor instabilities [16] set severe, and sometimes underesti-
mated,xonstraints to target design. Such instabilities may occnr at several 
places and at different stages of the capsule evolution. Depending on the 
case, the linear [17], weakly non-linear [18], or even turbulent [19] evolu-
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tion should be considered. We discuss here, in a necessarily over-simplified 
manner, three different problems. 

We first considrr the case of the instability in absence of ablation or of 
"»*»—• «»»hiKTi»ig n»fli«iifflre This situation is relevant to the case of a high 
density pusher layer, with in-flight thickness A, inserted in the ICF capsule 
between the ablator and the fuel (during inward acceleration, the unsta
ble surface i& that between the ablator and the pusher). A simple, rough 
analysis can be performed by using the linear theory, according to which a 
perturbation with wave-number k, ai the interface between two fluids with 
densities p- and p+, grows exponentially with the eUssieal growth rate [16] 
7 = y/Agk, where A = (p+ — p-)/(p+ + p.) is the Atwood number, and 
g is the acceleration. We assume constant acceleration, and that the most 
dangerous modes are those with wavenumber k such that £A « 1. Straight
forward computations show that the layer integrity will be lost when the 
layer has moved by a distance of the order of 

A 
x « — 

2A 

. 2*A 
In 

It follows that even very small perturbations would be amplified at intoler
able level before the target implodes. E.g., in typical cases, A « 2/im, and 
A ts 0.8, so that for an initial perturbation as small as 0.01/un, the layer 
will break after having moved a distance of the order of 100 firn, which 
is a small fraction of the capsule radius. This result is confirmed by 2-D 
numerical simulations [12], an example of which is shown in Fig. 3. 

In the case of the radiation driven ablation front, the instability is miti
gated by the effect of ablation, and by the finiteness of the density gradient. 
In this case, the linear growth rate is well reproduced by a modified Takahe 
formula [17] 

_ HAW 
V l + Jkl 

0kvM, (2) 

where X is the density gradient scale-length, 0 is a constant, and vM is the 
ablation velocity, defined as the ratio of the mass ablation rate to the peak 
density in the flying shell. Values of 0 in the range 1-3 are found to fit recent 
experiments. (The.resuts of.ref. 20 are consistent with values 0 < 2, while 
those of Ref. 21 with values 0 s* 3.) Although a more appropriate analysis 
would require the use of the theory for the weakly non-linear evolution of 
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a full spectrum of modes [18], for a simple estimate we can use Eq. (2), 
with 0 ss 2 and with the assumption that I is of the order of one half of 
the in-flight shell thickness [5]. Appropriate integration of Eq. (2) shows 
that the itK*dw exhibiting the highest growth (measured by the number of 
exponential foldings r = ->rt) are those with spherical mode number / = 
c(R/AR)ir where {R/AR)IF is the BAR. of the shell and c is a numerical 
factor between 1 and 2- The e-folding factor for the fastest growing mode 
is a function of the IFAR only, and is T = 3-5 for (JZ/AA)/f- = 30, and 
r ss 6-10 for (R/AR)IF = 100. It terns out that, unlike the previous case 
of the thin pusher, in this case a suitable choice of parameters should allow 
for the safe npp1"""" of the shell. In particular, one could foresee using 
shells with (R/AR)IF *s 30, and with surface finish at 0.1 firn level (on 
harmonics / = 30-60). Imploding thinner shells appears problematic 

At stagnation, the interface between the hot spot and the surrounding 
denser fuel is unstable. In this case one expects to deal with a few low-/ 
modes, seeded fay drive non-uniformities [6], and with a wide spectrum of 
nearly random high-/ modes, seeded, eg., by target manufacturing defects, 
or fed through the shell by the previous evolution of the ablation front in
stability. Here we refer to the higher-/ modes, wh'ch could cause turbulent 
mixing, and use results from 2-D studies of the mixing between two super
posed fluids in a constant gravity field, caused by the non-linear evolution 
of a nearly random spectrum of modes; see Fig. 4 for an example [22]. 
These studies have shown that the penetration h3 of the deepest spike of 
the heavier fluid in the lighter fluid is well approximated by [18] 

h, = 0.05y(A)Agt2, (3) 

where t is the time and y is a function of the Atwood number, which in the 
cases of interest to us takes a value close to y = 2. (Actually, according to 
our recent studies, Eq. (3) should be taken in prectice as a lower bound to 
the value of h, [22]; on the other hand, finite density gradients and transport 
processes might slow down the growth of higher / modes.) We apply Eq. (3) 
to an ICF implosion (see Fig. 5), assuming that the interface slows down 
with constant deceleration and travels a radial distance Ar*g before ignition 
is achieved. We then find that the cold material penetrates into the hot 
spot at a depth ht *-0.H5Ar^. In order to avoid burn quenching due to 
eccessive contamination of the hot spot, it is probably necessary producing 
a hot spot whose uncontaminated portion, with radius r*, - h, exceeds 
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the """*••"""« radius required far ignition in the perfectly symmetric case. 
The previous analysis shows that reducing ft, implies making Ar*,. shorter, 
which can be achieved by the use of significant pulse shaping. 

4 Beam-to-capsule energy coupling in 
hohlraum targets 

In this section we discuss radiation generation and radiation symmetriza-
tkm, which have both received considerable attention in the past two years. 
As far as the transfer rffirirary ifc, is considered, its dependences on the 
hnhlTMwn mitrriaH and on the hohlraum area ratio (ratio of the hnMrmnn 
surface area to that of the capsule) have been known for some time (see, 
eg. Bet 15 and 3). On the other hand, the issue of radiation coupling to 
the target is closely related to that of symmetrizzation, for which, at the 
moment, no satisfactory solution can be found in the literature. Therefore, 
in the following, we shall take i ^ a s a parameter. 

4.1 Radiation generation 
The problem consists in the efficient generation of x-rays with temperature 
in excess of, say, 250 eV, on a time scale of 10 ns. This requires specific 
power deposition of the order of, or higher than, 10w W/g [1,23). Recently, 
considerable debate concerned the choice of the converter material and the 
transverse size of the converter (e.g. the diameter in case of a cylindrical 
cuuvei ter), which should be of the same order of the focal spot size. Optimal 
conversion is obtained from marginally thick system, i.e. systems with size 
comparable to the frequency-averaged radiation mean free path (in thinner 
systems the radiation decouples from matter, in thicker systems the interior 
of the system is heated at higher temperature than the brightness temper
ature, leading to inefficiencies). The converter material should be chosen 
on the basis of considerations concerning ion stopping (maximum in lowest 
Z materials), opacities (roughly speaking, strongly increasing function of 
Z) and two thermodynamics quantities, namely the internal specific energy 
and-the sound speed (which, at the-relevant temperatures, are decreasing 
fune. ~« of Z)^ We have addressed this problem by studying radiation gen
eration from cylindrical converters emitting from their lateral surface, by 
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means of analytical models, and of 1-D and 2-D simulations [24]. It turns 
out that, for values of the spot size (and hence of the converter radius r0) 
of interest to ICF, once the converter length and the ion energy and species 
are fixed, intermediate-Z elements (such as, e.g., Al) are the best converter 
pure-element materials. This result (which should also apply qualitatively 
to different conversion geometries) is illustrated in Fig. 6, referring to 10 ns 
pulses of 10 GeV Bi ions and to converters with length L — Z mm. The 
figure shows, for three different elements (C, Al, and Au) the curves of con
stant conversion efficiency, brightness temperature and optical depth in the 
converter radius-beam power plane. The dashed areas indicate the regions 
where radiation with brightness temperature 2» > 300 eV is produced with 
efficiency higher than 75%. It can be seen that an Aluminum converter 
with r0 = 2.5-3 mm, irradiated by a power W = 250-300 TW achieves 
rfe = 75% and Tb = 300 eV. (2-D effects, but end losses are included in the 
model). 

The same model [24] can be used, in conjunction with an expression 
for fuel gain, and to assumptions on the the transfer efficiency and on 
the hydrodynamic efficiency, to show how the conversion process affects 
target gain. The results of a calculation referring to 10 GeV Bi ions, and 
to hohlraum targets with two Aluminum converters, are shown in Fig. 7. 
Here we have again used the results of Ref. 7 for the fuel gain, thus writing 
GF = GFO(EMJV)OTÌ, where EMJ is the beam energy in MJ, and have taken 
Gpo — 5000 (which seems to be a realistic value). We have also assumed 
T]h = 20% and r)tT = 30%. We have further assumed, for simplicity, that 
the converter length L and the irradiation time tv scale as L oc E\>3 and 
tp oc E\lz, and that 2-D effects (e.g., end losses) result in a 20% reduction 
of T)Z. The figure shows gain curves for different values of the converter 
radius r0. Reducing the ion energy results in improved conversion (roughly 
speaking, rjz is a function of the product Rr^, where R is the range in the 
hot matter and 6 as 1.5). 

4.2 Radiation symmetrization 
The problem of symmetrization of the radiation generated within a 
hohlraum by..a few,, localized converters-has recently been object of debate 
and controversy. 

For many years it has been known that the target concept favourite by 
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many designers, and taken as a reference in the U.S. accelerator and reactor 
studies is an indirect-drive target irradiated on two opposite spots [2,4,5]. 
The relevant gain curves are similar to those illustrated in the previous sub
section, with a rough dependence of the gain «a the product ftr3/2 [2,5]. No 
details have so far been given concerning the actual converter and hohlraum 
geometry and the physics of symmetrization. 

Symmetrization relies on geometric smoothing and on diffusion due to 
multiple reflections (which are, in fact sequences of absorptions and emis
sion acts). For practical values of the casing-to-capsule area ratio, non-
uniformities of the primary iUumination of the outer casing with long wave
length (e.g. spherical modes / < 4) are only weakly smoothed [15]. Accurate 
design is therefore needed to achieve highly uniform capsule irradiation. 

During the past three years several groups have studied symmetriza
tion in hohlraum configurations using a static model of the hohlraum and 
describing radiation absorption and re-emission by means of simple scal
ing laws for ablative heat waves [25-29]. Tbey have considera.' jpherical, 
ellipsoidal and cylindrical cavities containing two cylindrical converters, 
emitting radiation from their lateral surface. So far, no satisfactory design, 
based on such a simple configuration has been ensisaged. A study has shown 
that adequate symmetrization might be obtained by using a spherical cav
ity with six converters with rather small radium (ro «1—1.5 mm) [26], but of 
course this seems quite an unpractical solution. An important, albeit non-
surprising, result is the quantitative illustration — within the limits of the 
model — of the opposite trend of illumination quality and energy transfer 
with increasing hohlraum area ratio. A typical result, referring to a six-
converter hohlraum [26], is given in Fig. 8. All studies consistently show 
that geometrical details are important and that undesired effects concern 
the direct irradiation of the capsule by the primary radiation, and over
heating of the portions of the casing surface close to the converter. It has 
also been shown that the introduction of screens, the use of different mate
rials, etc. may have beneficial effects. Possibly, a substantial improvement 
of the illumination uniformity could come from consideration of converters 
with different geometry, and of suitable screens. Their analysis will require 
self-consistent radiation-hydrodynamics models. 

in concluding this discussion, it is worth stressing that the above results 
do not necessarily conflict with those implied by the U.S. standard target 
designs. In fact, they simply indicate the inadequacy of th; simple schemes 
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so far analyzed in Refs. [26-29]. 

5 Radiation driven spherical targets 

Recently, C. Rubbia suggested studying the possibility of using radiation 
driven, spherical targets, in which the beams, rather then focused on two 
opposite spots, irradiate nearly symmetrically a spherical shell, acting as a 
diffuse converter [8]. A possible configuration (shown in Fig. lb) consists of 
a fusion capsule surrounded by a thick, low density converter layer. The ioi 
beams are stopped in the outer part of the converter; the beams do not reach 
the capsule surface (with initial radius r3), but are stopped outside the sur
face r = ri = Br2, with B w 1.5 in order to allow for adequate decoupling 
and thermal smoothing. When compared with a conventional hohlraum 
(see Fig. la), such a target would have the advantage of a somewhat larger 
spot size and of less demanding symmetrization requisities (long wavelength 
symmetry being in large part intrinsic in the irradiation scheme). On the 
other hand, diffusing the converter implies lower specific power deposition 
(for given ion energy) and hence lower conversion efficiency. Furthermore, 
stringent conditions must be met to ensure hydrodynaxnic decoupling be
tween the deposition region and the capsule. 

A first study of this target concept was performed by Basko and Meyer-
ter-Vehn [9]. We have then performed a detailed analysis of the converter, 
as well as a target study aiming at devising robust targets [11,12]. Here we 
only discuss two fundamental aspects, concerning, respectively, the coupling 
efficiency and the achievement of hydrodynamic insulation. 

We would like to design targets with at least the same coupling efficiency 
as foreseen for the hohlraum targets. For the latter, it is estimated that 
the transfer efficiency will be limited to r\tr < 33%; assuming conversion 
efficiency r\z « 75% and hydrodynamic efficiency T)h « 20%, the expected 
coupling eficiency is r) m 5% [3]. For the present target, the transfer of the 
radiated energy to the capsule is complete (TJ,, « 1), and the hydrodynamic 
efficiency can be as high as rj/, = 30%, so that the conversion efficiency is 
actually coincident with the overall transfer efficiency TJ, = r}xr)tr, and a 
value T)X = % = 15-17% is already sufficient to, get o sss 5%. This requires 
driving the target with ions of sufficiently small energy, in order to limit the 
energy lost in the heating of the converter. As an example, Fig. 9a shows the 
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values of the ion range Rc(£>)> and the corresponding energy £> of Bi ions, 
as a function of the efficiency ifc. Here TCe(£o) is the value of the range in 
the cold converter material, computed at the incoming ion energy (notice 
that, in fact, the ions enter the converter at a smaller energy £c = /£>, 
where / is the fraction of beam energy deposited into the converter, the 
remaining fraction being deposited into the tamper). The figure refers to 
the case of a capsule with radius r = 2.8 mm, driven by Ex = ij,E = 1.5 MJ 
at temperature T — 250 eV, and to a foam plastic converter with density 
pe « 0.1 gem-3, B = 1.5, and / = 0.4 (11). It is seen that Bi ions with 
energy about as So — 8 GeV allow for achieving ift ss 15%. 

The most severe limitations to target performance come from the con
ditions fior radiation drive and hydrodynamic insulation. Indeed, it is first 
required that energy be transported supersonically (i.e. in the form of 
a supersonic heat wave, SEW) from the deposition region r > rt to the 
capsule. Propagation of the SHW only occurs if the beam power de
posited in the converter exceeds a given threshold value WSHW, which is 
a strongly increasing function of pc. Figure 9b, referring to the geometri
cal parameters of a typical converter irradiated by 8 GeV Bi ions, shows 
that even at pe — 0.1 gem"3, WSHW « 200 TW, implying beam power 
W > WSHW If > 500 TW. A second condition comes from requiring that 
the ablation flow be fast enough that incoming shocks cannot reach the 
ablation front. This is achieved at sufficiently high values of the radiation 
temperature. The two above constraints result in severe limitations of the 
dynamic range of pulse shaping allowed by the converter indeed external 
pulse shaping with a low-power prepulse is not allowed, and internal pulse 
shaping cannot be achieved since the temperature of the driving radiation 
field cannot take at any time a value much smaller than the final tem
perature T. As a consequence, entropy shaping is rather poor, and the 
compressed fuel entropy (measured by isentropic parameter a) is rather 
large, resulting in difficulty in achieving ignition and in modest fuel gain. 
As a remedy to these shortcomings, other authors have introduced a high-
density pusher between layer between the fuel and the ablator [9], but, due 
to its severe instability (see Sec. 3, and Ref. 12) we have chosen not to 
resort to it. 

The best performing, robust target we have so far been able to design 
has the geometry sketched in Fig. lb, and achieves a 1-D gain G s 30, 
when driven by a multi-step pulse of 8.5 GeV Bi ions, with total energy 
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E = 12.5MJ and peak power Wv = 2000 TW. The gain is smaller and the 
beam parameters more demanding than in the case of the targets including 
the dense pusher. The beam power pulse shape and the radius versus time 
characteristics of this target are shown in Fig. 10a and 10b, respectively. 
The latter, in particular, evidences strong ablation without any shock enter
ing the ablation front from the outside. Further work is needed to optimize 
the target structure and to study symmetry aspects relevant to a realistic, 
3-D beam irradiation pattern. 

6 Conclusions 

Considerable progress in several target physics areas occurred in the past 
two years. The conditions for efficient radiation generation are now establ
ished; the Rayleigh-Taylor instability seems to be controllable by design 
choices still compatible with the achievement of high gain. These results 
strengthen target gain predictions. It should however be recalled that radi
ation generation by heavy ion beams still awaits for experimental demon
stration, and that the first quantitative experiments on mixing at collapse 
will only be performed in the next several years. 

Radiation symmetrization is an open issue, which requires innovative ' 
designs, as well as improved simulation tools. 

The studies on radiation driven, spherical targets hav* shown that an 
alternative to the hohlraum targets might exist. However, present robust 
designs only achieve modest gain, for rather demanding beam parameters. 
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Fig. 1. Indirect-drive heavy ion fusion targets: a) cylindrical hohlraum with 
two converters (scheme proposed in Refe. 4 and 5); b) spherically 
symmetric target with diffuse converter. 
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Fig. 2. Qualitative illustration of typical gain curves (from the model of 
Ref. [7]; a) gain gurves at fixed v, t), a, and HH\ b) gain curves at 
fixed T), a, IFAR and CR, far two different values of the implosion 
velocity, vi and vj, respectively, and for two different values of Eh 
(solid and dashed, respectively). The marked line is the envelope 
of the family of curves with different v. 
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Fip. 3. 2-D planar simulation of the Raykigh-Taylor instability of the in
terface between a Gold pusher and a Carbon ablator in an ICF 
target (see Ref. [12]). The curves shown in frames a) - c) indicate 
tbe pusher boundaries at three different times. The initial posi
tion is indicated by the dashed curves. The initial perturbation 
of the unstable interface has wavelength A = 10pm and amplitude 
6> = 0.01pm. 
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Fig. 4. Typical .evolution of the 2-D planar, multi-mode Rayleigh-Taylor 
instability towards turbulent mixing, far two fluids with Atwood 
number A = 1/3. Lengths are scaled to the wavelength of tbe 
fundamental mode, and times to tbe inverse of the linear growth 
rate of the fundamental mode (See Ref. 22). 
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Fig. 5. 1-D trajectory of the hot spot surface, and qualitative illustration 
of mixing during stagnation. 
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Fig. 6. Isocontour maps of the brightness temperature 7», of the time in
tegrated conversion efficiency rjs, and of the optical thickness q, in 
the plane r0-W (converter radius - beam power), for 10 ns pulses 
of 10 GeV Bi ions and cylindrical converters of length X — 3 ram, 
for three different converter materials. 
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ure shows the transfer efficiency and the rms asymmetry of cap
sule irradiation versus the hohlraum area ratio, for a six-converter 
hohlraum, with the parameters detailed in Ref. 26. 
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Summary.- A previous model which allows for the calculation of the target gain 

consistently with the implosion phase is used to study how the ignition energy is 

determined by the parameters which control the implosion and die ignition. Location and 

height of the ignition cliff are found to be strongly dependent of die implosion velocity 

and iii the cold fuel isentrope, in good agreement with recently reported simulations. 

Besides, gain and ignition energy depend on me constraints imposed by die symmetry 

and hydrostability criteria. 
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1.- Introduction. 

The feasibility of ineràal Confinement Fusion (ICF) requires the achievement of a 

target energy gain G £40-50[ l ] . Target gain is defined as [2-5]: 

( 1 . a ) G . _ _ , * _ _ _ 

where Ojyr = 3.34 x 1018 erg/g; mf is the fuel mass, <{> is the fraction of burned fuel 

(HB * 7 g/cm2 is the bum parameter), EB is the beam energy input into the target, and 

H is the target ICF parameter [6]: 

». 

d-b) Ht=fpdr 
o 

(Re is the external radius of the target and p is die fuel density at the ignition time). A 

crucial issue for reaching such an energy gain is the generation of a hot spot in the 

central region of the fuel which is able to initiate ignition and propagating bum into the 

surrounding cold fuel. For this, the hot spot must have an ICF parameter Hs £ 0.15-

0.40 g/cm2 and a temperature larger than T, * 5 keV [5,7]: 

R. 

(2) H,>fpdr 
o 

where Rf is the size ofehe hot spot Several analytical models have been developed for 

the study of the target gain by assuming simple profiles for the temperature, density and 

pressure of the fuel at ignition [2-4]. The most realistic was seen to be the isobaric 

model and the target gain was calculated as a function of the total coupling efficiency r\, 

the hot spot radius R„ and the cold fuel isentrope a (defined as the ratio between the 

final fuel pressure and the pressure of a degenerate electron gas) [4,5]. 
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The main features of die implosion process leading to realistic ignition profiles 

were described by means of an analytical model in Ref.8, and the target gain was 

consistently calculated taking into account die implosion phase [6]. This model 

considers a two-layer spherical shell imploded by a two-step pressure pulse and 

includes die main effects related to die presence of a dense pusher surrounding the fueL 

In die present paper, this model is extended in order to consider diat die implosion 

is ablatìvely driven by laser or diermal radiation, and die target gain is studied by 

imposing constraints on die relevant parameters. It is found diat die ignition cliff is a 

function of the implosion velocity and of die cold fuel isentrope a. Besides, die ignition 

energy depends on die thickness of die transition region between die hot and cold 

regions of die fuel. The size of such a zone is determined by die inflight aspect ratio 

(IFAR), by die convergence factor CR = ro/R, (r0 is die initial radius of the shell target) 

and by die ratio u,f = mf / u^mo between die fuel mass and die shell mass at ignition 

(H„, is the fraction of unablated mass of die shell and mo is die initial shell mass: fuel + 

ablator). This transition region can play a role in die smoothing of the non-uniformities 

affecting the fuel at die ignition time. 

2.- Implosion of a spherical shell target and the energy gain model. 

The implosion of a spherical shell target is assumed to be driven by a ratiier 

general pressure pulse ablatìvely generated by a laser or diermal radiation. Such a 

pulse is considered to generate at least two shock waves in order to shape die fuel 

specific entropy. The first shock goes tiirough die shell and a rarefaction wave is 

reflected, which sets up a positive density gradient The second shock encounten this 

rarefaction at die radius RB inside die fuel and an entropy distribution tiiat decreases 

widi die radius is created in die internal region of die fuel (r £ RR). When die second 

shock driven by die pressure pb arrives to die ablator/fuel interface, a shock is launched 

in die fuel. This shock is driven by a pressure pw < Pb [5-8]. Therefore, die isentrope 

of die cold fuel is: 
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(3-a) 
( ft V° 

erg" 

where por is the fuel density, the factor pV takes into account the fuel preheating 

produced by the deposition of a given quantity of heat per unit of mass, and the factor 

Co accounts for deviations in the compression factor 16 corresponding to two strong 

shocks in an ideal gas. Similarly, die isentrope of the pusher/ablator is: 

(3-b) Op = apb 

/ N5/3 

, 1 6 Pop c oJ 

The stagnation phase, which starts at t = t„,, is assumed to proceed isentropically 

and then, the following profiles of pressure and density are found [6,8]: 

(4-a) 

, (1-Ax4)3/2 , x £ l 

P(r) = P, ' 1-xL 
•fitl 

1-(3CB/4)J , x 2 1 

(4-b) 

p = (ap,/a) 3/5 

x3 (1 - Ax4)3/2 

1-xL 

LLl-(3^4)J 

3/2 

, ^ . S x ^ l 

. is^W, 

x3/5 
C+l^a/ctpr . ^ S x S l / ^ 

where the following definitions were used: 
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x = r/RB . CB = RB^ , CF = IVR« . 1^ = * ^ • A - K ^ - l ] " 1 

R« is the external radius of die fuel and RCT is determined by balancing die mechanical 

work performed on die fuel and die heat conduction losses [6,8,9]. As an example, a 

particular case is shown in Fig. 1 for TJE » 0.3 MJ, vo = 3xl07 cm/s and a=32ap=7.4 

(xs = RS/RB= 0.76, H, = 0.3 g/cm3, \i{ - 0.3, CB = 0.31). The region r £ Rcr is 

determined by die thermal conduction. Introducing these profiles in eqs.(lb) and (2), it 

is obtained [6]: 

(5) H^iR.xWa) 3/5 

(6) H. 2H, i , 

1 X T A ' 1 + 14C 

'•"r Fm 

1 + C ^f( l -0 .75C B ) 1 / 2 

-i 5/4 

The parameter x, = R,/RB represents the size of die transition region between die hot 

spot and die cold fuel and die ratio fVx,4 = H(RB) is die ICF parameter of the fuel 

region imploded on a high isentrope: 

*B 

H(RB) = Jpdr 
o 

Besides, from eqs.(4) and (5), die specific internal energy of die hot spot is obtained: 

(7) - IE . 3P»R, 
2p 8 H, 

On die other hand, energy and mass conservation yield: 

(8) 
1 SB o 
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. ^ ^ « E i * ^ . W . J * * 
'«B 

For the expressions of the function Fe and Fm the reader is sent to Ref.8. Energy 

conservation also leads to the following relationship: 

(10) n E . - M . ^ - ^ ^ f a 

where vo is the maximum implosion velocity and, for an implosion driven by a constant 

pressure pb, the function gm(Hm) is given by the rocket model [10]: 

(11) gm = - JV^Vm-6m 2d+m>m.-l)] 

Maximum hydrodynamic efficiency corresponds to \im = 0.2 and g„, * 0.54. If pb is 

not constant, the factor gm can also account for die deviations from the peak pressure 

Pb-

From eqs.(8) to (10), it results: 

° 2 ) * 1+Cnf 2x3 Fe 

Inserting eqs.(6XX8) and (9) into.eq.(l), the target gain is calculated: 

(13) G = ^ L H - C ± i - - ^ - ^ 

H, 

Eqs.(8) and (13) provide the target gain as a function of the beam energy with H„ £,, 

Ri and x, taken as constants [2-6]. As it was shown in Ref.6, in such a case the 

convergence ratio increases as the beam energy does (CR - Eg1/3)- Besides, in that 
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work, the constraint Rf= const was replaced by CR=const and a limiting gain which 

scales as G - EB0-4 was found. Recently reported simulations [11] suggest that gain 

should be calculated with a and v0 taken as constants. In such a case, eq.(12) shows 

that hot spot temperature must change. Introducing eq.(12) in eqs.(8) and (13), and 

using eqs.(5) and (7), it results: 

(14) ^£,,=86411 lc+1 J^T' x̂jj p-lFj 

(15) G = 2 q O T ^ T l v r H ] B 

Eq.(14) shows that a minimum energy exists for CB • 0.53 which determines the 

ignition cliff. The target gain G vs EB is represented in Fig. 2 for T| = 0.06, Uf=0.3, a 

=7.4, C = 1 and two different values of the implosion velocity: a) 3 x 107 cm/s, and b) 

4 x 107cm/s. Curves 1) correspond to H,= 0.3 g/cm2 and x,= 0.8. This value of x, is 

the maximum compatible with the formation of the hot spot In fact, if a significant 

fraction of the shell kinetic energy must be transferred to the fuel at peak compression, 

the characteristic time : 

t-i _ I d p 
«ff " p dt 

during which the fuel pressure remains large should be larger than the transit time 

[(Y-l)£»]1/2/RjOf a sound wave [81. Such a condition sets an upper limit for xf 

somewhat lower than unity: 

x5 £ 0.88 
, C + l , 
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Curves 2) correspond to a lower value of x,(x,= 0.76), i.e., a larger transition region 

between the hot and cold zones of the fuel. Besides, it can be shown that IFAR -

(1+Qif )(CRX,)6/5 g,,,3'3. Fig.1 also shows die limiting gain which is achieved, for a 

given beam energy, for CB " 0.3. As can be seen from eqs.(14) and (IS), limiting gain 

scales as: 

3.- Conclusions. 

A previous model is easily extended in order to consider ablatively driven 

implosions. The model is used for the interpretation of recently reported simulational 

results and a good agreement is found. The model shows that the ignition energy is a 

strong function of the velocity: Eign - a3 /vo4, which is still slightly weaker than that 

observed in the simulations ( - a*/vos). Besides, it is found that the ignition energy 

increases by increasing the ICF parameter H(RB) = HJx%
4 of the whole fuel region 

driven on a high isentrope. For a fixed value of H,, it means to increase the thickness of 

the transition region between the hot spot and the cold fuel (R, £ r £ Rn). This can be 

acomplished, in practise, by reducing the IFAR and die hot spot convergence ratio. 

Then, a more "robust" fuel configuration can be interpreted as one with a relatively 

thick transition region surrounding the hot spot This region can play a role in providing 

smoothing of the non-uniformities affecting the fuel at ignition. 

The ignition energy can also be reduced by reducing die ratio \i{ = mf / limino, but 

it further reduces die target gain. 

Finally, it is noted that die model gives a weaker scaling of die limiting gain widi 

die beam energy than that reported in Ref.l 1(G - En0-73)- At present, this result is not 

well understood and is not clear mat such a scaling corresponds to die present limiting 

gain. In any case, die present model shows that some of die parameters taken as fixed 

(namely ̂ f or/ and a) should be changed as die implosion velocity v0is modified. 
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For an Inertial Confinement Fusion target, the acceleration stage is potentially 

Rayleigh-Taylor unstable. In fact, after irradiation begins, a light plasma is formed that 

pushes the denser and colder shell inwards. In a frame moving with the shell, the 

gravitational acceleration g points from the heavier to the lighter fluid, and the boundary 

separating them becomes unstable [1-5]. For incompressible and inviscid fluids, and 

neglecting surface tension, die linear growth rate for a perturbation of wavenumber k is 

y = (Akg)W, where A=(p2-Pi)/(P2+Pi) >s the Atwood number (the denser fluid with 

density p2 is being supported by the lighter fluid of density pi). Diverse mechanisms 

have been seen to be stabilizing ones (finite density gradient, heat conduction, mass 

ablation) [7], and numerous theoretical and simulational efforts are still being devoted 

to understand them [7,8]. 

When the amplitude of a single mode perturbation becomes comparable to its 

wavelength, it enters into the nonlinear stage and the well known bubble-spike structure 

is formed [Sj. The spike falls almost freely (for A = 1) and the bubble rises up with 

constant velocity given by vb ~ (g / k) , /2 [4,5,9]. 

On the other hand, for a multimode perturbation, the shorter wavelengths will 

initially grow faster in the linear phase and saturate earlier. But the bubble final velocity 

for a given wavenumber k is proportional to kAfl so that the smaller is the wavelength, 

the smaller will be its final speed and larger structures will dominate the flow at later 

times. This bubble competition scheme has been observed in experiments and 

simulations [9]. Therefore, after a finite time, the perturbed interface will consist of a 

pattern of growing bubbles of light fluid that penetrate into the denser shell, while the 

denser spikes fall between them into the lighter fluid [5,9]. The horizontal length scale 

at any time will be given by the size of the dominant bubble, that is, by the dominant 

wavelength at that time. The height h of the mixing layer is defined as the distance 

between die front of the dominant bubble and the unperturbed interface and it has been 

shown either experimentally or by simulations that h * 0.05 A gt2 [9]. 
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In die present work an analytic model to study the linear and non-linear phases 

of die Rayeigh-Taylor instability is presented. The model is based on die integration of 

die voracity equation across the unstable interface. This will permit us to obtain die 

growth rate for die linear phase (Section 2) and to get die evolution law for die non 

linear stage of an interface widi random initial perturbations of small amplitude (Section 

3). The final conclusions are presented in Section 4. 

2.- Linear evolution of a single mode. 

According to Fig. 1 we consider two inviscid and incompressible fluids of 

densities pi and P2 (witii pi < P2), where die acceleration of gravity points from die 

heavier to die lighter fluid. The unstable interface is y = £(x) and we will obtain die 

temporal evolution law for £ in the linear stage. The lenghts are measured in units of lr1 

= \J2TI, where X is die perturbation wavelength and die times are measured in units of 

(kg)1/2. We begin by evaluating die quantity: 

(i) f=^fp«a 

where C, indicated in Fig. 1 is oriented clockwise and encloses die surface £ defined 

by 

(2-a) I = lim£_^ ^ {(x, y) / 0 £ x <. r\, £(x)-e <; y «S C(x)+e} 

(2-b) . C(x) = hcosx 

Using die Stokes dieorem and die Leibnitz differentiation rule in Eq. ( 1 ), we get: 

£ £ 

file:///J2ti
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where vis the perturbed velocity field, and (5 = co £ is the associated voracity field. 

Use has also been made of the fact mat the voracity is only appreciable in a very narrow 

layer of width 8 at the interface, whose length is assumed to be negligible compared to 

any other length of the problem [5, 10]. 

For die perturbed velocity fields we take: 

(4) V ^ i • • 1 = A 1 e h ' , c o i x 

v2 = \fy2 , $2 = Aj ey*h cos x 

where the subscript 1 stands for the lighter fluid and 2 for the heavier one. In the 

absence of mass ablation, the normal velocity is continuous across the interface, so that 

we take A2 = -Aj = fa where the dot indicates a time derivative. 

To proceed, we need an evolution equation for poi. It can be obtained from the 

mass conservation and voracity equations: 

(5) f - = -V.(pv), 

(6) ^ = - (v*.?)a> - co<?.v) -4.{?p x V(l)} , 

where p is the fluid pressure and the r.h.s. (right hand side) of Eq. (6) is known as the 

baroclinic term. By properly combining Eqs. (5) and (6), we obtain: 

(7) hp<ù) = -V»(pv(ù) - p<B(f»v) - 2.{-£-lZ?_}. 

where the pressure gradient has to be replaced by means of die Euler equation: 

(8) ?P = P(I-f). 
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We insert eqs. (7) and (4) into Eq. (3) and retain only linear terms in the perturbation. 

Further, we take h~exp(Tft). withy the dimensionless growth rale, (It should be noted 

that, in the absence of mass flow through the interface, the divergence term does not 

contribute linearly, so that it is not retained). The classical result is then obtained: 

(9) YZ = A 

3.* Non linear evolution of a multimode perturbation. 

As has been pointed out in the Section 1, for a multimode situation, the interface 

develops a pattern of growing bubbles of light fluid rising into the heavier fluid, and a 

series of denser spikes falling between them [9]. The height h of the mixing layer is 

measured from the unperturbed interface up to die top of the dominant bubble and the 

horizontal scale length is determined by its width. To obtain an equation for h, Eq.(l) 

will be evaluated round the circuit C indicated in Fig. 2. It encloses a bubble of height 

h and horizontal half-width a. To take into account the bubble competition process 

mentioned in Section 1, we allow for a to change in time in the form a = -ph, where p is 

a positive real number to be estimated later. The curve C crosses the unstable boundary 

at the bubble tip (where the velocity is assumed to be uniform and equal to u = h) and at 

the position of the unperturbed interface (x = a, y = 0). The vertices of C lie away from 

the thin vortex layer. Only the case A = 1, without mass ablation is considered. 

Further, we neglect the horizontal projection of u over the segment BC, and work with 

the average velocity w along the segment CD over the spike region. We begin by 

defining the vortex ctrengm: 

(10) r(y) = Jdx(D, 
o 

where e > 6. We work with the mean of f over CD, defined as: 
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h 

(ID r = ljdyr(y). 
0 

The rJi.s. of Eq. (1) becomes: 

(12) f-fftV»-

To calculate the first term in the r. h. s. of Eq. 3, we note that the density gradient is 

parallel to u and perpendicular to w, so that die vector product is appreciable only at the 

spike sheet If we further note that 

(because vx * a is assumed to be uniform over die segment CD), it results: 

(13) ^JJ(Vp x v).d1--^{p2(w-n]. 
£ 

To calculate me last term of the r. h. s. of Eq. (3) we apply die Leibnitz differentiation 

rule, and as a consequence of the previous assumptions, only the baroclinic term 

survives: 

(14) JJdxdy |(po» - - p2gh - ft (Vp x *£).£, 
£ £ 

where die last integral on die r. h. s. of Eq. (14) is only appreciable over the spike 

region. Its integrand can be rewritten in the form: 

b o x i l i - dvy 8P ., a m ' N oM + àfi-rnvì o&i V P x dT W--arar tftt 9^r*ti^y)'tt 
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where the y-variation along the segment CD has been neglected. Inserting it into Eq. 

(16) and taking into account mat o) varies rapidly and is well behaved inside 6, it 

results: 

(15) fJdxdy Jj(p<o) - - p2gh - Pjh(w - f). 

Considering Eqs. (12), (13) and (IS), and taking r - w, we get 

(16) u = h , £<hw) = hg, 
at 

Anodier relationship between h and w has to be found. It is obtained from die 

Bernoulli's equation [3]: 

<17) ^r + i ^ - g y } r«- = constant, 
dt 2 "J y^-S 

where $ is the velocity potential ahead of die vortex layer and y = £(x) is die interface 

equation. 

We evaluate Eq. (17) at points B and D (see Fig. 2): 

(18) hù+lu2-gh = i w 2 + I à 2 + ì a a , 

where die following approximate expressions for 6 at B and D were taken: 

(19) 0 B -uy , ^ D - w y + ax, 

If we take a = -ph, w = -pu with p and P positive real numbers, it is easy to see diat 

any function of die form h - g(t -1 o)2 satisfies die system of equations formed by Eqs. 

(16) and (18). Actually, if we substitute for a and w and take h = -ag(t - to)2, we 

obtain the following system for a and p\ with p as a parameter 
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(20-a) 6a0= 1, 

(20-b) 4(1 - p2) a 2 + a =2(ap)2. 

These equations have to be solved for a and f) once the value of p has been estimated. 

When p > 1, Eqs. (20) predict that the voracity at the unstable interface becomes 

double- -valued, which is physically unacceptable. On the other hand, the limit p = 0 is 

unrealistic according to the previous discussion on the bubble competition process, so 

that the variation interval allowed to p is: 0 < p £ 1. Besides, the case p = 0 does not 

correspond to the single wavelength, non-expanding bubble, because of the 

approximations used to develop the model (Sec.3). 

For p £ 0.5 we gee 

a-0.048 ; p-3.5 

andforp = l: 

a = 0.056 ; p = 3. 

It should be pointed out that, on dimensional grounds, an estimation of a can be 

obtained from the results of single bubble theory in 2-D. Those estimations depend 

upon the ratio p = a / h as in our calculation, but they predict a - 0.026 for p = 1, 

which is a factor 2 lower than the one obtained here [11]. Furthermore, it is noted that 

varying p within the before mentioned limits, does not affect appreciably die vertical 

acceleration of the mixing front. A last point to observe is that the results obtained are 

independent of the value of t^ The scaling h ~ (t - to)2 has been observed in recent 

calculations and a model for the prediction of to has been given elsewhere [12]. There it 

was seen that to can depend upon the relative amplitudes of the several modes present in 

the initial spectrum of the perturbation. 
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A simple model calculation to describe the linear and non linear evolution of the 

R-T instability has been presented. The model integrates the voracity equation dirough 

the unstable interface between two inviscid and incompressible fluids. The model 

equations are used to calculate die non linear evolution of die bubble front in die 

multimode case. The solutions agree with diose obtained from more elaborate 

simulations. The model results predict diat die height of die mixing front scales with 

(t - to)2, where to is a characteristic time to be determined according to die original 

perturbation spectrum [12]. It has been shown diat die bubble's lateral expansion does 

not affect die vertical acceleration of die mixing front appreciably. Also, die model 

predicts diat die dominant bubble can not expand sideways widi a velocity greater dian 

diat of die vertical direction. 

Acknowledgements: The audior wishes to tiiank useful discussions widi S. Atzeni 

and A. R. Piriz (ENEA). 
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Fig. 1: Plot of the interface y * £(x) for a single wavelength 

perturbation. Also shown is the oriented curve enclosing die 

domain of integration of eq. (1). The variables e and TI are 

explained in the text. 
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Fig.2: Domain of integration of eq. (1) to study the non linear stage of 

a multimode perturbation. Also shown are the bubble envelope 

height (h) and the bubble half-width (a). 
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Summary 

Spherically symmetric targets for indirect-drive heavy ion fusion are studied, in which 

the fusion capsule is enclosed in a low density, thick spherical shell, where the ion 

beams are stopped and their energy is converted into thermal radiation. The thermal 

radiation then drives the implosion of the fusion capsule, with mininum hydrodynamic 

coupling between the energy deposition region and the ablation layer. The conditions for 

effective hydrodynamic decoupling have been derived. It is found that with die use of 

heavy ions with energy about or below 8 GeV, the beam-to-fuel energy coupling 

efficiency can be as large as in foreseen conventional hohlraums. On the other hand, 

these targets only allow for a low dynamic range of pulse shaping, which results in rather 

poor entropy shaping and modest fuel gain. Robust targets have been designed, which 

achieve energy gain G - 30, when driven by shaped pulses of 12.S MJ of 8.5 GeV Bi 

ions. Inclusion of a high density pusher, which increases the fuel compression leads to 

higher gain at lower beam energy, but two-dimensional simulations demonstrate the 

extremely violent instability of the fuel-pusher interface. 

1. Introduction 

Targets for indirectly driven heavy ion fusion that have been widely studied in 

the past few years are based on the so called hohlraum concept [1,2]. In such targets the 

fusion capsule is enclosed in a casing, which also contains a few (typically two) 

radiation conveners, which are heated by the ion beams. The radiation generated by the 

converters, and symmetrized within the casing, drives the implosion of the capsule. 

* On leave from Consejo Nacional de Investigaciones Cieniificas y Tecnicas (CONICET). Republica Argemina. 
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Target gain adequate for energy production can be obtained if about 5% of the beam 
energy is coupled to the fuel [2]. This could be achieved by a target with conversion 
efficiency r\x = 80%, transfer efficiency (fraction of the radiated energy eventually 
transferred to the capsule) TJ» = 33%, and hydrodynamic efficiency r\k = 20%. Since the 
quoted values of % and Tfo. are nearly optimal, very good conversion is essential. Its 

achievement with driver energy in the few MJ range limits the converter mass to about 
100 mg [3], which, for heavy ions with energy £ 0 ~ 10 GeV demands focusing die 

beams on tiny spots of radius r * 2 - 3 mm. 

Focusing, pointing, and target fabrication requirements would be relaxed if one 

could design a radiation driven, spherical target, such as shown schematically in Fig. 1. 

In this case the fusion capsule is surrounded by a thick shell made of a low density 

material, acting as a diffuse converter, in turn coated by a layer of radiation confining 

material. Ions with energy smaller than in the case of the hohlraum are needed for 

limiting the mass of the converter. On the other hand, two circumstances should be 

noticed. First, the transfer of the radiated energy to the capsule is total (rj^ =1) and die 

hydrodynamic efficiency can reach the high value rjk = 30% due to the effect of tamped 

ablation [4], so that conversion efficiency as low as TJ, = 15% could still be sufficient. 

Secondly, as far as accelerator constraints are considered, the disadvantage of the lower 

ion energy is, to some extent, counter-balanced by the larger focus [5]. 

Analysis of such a concept, previously considered only for light ions, was 

suggested in the heavy ion fusion context by C. Rubbia (5], and a first design was 

recently reported by Basko and Meyer-ter-Vehn (6]. 

In this paper we give a brief account of our recent work, aimed at getting a 

qualitative physical comprehension of the target evolution, and at designing robust 

targets (here by robustness we mean weak sensitivity to hydrodynamic perturbations; in 

this context we notice that the original design of Ref. (6] contains a severely unstable 

pusher layer [7,8]). This has been accomplished by the development of an analytic 

model for the evolution of the converter, and by one-dimensional ( ID) and two-

dimensional (2-D) numerical three-temperature hydrodynamic simulations. A few, 

preliminary results of this work were given in Ref. 7, while a detailed report will be 

available from two forthcoming publications [8,9] 

2. The radiation converter 

The envisioned target should have the same attractive features of the hohlraum 

targets, namely, radiation drive and hydrodynamic decoupling between the beam 

deposition region and the capsule. In addition, the inner capsule should be irradiated 

with adequate symmetry. These constraints can be fulfilled by appropriately choosing 
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the parameters of a target such as that shown in Fig. 1. There, the ions irradiate the 

tamping coating (where they leave a fraction (1-/) of their energy) and the outer portion 

of the absorber-converter shell, penetrating up to the radius rb~B r2, where r2 is the 

convener inner radius (equal to the capsule outer radius); in practical designs. B « 1.5. 
For future reference, we list here a set of target and beam parameters, which will 

be taken as a reference tt? in the following: the converter is made of a CH plastic foam 
with density p = 0.1 g/cm3, and has r2 = 0.28 cm; ry = 0.40 cm and rj = 0.63 cm; the 

gold tamping and radiation confining layer has density Pf = 19.2 g/cm3 and thickness 

ArT = 76 )im; the capsule consists of a carbon ablator layer (with density pm = 

2.25 g/em3, thickness Arm - 265 um. and mass mm = 54 mg), surronding the cryogenic 

DT fuel layer (widi density pm = 0.22 g/cm3. outer radius r0 = 0.254 cm. thickness 

órm = 210 um, and mass m^ = 3.5 mg), and is filled wim DT vapour at density p ^ = 

6 x 10"* g/cm3. The reference beam pulse consists in a constant power pulse (a box 

pulse) of Bi ions with ion energy £o= 8.6 GeV. total energy £* = 10 MJ. and power W= 

685 TW. For analytic estimates, symmetric irradiation is assumed. For die reference set 

of parameters, the fraction of the beam energy delivered to die convener i s /= 0.4. 

The evolution of die convener can be divided into two subsequent stages: 

i) heat wave propagation: as soon as die irradiation begins, a heat wave propagates from 

rb inwards. At rime t = tt. the heat wave reaches the inner surface of die convener (r = 

ri). 

ii) conversion stage: for times 121,, die converter transfers energy to die inner capsule, 
which is imploded. The convener achieves its operating temperature in a characteristic 
time t = ik, which should be shorter than the pulse time it» in turn shorter dun die 
implosion time i,-. 

Hydrodynamic insulation is ensured by designing die target in such a way diat a) 
the heat wave propagating from r = r& becomes a supersonic heat wave (SHW) well 
before reaching the radius r = r2, and b) the ablating flow is supersonic, thus not 
allowing the incoming hydrodynamic penurbation to reach die ablation front. 

Symmetrization of temperature perturbations in the absorption region with 
spherical mode / > 4 is achieved through "diermal smoothing" in die region r2 £ r £ rb 

A CH plastic has been chosen as convener material, in order to make die 
convener marginally optically thick, thus achieving optimal conditions for radiation 
conversion. 

The evolution of the convener can be described by means of a simple analytic 
model, under the assumptions that the beams have constant total power W, and heat 
uniformity the region of die convener rb £ r £ r3, where die powerfW is deposi'sd. The 

model is built by imposing energy conservation, assuming that the heated layer is 

marginally optically thick, and using the equations derived in Ref. 10 for die propagation 
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of a SHW. Details on the model are given in Ref. 9. Here it suffices to say that, in 

addition to the space-time evolution of the SHW, the main result for stage i) is just the 

derivation of a condition for the propagation of the SHW. It is found that propagation of 

the SHW occurs for deposited beam power fW exceeding a threshold WSHW, which, for a 

given geometry and material, is a strongly increasing function of the density; e.g., for a 

CH plastic we have WSHW «* ft22'13- An orientative value of WSHW for a convener with 

the parameters of the reference target (where pc = 0.1 g/cm3 ) is WSHW- 200 TW, 

implying beam power W £ 500 TW. Operating at lower density would make possible the 

propagation of the SHW at lower power, but would require ions with lower energy 

and/or would result in poorer energy coupling. 

At time t = r,, when its temperature is T = Th the SHW reaches the internal 

surface of the converter, i.e. the outer layer of the ablator. (For expressions for tt and T, 

see Ref. 9.) From this time on the converter starts transferring energy to the capsule, 

whose outer layers are heated at the same temperature as the convener, and are ablated. 

The converter is heated up to its working temperature 

T = 
fWd+NJ 

oAx 

which is achieved about time t= th, with th = £ mjf W, where £ = £(pc,T). mc is the 

mass of the converter, A\ = Anr j is the capsule ablation surface area, and N\ is the 

reemission factor of the ablator. Although N\ and A\ are functions of the time, for 

simplicity we have used constant, time averaged values: Nj =NX and A\ = A\, where 

averaging is performed during the first stage of the implosion process. 

It is worth noticing that the internal energy £(t,) at time t = t, is related to £by 

-TW- (1)-
7. Ik 

Analysis of simulation results shows that, in practice, hydrodynamic insulation during 
the conversion stage is only achieved for t, ~ 0.8 th. It follows from Eq. (1) that the use 

of a constant power beam pulse does not allow for substantial internal pulse shaping. On 

the other hand, we have seen that the requirement for the propagation of the SHW does 

not allow for external pulse shaping with a low power foot. This means that, at least for 

the considered configurations, substantial pulse shaping can only be achieved by using a 

high power prepulse, followed by a very high power main pulse. 
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The instantaneous power transmitted to the fusion capsule and driving the 

implosion is: 

O \T(t)f Ax(t) 

while the overall instantaneous transfer efficiency is 

m, f(r) 

^w=^--fcr (2) 

where E(t) is the beam energy delivered up to the time t. 

The evolution of the temperatures of the heat wave and of the ablator outer layer 

are illustrated in Fig. 2a for the reference target and beam parameters listed above; the 

figure shows two solutions of the model obtained by setting N\ =N,= 1.5 [2] and, 

respectively: \)AX = A\{t = 0), and 2) Ax = 0.7 A\(t =0). The dashed curve represents 

the temperature behind the SHW during the propagation phase, and the solid curves give 

the temperature of the converter in the conversion stage. Dots indicate the simulation 

results. The corresponding evolution of the transfer efficiency is given in Fig. 2b. 

For target design we are interested in the value of r\t at a time t* close to the end 

of the beam pulse (tp < r* < *,-), which, for Eq. (2), can be written as 

• am, E 
i.=f-mr- (3) 

where q is a numerical factor of order unity (e.g., q = 0.9). By simple manipulations of 

Eq. (3) it can be shown [9] that (i) for given target parameters and ion range, an optimal 
convener density p0/>/ exists (with typical values being popt = 0.1 g/cm3), and (ii) 

« 
efficiency r\ larger than 15% can be obtained (for B =rblr2 = 1.5, and for/ = 0.4) by 

using beams with EQ<"8 GeV. 

3. Target design 

The results of the previous section have been used in conjunction with a model 

for the estimate of capsule gain [11] to perform a preliminary target design. 
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One-dimensional simulations have confirmed that a box pulse results in poor 

entropy shaping of the fuel and makes the attainement of ignition very hard. The final 

compression and heating necessary for the formation of the needed hot spot could in 

principle be obtained by using a capsule with a high density pusher layer inter-posed 

between the fuel and the ablator. The interface between the ablator and the pusher is 

however violently unstable [7,8]; according to a simple analysis and to 2-D numerical 

simulations [8], even a pusher with initial perturbations as small as 0.01 \xm (on 

wavelengths A ~ 10-20 urn) will probably loose its integrity after having moved a 

distance of the order of 100 urn. Anyway, for the sake of a comparison with Basko's 

work [6], we report the results concerning the 1-D performance of a target equal to the 

reference one, but with the insertion of a 7 mg Au pusher (and the consequent reduction 

of the mass of the Carbon ablator). The target achieves a gain G = 50, when driven by 

8.6 GeV Bi ions with total energy £*, = 10 MJ. The overall transfer efficiency is rj,= 

15 % and the hydrodynamic efficiency is T\h - 30 %, so that the coupling efficiency is 

Vc - ^tVh * 4.5 %. comparable to that of the hohlraum targets [2]. 

Removal of the pusher requires external beam pulse shaping and results in 

severe peak power requirements. For instance, for the reference target, we have found 

necessary resorting to the beam pulse shown in Fig. 3a: a high power prepulse, with 

power W = 685 TW, of duration tp = 6.6 ns, is followed by a three-step pulse, starting at t 

= 10 ns, and with peak power Wp = 2000 TW. The total beam energy is Eb = 12.5 MJ, 

and according to 1 -D simulations, the target gain is G = 30. The implosion radius-vs-

time characteristics are shown in Fig. 3b. The target should be quite robust with respect 

to hot spot symmetry (the hot spot convergence is C^= 25) and to mixing at stagnation 

(given the relatively short time interval between beginning of stagnation and ignition). 

As far as the instability of the ablation front is concerned, the same considerations 

should apply as for any radiatively driven target [1]. 

In conclusion, we have found that spherical targets with diffuse converter allow 
for beam-to-fuel energy coupling comparable to that foreseen for hohlraum targets, even 
by using heavy ions with relatively large energy (e.g. with fy = 8 GeV). Target gains 

attainable by "robust" targets, however, turn out to be quite modest, due to the poor 

entropy shaping allowed by fulfilling the requirement of effective hydrodynamic 

insulation. Possibly, improved target performance could be achieved by reducing the 

tamper mass (thus increasing the factor/), the fuel energy, and the ion energy. Given the 

otherwise interesting properties of this target concept, all these options deserve further 

investigation. 
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Fig. l. Sketch of an indirect drive heavy ion fusion target with "diffuse", spherically 
symmetric converter. 
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Fig. 2: Comparisons of the analytic model solutions (solid and dashed curves) with 1-D 
radiation hydrodynamic simulations (dots), a) Evolution of the temperature of 
the converter behind the supersonic heat wave (dashed) and in the conversion 
stage (solid), b) Evolution of the transfer efficiency; the curves labelled with 1) 
and 2) indicate model solutions with slighly different assumptions (see the main 
text). 
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Fig. 3: For the reference target irradiated by a 12.5 MJ, shaped beam power pulse; 
a) beam power vs time; radius vs time flow chan. 
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Abstract 

Radiation symmetrization within spherical, ellipsoidal and cylindrical hohlraum targets 

for heavy ion inertial confinement fusion (ICF) is studied by means of a 3-D numerical, static 

model, in which realistic assumptions are made concerning the geometry of the system and, 

particularly, of the radiation "converters". Among the systems so far studied, only spherical 

hohlraums with six converters achieve the illumination symmetry of the fusion capsule 

considered necessary for ICF applications. A parametric study of cylindrical hohlraums 

enlightens the effect of several parameter changes, and suggests directions for further studies, 

aiming at the design of two-convener targets. 

1. Introduction 

Hohlraum targets for indirectly driven heavy ion fusion (ICF) consist of a casing, or 

"cavity", enclosing the fusion capsule, and also containing a few beam stoppers, acting as 

radiation generators [1,2]. The thermal radiation released by these "converters", and confined 

within the cavity, drives ihe implosion of the fusion capsule. 

Crucial issues for the design of hohlraum targets are the achievement of nearly 

symmetrical irradiation of the capsule and of adequate transfer efficiency T\lr (fraction of the 

X-ray energy emitted by the converters eventually absorbed by the capsule). It is estimated 

that the relative non-uniformities should be kept as small as A/ r w* 1+2 % (standard 

deviation) [3], while T\tr £ 25% ( on a time scale t = 10 ns) [1]. The above value of the trasfer 

efficiency can be attained by hohlraums with area ratio a * 10 and by choosing a high-Z 

C) ENEA-SIF fellow. 
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material, such as Gold, for the casing, and Carbon for the capsule ablator (lighter elements 

cannot be used because of their optical properties). 

It has been shown that for such systems geometrical smoothing [4] and diffusion 

smoothing [5] of asymmetries of the radiation field are not effective for the modes / < 4. This 

means that long wavelength symmetry should be, so to say, "intrinsic" in the irradiation 

scheme, which demands an accurate distribution of the (secondary) radiation sources on the 

casing and, consequently, a careful design of die hohlraum, of die conveners, etc. This 

discussion motivates the present study of radiation symmetrizarion in hohlraums, in which 

the geometry of all the elements, and die space dependence of the radiation emission are 

modelled with a certain accuracy, while die usual "static model" [8,9] is used for radiation 

absorbtion and re-emission 

We have considered hohlraums containing conveners of cylindrical shape (in turn 

studied in Refs. 6 and 7) and, taking die work of Ref. 9 as a starting point, we have first 

considered ellipsoidal hohlraums with two converters. As briefly summarized in Sec. 3, it 

turns out that these systems cannot provide the required radiation symmetrization, which is 

only obtained by considering spherical hohlraums with six conveners [10]. Since two-

convener systems would certainly be more attractive, we have then considered cylindrical 

hohlraums, with two converters (see Sec. 4). The aim has been the understanding of die 

effects that certain parameter changes have on radiation symmetrization. These results, as 

well as speculations on some design improvements, discussed in Sec. 5, indicate directions 

for future work. 

2. Model 

Radiation symmetrization is studied by a 3-D code, using the static model of Refs. 8 

and 9 (for a discussion of its merits and limitations, see Ref. 10). At a generic time r, on each 

discrete element of the surfaces facing the hohlraum, energy balance is performed between 

incident, absorbed and re-emitted flux. The re-emissivity is described by scaling laws for 

ablative radiation waves (see Ref. 1). The flux incident on an element at a certain time is 

obtained by properly integrating over die flux emitted, at the same time, by all odier elements 

(taking into account the shadows). All emitting elements are considered optically thick. 

"Primary" radiation is assumed to be emitted at a constant rate, and uniformly, from die 

lateral surface of the cylindrical conveners. Unless otherwise stated, we have studied systems 

with Gold casing, and with die capsule coated with a Carbon ablator. In all cases considered 

here an area ratio a - 10 has been assumed, the capsule radius is R\ - 0.367 cm, and the 

primary radiation power for each convener source is 6 x 10 i4 W. Notice, however, that due 

to the particular values of die exponents of die scaling laws for die reemissivity (see Ref. 10), 

die results are nearly independent on the absolute size of die systems. 
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3. Ellipsoidal hohiraums 

For the ellipsoidal hohiraums with two conveners, sketched in Fig. lb, in no case we 

have found satisfactory irradiation symmetry. A parametric study [ 10] also shows that, at 

least for the parameters considered here, spherical casings lead to the best symmetry. 

However, even in the best case, the r.m.s. relative asymmetry of the flux absorbed by the 

capsule, Alrms. is larger man 8% at t = 1 ns, and stays about 4% at / = 5 ns, (see Fig. 2, solid 

lines, where the dependence of àlrms(t=5 ns) on the parameters of the converter is shown). 

The difference with respect to the results of Ref. 9 is due to the inclusion of direct irradiation, 

of the finite size of die converters, and also to the effects of the shadows. All these effects are 

clearly shown by the 3-D plots of the flux absorbed by the capsule at t = 5 ns, shown in Fig. 3 

(for more details, see [ 10]). 

Much better results are obtained by employing systems with six conveners (placed as 

shown in Fig. la). In this case, as shown by die dashed curves in Fig. 2, AJrms decreases with 

the converter radius ro and length L. For r0 = 1 mm and L = 2 mm, A/rmj(r=5 ns) = 1.2%, 

which probably satisfies the ICF requirements. 

4. Cylindrical hohiraums 

We have studied systems such as shown in Fig. lc; when using Gold cavities with 

aspect rado a = 10, and the same modelling of the conveners as in the previous case, we have 

got similar results: for thin converters the optimal length is about 2.5 mm, the optimal casing 

aspect rado is not far from LTJRI = 2, and in this optimal case A/ n m (^ 5 ns) = 4%. 

To get a deeper insight on die effect of changing some of die parameters of die system, 

we have also studied the rime dependence of the first even harmonics of the Legendre 

polynomial expansion of the non-uniformity of the flux absorbed by die capsule. In addition 

to a set of reference cases (with convener with ro = 1.34 mm and L = 2.7 mm, widi area rado 

a = 10, and different values of the aspect rado), we have considered an analogous set of cases 

(1) in which the direct irradiation has been neglected, another (2) in which the bases of the 

casing are made of Al instead of Au, and a final set (3)-where both mese changes are 

included. It is found that, for such any conveners, neglect of direct irradiation leads to 

significant reduction of die component / = 4 of die non-uniformity. Replacing Au with Al, 

instead, reduces the / = 2 component. The results for die reference case and for die case (3) 

are shown in Figs. 4 and 5, respectively. Fig. 5 showns that for L2/2R2 K 1.2 and / £ 5 ns, 

Alrms <2%. 



62 

5. Discussion and conclusions 

The results reported in Sees. 3 and 4 show that radiation symmetrization is rather 

sensitive on the number, position, dimensions of the conveners, and on the shape and 

material composition of the casing. 

So far, the only scheme which achieves the desired radiation symmetrization is that 

consisting in a spherical casing with six, tiny and short conveners. Such a target requires 

accurate orientation, and precise beam pointing on small spots which could prove unpractical. 

The parametric study on cylindrical systems, however, indicates some directions for 

futurr work, aiming at the design of two-convener hohlraums. For thin converters, significant 

(although not yet sufficient) improvements is obtained by elimination of direct irradiation, 

which could be achieved by changing the shape of the conveners. Also, substituting Gold 

with Aluminium in the bases of the cylinders leads to better symmetry (although at the 

expense of efficiency). The high non-uniformity at the early stage of irradiation (see e.g. 

Figs. 4 and 5) could be avoided by coating the capsule with a suitable layer of low density 

materials, which only allows radiation to impinge on the capsule with some delay (R.A. Piriz, 

private comunication). Also, we mention that as soon as the capsule implodes its effective 

area reduces (and also a partially diffusive corona forms); on the other hand, al.o the 

converter expands. Radiation symmetrization in such modified geometries, where the various 

"walls" may not be optically thick, needs careful study. 

It should also be observed that in all studies performed so far only conveners with very 

simple geometry were considered; also, attention has only be paid to the instantaneous non-

uniformity on the capsule, while asymmetry of implosion depends on the time integrated 

asymmetry, (e.g. one could think of systems in which the modes of the non-uniformity 

change phase during irradiation). 

All these effects should be evaluated by means of self-consistent radiation 

hydrodynamic simulations. In this context, the results presented here and in other recent 

papers [9—12] should be taken as qualitative only, and serve to providing directions to 

improved studies. 
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ion beam 
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Fig. 1. a) Cross section of a six-convener hohlraum target; b) two-converter cylindrical 

hohlraum target. 
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Fig. 2. Root mean square asymmetry of X-ray deposition on the capsule at time t = 5 ns, 

versus the length L of the converters, for two values of the convener radius, ro * 

0.1 cm, and TQ= 0.15 cm. Solid lines for two-convener spherical hohlraum targets; 

dotted lines for six-convener hohlraum targets. 

120 T 

E 
o 

u? 

Fig. 3. X-Ray flux absorbed by the capsule as a function of the polar coordinates ? and 9, at 

t = 5 ns, for a two-converter hohlraum with spherical casing of radius R2 - 1.16 cm, 

capsule with radius R\ = 0.367 cm, and conveners of radius ro = 0.1 cm and length 

L = 0.4 cm. 
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Fig. 4 Asymmetry of irradiation of the capsule with R\ = 0.367 cm, enclosed in a cylindrical 
system with two converters with rn = 0.134 cm and L = 0.27 cm. The figures show 
contour plots in the time-aspect ratio (Z,2/2/?2) plane for: a) the r.m.s. relative 
asymmetry; b) the coefficient of the Legendre mode / = 2; c) the coefficient of the 
mode 1 = 4. 
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ABSTRACT 

We explore the feasibility of a high-power FEL operating in the VUV and 

configured as a coupled oscillator-tripler. The dynamical behaviour of the system 

and the dependence of the output power on the characteristics of the e-beam 

are analysed along with the parameters of the oscillator. Finally, the possibility 

of enhancing the output power by means of appropriate tapering of the second 

undulator is discussed. 

ENEA, Area INN, Dip. Sviluppo Tecnologie di Punta, C.R.E. Bologna 
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1. INTRODUCTION 

A powerful laser, operating in the region below 100 nm, should have con

siderable impact on pure and applied research in fields ranging from physics to 

medical science. In particular, the importance of a VUV FEL in programmes 

regarding inertial fusion with ion beams has been clearly recognized in [1]. 

In this paper we discuss a design strategy for a FEL operating below 100 

nm, based on the emission of cm. radiation by a prebunched e-beam. The fact 

that a suitably prebunched e-beam may allow the generation and growth of a 

coherent FEL signal without any input seed is an important feature, since it 

allows one to extend the FEL operation to the short wavelength region. 

Experimental programmes aimed at constructing VUV-FELs with pre

bunched e-beams have been proposed [2-4]. Within the present context, the 

appropriate mechanism for generating a suitably prebunched e-beam, i.e. a beam 

having the harmonic content allowing the start-up of the laser signal at the 

desired wavelength, should be analysed. 

As is well known, FEL interaction induces a bunching in the e-beam at the 

fundamental harmonic as well as at higher harmonics, with an extent determined 

by the laser power. The part of the device where the prebunching occurs will be 

referred to as a modulator. 

According to the above considerations, the modulator may be provided by 

a FEL configured either as an amplifier operating with a seed laser [2,3] or an 

oscillator [4]. In this paper, we discuss the design elements relevant to the latter 

configuration according to the scheme of Fig. 1, where the modulator is appro

priately designed to operate at 240 nm. After passing through the bunching 

region, the e-beam is injected into the second undulator and tuned at the third 
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harmonic of the first, thus providing laser radiation at 80 nm, with a peak and 

average power of the order of P > 105 MW/cm2 and P Z103 MW/cm2, respect-

ively. 

The paper is organized as follows. Section 2 gives some preliminary con

siderations on the performance of the system, then confirmed in Sec. 3 by the 

results of a more accurate numerical analysis. Section 4 is devoted to concluding 

remarks and to a brief comment on the insertion of a tapered section into the 

tripler. 

2. PRELIMINARY DESIGN CONSIDERATIONS 

This section is aimed at giving a first insight into the expected laser per

formances. The oscillator and the amplifier are configured as indicated in Table 

I, which also lists the e-beam parameters. It is worth stressing that the 

parameters relevant to the modulator and the triplicator are merely indicative, 

since they are not the result of a specific optimization. However, they form the 

basis for the introductory considerations developed in the following. 

The simulation of the oscillator performance is based on the rate equation 

( 2 . 1 ) / „ . ! - / „ < ! + ( l - T i ) C ( ' n ) - n > 

ruling the growth of the intracavity optical intensity / from the n-th round-trip to 

the (n + l)-th. In the above expression, r| denotes the cavity losses and G the 

laser gain, whose dependence on the intracavity intensity accounts for the satu

ration mechanism according to the formula [5] 

(2.2) C ( / ) = C M A X _ 1 £ _ 7 _ p - | . 1.0145 

11 denoting the saturation intensity and C MAX the maximum gain obtainable 

from the considered oscillator configuration. According to the analysis per

formed in Ref. [5], / , and G MAX can be given by the expressions 
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(2.3) 
W 

cm: 

l + 2t i 2 J Y V 1 
2 ^— 6.9x io8 — 

l + 0.12g0 \,N J [?.„,(cm)À',/B 

Y 

O.8Sg0 + 0A9gl 
'MAX 

[l + (1 .7-0 .32g 0 )H?] 

accounting also for the high-gain effects as well as for the e-beam energy spread 

o€ through the higher power of the small signal gain coefficient g0 and the para

meter u., = 4/V ,o € , respectively. Assuming a confocal resonator, with the undu-

lator symmetrically located inside it, and assuming the e-beam to be 

transversally contained in the optical mode, for the above quantities we get the 

values 

(2.4) / , s 3 x l O s M W GM A X-0.508 

according to the values of the parameters listed in Table I. The results of this 

preliminary simulation are shown in Fig. 2, where the ir.tracavity intensity 

growth vs the round-trip number is reported for different values of the cavity 

losses. Increasing TI, the intracavity power reduces significantly. Consequently, 

the intracavity power should be kept small so as to avoid a large e-beam 

induced energy spread in the modulator. 

According to the proposed scheme, the prebunched e-beam is injected 

after a drift section into the amplifier section, whose undulator has a period 

length equal to 1/3 of the period of the first undulator. 

It has been shown in Ref. [5] that the intensity growth of a high-gain FEL 

amplifier triggered by .a prebunched beam is specified by 

(2.5) / 
MW 
cm2 *I, 

MW 
cm2 

exp\ 4>/3np — 

with p being given by 

(2.6) 1 fng0 
1/3 
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and z. denoting the coordinate along the direction of propagation. The quantity 

/ 6 is an "equivalent input intensity", explicitly given as 

MW 
(2.7) / cm2 5.77n2x\0-7\b3\

2JlA\ yp 
LL[rn2) 

6 3 specifying the bunching content of the e-beam at the third harmonic. 

Exploiting the above expressions, it is possible to link the saturation length 

z, to the bunching coefficient 63 as follows: 

(2.8) | 6 3 l - 3 e - 2 r 3 " ^ " 

The above relation can be usefully exploited to specify the parameters of the 

system, since an initially monoenergetic e-beam undergoing the above-men

tioned dynamics acquires a third-order bunching provided by 

(2.9) | ò l l . ^ ( 1 . „ . ( j ! ) M 

with 6 giving the length of the dispersive section in units of l y , : 6» D/LUl, 

whilst / o denotes the stationary intracavity intensity in the modulator. 

With the parameters of Table I, we get p =2.27 x 10*3 and hence a maxi

mum attainable power P L [MW/cm2] = 2.4 x 105. According to Eqs. (2.5) - (2.9), 

fixing N 2 - 300 and 6 = 0.59, we find that the maximum power is reached for 

/ 0 / / , - l - 4 x l 0 - 3 . 

3. NUMERICAL ANALYSIS 

The analysis briefly developed in the previous section does not account for 

some important aspects of FEL dynamics, e.g., i) the inhomogeneous broadening 

due to the e-beam qualities (energy spread and emittances) and ii) the interplay 

between the energy-spread, induced on the e-beam in the modulator, and the 
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signal growth in the tripler. These points have been taken into account by means 

of a more accurate numerical analysis, based on the equation ruling the coupled 

evolution of the cm. field and the e-beam. 

When the intracavity power increases, we expect larger bunching to 

develop and, consequently, larger energy spread to be induced, thus limiting the 

performance of the tripler. The output power from the tripler as a function of 

lQ/l* is reported in Fig. 3, which also shows the saturation of the gain in the 

modulator. It is evident that the maximum power / 3 at the tripler output is 

reached before the onset of the saturation in the modulator. Similarly, the 

behaviour of the tripler output power (TOP) vs N 2 is shown in Fig, 4 for differ

ent values of I0/ls. The initially TOP quadratic growth vs N 2 exhibits an 

earlier saturation with increasing IQ/1,, for which, therefore, an appropriate 

value is required. The problem is indeed that of finding a compromise between 

sufficient gain, to get a large TOP in a short time, and a reasonable value of the 

cavity losses, to avoid the modulator dynamics abruptly switching off the TOP. 

4. CONCLUDING REMARKS 

The above discussion supports the possibility of constructing a VUV-FEL 

according to the scheme of Fig. 1. However, other elements of the system, such 

as the electron beam transport system and the optical resonator, must be care

fully considered. Here, we only briefly discuss the relevant design, a more 

detailed analysis being provided in Ref. [S], where, furthermore, the influence of 

the e-beam qualities on the performance of the system are accurately analysed. 

As to the optical resonator, it is clearly important to have appropriate mir

ror coatings, capable of sustaining the high intracavity power levels required by 

the system performance, and a control of the cavity length and the mirror 
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alignment Consideration of the specific values of the intracavity peak and aver

age power indicates that commercially available mirrors might be capable of 

satisfying the system requirements. The control of the cavity length and the 

mirror alignment can be actuated by means of an appropriate interferometric 

technique, using a He-Ne laser and an image analysing system. The cavity length 

and the mirror alignment can be controlled with an accuracy to 0.1 urn and 10-5 

mrad, respectively. 

Finally, the electron beam transport system has been designed according to 

the specific constraints imposed by the device performance. The e-beam indeed 

is injected into and then extracted from the oscillator section after a deflection, 

allowing one to separate the optical path from the e-beam orbit The distance 

between the two undulators should be of the order of 1 m, thus minimising the 

de-bunching effects due to the e-beam energy spread. In the second undulator, a 

matching between the beam Twiss coefficients and the undulator focusing char

acteristics is required in order to minimise inhomogeneous broadening effects. 

Furthermore, the transport channel from the first to the second undulator must 

be achromatic to avoid problems connected with the e-beam energy spread (the 

natural one and that induced by the FEL interaction). 

Figure 5 shows the layout of the transport system, an appropriate set of 

quadrupoles being used to obtain the matching on the second undulator. 

Let us now briefly comment on the possibility of adding a tapered section 

to the second undulator, thus allowing an enhancement of the TOP efficiency. In 

this connection, it is worth stressing that since the tripler is triggered by the 

beam prebunching, which is induced by a non-constant intracavity power, the 

tapering parameters cannot be optimized for any I0/l,. However, choosing to 

add the tapered section (see Ref. [7]) when the laser power has reached the 

values \Pt, Pc being the e-beam power, it is possible for a specific value of 
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/ 0 / / , to determine the number of periods N* after which it is convenient to 

introduce the tapering. Enhancement of the output power by a factor of 2.4, 

with a modest length of the tapered section ( I T * 1 3 0 ^ ) . has been confirmed 

by the relevant numerical simulation. 
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TABLE I 

Electron-Beam Parameters 

Final energy 
Pulse duration - up to 
Micropulse duration 
Energy spread o( 

Accelerating gradient in the 
accelerating sections 

Shunt impedance 
Klystron (Thomson CSF) 
(/>„AX-15MW) 
RF power installed 
Number of klystrons 
Excitation structure power 

215 MeV 
100 usee 
10 psec 
5% 

6MV/m 
57MQ/m 

TH2104 
55 MW 
4 
24.1 MW 

RF transport efficiency 85% 
RF power available for e-beam 21.5 MW 
Bunching factor 
Micropulse frequency 
Microbunch current 
Normalised emittance 
(including n ) 

50 
10833 MHz 
200 A 

9 mm mrad 

Modulator Parameters 

Undulator number of periods N , - 40 
Undulator period 
Undulator length 
Undulator parameter 
Operating wavelength 
Beam waist 
Cavity length 
Laser cross section 
Small signal gain coefficient 
Bessel factor 

Undulator number of periods 
Undulator period 

Undulator parameter 

XUi -4.25 cm 
LVl =170 cm 
/C, = V2 
Kg =240 tun 
U/o"0.31 mm 
Z.c«250cm 
l i-0.314 mm2 

go* 0.54 
/«-0.86 

Amplifier Parameters 

/V2>100 
\(/2-1.416 cm 

K2*j2 
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Fig.l Oscillator-tripler FEL scheme. 
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Fig.2 Oscillator dynamics vs. round trip number. The cavity is 3 m long and SO 

round trips (r.t.) is 1 us. 
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Power at the undulator output (/1 ) 

Gain (the values of gain have been multiplied by 1000) 

The difference between 70 and I \ is due to the large cavity losses, a) 

TI = 14%; b) T\ = 20%. 



79 

106 

105 

IO* 

f G Ì x 1000 
103 r i 

102 k-

I Q I I • • • • • • « ! • • • • n o i • • • • • • • ! • • • • • • « 

10-4 1Q-3 10-2 10-1 100 

Ws 

Fig.3 TOP (/3 fMW/cm2]) vs I0/l, of the oscillator. 

Gain of the oscillator vs. intracavity power 

/V.-40, N2 -300,o, =5x IO"4 

/,-3xlO<>MW/cni2, LD-1 m. 



80 

106 

E 

$ 105 
5 

104 

103 =-

102 ^ 

101 

Iw(MW/cm') 

Io/Ij = 6x10-4 
•Io/I, = 8x10-4 
• Io/I,=ixio-3 
VI$=2XlO-3 
Iofl,=3XlO-3 

— * — I</I,=4X10-3 
• ' • • • ' 

100 200 300 
Number of periods 

400 
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ABSTRACT 

Non-Liouvìllean cooling of a heavy ion beam for inertial confinement fusion could 

require VUV radiation such as that provided by a free-electron laser (FEL). Therefore, a 

fully 3-D simulation code for FEL amplifiers has been developed. Longitudinal electron 

motion is simulated according to the same equations as used in 1-D codes. The 3-D code 

also takes into account the dynamics of an e-beam with finite emittance in a realistic 3-D 

wiggler field. Laser field equations, including higher harmonics, are solved by a finite-

element method. Some results for the design of a FEL amplifier in the VUV region are 

reported. 

INTRODUCTION 

In recent years much theoretical work has been devoted to the development of 

accelerators for heavy ion beams that can ignite a suitable DT pellet for inertial 

confinement fusion (ICF) applications. One of the most challenging issues is the design of 

accumulation schemes to reach the required energy, power and focal spot in the final beam. 

Emittance considerations for existing ion sources require non-Liouvillean stacking by 

photoionization of a single charged beam [1] in analogy to the H" injection in proton 

accelerators. A useful candidate for this light source, operating in the VUV, is the FEL. 

It is worth stressing that up to now no VUV-FEL has ever been operated, owing to 

lack of a suitable optical cavity to work in the oscillator configuration and because an input 

signal is not available for working in the amplifier configuration. Therefore, alternative 

FEL schemes have been proposed, taking advantage of the higher harmonics generation in a 

linear undulator [2,3]. An input signal at higher wavelength is injected in an undulator 

matched to it and is amplified, generating also radiation at higher harmonics, which include 

the frequency we are interested in. The signal at this frequency is injected into a second, 

suitably matched undulator, for further amplification. Another possibility is to work in the 

superradiant configuration, where the input signal comes from spontaneous emission. 
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Analytical formulas for gain and extraction efficiency are known for a constant 

parameter FEL [4], both in the low-gain and in the high-gain regime; only a tapered 

undulator really requires a design and simulation code.Usually, 1-D codes, where transverse 

effects are ignored, are used for FEL simulation: they are easy to implement and their 

results are good enough for first-order predictions. In the VUV-FEL, whatever scheme is 

used, transverse effects cannot be ignored. The undulator is many Rayleigh lengths long 

and, therefore, diffraction effects are important. Transverse laser and undulator field 

variations imply that FEL resonance conditions cannot be maintained at arbitrary radial 

values as the electrons travel through the undulator along their betatron orbits. Random 

undulator magnetic field errors also lower FEL gain by changing the electron phase qi (see 

below). As a result, FEL efficiency, predicted by 1-D theory (~10~3 in the VUV region), 

may be so severely affected as to make the feasibility of a working FEL uncertain. 

Thus, a realistic 3-D simulation code is necessary for the VUV-FEL design and for a 

realistic simulation of its dynamics. 

THEORETICAL MODEL 

The system of equations that describes 3-D FEL dynamics includes the longitudinal 

electron motion equations in the KMR classical formalism [5] 

(1) 

ay V7* n u 
— = - > simp [Jnl) 
dz y " B 

dB K 

where 

K„ = (2n-l) -2ft/Às is the n-th harmonic laser wave number, Ku = 2n/\u is the undulator wave 

number, au = eB0/ (V2 mcKu) is the undulator parameter, 
2 a 1 u 

/" (n£j='-D -(J (n£>- J Anl)),l,= - -; Jn is an ordinary Bessel function 
* 1 + a 

2 2 « 

leni,<t> are the n-th harmonic electric field amplitude and phase; u>n = Sn + 4>n, 

0n =(2n-l)6i,6i = (K| + Ku) z -ut is the electron phase. 

Equations (1) are coupled to the laser field equations written in the paraxial 

approximation [6] 
- , 0 

* 1 2 » e " (2) 
( - + —— V2)e=- -a -UntoK > K' 

o* 2i/f„ J " 2mc2 u B V 

where Z0 is the vacuum impedance, J is the current density and < > indicates particle 

average. The transverse electron dynamics is described by the equations 
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x"= _ V l + x ^ + Z 2 - [y'B -(l+xaJB + x'/B ] 
p * > * 

y"= Vl+x^+j" 2 • - [x'B - U + y 2 » +x'y'B 1 
p * * y 

where the prime indicates z-derivative, p is the electron momentum, and 

B = B snh —=• sinA—— cosK z 
V 2 V 2 

B —B cos/i —— cosh—=• COSA z 
V 2 V 2 

A"ux A ' ^ 
B - - V 2 B cosh —^= ành —= sin K z 

V 2 V 2 

is an ideal magnetic field, which is the simplest that satisfies Maxwell equations. Undulator 

defects are simulated by random errors on the amplitude B0 . 

NUMERICAL PROCEDURE AND RESULTS 

The partial differential equations (Z), plus boundary conditions, are transformed by a 

finite-element method into a mixed system of algebraic and ordinary differential equations, 

which are solved by a Gear-type method, while electron equatljns (1) and (3) are solved by 

an Adams-type method. The code also includes a routine for the self-design of the magnetic 

field. After the saturation point in the exponential gain regime has been reached, FEL 

efficiency can be further enhanced by working in the tapered regime, i.e., with a variable-

parameter undulator. In this case a representative electron, called the resonant electron, is 

maintained at a constant phase x\)T by lowering the magnetic field amplitude, as it is 

decelerated by FEL interaction [7]. 

The most immediate application of our model has been the simulation, by 1-D and 3-D 

codes, of a FEL working at a Z40-nm radiation wavelength. The main parameters, according 

Table I - Main parameters of simulation at 240 nm 

e-beam energy 

e-beam current 

normalized emittance 

energy spread 

undulator period 

laser wavelength 

simulated harmonics 

input signal at Z40 nm 

300 MeV 

300 A 

40 n mnvmrad 

0.1% 

3 cm 

240 nm 

Z 

100 W 

(3) 

(4) 
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Fig. 1 - Power at 240 nm and at 80 nm vs z 
from the 1-D code 

0 2 4 6 8 10 12 14 
z(m) 

Fig. 2 • Power at 240 nn and at 80 nm vs z 
from the 3-D code 

to Ref. [2], are summarized in Table I. The most important results, as shown by Figs. 1 and 

2, are the following: a) the output power obtained by the 3-D code is clearly lower than 

that obtained by the 1-D code; b) the output power at a 80-nm wavelength is more than 

that required in Ref. [1], so that there is apparently no need for a second undulator 

resonant at 80 nm. In this way it is possible to avoid problems connected with beam 

matching and electron phase variation in the matching sections between the two 

undulators. Moreover, the extraction efficiency on the third harmonic can be increased by 

adding an inverse tapered section to the undulator, as shown by Figs. 3 and 4. 

A second simulation has been performed with a FEL working at a 720-nm radiation 

wavelength. The main parameters, according to Ref. 18], are summarized in Table II. The 

results reported in Figs. 5 and 6 show that in this case, too, the power at 80 nm is sufficient 

for the requirements of Ref. [1]. From these results we can guess that it is possible to 

generate the required radiation at 80 nm or at nearby wavelengths, starting from a 

subharmonic higher than the third. This is clearly advantageous because of the lower e-

beam quality (emittance and energy spread) required and because of the availability of 

commercial CW laser sources at these subharmonics. A run with the 1-D code has also been 

carried out to simulate an undulator with two sections, one untaperec" and one tapered, to 

increase FEL extraction efficiency at all the harmonics considered. It is worth stressing 

http://in.fi
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Fig. 3 - The same as Fig. 1 with an added 
inverse tapered section 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 
z(m) 

Fig. 4 - Undulator magnetic field amplitu
de vsz 

Table II - Main parameters of simulation at 7Z0 nm 

e-beam energy 

e-beam current 

normalized e nittance 

energy spread 

undulator period 

laser wavelength 

simulated harmonics 

input signal at 7Z0 nm 

200 MeV 

300 A 

40 « mm*mrad 

0.1% 

5 cm 

720 nm 

5 

100 W 

that, although the greatest gain is at the fundamental wavelength, from Fig. 7 we deduce 

that there is a non-negligible power also on the other harmonics. Figure 8 shows the 

magnetic field amplitude as a function of distance along the undulator axis. The tapering 

scheme has been implemented as in Ref. (9), with no attempt to optimize harmonic 

generation. This efficiency enhancement offers the interesting possibility of considering a 

driver that produces, with high efficiency, radiation impinging on the target, peaked at 

many different wavelengths, from the visible to the XUV region. 
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Fig. 5 - Power at 720 nm and its first five 
harmonics vs z from the 1-D code 
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Fig. 7 • The same as Fig. 3 with an added 
tapered undulator section 
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Fig. 6 - Undulator magnetic field amplitu
de vsz 
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CONCLUSIONS 

We have implemented a 3-D simulation code for FEL amplifiers. A test has been 

carried out for the expected performance of an XUV-FEL , whose output includes, by 

harmonic generation, radiation at the 80-nm wavelength. The results show that a single 

undulator matched at a subharmonic of 80 nm gives sufficient radiation, at the 80-nm 

wavelength, to photoionize a single charged ion beam as required for ICF driven by heavy 

ions. 
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