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Scaling and optimization of the radiation temperature
in dynamic hohlraums
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A guasianalytic model of the dynamic hohlraum is presented. Results of the model are compared to
both experiments and full numerical simulations with good agreement. The computational
simplicity of the model allows one to find the behavior of the hohlraum radiation temperature as a
function of the various parameters of the system and thus find optimum parameters as a function of
the driving current. The model is used to investigate the benefits of ablative standoff and
quasispherical Z pinches. @001 American Institute of Physic§DOI: 10.1063/1.1360213

I. INTRODUCTION gates into the Z-pinch plasma and the other propagates in-

] ) . ward into the convertor. These shock waves heat both re-
Pulsed power is a robust and inexpensive technology fo@ions, which then emit thermal radiation. A material of low

obtaining high electrical energy densities, which can be effiq,acity (typically a plastic foamis chosen for the convertor
ciently converted into thermal radiation by Z pinches. The

_ ) _ so that radiation can easily flow inward to heat an inertial
use of wire arrays, with a large number of wires, has resune@onfinement fusionllCF) capsule. Note the opacity must not

n r(re]marlléable ;lgwpr&\sen;?rr:ts ml rad|aterz]j pO\t/)ver from Zbe too low or the material would not radiate effectively. Nu-
pinches. Recently2 of thermal X rays have Deen gener- ., ;- simulations show that there are materials such as

ated ly a Z pinch with an efficiency greater than 15% and anplastic foams that satisfy both conditions. The Z-pinch

x-ray power exceeding 200 TW. This thermal x-ray power . . o )
. plasma is composed of a material with high opagityngsten
has been used to drive a hohlruto a temperature greater L -
is commonly usepto minimize the outward flow of radiation

han 145 eV. A promising inertial fusion nari . . L
tha 5 € promising i€ tial fusion scendie to use and thus achieve maximal hohlraum radiation temperatures.
two Z pinches to drive an external hohlraum containing aThe Z-pinch plasma forms the walls of a hohlraum with

fusion capsule as shown in Fig. 1. Calculatibinglicate that much smaller dimensior(several millimetersthan the walls
high yields (400-1200 M be obtained with 16 MJ of
'gh yields( J can be obtained wi © of the double-ended Z-pinch driven hohlragml cm). Thus

x-ray energy provided by the two pinches. A large fraction of

the x-ray energy is absorbed by the hohlraum walls of thdve expect the dynamic hohlraum to have less radiation loss
primary and secondary hohlraums, which have an area 4hd to generate higher radiation temperatures than would be
approximately 30 cf ’ obtained using the double-ended Z-pinch driven hohlraum

The dynamic hohlraufhis an alternative approach to with the same total energy. Indeed, numerical simulafions

generating thermal radiation to drive a capsule, which shoutdtdicate that a dynamic hohlraum could drive a high yield
require less total energy. In this approach, a Z-pinch plasm&@Psul&(500 MJ with approximately 6 MJ of kinetic energy

is imploded onto a “convertor,” which surrounds the cap- delivered to the Z pinch. This is roughly 40% of the kinetic
sule as depicted schematically in Fig. 2. In Fig. 2, the€Nergy that would be required for the double-ended Z-pinch
Z-pinch plasma is initially formed at, and is imploded drlvgn hohlraum. Furthermore, the performance of the dy-
onto the convertor, which initially occupies the regiopg ~ Namic hohlraum depends on the tradeoff between a number
<r<r¢. The Z-pinch plasma can be generated from a wiredf factors, with the likelihood that this design has not been
array or a solid liner. The implosion velocity of the Z pinch fully optimized. Therefore it is valuable to have a model to
must be sufficiently higli>20 cmjus) to efficiently generate determine the performance of the dynamic hohlraum as a
radiation. To obtain these velocities the Z pinch must be lowfunction of the many parameters that can be varied. A simple
mass(few milligrams for the present machine. This explains analytic estimateof the peak hohlraum radiation tempera-
why wires have been the most successful since low madgire based on shock heating has been made. We present a
liners cannot be constructed without wrinkles, which seednore complete model that includes the effects of radiation
the Rayleigh—Taylor instability. The mass of the Z pinch canloss, the specific heat of the components, and the radiation
be increased with larger driving current, so liners may beabsorbed by the capsule. We use our model to find optimum
come practical at the higher currents needed to drive fusioparameters as a function of the driving current.
capsules. The model also includes the effects of ablative standoff,
When the Z-pinch plasma first strikes the convertor it iswhere incoming shock waves can be isolated from the cap-
in the regionr .,<r <ry, see Fig. 2. The radius of interface sule by the outgoing ram pressure of the ablated material.
between the Z-pinch plasma and the convertgr, isr.,at  This effect has been seen in numerical simulafimfshigh
first contact. Two shock waves are formed g, one propa- yield dynamic hohlraum driven capsules. We find that abla-
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FIG. 1. A schematic of a double-ended Z-pinch-driven hohlraum.
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tive standoff is more effective at larger drive currents.
A quasispherical Z-pinch implosion of an initially cylin- 0
drical Z pinch will occur if the Z-pinch material has an ap-

propriate axial mass profile, i.e., heavier at the midplane and
lighter at the ends. We have performed both simplified and

Z. (mm)

detailed numerical simulations of an initially cylindrical Z FIG. 3. Numerical solution for a quasi-spherical Z pinch at several times.
pinch with a 2 cminitial radius and 1 cm initial axial length, The simplified model is described in Sec. V C.

that had a mass/lengtiA, given by
A=Ao(1+a,Z%+a,Z%,
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FIG. 2. A schematic of a dynamic hohlraum. The Z-pinch plasma is show
at the time of first impact with the convertor. The initial inner and outer
radius of the convertor are labeleg andr ;.

wherea,= —0.06,a,=0.024, and\ ;= 3.75mg/cm. The re-
sults from the simplified model at various times during the
implosion are shown in Fig. 3. The crosses are points along
the Z pinch. The shape of the electrode is found from the
trajectory of the point of the Z pinch furthest from the mid-
plane. As can be seen the final shape is nearly spherical.
Note that the radius when the pinch becomes quasispherical
can be adjusted by changing the mass profile, the pinch
length, and the initial pinch radius. This adjustment will be
necessary for different convertor radii. Similar results have
been obtained by othefsThis quasispherical Z-pinch implo-
sion should provide better coupling to the spherical inertial
fusion capsule. Indeed, our model predicts significantly
higher hohlraum temperatures for quasispherical Z-pinch im-
plosions than for purely cylindrical Z-pinch implosions.
However, as we shall show with numerical simulations, the
mass profile needed to produce a quasispherical implosion
also seeds the Rayleigh—Taylor instability. Experiments will
'be needed to determine the viability of quasispherical
Z-pinch implosions.

Downloaded 05 Aug 2004 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 8, No. 5, May 2001 Scaling and optimization of the radiation temperature . . . 1675

1.0 R
08 numeric

0.8¢

I/Ip 0.6 T
0.6F = analytic

2 o4}
0.4t uf
0.2F ' 02f ]
0.0 . . . L 0.0 .
00 02 04 06 08 1.0 1 10
t/t I/t

P
FIG. 5. A comparison between the analytic soluti@otted ling and a
FIG. 4. Analytic solution for the normalized drive current and Z-pinch numerical 'solutior(solid I_ine) for the kinetic energy of a cylindrical Z pinch
radius for a cylindrical pinch as a function of time normalized to the final @ & function of the Z-pinch convergence ratio.
pinch time,t, .

B. Hohlraum temperature profile

This paper is organized as follows. The model of the  Tpe collision between the Z-pinch plasma and the con-
dynamic hohIraum_ls pres_ented in the Sec. Il. Results arggrior generates shocks which propagate through both the
compared to experiments in Sec. lll. In Sec. IV, model re-z_ninch plasma and the convertor. These shocks heat both
sults are compared to full radiation hydrodynamic simula-e Z-pinch plasma and the convertor material to high tem-
tions to further benchmark the model. In Sec. V, the model i%)eratures, which then emit thermal x rays. Some of these x
then used to optimize and predict the scaling of dynamiGays are absorbed by the fusion capsule, some are absorbed
hohlraums. Conclusions are given in Sec. VI. The analytiqyy the electrodes, and some of them travel radially outward
Z-pinch model is described in Appendix A. The radiation yhrough the Z-pinch material to be lost. The radiation lost
transport through the Z-pinch plasma is described in Appengrough the Z-pinch plasma is minimized by using a high
dix B. A glossary of symbol definitions is provided in Ap-  gpacity material such as tungsten. The radiation temperature
pendix C. will have a large spatial gradient within the Z-pinch plasma

due to the high opacity. The transport of the radiation is

calculated in Appendix B. In contrast, the convertor material

Il. DYNAMIC HOHLRAUM MODEL is chosen to have relatively low opacity, e.g., plastic foam is
A. Analytic Z-pinch solutions commonly used. This allows the radiation to travel freely
) ) ) __ toward the fusion capsule with only a small radiation tem-

We are interested in modeling both purely cylindrical perature gradient within the convertor material. Note that the
and quasispherical Z-pinch implosions. Analytic solutionsppacity of the convertor material should not be too low or it
for purely cylindrical and quasispherical Z pinches are deygy|d not effectively radiate. Numerical simulations show
veloped in Appendix A. The normalized radius and currentinat jow Z materials such as plastic foam can satisfy both
for a cylindrical pinch are plotted as a function of time in requirements. In these simulations the material temperature

Fig. 4. The initial mass of the Z pinch is found to be just behind the incoming shock wave can be substantially
(3—2a)%" [ po I ot 2 larger than the radiation temperature. Increasing the opacity
Mz=55—"5 1| 27-/|7 | Lz 2 of the convertor material with high-Z dopants will reduce
12(2 26() 4 70

this difference, but too high an opacity will impede the ra-
wherel , is the peak driving current, is the rise timeL, is  diation flow inward toward the capsule. Simulations indicate
the initial length of the pinchr 4 is the initial radius of the  that undoped plastic foams yield nearly optimal perfor-
pinch, anda is a parameter which determines the degree ofnance.

axial convergence. Cylindrical pinches correspondrte0, We define the hohlraum temperature to be the average
while the quasispherical Z pinch shown in Fig. 3 correspondsadiation temperature within the region bounded by the in-
to 05:1/3-. . ' ' terface between the Z-pinch plasma and the convertor. We
The kinetic energy of the Z pinch is found to be shall consider two basic convertor geometries, annular and
_2(3_2a)3/27a “o ol 32 ; solid cor]]vertors.lNote thet hohlraum includes a region of
K—W 2\ 7)1 _@ , 3 vacuum for annular convertors.

For annular convertors the shocks will pass completely
wherer is the radius of the Z pinch. A comparison betweenthrough the convertor and the Z-pinch plasma before the
Eqg. (3) (e=0) with a cylindrical numerical solution, which convertor implodes on axis. The convertor and the Z-pinch
includes inductive feed back on the current, is shown in Figplasma will then be at high pressure and thus difficult to
5. The agreement is excellent for convergence ratios excompress further. The magnetic pressure will still accelerate
pected in dynamic hohlraums, i.e., less than 5. The analytithe Z-pinch plasma and the convertor inward, but this kinetic
solution facilitates optimization, which involves finding energy will not be turned into heat until stagnation on the
many solutions. axis. Therefore little heating will occur after the initial
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FIG. 6. Experimentally measured hohlraum temperature for shot 417, whiclrlG. 7. Experimentally measured hohlraum radiation temperature as a func-
used an annular copper convertor with an initial radius of 4 mm and aion of time for shot 291(diamond$ compared to model calculatiottsolid
thickness of 2um. This is compared to a curv@ashed ling that rises  line). The foam convertor had an initial radius of 4 mm with a density of 6
linearly to a maximum value and then remains constant. mg/cc.

shocks have passed through the convertor and the Z-pinch

plasma, but before final stagnation on axis. Thus we expecttTyp/ 7y, Where 7,= 74, for solid convertors. Again the

the hohlraum temperature to reach a peak when the shodRitial outer radius of the foam must be chosen so that the

has just passed through the convertor and then the hohlraugpinch material does not stagnate on the capsule before it

temperature will decrease slowly as the convertor continueénplodes, since this would destroy the capsule symmetry.

to collapse inward. A sharp rise in the radiation temperature

occurs when the convertor and the Z-pinch plasma stagnate

on axis, but the fusion capsule must implode before this or it capsule implosion time

will be crushed nonspherically and not reach sufficient com- ) ) o

pression to ignite the fusion reaction. Thus we shall not in- e shall now estimate the capsule implosion time as a

clude the stagnation phase of the radiation temperature pré¥nction of the initial radius and final implosion velocity.

file in our model of the hohlraum temperature profile. Assuming that most of the capsule mass is contained in a
The initial radius of the convertor must be chosen so thafollow shell, Newton's equation for the radius of a capsule

stagnation occurs after the fusion capsule implodes. Experduring implosion can be written

mental measurements of the radiation temperature within an dr,

annular convertor are consistent with this description, see mca[{rc)W+4wr§PabI: 0, (4)

Fig. 6. In our model, we shall approximate this behavior by

assuming the hohlraum temperature rises linearly with timavherer is the radius of the capsule as a function of time,

up to its peak valueTyp, in a rise time,r,, then stays Mcafrc) is the unablated capsule mass. We approximately

constant until the capsule implodes, which we refer to as th@ccount for the decrease in the capsule mass due to ablation

capsule bang timer,= 7, + 7.5, The rise time is determined by assumingMeafr) =M cafr/rca)?, WhereM ez is the ini-

by the time it takes for the stagnation shock to pass throughal capsule mass and.,, is the initial capsule radius. This

the convertor and the Z-pinch plasma. This time is shorform is convenient since it admits exact analytic solutions.

compared to the capsule implosion time so the details of th¥Ve have found the implosion time to be weakly dependent

radiation temperature rise should not be important. on this assumption. The ablation pressure at the surface of an
The high yield desighuses a foam convertor that ex- inertial fusion capsule is approximatély

tends to the axi_s, i.e.,_the capsule is imbedded in the foam. P.p=3.3X 10°T35, (5)

As our calculations will reveal, the mass of the convertor

will be comparable to the mass of the Z-pinch plasma fowhere Ty is the radiation temperature in units of electron

optimal performance. Since the outer radius of the convertoyolts and the ablation pressure is in pascals.

must be large enough to provide radiation early enough to  For annular convertors, we will ignore the rising portion

drive the capsule before the Z pinch implodes on the capsul®f the temperature profile, since it is typically short com-

a low density material such as foam must be used for a soligared to the capsule implosion time. Assuming a

convertor. Solid convertors result in rising hohlraum tem-constant hohlraum temperature during the capsule implosion,

perature during the entire capsule implosion. Such converEgd. (4) can be solved exactly. The implosion time is then

tors also couple more of the stagnation energy into the corfound to be

vertor and the relatively slow rise of the hohlraum 2 e

temperature yields a reasonably isentropic implosion of the rcapz—p. (6)

fusion capsule. Figure 7 shows the experimentally measured vt

radiation temperature for a solid foam convertor. As can bd-or solid low density convertors, we assume a linear rise in

seen the radiation temperature rises approximately linearlthe hohlraum temperature until the capsule implosion time.

with time. Thus we will assume that for solid convertors theEquation (4) can be solved assuming a linear rise in the

radiation temperature is given by the expressidp,t) hohlraum temperature, with the result

Downloaded 05 Aug 2004 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 8, No. 5, May 2001 Scaling and optimization of the radiation temperature . . . 1677

5.5 cap

Tcap ve (7)

The final implosion velocityy ¢, of an inertial fusion capsule
must be approximately 35 cpa$ to obtain ignitiorf

D. Geometric considerations and radiation symmetry

Numerical simulations indicate that inertial fusion cap-
sules require a radiation flux asymmetry of 1% or EF&us
there must be sufficient space between the Z-pinch plasma 025 e
and the capsule so that the radiation can transport freely o0 0:2 o+ 0
around the capsule to provide a symmetric radiation drive. axial distance z (cm)

This condition is satisfied if the Z-pinch/convertor interface I —
radius is larger than some minimum radius during the cap- a)
sule implosion. We define a symmetry parameter iooed w1 s T wa s bamwl o @n®ai

radial distance r (cm)

. P
.8 1.0

Fam 22, ®
cap

wherer 5, is the inner radius of the Z-pinch plasma at cap-
sule implosion time(bang timg. Large values ofF¢ will
allow a high degree of radiation smoothing, but will also
result in relatively low hohlraum temperatures. Thus it is
important to have at least an estimate of the minimum value
of F4 that is consistent with the required radiation symmetry.
Note thatF¢ can be less than unity because the capsule is
imploding as the inner radius of the Z-plasma decreases anc
I cap IS defined to be the initial capsule radius.

Numerical simulations using the codesNex® show

that the Raylelgh_Taylm(RT) mStab"Ity modulates  the FIG. 8. Results of a 2-D numerical simulatiohaZ pinch stagnating onto

Z-pinch plasma thigkness with a WaV.eleng_th .Of approXi-a plastic convertor(a) radiation temperature contouréy) line out of the
mately 1 mm, see Fig. 8. These simulations indicate that theensity as a function of axial distance Z at a fixed radiast mm.

RT instability induced radiation source has a variation,
STHT*~30% for the dominant wavelength of approxi-
mately 1 mm. Note however, that the amplitude is not thethe end walls(the electrodes which are not radiation
same for each bubble and spike. This indicates the presenseurces. This variation is reduced as the electrode albedo is
of longer wavelengths. increased to reasonable values for g@thedc=0.8 gives a
The radiation flux incident on the capsule surface can b&% variation. The remaining variation, which should be the
much more uniform than the radiation source at the Z-pinctsame on each shot, can in principle be compensated for by
plasma, which acts as the hohlraum wall. This is becausdesign. Possible solutions, such as using a quasispherical im-
radiation incident on each point of the capsule is a solidplosion to avoid the cold end walls, need to be explored.
angle weighted integral over the visible hohlraum wall. We  In contrast, the variation caused by the RT instability
have performed these integrals in a “view factor” code. Thewill be different on each shot. To assess the effect of the RT
hohlraum wall and the radiation source were assumed to beiastability, we subtracted this unperturbed variation from cal-
cylinder with a radius oRy,,, and lengthL . with a con-  culations with the sinusoidal perturbations and expanded the
stant ratiol pop/ Ryon=4. The radiation flux emitted from the results into Legendre modes. Since fusion capsules require a
hohlraum wall was given a sinusoidal axial variation with atime averaged radiation flux asymmetry of 1% or better
fixed wavelength to simulate the effect of the RT instability. (summed over all modgswe inverted our results to find the
The albedo of the walls was set to zérwe to the lack of a required source amplitude to obtain 1% variation on the cap-
self-consistent wall loss modelwhich results in an under- sule,sF4, as a function of the ratiBo,/R.. The results are
estimate of the effect of radiation smoothing. plotted in Fig. 9 for three different wavelengthss1, 2, and
Calculations were performed for several values of the4 mm. NoteR.=1 mm for these calculations. The results are
ratio Ron/R:, and the source wavelength/R., for fixed  applicable to other capsule sizes by scaling the wavelength
relative variation of the source amplitudés /F,, whereF,  with the capsule size. As can be seen from FigéP; is a
is the source amplitude without any variations due to RT andtrong function of bothRy.,/R. and the wavelength. The
R. is the capsule radius at the time of interest during itsresults indicate that fox=1 mm, source variations of 30%
implosion. Calculations with6F/Fy=0 result in a 34% seen in theLASNEX simulations should be smoothed to ap-
variation of the radiation flux at the capsule from equator toproximately 1% at the capsule for the rafpygn/R.=2.0.
pole. This unperturbed equator to pole variation results fronAdequate radiation symmetry will be achieved if the ratio of
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100.0F O A ' : This would be rigorously true if the driving current were
E % - ] unaffected by the Z-pinch collision with the convertor. The
. 1 velocity of the Z-pinch/convertor interface gty (bang time
R 10.0F * 3 will then be approximately
o I e ! ( 2, 2AE | (12
— F e h v =|p + —
B 10k e =t mm 1 bang | Tl T Mo+ M,
] The average velocity is then simply
01l . . . . — _ Ucolt Ubang
1 2 3 4 5 6 LR — : (13
Rhohl/Rc

The situation is different for a solid convertor, where the
FIG. 9. The source flux variation that yields a 1% radiation flux asymmetrycollision occurs during the entire implosion. Assuming that
at the capsule, as calculated by view factor simulations, is plotted as ghe shock has propagated through all of the convertor by the

function of the hohlraum radius}y,q, over the capsule radiu®.. The tim ; ; :
; " _ e the Z-pinch/convertor radius reacheg, the velocity at
curves are labeled by the wavelength of the RT instability assuRing P o y

—1 mm. bang time will be approximately
voM
. . . Ubang:ﬁ- (14)
the inner radius of the Z-pinch plasma over the capsule ra- z ¢
dius is never smaller than approximately 2. We have solved'he average velocity is then
Eq. (4) to determine the capsule radius as a function of time. 1
Comparing this to the radius of the Z pinch as a function of ~ U2p~ 2(V1™ Vbang (15

time we find that a ratid=.>0.5 is usually large enough to which can be substituted in{®) to find r .
ensure this condition is satisfied. Note that theNEX simu-

lations show that the RT introduces some structure at wave-

lengths longer than 1 mm. If such longer wavelength mode&- Ablative standoff

have sufficient amplitude in the experiments, larger values of  Eqr solid convertors, a shock wave can arrive at the cap-
Fs may be needed to obtain adequate radiation symmetry. gyje pefore bang time. This is a potential problem, because
We can calculate the initial outer radius of the convertorihe shock wave could disrupt the spherical symmetry of the
to obtain a desired value of the symmetry parameter from thg sion capsule. However, under appropriate conditions, the
simple formula ablation pressure is larger than the shock pressure and the
o= F el capt U zpTeap: (99  shock will remain isolated from the capsule. We call this

. . ) ablative standoff. The pressure of the shock wave is given
wherevz, is the average velocity of the of the inner surfacey, 10

of the Z-pinch plasma from the time of first contact with the
convertor until the capsule has fully implodéaang time. p _2PcU§
We have an analytic solutidrEq. (A8)] for the velocity Syl
of the Z pinch in the absence of the convertor. Letbe the
velocity of the Z pinch at the initial outer radius of the con-

(16)

wherep. is the initial convertor density. The Z-pinch plasma
vertor, ro,, and letv, be the velocity at the desired final acts as a plstor\ driving a shock wave into the convertqr. The
shock wave will move ahead of the interface. Assuming an

position rzip=F4r' cap, When the capsule is fully imploded. o i .
We shall use these two velocities to obtain approximate ex'—deal gas W'th7_5/3’ the ShOCk. .W'” move at 4/3. times the
elocity of the interface. In addition the shock will be accel-

pressions for the average velocity of the inner surface of the I ) .
Z-pinch plasma when a convertor is present. The result W“Frated by cylindrical or spherical convergence. Analytic
be different for annular and solid convertors.. solutiong? show that the shock velocity is proportional to
) M = i i = I-
First consider annular convertors. We assume that thé where.=0.226 for cylindrical ang.=0.45 for spheri

collision between the Z-pinch plasma and the convertor iscalI convergence. Thus the velocity of the shock is approxi-

essentially inelastic. The velocity of the Z-pinch plasma/m""teIy
convertor after the collision is then approximately 41)_2p leo| 1
M, vs=3 |+ (17)

(10

UCO":(MZ+ M) Y1 The ablation pressure generates an outward flow of material

As the convertor implodes the magnetic pressure will in-WhICh has a ram pressure given by
2

crease the implosion velocity. This increased kinetic energy lea
will be approximately the same as the energy gained by an ram— Papi, (18)
imploding Z pinch without a convertor given by

p

wherer ¢, is the initial capsule radius arfél,, is found from
AE= &(vz_vz) (11) Eq. (5). Note that the capsule will not have imploded much
2 U2 T at the time that the first shock arrives at the capsule. Setting

Downloaded 05 Aug 2004 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 8, No. 5, May 2001 Scaling and optimization of the radiation temperature . . . 1679

Pram= Psn, We definer /1 ¢, the ablative standoff radius will travel completely through both of these regions on a

(point where the ram pressure equals the shock pr@ssurﬁme scale short compared to the capsule implosion time. The

normalized to the capsule radius. The result is two regions will then be nearly at rest with respect to each
other. This is essentially a simple inelastic collision so the

Tap 210 7175 (19 1oy available to heat the materials and generate radiation
Feap vepe o is approximately
whereTys, the hohlraum temperature at the time when the c
shock reaches the capsule, is given by Ea=Ex M.+ M)’ (23
THs*ﬁTHP, (20) where Ey is the kinetic energy of the imploding Z-pinch
s plasma.

since the hohlraum temperature rises linearly with time, and ~ One might at first think that we should also usg, to
v, is the average shock velocity, including cylindrical or COMPpute the kinetic energy, since work is being done by the

ever, once the initial shock waves have propagated through

ve= B, :4(1+M)U— 21) both the Z-pinch plasma and the convertor the materials are
s Psvzp 3 p- at high pressure and will be difficult to compress further.

When the shock arrives at the capsule, the hohlraum tem-l--hus most of this Wo_rk will g0 _into k"_‘e“C energy, which
perature will be approximately 60% and 52% of the Ioeakcannot be converted into radiation until these plasmas stag-

value for cylindrical and spherical pinches, respectively. nalte ?n axrl]s. Thu_ls ft;)lr a:(nnul_ar convertfors we shallngséo
If ra>Tcap the incoming shock will be reflected out- calculate the available kinetic energy from E8).

ward. This reflected shock will typically reach the convertor/ . The situation is more _compllcated for solid co.nvertors,.
Z-pinch plasma interface before,,, and slow the incoming since the shock can transit the convertor several times. This
ap’

Z-pinch plasma. Similarly a shock will be reflected from theis because the shock can be reflected from either the capsule
axis for |Z|>rcap- This reflected shock will also propagate ablation surfac¢as calculated from Eq19)] or the axis. For

outward and slow the incoming Z-pinch plasma, but becauséimp"dty we will ignore the presence of the' capsule: The
of the time delay the Z-pinch plasma will be distorted into aShOCk W'” reflect off the axis "’.‘”d return to .the inner radius of
noncylindrical shape as seen in numerical simulatfoRer the Z-pinch plasma, when it is at the position
simplicity we assume the Z pinch remains cylindrical for our B—1

model calculations. fzszco-

On the other hand, if the shock pressure is larger than the s
ablation pressure of the capsule, the spherical symmetry oft this time the convertor material has been shocked twice.
the capsule will be destroyed, unless the initial outer radiushe inward propagating shock drove the convertor material
of the convertor is large enough so that the capsule is isdnward at approximately Ezpm_ Using the shock relations
lated from the shock. This will be true if the initial outer one can show that the outward shock will bring the velocity
radius of the convertor is approximately of the convertor material back to zero and the energy that

fco%fcapﬂL_sTcap- (22) remains in the Z-pinch plasma is approximately

(24)

2

M
Z_|E,.

Mz + M,

Note that this is considerably larger than the value given by
Eq. (9). The final radius of the interface will be larger by the

approximate factor 8/;~6. Therefore, a solid convertor will _ _ )
not work as well as an annular convertor if ablative standoffVhen the inner radius of the Z-pinch plasma readfgsthe

is not operative. available energy is then given by
There is some optimum pinch length for a given capsule Ng

and accelerator current that will generate the highest hohl- E,= —Z)

raum temperature. However, our model is not able to find Mz+Mc

this optimum since the analytic solution for the pinch dy-\yhere the shocks have crossed the convextotimes with
namics does not include the feedback between pinch length

1- Ex., (25)

and driving current. Therefore, we have simply fixed the I Zio

length of the pinch at roughly five times the capsule radius, I :

which is the ratio chosen in the high yield desigbetailed Nfﬁ- (26)
numerical simulations indicate that the hohlraum tempera- In( s )

ture is a weak function of this ratio near this value. Bst1

This expression yields an available energy significantly
larger than is obtained for the annular convertors. As an ex-
ample, assuminiyl .=M, E5/E=1/2 for an annular con-

The Z-pinch plasma of madd, collides with the con-  vertor, butE,/Ex can be greater than 0.8 for a solid conver-
vertor of massMl;. For annular convertors, the shock wavestor.

F. Energy balance and radiation transport
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A portion of this available energy will go to internal capsule is chosen to effectively absorb radiation the albedo is

energy, while the rest will go into radiation, i.e., low. We use the value of 0.3, which is consistent with typical
_ plastic ablator materials.
Ea=Eintt Erag: (27 A portion of the electrode walls will be exposed to the

hohlraum radiationr(<r ) as shown in Fig. 2. The radiation

Since we have chosen a low opacity material for the conver 1 zi) |
lost to the electrodes is given by

tor, the radiation temperature will be nearly spatially con-
stant within the convertor/Z-pinch plasma interface at any T

point in time. We have defined the hohlraum temperature, sz(l—aw)ZWUJO rZ(HTH(dt
Ty(t), to be the average radiation temperature within this
region. In contrast, the radiation temperature will have sig-
nificant spatial variation within the Z-pinch plasma due to
the high opacity of this material. L&, be the ratio of the
spatial average of the radiation temperature in the Z-pinc
plasma as compared the hohlraum temperature. To . . .
find Ry we need to so%g the radiation transport to obtainradlus of _the _convertor. The _se_cond and third terms define
the radiation temperature profile. Since the electron temperaghe effective time,r,, for radiation to be absorbed by the

: . - lectrode walls.
ture is approximately equal to the radiation temperature, th& - .
total internal energy is given by The radiation lost from the outer surface of the Z-pinch

plasmaEg, is given by the

(1— )27 20T T (33

where «,,= 0.8 is the albedo of the electrode walf;(t) is
II'he radius of the interface between the Z-pinch plasma and
the convertor as a function of time, ang, is the initial outer

Eini=Ez(RzuTup)Mz+E(Tup) M, (28

Th
_ _ E=47L af THOr (O dt=47T 5L 20 Topns, (34
whereE; and E,, are the internal energy functions for the s “Jo oDl zolt) zapk 20 Toprs: (34
Z-pinch plasma material and the convertor material. We ap- . . .
. . . , . wherer is th r radi f the Z-pinch plasma from
proximate these functions with power law fits to data in the erer (1) is the outer radius of the Z-pinch plasma fro

Sesame Equation of State packAgAssuming tungsten for the time of first str_|ke and ,(t) is the outer ra@anon tem-
) . . perature of the Z-pinch plasma. Note the solution for the flux
the Z-pinch material we obtain

from a plane photosphéf®e is F=20T4, where T,

EA(T)=7.0x 1PTL35 015 J/kg, (299  =To(7). The factor of 2 is due to the increase in tempera-

ture going inward from the outer boundary. This factor of 2

where Ty is the temperature in units of eV, andis in s included in the third term which combined with the second
glcnt. Assuming CH for the convertor the energy function term used to definer,. The radiation temperature at the
is outer boundary of the Z-pinch plasma can be determined as a
function of the radiation temperature within the hohlraum by
solving the radiation transport through the Z-pinch material

The energy that goes into radiation is composed of thre& z<F <T'zo). Since the Z-pinch material is highly opaque
parts we use the radiation diffusion approximation. Details are
given in Appendix B.

E.(T)=2.4x10°T%%8 J/kg. (30)

Erad™ Ecap+ Ewt+Es, (31

. . G. The Rayleigh—Taylor instability
whereE_,, is the energy absorbed by the capsig,is the

energy absorbed by the electrode walls, &Qds the energy The Z-pinch plasma will suffer disruption from the
radiated from the outer surface of the Z-pinch plasma. ThesBayleigh—Taylor(RT) instability as the plasma is imploded.
energies depend on the hohlraum temperature and the geoﬂf—]his will decrease the effective OpaCity of this region, since
etry which are both a function of time. To simplify the model there will be regions that are much thinner than the average,
calculations, we wish to relate these energies to the peake€ Fig. &). The modet® of Desjarlais and Marder indicates
hohlraum temperaturel,,p, and the initial geometric con- that approximately 90% of the Z-pinch plasma material will

figuration. The radiation absorbed by the ICF capsule i€ in the Taylor spikes. We shall use the shape shown in Fig.
given by 10 where the curve is assumed to be quadratic. Thus the

overall thickness i =T",j,+aZ where the constant can be
determined from the ratio of the spike/bubble md’sThe
result isT'=T",,(1+3RxX), wherex=2z/\. Since radiation
transport depends on the Rosseland opacity we want to find

T 2 4
Ecap:(l_ac)4770'jo rZ(t)TH(tdt

=(1—ag)4mor 2T hpTic, (32 the mean
wherer, is the capsule bang time, is the effective albedo 1 1 fl dx tan ! V3R
of the capsuler.(t) is the capsule radius as a function of Ross  TminJo 1+3Rx% Toin 3R 39

time, Ty(t) is the hohlraum temperature as a function of
time, andr .., is the initial capsule radius. The second andForR=9 we obtainl"gose=3.78 . Since 90% of the mass
third terms define the effective capsule radiation absorptioiis in the spikes forR=9, the thickness would be IQ,,
time, 7. For solid convertorsy,= 7c,p,, but for annular  without instabilities. Thus we shall multiply the opacity of
convertors, 7, = 7oyt 7. Since the outer material of the the Z-pinch plasma by the factoF,,,=0.376, to take into
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A available energy and we must solve fof/r., using Egs.
(17) and(19). The available energy will be divided into the
internal energy of the convertor and Z-pinch materials and to
radiation. The internal energy is determined by E28).
This result depends on the ratiez. The temperature pro-
file within the Z-pinch plasma is determined from E§9)
(for cylindrical pincheg or from Eq.(B10) (for quasispheri-
cal pincheg where the opacity is determined by H&R7)
multiplied by F,, to account for the decreased mean thick-
ness of the Z-pinch plasma which results from the RT insta-
bility. The radiation absorbed by the capsule is determined
FIG. 10. Schematic of Z-pinch plasma deformed by the RT instability justby Eq.(32) and the radiation absorbed by the electrode wall
before striking the convertor. is determined by Eq(33). The remaining energy must be
radiated from the outer surface of the Z-pinch plasma. This

account the reduced radiation trapping that results from th&NEray, Es, defines the. radiation tem_peratur‘éo, at the
RT instability. As we show in Sec. V, this leads to a outer surface of the Z pinch at bang time through &),

reduction in the peak hohlraum temperature by approxi-and also the spepific energy deposition.rat(.a through Egs.
mately 20 eV. (B4) and(BS.). Sett!ngr =T in Eq. (B9) (cylindrical) or Eq.
(B10) (quasisphericalwe can solve for the hohlraum tem-
perature to obtain a new valug,. We define the numeri-
cal function as the difference between our original guess and

The numerical procedure for using the model equationshis new value. The root of this function is found using the
presented in this section to obtain the peak hohlraum temmethod of bisection.
perature is outlined in this section. The first step is to define
various physical quantities that establish a specific dynami
hohlraum setup. These parameters incluge;the peak cur- ﬁl' MODEL RESULTS COMPARED TO EXPERIMENTS
rent (typically 20—60 MA); t,, the rise time to peak current A number of experiments have been performed on the Z
(typically 100 n3; a ande,, , the capsule and electrode wall accelerator to study the behavior of the dynamic hohlr&tim.
albedos;Fs, symmetry factor (zi,/rcap; Fcap: the initial  In this section we shall compare our model calculations to
capsule radius;zg, the initial radius of the Z pinch;.;, the  some of these dynamic hohlraum experiments. These com-
length of the pinch(typically 5rc,p); v¢, the final capsule parisons are made for the purpose of benchmarking the
implosion velocity(typically 35 cmpus); dz, the thickness of model so that we can have some confidence in model calcu-
the Z-pinch plasma when it first strikes the converter2  lations using drive currents that are not presently accessible
mm); M./M;, the ratio of the convertor over the Z-pinch to experiment.
masses.

At this point we make an initial guess at the peak hohl-
raum temperaturdl,,p. We generate a numerical function of Experiments have been performed on the Z accelerator
the hohlraum temperature, which will be zero for the correctusing solid cylindrical convertors composed of low density
temperature. The capsule implosion time is determined bplastic foam. On shot 291, the outer foam radius was 4 mm
Eq. (6) for an annular convertor or Eq7) for a solid con-  with a density of 6 mg/cc. A current pulse rising to approxi-
vertor. The radius of the inner surface of the Z-pinch plasmamately 20 MA in 100 ns was delivered to a 1-cm-long array
at capsule bang time, is determined fréig and the initial ~ of 240 wires at initial radius of 2 cm. An inner array of 120
capsule radius. The outer radius of the Z-pinch plasma awires was located at a radius of 1 cm. The presence of the
capsule bang timer,.,, is given by the expression,,, inner “nested” array reduces the effect of the RT instability
=r,+ d;/4 where we have assumed the Z-pinch plasma hasn the Z-pinch implosiof® The wires had a diameter of 7.5
been compressed by a factor of 4 due to the strong shockm and were composed of tungsten. The total mass of the
produced by the collision with the convertor. The mass of theouter array was 2 mg, while the inner array had a mass of 1
Z-pinch plasma is determined from E#\6), wherea=0 for =~ mg. The combined mass of the two wire arrays was approxi-
a cylindrical pinch anda=1/3 for a quasispherical pinch. mately equal to the mass of the convertor. The radiation
The convertor mass is then determined by the ristigM 5 . temperature was measured by a set of x-ray diodes, bolom-
The average velocity of the inner surface of the Z-pincheters, and time-resolved x-ray pinhole caméfaghe hohl-
plasmap_zp, can be calculated from Eq@\8) and(13) fora  raum radiation temperature is plottédiamonds as a func-
cylindrical pinch and Eq(15) for a quasispherical pinch. The tion of time in Fig. 7.
initial outer radius of the convertor,, is then determined To model these experiments we assume a single wire
by Eg. (9). The average shock velocity is then found from array of mass 3 mg at an initial radius of 1.73 cm, which is
Eqg. (21). The kinetic energy of the pinclgy, is found from  the mass weighted mean of the nested arrays. The incoming
Eq. (A7). The energy available to heat the materi&lg, is  Z-pinch plasma was assumed to be 2 mm thick when it first
found from Eq.(23) for annular convertors. Otherwise for makes contact with the convertor. This thickness is roughly
solid convertors, Eqg25) and(26) must be used to find the consistent with the radiation pulse widths that have been

radius

axial length

H. Numerical procedure

A. Foam convertor experiments
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FIG. 11. Hohlraum temperature as a function of the ratio of the convertor td~!G- 12. Normalized hohlraum temperaturdgg/Toy) as a function of the
Z-pinch massM, /M for annular copper convertors. The results of the initial Z-pinch plasma radlqs for'ar?nular 2-mm-thick plastic foam conver-
model calculations are labeldd,p for the peak hohlraum temperature and Ors: The mass ratiM. /M is optimized for each value af,. The avail-
T, for the temperature at the outside of the Z-pinch plasma. The diamond@ble energy k), radiated energyH.q, and internal energyH,) are also
are experimental measurements of the hohlraum temperature. plotted.

observed® in nested wire array pinches that are allowed toagreement is pretty good for small mass ratios; however, the
stagnate on axis. The model calculations are plotted as @ata exhibit a somewhat stronger dependence on the mass
solid line in Fig. 7. As can been seen the agreement betwed@tio than predicted by the model. This may be due to the

the model and the experiments is quite good. opacity of copper, which has not been included in the model.
An optimum convertor should be of a low opacity material
B. Copper mass scan such as plastic.

An inertial fusion capsule could be imbedded in a solid
foam convertor as was studied in the Sec. Il A. However
the initial low temperature T,,q—~100eV) radiation wave
needed to set the capsule implosion on a proper adiabat can The model equations described in Sec. Il are easy to
arrive at the capsule equator significantly before it arrives asolve numerically. An important benefit of such a computa-
the poles. This is because the radiation wave travels at mudionally simple model is that it is easy to obtain many solu-
less than the speed of light even in a low density plastidions and thus uncover various trends. In Sec. Il we obtained
foam. This timing difference would result in an asymmetricthe hohlraum temperature as a function of the ratio of the
implosion, without some design mitigation such as a quasieonvertor/Z-pinch masdi./M5 for copper convertors, see
spherical pinch. The arrival asynchrony could be substanFig. 11. Notice that the hohlraum temperature is a weak
tially reduced by using annular convertors, since the radiafunction of the mass ratio. This is because increasing the
tion wave would then move at the speed of light. Such arconvertor mass extracts more energy from the inelastic col-
annular convertor must have an initial radius large enough sbsion [see Eq(23)], but more energy goes into internal en-
that the capsule implodes before the convertor collapses cgrgy.
the capsule. Initial model calculations and detailed numerical We shall now look at the variations with respect to the
simulations suggest that the hohlraum temperature should beitial radius of the Z-pinch plasma. The convertor is still
a weak function of the ratio of the convertor mass over theassumed to be a thif2-mm-thick annulus, but composed of
Z-pinch plasma mass and that increasing this ratio should fairly dense plastic foam, which has less opacity than cop-
delay stagnation on axis. This would allow a smaller initial per. For each value of the initial radius of the Z-pinch
radius of the convertor and thus a higher hohlraum temperglasma, the mass ratibl /M, is optimized to obtain the
ture. highest hohlraum temperature. The resulting hohlraum tem-

A series of dynamic hohlraum experiments were perperaturegnormalized toT ,=134 €\) is plotted in Fig. 12 as
formed on the Z accelerator to test this hypothesis. Foua function of the initial radius of the Z pinchyy. In this
shots were performed using the nested wire array configuraxample the capsule radius is 1 mm, the drive current rises to
tion described in Sec. lllA. The convertor consisted of a20 MA in 100 ns, the Z-pinch plasma is 2 mm thick just
1-cm-long copper tube with a 2.5 mm radius. The wall thick-prior to first strike, and=s=r i, /1 .= 2. The initial conver-
ness was different for each shot to provide a scan in the ratitor radius determined by Eq$9) and (15) is found to be
of the convertor to Z-pinch mass. The wall thicknesses werapproximately 5 mm. Notice that the hohlraum temperature
1.8, 3.7, 9.2, and 9.4um, with the corresponding ratios is a fairly strong function of the initial Z-pinch plasma radius
M./M,=0.8, 1.6, 4.0, and 4.1. The hohlraum temperatureor values below optimum. This is because small initial radii
was determined by measuring x rays thrbwg2 mmradius  require large Z-pinch plasma masses to maintain the correct
aperture on one end of the dynamic hohlraums. The resulisnplosion time and thus most of the kinetic energy goes into
are shown in Fig. 11 as plots of hohlraum temperature as eternal energy rather than radiation. The function is weak
function of M;/M,. These datédiamondg are compared to for initial radii greater than optimum because the reduction
calculated temperatures using our mod@®blid line). The in mass is compensated by the increase in the radiation lost,

IV. MODEL RESULTS COMPARED TO DETAILED
'NUMERICAL SIMULATIONS
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300 " ' ' ' raum temperatures over the capsule implosion time obtained
250 from the simulations are plotted as diamonds Zoparam-

200k eters and as squares ¥iparameters. As can be seen there is

%‘ good agreement between these simulations and the model

= 150 calculations. This illustrates the usefulness of such a compu-
" 100 ] tationally simple model, since performing the double optimi-
50t E zation with a detailed simulation code would take a long

0 . . . . time. The results of Fig. 13 indicate that decreasing the value

10 15 20 25 30 35 of Fg substantially increases the hohlraum temperatures.
Fy = Gip/teap However, the simulations show that the convertor will be

driven into the capsule before it is fully implodedrt, is too

FIG. 13._ Hohlraum temperature as a functionFQf=r i, /1 .o for annular small. The numerical simulations indicate tI‘F’:gt must be
2-mm-thick foam convertors. The dotted curve corresponds to performance

of the existing Z-acceleratd(i ,=20 MA, r,,=1 mm). The diamonds are gre_ater than j_--5 to hydrodynamically isolate the capsul_e.
the result of numerical simulations for the optimized parameters obtained his would limit the peak hohlraum temperature to approxi-

from the model. The solid curve corresponds to an advanced accelerat@ﬁate|y 230 eV, when the effect of the RT instability is in-
(1,=60 MA, rcq=2 mm). The squares are the results of numerical simula- o1, qeq, even with a 60 MA drive current. Smaller values of
tions for these optimized parameters. ! . . . .
F¢ and hence higher temperatures are possible using solid
foam convertors because of ablative standoff as described in
since the degree of radiation trapping is reduced. HoweveiSec. Il E.
this weak behavior probably does not continue for arbitrarily
large initial wire radius, due to the RT instability. One would vy, SCALING RESULTS
expect that a R'I_'_bubble_z unld break through the Z-pmchA. Ablative standoff
plasma if the initial radius is too large. Furthermore, the
optical depth of the Z-pinch plasma is less than unity for the A low density solid foam convertor has two important
large initial radii so the diffusion approximation is no longer advantages over annular convertors. First, the fraction of the
valid. Fortunately, this is clearly not the region of interest. collision energy that goes into shock heating the Z-pinch
In our next example, the symmetry factét,, is varied, plasma decreases as the convertor density is decrdased,
while the initial radius and the mass rafib,/M, are both  Eq. (B4)]. This will decrease the outward radiation losses
optimized. The results are shown in Fig. 13. Two curves arend result in higher hohlraum temperatures. Second, the tran-
plotted. Parameters corresponding to the performance thait time of the shock through the convertor can be as long as
can be expected from the existing Z-accelerator were usetthe implosion time of the capsule. This continuous heating
for the dotted curve. Here the current rises to a peak value afan result in a rising hohlraum temperature during the cap-
20 MA in 100 ns and the capsule radius is 1 mm. The modesule implosion. Proper density profiling of the convertor
indicates that ,,=2cm, M./M,=2, andM,/L,=3mg/cm  should result in “pulse shaping” which can drive an isentro-
are near optimum. Parameters corresponding to the perfopic implosion. In fact, numerical simulatiohsdicate that a
mance that could be expected from an advanced acceleratoearly isentropic implosion results without any density pro-
were used to generate the solid curve. Here the current riséiing. Furthermore, these simulations indicate that the
to 60 MA in 100 ns and the capsule radius is assumed to b&-pinch plasma/convertor does not crush the capsule even
2 mm. Optimum parameters are found to Wgg=3cm, though the radius of the interface is less than the original
M. /M,=3, Mz/L;=15mg/cm. We have omitted the cor- capsule radius at the time of the capsule implosion, kg.,
rection for the RT instabilityF,, so that these results could <1. This is in spite of the fact that near the electrodes a
be directly compared to 1-D numerical simulations using ashock wave has been driven all the way to the axis before the
detailed radiation hydrodynamics cod@he optimized val- capsule implosion. The shock wave does not destroy the
ues of the initial radius, Z-pinch mass, and the convertosymmetry of the capsule due to ablative standoff. The shock
mass were used to set up these simulations. The converta isolated from the imploding portion of the capsule by the
was chosen to be CH plastic foam, with an initial inner ra-outward moving material that has been ablated from the cap-
dius set ta 4, and an initial outer radius determined by Eq. sule by the hohlraum radiation field. This ablative standoff
(9). A thin layer of gold (0.4 um) on the outside of the only occurs if the ablation ram pressure is larger than the
convertor was found to reduce the ablation in response to thehock pressure. The equations describing this process are
roughly 30 eV radiation generated in the Z-pinch plasmagiven in Sec. Il E. The general requirements are high radia-
during the implosion phase. The Z-pinch plasthangsten  tion temperatures and low convertor densities. Since the cap-
was initiated with a thickness of 1 mm as an approximationsule symmetry is not adversely affected by the incoming
to the conditions expected after the wire array undergoes thghock, ablative standoff allows small values Ff, which
initial ohmic heating. An external circuit was used to gener-implies higher hohlraum radiation temperatures. This is true
ate the Z-pinch current with lumped circuit elemert®  for several reasons. More Z-pinch kinetic energy is available
~1/8Q, L=12nH) and a time-dependent voltage. The im- when the pinch is driven to a smaller final radius. Less ra-
plosions occurred at about 135 ns. Absorption of radiation byiation is lost because of the smaller final radius. Further-
the capsule was simulated by a radiation leak of the sammore, the incoming shock will be reflected from both the
surface area as each respective capsule. The average hadkis and the capsule ablation material. This outward reflected
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300 tions. Improvements have been made to the simulation code
250 3 that will allow the inclusion of these effects and we plan to
g 200 ] revisit these design calculations. It will be interesting to see
£ 150 K if the peak temperature is reduced by a significant amount as
g 100 1 our model predicts.
RN ] The ratio of ablation standoff radius to the capsule ra-
0 F dius, 1 4/7 cap, IS @ decreasing function ofl /M, because
the initial shock pressure depends on the convertor density.
4 The number of shock transit timeblg, is approximately
............................... Ny three, which means that a second shock will usually reach
3T ] the capsule before it is fully imploded. This shock will be
stronger than the first shock due to the higher convertor den-
sk Tt/ Teap ] sity and could possibly damage the symmetry of the capsule.
However, the hohlraum temperature will be roughly at its
1 b) peak value when the second shock arrives and the ablation

pressure may still be able to standoff this second shock. We
do not think it is practical to include the standoff of the
second shock in our simple model. However, the ablation
pressure was sufficient to provide standoff of the second
shock in the detailed numerical simulatiohiShe energy ac-
counting is shown in Fig 14). The kinetic energy of the Z
pinch was approximately 7 MJ and is not a function of the
ratio M./M,. However, the energy available for heating
rises monotonically withiv./M . This is the reason for the
MMy, initial rise in the hohlraum temperature klk./M 7 increases.
FIG. 14. Results f del calculati ) id . The temperature reaches a maximum and then starts to fall
with 2 p‘ealfséjri\fe aent of 58 EA”AZ”‘ fnzsgf]iﬁmrg;%f o a8 ;ZTaCno?r‘]’i:;fglowly because of the extra mass that must be heated. This
Z-pinch radius of 1.8 cm, a Z-pinch kinetic energy of 7 MJ; a capsule radiuscan be seen from the behavior of the curve labeigg/Ey .
of 2.75 mm, and a symmetry factbr=0.6. All parameters are plotted as a The behavior of the dynamic hohlraum as the initial ra-
function of M. /M. The peak hohlraum temperatui®g,p, and outer sur-  dius of the Z pinch is varied is shown in Fig. 15, thr@,

face temperature of the convertdr,,, are plotted in(a). The ratio of the _ _ _ ; _
ablation standoff radiust,,, to the initial capsule radiug;c,,, and the 55 MA, M cap 2.75mm, andFS 0.6. The optimum con

number of shocks passing through the conveftr, are plotted inb). The vertor mas_s 'S found__for ea_lCh value _Of the '_m_t'_al radn_@,. )
ratios of the energy available for heatirigy, , the energy lost from the outer FOr small initial radii, an increase in the initial radius in-

surface of the pinch as radiatioBs, the energy absorbed by the capsule, creases the hohlraum temperature because the energetics are
Ecap, and the internal energﬁim,_ over the kinetic energy of the incoming  gominated by the internal enerdy,,;, which decreases due
Z-pinch plasmag, are plotted in(c). to the smaller Z-pinch mass. Continuing to increase the ini-
tial radii results in too small a Z-pinch mass to effectively
trap the radiation. This effect is seen in the functional behav-
shock will further slow down the incoming convertor and ior of the outer temperature of the Z-pinch plasma at capsule
Z-pinch plasma turning this kinetic energy into heat. Sincebang time,T,,, the optical depth, and the radiation energy
the shock reflection occurs earlier at the capsule equator thdast from the outer surface of the Z-pinch plasria, The
elsewhere, the Z-pinch plasma will wrap around the capsulenaximum hohlraum temperature occurs for an initial radius
forming a somewhat spherical hohlraum. These effects albf approximately 1.9 cm, which happens to be very close to
conspire to produce a hotter hohlraum than would be prothe value used for the high yield design.
duced by an annular convertor. The hohlraum temperature as a function of the drive cur-
The results of a model calculation assuming a peak driveent for optimized values of the convertor mass and the ini-
current of 55 MA, a rise time of 100 ns, and an initial tial Z-pinch radius is shown in Fig. 16. A capsule the size of
Z-pinch radius of 1.8 cm are shown in Fig. 14. These paramthe high yield capsule, i.et,,=2.75 mm has been assumed.
eters are the same as those used in the recent high yielthe optimum ratioM ./M3 is found to be nearly constant at
design® The results are plotted as a function of the ratio0.8 so we have not plotted it. The available energy rises as
M./M5. The peak hohlraum temperature has a maximum ofhe square of the drive current, but due to the fourth power
approximately 260 eV foM /M ;~0.8. This is substantially dependence of the radiation loss the hohlraum temperature
below the value of about 300 eV that was observed in derises approximately as the square root of the current. The
tailed numerical simulations of the high yield capstldow-  degree of radiation trapping increases with drive current as
ever, the numerical simulations did not include the effect ofseen by the number of optical depths, in the Z-pinch
the Rayleigh—Taylor instability and radiation loss to theplasma. The fraction of the available energy that is lost to
electrode surfaces. Indeed, removing these effects from ouadiation and that is absorbed by the capsule is nearly inde-
model increases the calculated peak temperature to approxendent of the drive current. The optimal initial radius of the
mately 290 eV, which is close to the results of the simula-convertor only increases from 1.2 cm lgt=20MA to 1.5
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FIG. 15. Results from model calculations assuming a solid foam convertor 3 g
with a peak drive current of 55 MA, a capsule radius of 2.75 mm, and a 1‘2:' rab/rcap 3
symmetry factof = 0.6. Parameters for optimal convertor mass are plot- 1.0t N . A h
ted as a function of the initial Z-pinch radiusz,. The peak hohlraum 20 30 40 50 60
temperatureT =, and outer surface temperature of the conveifgg, are T(MA)

plotted in(a). The optical depth with the Rayleigh—Taylor factor included is

plotted in(b). The energy available for heating, , the energy lost fromthe ~ FIG. 16. Optimized resultgwith respect to both convertor mass and initial

outer surface of the pinch as radiatidB, the energy absorbed by the Z-Pinch radiugare plotted as a function of the peak drive currépt, The

capsuleE.,p, and the internal energy;,,, are plotted in(c). convertor is solid foam, the capsule has a radius of 2.75 mm, and the sym-
metry factorF;=0.6. The peak hohlraum temperatufe,, and outer sur-
face temperature of the convertdr,,, are plotted in(@). The optical depth

o . . L . with the Rayleigh—Taylor factor included and the optimum foam density
cm atl p_60 MA, but this results in a S|gn|f|cant change n (g/co are plotted in(b). The energy available for heating,, , the energy

the foam density. A foam density of 2 mg/cc is optimal at 20jost from the outer surface of the pinch as radiatif, and the energy
MA, which is the current that can be produced by the exist-absorbed by the capsulg,,,, are plotted inc). The optimal initial Z-pinch
ing Z accelerator. However. the minimum foam density thalradius,rzo (cm) and the ratio of the ablation standoff radius to the capsule
can be can be produced by the present state of the art fRdiuS.'ap/Feap are plotted ind).

approximately 5 mg/cc, so the optimum design may not be

practical at l.OW .current drives. Notice algo that the ablat'onthe sensitivity of the dynamic hohlraum performance to such
standoff radius is nearly the capsule radius at the lower cur

rent drives. Reducing the capsule radius to 1.5 mm results igncertainties in the degree of radiation trapping. For this
higher radiation terr?peraturgs and optimal foam densitie?tUdy’ we have multiplied the opacity in our model calcula-

in Fi ; - Tions by the variable factdf o, rather than the fixed factor of
(fe0.7 cm) as seen in Fig. 17, but the ablative standoff is; y the varl op ix

still marginal. Clearly detailed numerical simulations and ex-so'37' The results are plotted in Fig. 18. The solid lines are for

: ; S ) faldvanced accelerator performance as would be expected on
periments will be needed to determine if ablative standof Lo :
: ) the propose& machine, i.e., a drive current of 55 MA and a
can be used with current drives less than about 40 MA. :
capsule radius of 2.75 mm. The dotted curves are for present
B. Radiation t _ day performance that could be expected on the existing Z
- radiation frapping machine, i.e., a drive current of 20 MA and a capsule radius
A significant uncertainty affecting the performance of of 1.5 mm. The results indicate that the hohlraum tempera-
the dynamic hohlraum is the degree of radiation trapping thature is reduced by approximately 10-15 eV wheg,
will be achieved by the Z-pinch plasma once it implodes=0.37, which corresponds to the RT corrections that have
onto the convertor. The computation of the opacity of high Zbeen made in the previous section. As might be expected the
materials is extremely difficult and thus prone to error. Fur-performance falls off faster ds,, decreases. As seen in Fig.
thermore, as discussed in Sec. Il G, the RT instability will18(b), the fraction of the available energy for heating that is
reduce the effective optical depth of the Z-pinch plasma dudost by radiation increases &, decreases. This fraction is
to the bubble and spike structure. In this section, we exploréarger for the Z parameters because the mass of the Z pinch
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FIG. 17. Same parameters as Fig. 16 but assuming a capsule radi [{G. 18. Optimized results as a function of the opacity multipfigg, see
ltjhe text for a description. The solid curves labeledre results assuming a

of 1.5 mm. peak drive current of 55 MA and a capsule radius of 2.75 mm. The dotted
curves labeled are results assuming a peak drive current of 20 MA and a

. . L capsule radius of 1.5 mm. The hohlraum temperature is plottéd),rthe

is much smaller. The ratiog,/r,, indicates the strength of  fraction of the available energy that goes into radiation is plottedinand

the ablative standoff, which is considerably larger Xopa- ratio of the ablative standoff radius to the initial capsule radius is plotted in
rameters. We assume that ablative standoff will not be effecl®:
tive whenr 4,/r,,<1. It should be noted that stagnation of

the Z-pinch plasma against the convertor may incréage useful for finding mass distributions that result in quasi-

above our estimated value of 0.37 with a significant bentIIspherical final configurations. The results of such a simula-

to the hohiraum performance. It may also be worth using Rion are shown in Fig. 3. The position of particles, marked

mixture .Of elements to create mater@l; with hlg.her oPacityyith a plus sign(+), are shown at various times during the
than a single element to improve radiation trapping.

implosion. Initially the pinch was cylindrical with a radius of
2 cm and axial length of 1 cm. The initial mass/lenghh,is
given by Eqg.(1). As can be seen the final shape is nearly
An initially cylindrical Z pinch will deform to a quasi- spherical, which should provide better coupling to the spheri-
spherical shape if the Z-pinch material has an appropriateal inertial fusion capsule. Similar results have been obtained
axial mass profile, i.e., heavier at the midplane and lighter aby others’ There are several potential advantages to using a
the ends. The determination of the initial mass profile thaguasispherical Z pinch to drive a dynamic hohlraum. First,
will provide a quasispherical final configuration can mostthe outer surface area of a quasispherical Z pinch is smaller
readily be found by trial and error. Since this could requirethan for a cylindrical pinch, which reduces radiation losses.
many iterations, we developed a simple 2-D numericalSecond, the areal density of a quasispherical Z pinch is larger
model of an imploding Z pinch. We assume azimuthal sym-than a cylindrical Z pinch of the same mass. This further
metry and represent the Z pinch as a number of particleseduces radiation losses. Third, the nearly spherical final
(actually rings. We assume a fixed current wave form typi- configuration should provide better macroscopic radiation
cal of a Z-pinch shot on the existing Z accelerator and caluniformity (not referring to the RT effects discussed eaylier
culate thel XB force on each of these particles and then  Detailed numerical simulations will be needed to deter-
move them accordingly. The model ignores the effects ofmine if quasispherical Z-pinch implosions can improve the
material pressure. Furthermore, the evolution of the pinchiadiation uniformity, but we have used our model to predict
can only be simulated until a pair of particles crosses. Thus the improvement in hohlraum temperature that results from
relatively small numbe10-15 of particles can be used. the first two advantages. The results are shown in Fig. 19.
Despite these limitations, the model has proved to be veryrhe results indicate an increase of approximately 20 eV

C. Quasispherical Z-pinch implosions
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FIG. 20. Comparison between cylindrical and quasispherical dynamic hohl-
100 L L L raum temperature model calculations assuming a fixed convertor density of
5 mg/cc. A capsule radius of 1.25 mm is assumed a#d/3 for the qua-
5 5 T T T sispherical calculation.
4t E e , - :
cyL 7 magnetic field vectors on an Arbitrary Lagrangian/Eulerian

mesh. The electron, ion, and radiation temperatures are cal-
culated. Generalized Ohm’s law and tabular equations of
state are used. An important feature of the code is that it can
handle complex shapes. Density contours at a time near final
collapse for two simulations are shown in Fig. 21. The initial
mass/length profiles were calculated using EQ.with a,
=—0.06 anda,=0.024. The upper simulation used a mesh
size of 156um, while the lower simulation used a cell size
of 78 um. Note the clear development of the Rayleigh—
Taylor instability even though no random density seed was
used in these calculations. In contrast, simulations performed
FIG. 19. Comparison between cylindridédbeled CYL) and quasispherical ~ with uniform mass/length and no random seed show no de-
(labeled Q$ dynamic hohlraum model calculations. A capsule radius of ye|opment of instability. The effect of the RT instability is
2.75 mm is assumed an#=1/3 for the quasispherical calculation. Hohl- . . . .
raum temperatures are plotted(& and convertor densities ifi). ConSIderany Iarger for simulations performed with the
smaller cell size. We attempted to run simulations with even
smaller cell size, but large RT bubble formation caused the

nearly independent of the drive current. Although this maysimulations to crash early in the implosion. This dependence
not seem like a large improvement, one must remember th&n the cell resolution may explain why previous low resolu-
the radiation intensity is proportional to the fourth power oftion numerical simulations of mass profiled Z pincheld

the temperature, so this represents an improvement in theot exhibit Rayleigh—Taylor growth.

radiation intensity of 35% at 60 MA and 75% at 20 MA. These results suggest that obtaining a well-behaved qua-
Inspection of Fig. 16b) reveals that the foam density is sub- Sispherical Z-pinch implosion by tailoring the mass profile
stantially lower for the quasispherical Z pinches. This is be-may increase the effect of the RT instability. The magnitude
cause the initial convertor radii are about the same in eithe®f this effect may be difficult to determine numerically. Con-
the cylindrical or the quasispherical pinches, but there isidering the potential advantages of quasispherical Z
greater volume compression in the quasispherical pinches.
Presently the lowest foam densities that can be fabricated are

convertor density (mg/cc)

0 ) L .

20 30 40 50 60
I1(MA)

approximately 5 mg/cc. To determine the importance of this 04k Elecm;de ' ' ' -
limitation on the fabrication of foam convertors, we have ]
calculated the hohlraum temperature with the convertor den- 0.2F Z-pinch plasma — g 7
sity fixed at 5 mg/cc. The results are shown in Fig. 20. We = 156 p cell 3 ]
have chosen a capsule radius of 1.25 mm for these calcula- ‘NO' 9.0 - Z-pinchplasma — o """E."""':
tions because the model predicts that larger capsules will not ook 78 w cell - ]
exhibit ablative standoff at drive currents as low as 20 MA — ]
with this foam density. The results indicate that the tempera- -0.4 W\

ture increase in a quasispherical pinch is approximately the 4.0 e o e - e

same even if the foam is higher than optimal, i.e., 5 mg/cc. R (cm)
Of course, the temperatures for both cylindrical and quasi-
spherical are somewhat lower. FIG. 21. Contour plots of the Z-pinch plasma density from two different

: : : . AcH2 simulations using different cell resolutions. The results using/A56
We have mvestlgated the behavior of mass prOfHEd z(!Iells are displayed in the upper half, while the results usingu8cells is

: ; : 17
pln_ches using the 2-D magnetohydrodynamic CdeHZ-_ displayed in the lower half. The initial density profile was the same for both
This code calculates all three components of the velocity andimulations as determined by E@) with a,= —0.06 anda,=0.024.
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pinches, e.g., higher peak hohlraum temperatures, improveaeen used in a recent high yield destgNumerical simula-
radiation symmetry, the approach should be tested expertions of the high yield design show a phenomenon that we
mentally. Such experiments should become practical wittcall “ablative standoff.” The inward shock wave generated
the development of the x-ray backlighter on the Z acceleraby the Z-pinch plasma colliding with the foam convertor
tor. does not penetrate to the inside of the capsule because of the
outward motion of the radiatively ablated material. We have
calculated the radius of the standoff point as a function of
drive current and capsule size. We find that ablative standoff
We have presented a quasianalytic model of the dynamiworks well at the high current drives needed for a high yield
hohlraum, which includes most of the important physics forcapsule, but not as well at the lower current drives that are
determining the hohlraum radiation temperature. The modepresently available. Thus it may be difficult to demonstrate
includes the Z-pinch implosion dynamics, the conversion ofthis phenomenon without an upgrade to the existing accel-
the Z-pinch energy into heat and radiation, the loss of radiaerator.
tion to the electrode walls and through the Z-pinch plasma, Scaling of the hohlraum temperature with the degree of
and radiation absorbed by the capsule. This model has begadiation trapping has been determined using the model. The
used to determine the expected performance scdfiegk results indicate that a decrease in the effective optical depth
hohlraum temperatuyeof the dynamic hohlraum as a func- of the Z-pinch plasma by a factor of 2 results in a decrease of
tion of the many parameters that determine this system. Agbout 10 eV in the peak hohlraum temperature. The degree
an example, the model has been used to compute hohlraudf trapping might be improved by using a mixture of ele-
temperatures within dynamic hohlraum experiments using aents to increase the opacity. This would be most beneficial
solid foam convertor. The results are in good agreement witfior demonstrating ablative standoff with relatively low cur-
the experimental data. Calculations of the peak hohlraunient drives.
temperature as a function of the ratio of the convertor mass A quasispherical Z-pinch implosion develops if the ini-
to the Z-pinch mass have also been compared to experimetial Z pinch has an appropriate mass profile. The final shape
tal data. The agreement with this data, which was obtainetiear stagnation can be nearly sphericalasispherical We
using annular copper convertors, is not quite as good as fdrave used the model to estimate the performance advantage
the foam convertors, but still within about 10 eV. of quasispherical Z pinches over purely cylindrical pinches.
The model has been used to find the optimum values ofhe results indicate that the quasispherical dynamic hohl-
the ratio of the convertor mass to the Z-pinch mass and theaum should reach a temperature of roughly 20 eV higher
initial Z-pinch radius for annular convertors. Detailed one-than a purely cylindrical pinch. This result is nearly indepen-
dimensional numerical simulations using these optimizedlent of the drive current. Unfortunately, numerical simula-
values compared well to the results of our model. The result§ons indicate that the mass profile needed to produce a qua-
show that the peak hohlraum temperature is a strong functiosispherical Z-pinch implosion also provides a seed for the
of the radius of the interface between the Z-pinch plasma anBayleigh—Taylor instability. Experiments should be per-
the convertor at the capsule implosion tintg,,. Smaller  formed to determine if this approach can be made to work.
values result in higher temperatures. We have presented view
factor calculations indicating that adequate radiation symmeACKNOWLEDGMENTS
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will need to be larger, with an associated decrease in the

peak hohlraum temperatu_re. Therefore, t_he_ determination_ %PPENDIX A: ANALYTIC Z-PINCH SOLUTION

the wavelength and amplitude of the radiation source varia-

tions produced within the convertor by the RT instability is ~ Analytic solutions for cylindrical and quasispherical Z

of critical importance toward determining if the dynamic pinches are derived in this Appendix. The equation of mo-

hohlraum concept is a viable approach to inertial confinetion for a cylindrical Z pinch is given by

ment fusion. Experiments are planned to determine both the dr, B2

wavelength and the radiation temperature variations induced MZW = o

by the RT instability. Note that means for eliminating the Ko

radiation asymmetry caused by the cold end electrodes, suathereM is the total mass of the Z-pinch plasnrg,is the

as quasispherical implosions, must also be explored. radius of the pinchB is the strength of th® field produced
We have used the model to investigate dynamic hohlby the Z current,B= uql/27r. To include quasispherical

raum performance using a solid foam convertor, which haZ-pinch implosions we use the expression for the area

VI. CONCLUSIONS

Az(r2), (A1)
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a

, (A2)

rz
Az(rz)=2mrzLz P

whereL; is the length of the pincha=0 corresponds to
cylindrical convergence, and=1/3 corresponds to the qua-
sispherical pinch depicted in Fig. 3. A solution to E41) is
found by using the trial solution

t\B8\¢
rZ:rzo( l_<

P
wheret, is the time to stagnation. Substitution into E41)
reveals that the choic8=4, and{=1 yields a solution with
a drive current that rises linearly with time as is typically
observed in the experiments. The result is

o t 2 _(t)4)l—a
|2—Iph(a)(g) 1 6 ,

4
rz:"zo(l_(t ),
p

wherel , is the peak current, and
(3_2a)3/27a
(2—2a)t "

(Ad)

t
(A5)

h(a)=

The normalized drive current and Z-pinch radius for a cylin-

drical pinch(a=0) are shown in Fig. 4. The rise time to peak
current ist,=t,/(3—2a)"* the pinch mass/length is

2
onolglE) "o
where
f(a)= %
12(2—2a)T" @
The kinetic energy of the pinch is
312
EK=g(a)LZ<Z—;)I§( 1- rr;) , (A7)

where

_2(3-2a)%
g(a)—w-

The velocity of the pinch can be found easily from E45).
The result is

3/4
rz
S 1_ i

l'zo (A8)

We have compared the analytic solution for the kinetic en-

ergy of the pinch to a numerical solution with lumped circuit

elements which approximates the current provided by the Z

accelerator. The voltage is assumed to be of the form

V=55 Sir(

7t

.
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raum stagnates on a convertor the convergence (a#o is
substantially less than 10 and the analytic solution should not
introduce significant error.

APPENDIX B: RADIATION TRANSPORT SOLUTION

The Z-pinch plasma is of high opacity so that it can
effectively trap the radiation. Therefore the diffusion ap-
proximation is appropriate with the radiation flux given by

4
R

(B1)
whereo is the Stefan—Boltzmann constantjs the opacity,
Tg is the radiation temperature, andis the density. In
steady state energy conservation yields

V-F=e. (B2)

The specific powerg, deposited in the Z-pinch plasma is
given approximately by

fZ( EA_ Eint)
€= —(,

B3
VzTrs B3

whereV; is the volume of the Z-pinch plasmg, given by

Eq. (23) for annular convertors or E¢25) for solid conver-

tors, Ej,; is given by Eq.(28), andf; is the fraction of the
shock heating that goes into the Z-pinch plasma. Note that
we assume the fraction of the shock energy that goes into
radiation will be approximately the same in both regions, so
that f, is also the fraction of the radiated energy that is
emitted by the Z-pinch plasma. We estimate the fraction of
shock heating from the following argument. In the center of
mass frame for the collision, two stagnation shocks will
propagate away from the initial point of contact. The mate-
rial between these shocks will have little relative motion, so
the pressure must be nearly constant in these regions. When
the shocks have traveled through both materials the pressure
will be approximately the same in both regions. Since pres-
sure is approximately proportional to the material energy
density (exactly true for an ideal gasthe fraction of the
energy that goes into the Z-pinch plasma will be roughly
proportional to the ratio of the volume of the Z-pinch plasma
over the total volume of the Z-pinch plasma and the conver-
tor. We assume that the shocks are strong so the density has
increased in both regions by about a factor of 4 so we can
use the initial volumes at the point of contact. Thus we ob-
tain

Vz

f~ Vv’ (B4)

whereV, is the volume of the convertor and, is the vol-
ume of the Z-pinch plasma at first contact. For cylindrical
geometry Vo=m(r3,,—ra,)L; and Vo=m(rZ,—r2)Ly,

while for quasispherical geometty,=3m(r3,,—r3;) and

which drives current through a series inductance of 11.4 nH/ = %7(r3.—r2). We shall assume that is constant and

and resistance of 0.1@. The result of this comparison is

shown in Fig. 5. The agreement is very good up to a conver-

thus Eq.(B2) can be integrated.
The radiation flux within the Z-pinch plasma for cylin-

gence ratio of approximately 10. Since the dynamic hohldrical geometry is
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F_7+F (BS)

2wl 7 2

Cer 1 ( Es er%ob) Ea

where the conditio (r zop) 2771 704l = E</ 7 has been used Ein
to determine the constant of integration.

The radiation flux for spherical geometry is Eq
er 1/ Eg er%ob
F= 3—’_ r_2<4777,3_ 3 ) (B6) Erad

where the conditioffF (r ,op) 471 3,,= E¢/ 7,s has been used to
determine the constant of integration. Eg
LindI® gives the power law fit to the opacity of gold

K= KoTﬁe'(\;,po'S, (B7)

where 8=1.5, ko,=6x 10 cn?/g, and Ty is the tempera- Ez(T) andE,(T)
ture in units of 100 eV. This should be a reasonably good
approximation for the opacity of tungsten. Using this relationF

Eqg. (B1) can be put in the form Fs
d Fo
— 4+ B
F X ar TR 7, (B8) .
where
oF,
_ 160
X~ 3x(4+ ) f,

and k= kop*3 Equations(B5) and (B8) can be combined
and integrated. The result for cylindrical geometry is

T4 B= e(r 55— 17) Es €l Zob In I'zob 12
XIR 77y 2ml,ms 2 r
44 Fmin
+xT, 7, (B9)

whereT, is the radiation temperature at the outer surface 01r Ross
the Z-pinch plasma. The result for spherical geometry is

XTé+ﬁ=€(r§Ob_r2) ( Es . 6r§ob)(}_ 1 ) Ip
6 A7, 3 rrzop K
A(Z)
+xTath. (B10) A,
APPENDIX C: SYMBOL DEFINITIONS Lhoni
a acceleration
a, anda, second- and fourth-order coefficients Ls
for mass/length foa Z pinch
o axial convergence parametér=0 Lz
for cylindrical pinchej A
ac and a,, capsule and electrode wall albedos
A, area of the Z pinch Meap
A, and B, Fourier coefficients to expand the Mcadr)
mass/length oa Z pinch
Bs average shock velocity over the aver- M
age velocity of Z-pinch plasma Mz
B coefficient for power law fit to the N
opacity of gold
d, thickness of the Z-pinch plasma at
initial contact %
€ specific power within the Z-pinch Py
plasma Pram

Slutz et al.

energy available for heating after the
collision

the energy absorbed by the capsule
energy that goes into internal degrees
of freedom

kinetic energy of Z-pinch plasma just
before collision

energy that is radiated from the dy-
namic hohlraum before capsule bang
time

energy radiated from the outer surface
of the Z-pinch plasma

radiation energy absorbed by the elec-
trode wall

internal energy functions for Z-pinch
plasma and the convertor

opacity multiplier

symmetry factoer zi, /1 c4p

radiation source flux for view factor
calculations without Rayleigh—Taylor
radiation source flux for view factor
calculations with Rayleigh—Taylor
radiation source flux that produces
1% flux variation on the capsule
fraction of the shock heating that goes
into the Z-pinch plasma

Gruneisen equation of state coeffi-
cient

thickness of the Z-pinch plasma with
variations due to Rayleigh—Taylor
minimum thickness of the Z-pinch
plasma

Rosseland mean of the Z-pinch
plasma over thickness variations due
to RT

peak drive current

opacity

mass/length foa Z pinch

zeroth-order term in a Taylor expan-
sion of the mass/lengthf @ Z pinch
length of hohlraum for view factor ra-
diation symmetry calculations

density scale length for RT growth
rate

the initial length of the Z pinch
wavelength of the Rayleigh—Taylor
instability

initial capsule mass

unablated capsule mass as a function
of radius as it implodes

mass of the convertor

mass of the Z-pinch plasma

number of times a shock is driven
through the convertor before capsule
bang time

shock convergence coefficient
radiation induced ablation pressure
ram pressure generated by ablated
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I'zo
rz(t)

rzi(t) andr zo(t)
I zip @Nd T zop

e andr;

Pc
To(t)

material interacting with the conver-
tor

Stefan—Boltzmann constant

ablation stand off radius

initial capsule radius

capsule radius as a function of time
ratio of the spatial average of the ra-
diation temperature in the Z-pinch
plasma oveiT yp

hohlraum radius for view factor radia-
tion symmetry calculations

capsule radius for view factor radia-
tion symmetry calculations

initial radius of the Z pinch

radius of the Z pinch as a function of
time

radius of the inner/outer surface of the
Z pinch as a function of time
inner/outer radius of Z-pinch plasma
at capsule bang time

initial outer/inner radius of the con-
vertor

initial convertor mass density

outer temperature of the Z-pinch
plasma as a function of time

outer temperature of the Z-pinch
plasma at capsule bang time

time to pinch to the axis

rise time to peak current

capsule bang time

capsule implosion time

rise time to peak hohlraum tempera-
ture for annular convertors

effective radiation absorption time for
the capsule

effective radiation absorption time for
the electrode wall

effective radiation emission time for
loss from the outer surface of the
Z-pinch plasma

peak hohlraum radiation temperature

Scaling and optimization of the radiation temperature . . . 1691

Th(t) hohlraum radiation temperature as a
function of time

TR(r) radiation temperature within the
Z-pinch plasma

Vs shock velocity and average shock ve-
locity

Uzp andv_zp Z-pinch velocity and average Z-pinch
velocity

Ut final capsule implosion velocity

V5 volume of the Z-pinch plasma
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