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Abstract

Wire arrayz pinches on the Z accelerator provide the most intense laboratory source of soft X rays in the world. The
unigue combination of a near-Planckian radiation source with high X-ray production effidi#dd¢y 15% wall plug,

large X-ray powers and energi€s100 TW,=0.8 MJ in 6 ns to 7 ns large characteristic hohlraum volum@s5 to

>10 cn?), long pulse lengthés to 20 ng, and low capital cost<$50—-$10@radiated Joulemay makez pinches a good

match to the requirements for driving high-yield scat€200 MJ yield ICF capsules with adequate radiation symmetry
and margin. The-pinch-driven hohlraum approach of Hamnedral. (1999 may provide a conservative and robust
solution to the requirements for high yield, and is currently being studied on the Z accelerator. This paper describes a
multiple-region, 0-D hohlraum energetics model tBpinch-driven hohlraums in four configurations. We observe
consistency between the model and the measured X-ray powers and hohlraum wall temperatures to20hiim

X-ray flux, for the four configurations. The scaling of pinch energy and radiation-driven anode-cathode gap closure with
drive current are also examined.

1. INTRODUCTION 199%, 2000, 2001; Hammeet al, 1999. Each of these
approaches has a fundamentally different drive geometry,

Tungsten wire arraySanfordet al, 1996; Deeneyt al, and hence different potential strengths and concerns, which
1997 zpinches on the Z-driveSpielmaret al, 1998 have have been previously describ@datzenet al., 1997, 1999;

recently found many applications to driving high-temperatur : . .
radiation cavities or hohlraums. The unique combination O?_eepergt al, 1999. This art|clle describes a 0-D hohiraum
energetics model to relate pinch X-ray power to hohlraum

a near-Planckian radiation source with high X-ray produc- . : .
: - wall temperatures for four-pinch-driven hohlraum config-
tion efficiency (10 to 15% wall plug, large X-ray powers . : ; o :

. . urations. The scaling of pinch energy and radiation-driven
and energieg>100 TW,>0.8MJin6 nsto 7 s large char- anode-cathode gap closure with drive current are also
acteristic hohlraum volume®.5 cn? to > 10 cn?), long . gap
pulse length45 ns to 20 ng and low capital cost<$50— exammed._ . .
$100/radiated Joulemay makez-pinches a good match The Z-Pinch-Driven HohlraumZPDH) concept is de-

to the requirements for driving high-yield scale200-MJ picted in Figure 1. In this concept pinches are located in

: . L wo primary radiation cavities or source hohlraums on either
yield) ICF capsules with adequate radiation symmetry an - .
. . . . . end of a secondary radiation cavity or capsule hohlraum. A
margin. Assessment apinches for high-yield ICF is one of

the goals of the research program at Sandia National Labog ::gsairsra%cc;gzlsigngaga mﬂnmyarhunlglreecczrsogaﬂziggng;}v?
ratories. Three different geometries are being studied to har- n - 9 P

ness-pinches for indirect-drive ICF: the dynamic hohlraum gg:ﬁ(r;;%? )p n;na;¥:r?éobussheao??ﬁfa?eméignu':'irea,zﬁde; S
(Lashetal,, 2000; Nastet al.,, 1999; Slutzt al., 2001), static- are coupled tgo g sinale pulsed-power drivei/r. throu hgth%ir
wall hohlraun(Olsonet al, 1999; Sanforétal, 1999, 2000, pied 1o gep power drive 9
. . ' own set of low-inductance transmission lii€pielmaret al,,
andz-pinch-driven hohlrauniPorter, 1997; Vesegt al, 1998 which deliver large currents to the wire arrays. The
1998, 1999; Bakeet al., 1999, 2000; Cuneet al., 199%, . g . yS:
wire arrays are accelerated towards the axis of the hohlraum
Address correspondence and reprint requests to: M.E. Cuneo, Sand%y thelie\ppllegglj_rrenl't. The kln.etIC energy of :)he er?ﬂ arrag/
National Laboratory, Albuquerque, NM 87185-1193, USA. E-mail: as We as a _'t_'ona magnet'.c energy Is observed to be
mecuneo@sandia.gov rapidly and efficiently thermalized and converted to soft
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24 mm J X B-driven axial motion in order to maintain good trans-
-+ > parency. Experimentally, these Be spokes are observed to

<« AKgap maintain their spoke-like character throughout the power

=2 mm pulse giving efficient X-ray transport from primary to sec-

. ondary hohlraum in between the spoke mateftdmmer

‘||| 10 et al, 1999; Cunecet al, 200)). These spokes impose a
> mm high-order azimuthal mode effect on radiation symmetry,

that the capsule can toleratdammeret al,, 1999. Future
experiments will evaluate the degree of MHD-coupling of
pinch plasma into the secondary hohlraum, through the
spokes.
Thez-pinch-driven-hohlraum configuration theoretically
20 mm provides the 1% capsule X-ray flux uniformity required for
o high convergence implosions according to viewfactor sim-
B i ulations discussed beloWeseyet al,, 1998, 1999; Hammer
M II[[ 10 mm et al, 1999. The two-sided ZPDH system in Figure 1 pro-
il vides the most conservative approach to control of symme-
try for a z-pinch-driven system. As noted, this concept
<+ AK gap provides two levels of radiation smoothing over the
=2 mm millimeter-scale-length pinch spatial nonuniformities typi-
cal of z pinches: primary hohlraum wall re-emission fol-
Fig. 1. Highyieldz-pinch-driven hohlraum configuration, thatis, adouble- |gywed by secondary hohlraum wall re-emission. Symmetry

sided power feed, double-sided secondary showangwo 24 x 10 mn? . . . . .
primaries or X-ray source hohlraums with 300 1B»-diameter W wire is obtained geometrically in a ZPDH by overlapping the

arrays including two AK-gap power feeds) 20 15 mn? secondarywith ~ Primary and_ second_ary radiation sources onto the capsule to
5-mm-diameter high yield capsulé) two Be spoke assemblie&]) two create a uniform driv¢Veseyet al,, 1998, 1999; Hammer

foam pulse-shaping cylinders on axis in the primaries, @dvo 5-mm- et al, 1999. The possibility of geometric symmetry control
diameter axial shine shields. The pinch stagnates on the axis of the primanyg permitted because the pinch is an extended radiator. Laser-

hohlraum. These-pinch primaries are each driven by a separate set Ofdriven systems develop extended radiators on the hohlraum
transmission lines. Current smoothing between these lines is performed in

the output section of the accelerator over a large number of individuawaIIS by phasmg d_|fferent grOUp'S of laser beams over the
accelerator modules to provide identical current pulses to the two pinchesurface of a cylindrical hohlraum in order to compensate for

(Struveet al, 1999. the nonspherical hohlraum geometry, wall motion and the
laser entrance hol@.indl, 1995. Secondary hohlraum ra-
diation symmetry of even modds.g., P2, P4, P6, eicis

X rays as the mass stagnates against itself on axis, heatimgovided by altering the length and diameter of the second-

up the primary hohlraum. The radiation field in the hohl- ary (and primary, as well as by varying the diameter and

raum is enhanced by making the walls out of a high-Z majocation of an axial shine shield, which prevents a pole-hot

terial, which efficiently re-radiates and traps the X-ray powercapsule drivegVeseyet al., 1998, 1999. Figure 1 shows a

(Lindl, 1995. Furthermore, the pinch implodes onto an particular example with the secondary diameter the same as

additional wire array or central foam target to provide thethe wire array diameter. High-yield capsules of 5-mm diam-

required radiation drive pulse shape for the capsule imploeter probably require a secondary diameter of 15 mm to
sion. This pulse-shaping concept has been demonstrat@® mm for adequate control of symmetry. The large hohl-
experimentally, in principléHammeret al,, 1999; Sanford raum size reduces sensitivity to wall motion. Symmetry can
et al,, 2000. also be tuned by altering the shape of the secondary walls
The majority of the secondary hohlraum X-ray drive comesaway from a purely cylindrical geometry with constrained

from re-radiation of the primary wallmore than 70% of the flux optimization techniquegVeseyet al., 1998, 1999

X-ray flux entering the secondary, according to the viewfac-Radiation symmetry of odd modéB1, P3, and PSs con-

tor models discussed belgwess than 30% of the second- trolled with adequate power balance and timing simultane-

ary wall drive comes from direct-pinch illumination. This ity for the twoz pinchegVeseyet al, 1998, 1999; Hammer

topology of coupling two, hot X-ray source regions to aet al, 1999; Cunet al., 2001. Coupling to higher order
cooler, ICF secondary is similar to some indirectly drivenodd modegP3 and Phappears to be tolerable. Control of
laser hohlraum geometriékindl, 1995; Rosen, 1996Ra-  P1 asymmetry is the principal conce#pinch driven sys-
diation flows into the secondary through Be-spoke assemtems are also expected to have a high degree of cylindrical
blies which are largely transparent to X rays, and which als@symmetry.

actto carry the-pinch current, as well as confine th@inch Experiments have shown that this scheme for coupling

plasma to the primary region. The mass per unit area of thisadiation to a secondary is practical and effici¢@uneo

spoke array must be large enough to prevent significanét al, 199%, 199%, 2000, 200). Experiments are building

15 mm

https://doi.org/10.1017/50263034601193055 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034601193055

0-D energetics scaling models for z-pinch-driven hohlraums 483

10 mm

-+ <« AKgap
+“—24mm—> =2mm

Fig. 2. The 24X 10-mn? z-pinch-driven primary hohlraum configuration.
This configuration smooths the pinch radiation and provides a large surface 20 m
area to drive 3 to 12 side-viewing experimental packages with very similar i
radiation historiegPorter, 1997. This primary is also used to drive large I Il 10 mm
diameter secondaries for the high-yield ICF concept. This configuration

can be used to study hohlraum and pinch energetics, power flow physics,

pulse shaping, and reproducibility. - AK gap =
2to3 mm

in complexity towards the desired configuration in Figure 1.
Experiments have studied the energeticz-pfnch-driven
primaries (Porter, 1997; Bakeet al, 1999; see Fig. 2
Hohlraum and pinch energetics, radiation coupling, and av-
erage transparency of Be-spokes were studied in a Singl%’lg. 4. Single-sided power feed, double-sided secondary hohlraum con-
sided primary-secondary configurati@@unecet al., 199%, figuration used to study radiation symmetry, pinch power balance and
199%, 2001; see Fig_)sThe power flow, pinch and hohl- simultaneity, and capsule implosions on the Z accelerator, prior to the
raum energetics, pinch power balance, and simultaneity of development of an accelerator configur_ation with a two-sided feed archi-
single-sided power feed, double-pinch driven secondary Wer@cture(e.g., see Fig. )1 The secondary is suspended off of the tungsten

. ! i wires and becomes part of the power feed to supply current to the upper
also studiedCunecet al, 2000, 2001; see Fig)4Section2  inch,
of this paper briefly describes the diagnostics used to obtain
pinch X-ray powers and hohlraum temperature measure-
ments. Section 3 describes a 0-D hohlraum energetics modg|
for thez-pinch-driven hohlraums in each of the four config-
urations which establishes consistency between measur
X-ray powers and hohlraum wall temperatures. These mo
els are similar in nature to those developed for laser hohl
raums(Lindl, 1995; Rosen, 1996 and to earlier work on

pinch-driven hohlraum@Hammetetal, 1999. These mod-

eé]s allow us to identify possible breakpoints in physics is-
es and driver performance, quickly evaluate experiments,

and plan an organized research program. Section 4 summa-

rizes the hohlraum scaling models. Based on these models,

the energetics of the ZPDH appears to scale to the required

high-yield temperatures for a two-sided systéfig. 1) if

the X-ray power output of each pinch can be scaled to about

17 mm 1000-1200 TW depending on the amount of AK gap
t+—r closure. Two-dimensional radiation hydrodynami@sD
RMHD) simulations show this range of pinch power for
15 mm currents of order 60 MAHammeret al,, 1999. Appendix A

describes a 0-D model for pinch energy scaling with tung-
sten pinch mass and drive current and compares the results
with 2-D RMHD simulations. Appendix B describes a sim-
ple scaling for magnetic tamping of radiation-driven closure
10 mm of the AK feed gap. Table 1 lists the key areas that are being
studied to qualify this approach for high-yield fusion in our
research program at Sandia. We will be able to study all of
— <« AKgap these issues with one of these four hohlraum configurations.

“+“—2dmm— =2mm

Fig. 3. Z-pinch-driven single-sided secondary hohlraum configuration. A 2. DIAGNOSTICS

24X 10-mn¥ primary drives a 1 15-mn¥ secondary through a 17-mm- Hohlraum wall re-emission temperatures and pinch X-ray
diameter Be spoke assembly, providing an experimental geometry for mea- db | diff tt f X
suring hohlraum energetics, spoke transparency, radiation coupling, MHIPOWETS are measure y several difierent types of A-ray

isolation of the secondary from the primary, azimuthal drive asymmetry,detectors through apertures in the hohlraum V[/_XRDS
and capsule preheat. (Chandleret al,, 1999, ns-response BolometefSpielman
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Table 1. Physics issues for high yield assessment.

Issue

Comments

Pinch energetics
Power flow

Hohlraum energetics
Radiation coupling

Pinch power balance
Pinch power simultaneity
Polar radiation symmetry
Azimuthal symmetry
MHD isolation

Capsule preheat

Pulse shaping

Capsule energetics
Capsule implosions

Demonstrate the scaling of pinch output with mass, current, and atomic number to provide the
required X-ray power.
Demonstrate scaling of radiation and current-driven closure of the magnetically tamped power feed
gap to provide the power to the pinch at higher temperatures and currents.
Establish the relationship between X-ray power and hohlraum temperature.
Determine the efficiency of transport of radiation into the secondary, and Be spoke transparency.
Demonstrate power balance between two primaries to control P1 on a capsule in the secondary.
Demonstrate power timing between two primaries to control P1 swing on a capsule in the secondary.
Demonstrate geometric control of even mode radiation symmetry for a capsule in the secondary.
Characterize azimuthal radiation symmetry for a capsule in the secondary.
Assess and control of expansion of pinch plasma into the secondary.
Assess and control levels of plasma, high-energy particle and radiation preheat.
Demonstrate control of radiation pulseshape adequate for high-yield capsule and quantify energetics,
timing, and reproducibility.
Design of capsules with large radius, fuel mass, and appropriate stability.
Use capsule implosions to assess symmetry to ICF relevant levels.

etal, 1999, and Transmission Grating Spectromet&sag-

and the anode-cathod@K) gap transmission line power

gleset al, 2001]. The aperture size is measured with time-feed respectively,,, An,, andAy are the areas for the gold
resolved, filtered X-ray framing cameras to correct bothhohlraum wall, the diagnostic apertures, and the AK gap,
wall re-emission flux, and pinch X-ray flux for aperture isthe temperature of the radiation field incident on the hohl-
closure (Chrien et al,, 1999; Bakeret al., 2000. Initial raum surfaces, and is the Stefan—Boltzmann constant.
aperture sizes of 12.6 nfto 16 mn? close by about50%in  Radiation is lost diffusively into the Au hohlraum wall, and
primaries and about 35% in secondaries. Uncertainty in théree-streams out diagnostic apertures, and out the AK gap.
wall re-emission flux and pinch X-ray measurements isSome of the X rays streaming out the AK gap are returned
+20% (£5% in temperature adding uncertainties in aper- back into the hohlraum by the transmission line feed struc-
ture closure and instrumental calibration in quadrature. Thisure. Albedos are defined as= P,,/P;,, the ratio of re-
is comparable to temperature uncertainties for laser hohlemitted X-ray power to incident X-ray powéRosen, 1995
raumg(Lindl, 1995. Load currents are measured with B-dot Most of the “physics” for this model is contained in the
loops(Stygaret al, 1997). proper choices for albedos. The AK gap is an additional
radiation leaKlike a diagnostic apertuysomewhat like the
laser entrance hole in a laser-driven system. The effective
3. HOHLRAUM ENERGETICS MODELS albedos for the AK gaps are provided by 3-D viewfactor

In these 0-D models, we write coupled equations, whicksimulations(Veseyet al, 1998, 1999. This allows a calcu-
balance the power sources and sinks for each hohlraum i@tion of the net X-ray return to the hohlraum from the
the systeniLindl, 1995; Rosen, 1995, 1996, 1998 recent transmission line feed. The main energy sink for hohlraums
article reviews and extends the basis of these kinds of mod$ the X-ray energy diffusively deposited in the Au wall

els (Stygaret al, 200). The power balance equations for that is not re-emitted. The incident X rays drive a radiation
each hohlraur{primary or secondajyhave the form of heat-diffusion wavéa “Marshak waveJ into the wall(Ros-
power input= power loss, or source sink. en, 1995, 1996, 1999 High-Z materials have a high re-

emissivity(=~ 0.8) of X rays once they become hot, and the
gradient driving energy into the wall flattens near the sur-
face. Thus, hohlraums typically use gold walls to confine
the X-ray flux in a high re-emission cavity. The hohlraum
Au wall albedos are a strong function of peak temperature
and temperature history or pulse shape. In previous work,
the wall losq(or equivalently wall albedowas described by
an analytic formulatior(Lindl, 1995; Rosen, 1995, 1996,
1999, that was a good description of the diffusion of X-ray
energy into the hohlraum wall, for pulse shapes typical of
laser hohlraums. In this work, the Au wall albedos are pro-
vided by 1-D radiation hydrodynami¢®RMHD) calcula-

3.1. Primary only

The power balance equation in the case of a single primar
(Fig. 2) is

P =1[1—ap)Auwp+ Anp+ (1-— ag)Ag]an4 = Apa'T4, (1)

whereP, is the net pinch X-ray powedsourceg andA, is the
effective loss area for the hohlraugsink), «, and o are
albedos(X-ray re-emissivitiesfor the Au hohlraum wall,

https://doi.org/10.1017/50263034601193055 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034601193055

0-D energetics scaling models for z-pinch-driven hohlraums 485

150 _I LI I LI I LI | LI I LI I...J 1 I-. 1 095 :I LI I LENLELIL I L I LI | | LI l:
s 120 | Jos T 09

o - 1 3 - ]
E - ] S 0.85 = E
S 90 |- 106 & o N . b
g r . 1 & 3 - & ]
N 1 & 2 %P /F g E
N Ho4 9 < - f ]
> B ’-"- . % 0.75 - F —@— Primary at peak temp ]
g L f ] o [ ; -=@-= Primary at tpk-1.5 ns ]
= 30 | — 0.2 2 0.7 - =—©— Lower run-in at peak temp | ]
o :_:"' ] R ==@== Lower run-in at tpk-1.5 ns | 7
..; - -
O AT BTN I AN AN T AN AN B SN RN A 0 065 oo o sy by by by

0 20 40 60 80 100 120 50 100 150 200 250 300

Time (ns) Peak Temperature (eV)

Fig. 5. Example primary temperature pulemlid line) and calculated Au  Fig. 6. Calculated albedogersuspeak temperatures: at peak temperature

wall albedo history(dotted ling derived from 1-D RMHD simulations. (solid circleg'solid lineg and 1.5 ns prior to peak temperat(selid circley
dotted lineg, for primary temperature pulse shapes, and pulses with about
a factor of 2 lower run-in temperatutepen circles.

tions with the Lasnex cod&Zimmerman & Kruer, 197p6
using STA opacity tableBar-Shalomet al.,, 1989. temperature of 2= 1 ns. Figure 6 plots the albedos 1.5 ns
An example radiation temperature pulse shape for a priprior to peak temperature, and at peak temperature for the
mary is shown in Figure 5, with the corresponding calcu-primary temperature pulse shape shown in Figure 5, as the
lated albedo history. The temperature history in Figure 5 igpeak temperature is changed. Figure 6 also plots similar
representative of simulation€hrienet al, 1999 before  albedos for a temperature pulse with a factor of two lower
75 ns, and measurements after 75 Rerter, 1997; Cuneo temperature during the run-in phase, showing the small
et al, 199%, 2000, 2001 The temperature up until 90 ns change in albedo with changes in run-in temperature history.
results from pinch radiation during its run-in or acceleration The z-pinch-driven primary in Figure 2 is a 24-mm-
phase. Run-in radiation lowers the albgdbpeak by pre-  diameter, 10-mm-high cylindrical Au hohlrau(@4 X 10-
expanding the Au-hohlraum wall. Run-in radiation increasesnm? notation), with an internal 20-mm-diameter wire array
the albedo slightly, 1.5 ns before peak. However, the albedosonsisting of 300 equally spaced 1luBa-diameter tung-
near peak temperature are insensitive to the temperatusgen wires. This model shows good consistency between the
history of the pinch run-in phaséee Fig. 6; lack of  experimentally measured peak pinch pow@zs5+ 25 TW,
run-in radiation would only change the albedo4y+3%.  seven-shot average; Cunetal, 2001 and hohlraum radi-
The inflection points in the albedo correspond to inflectionation temperatures 1.5 ns prior to peak tempergti8é+ 7
points in the temperature history. In particular, note that thesV, two-shot average; Porter, 1997; Baltral,, 1999, in
albedo decreases at the transition point between the pinclirigure 7. The peak radiation temperature is about 4% higher
run in and the rapid temperature rise during the main X-ray(140+ 7 eV). The temperatures are plotted as hundreds of
pulse at pinch stagnation. The rapid increase in temperaturectron volts(i.e., 1= 100 eV). We measure the wall re-
increases the gradient driving energy into the wall for aemission temperatures and albedo-correct upwards to the
short period, lowering the albedo. The albedo is artificiallyincident or radiation temperatures for these comparisons
clamped at 1 in these simulations. The hohlraum wall carfabout a 5% correction in this cgs&he uncertainty asso-
become a net radiator, returning its energy to the system atiated with the unknown AK gap closure is about 15% in
some point as the input power falls, which would give anpinch flux. This range is illustrated in Figure 7 by a model
albedo greater than 1 by the above definition. assuming 1.5 mm of AK gap closure by the Au hohlraum
One- and two-dimensional RMHD simulationszgbinch-  wall, out of an initial 2 mm, taken from a 2-D RMHD
driven hohlraums show a 1.5-ns timing delay between thesimulation. The pinch power must be assessed more pre-
peak pinch power and the peak temperature. In our O-Zisely than the current:20% to affirm the amount of AK
treatment, we look for consistency between the peak pinclyap closure by this global energetics method. A power law
power, the temperature 1.5 ns before peak, and the albedwaling relating pinch power and hohlraum temperature is
1.5 ns prior to peak temperature. One might also look forshown on Figure 7and on Figs. 10, 11, and 1and will be
consistency with the peak temperat(mad albedpwiththe  discussed in the conclusions. The primary-only configura-
pinch power 1.5 ns after peak pinch power. Experimentallytion will be used to study a number of issues listed in Table 1
we measure a timing delay between peak pinch and peasuch as pinch physics and the scaling of pinch X-ray output
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These equations are given below. The power balance for
each primary ig j = lower only or lower and uppér
foB = fos o Apsjor (T = T = Ao T, )
wheref, is the fraction of pinch power that remains in the
primary,fysis the average transparency of the Be spokes,
is a filter transmission fractior,; is the entrance area to

the secondary, and the effective loss area for the prirAgry
is given by

Aoy = [(1— ap)) Ay + An + (1= ag)Ag + (1 — argy) Ag
+ (1 - aBe)(l - fps) Apsj] . (3)

There are two new terms in E(R) compared to Eq1): loss
of radiation through an additional transmission line AK gap

Fig. 7. Comparison of 0-D temperature scaling model for the primary cOnnecting lower and upper pin¢s in Fig. 4 and loss into

radiation temperatur€l.5 ns prior to peak temperature; Fig.cdmpared

Be spoke material. The terms included in E23).encompass

with measured primary temperature and pinch power, with the 2-mm AKfqr cases. There is no power feed Connecting the bottom

gap fully open(solid line), and closed by 1.5 mm of Au wall material
(dotted ling.

primary to upper primaryAy, = 0) in the case of a single
primary(Fig. 2). In this caseA;= 0, andf, = 1 recovering
Eqg.(1). There is no power feed connecting to an upper pinch
(Aqu= 0), for a single-sided secondaliyig. 3), or a double-

(see Appendix A scaling of radiation-driven, magnetically feed, double-pinckFig. 1). Finally, there is no standard AK

tamped AK gap closuresee Appendix B and pulse shaping

gap power feed for the upper primaiky = 0), for a single-

performance. We will also assess pinch power reproducibilfeed, double-pinch cas@-ig. 4). The lower primary has
ity which is related to pinch power balance in a double-sidedboth gap loss terms in this case. The effective gap albedos

system.

3.2. Primary/secondary configurations

near peak temperatueg, (= 0.34) and ag, (= 0.40 are
taken from 3-D viewfactor calculatior{i¥eseyet al., 1998,
1999 and appear to be insensitive to the exact amount of
gap closure.

In the case of configurations with one or two primaries and Summing over(one or twg primariesj, the secondary

a secondary(Figs. 1, 3, and % the description is more
involved (Rosen, 1995; Lindl, 1995; Hammer, 199%he
power balance for the primargX-ray source chambegis
given by

pinch power into primary
— net radiation transport from primary to secondary
= wall loss in primary+ loss out diagnostic apertures
+ loss out AK gap power fedd)

+ loss into Be-spoke material
and for the secondaryX-ray sink or capsule chamber

pinch power into secondary
+ net radiation transport from primary to secondary
= wall loss in secondary- loss out diagnostic apertures
+ loss into Be-spoke material

+ loss into capsuléif preseny.
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power balance is given as

Z [ fs fpsfv PJ + fpsfv Apso'(-rj4 - Ts4)] = ASUTS4 (4a)
J

or, usingP, = f, P,
fs fpsfu P(1+f,)+ 2 fpsfu Apso'(-rj4 - Ts4) = ASO'TS4, (4b)
i

wheref_is the fraction of pinch power that directly shines
into the secondary, is the ratio of the upper pinch to lower
pinch power, and the effective loss area for the seconflary
is given by

A= |:(1 — as)Aus T Ans+ (1 — ape) (1— fps) E Apsj +(1- ac)Ac:| )
i

®)

which includes a capsule loss term. These two or three cou-
pled equations are solved for the primary and secondary
temperature$,; andTs, with temperature-varying gold wall

albedos, by an iterative scheme, which converges quickly.
Table 2 summarizes the parameters used in the equations.
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Table 2. Definitions of parameters in hohlraum equation. T, — T provides a closer match between the results of the
0-D model and those of 2-D RMHD and viewfactor codes,

Parameter Definition which show that 70% of the power entering the secondary is

P, P Pinch power for lower or upper pinch from cavity coupling( f,sAxs(Ty! — Td")) while 30% is from

T 7] Primary hohlrauniradiation temperature for lower or ~ direct pinch shing fsf,sP,). The use Ofapr4 — T4 gives
upper primary closer to a 60% cavity coupling0% direct shine split. The

Ts Secondary hohlraurfradiatior) temperature use ofT* may provide a closer approximation to the actual

. :?fan'Bo'tzma”” constant ) primary radiation field since more than 85% of the pinch

i ective loss area of each primafgm®) . . . .

A Effective loss area of the seconddgm?) power directly heats the primary. This term might also com-

ap, apj Primary wall albedo given by 1-D RMHD calculaton ~ pensate for temperature gradients in the prinfargreasing

as Secondary wall albedo given by 1-D RMHD calculation temperature away from the AK gawhich increases radia-

ag Effective AK gap power feed albedo near peak temper- tjy,a power transfer to the secondary.

ature(Lightscape 3-D viewfactor calculationy = . . .
0.34(Veseyet al, 1998) The largest sources of uncertainty in this model are the

Effective albedo for gap feeding upper pinch in double- actual area of the AK gap&Ag, Agu) and the value of the

%gu . . .
pinch(at peak temperatuyéLightscape 3-Dviewfac-  direct shine fractioffi. AK gap closure by the Au hohlraum
tor calculationag = 0.40(Veseyet al, 1998) wall material(see Appendix Bwould make the hohlraum a
Aee (B:e Spolke T‘t')bzzgl") RMHD gaé‘it'_ag?”lﬂéﬂgs; 0.2) better radiation trap and require lower X-ray power for con-
[N apsule albe ssumeg;~ 0. inat, . . .
) Fraction of pinch power that remains in the primary sistency with the measured wall tempgratures. The size
(= 1 ff,Fpo) of the AK gap near peak temperature is unknown. Two-
fs Fraction of pinch power that directly shines into the sec- dimensional RMHD hohlraum simulatioislammeret al,,
ondary(viewfactor calculations: 5% to 16% depend- 1999 indicate about 1.5-mm expansion of the Au wall into
hoon igg‘; shield, secondary and pirivseyetal,  the 2-mm gap at peak temperature. Two-dimensional RMHD
e Transparency of the Be spokgsediction of 2-D RMHD simulations of plnches_have suggested that there may be
calculation f,s = 0.75(Hammeret al, 1999) some current loss at this AK gap based on comparisons to
(fos) Average transparency of both spokes for two-sided sys-measured X-ray poweft®etersomt al,, 1999. Thereis also
tems= (fosi + fpsu) /2 _ indirect evidence for AK gap closur€uneoet al., 200J).
fo CC;_’Irte"“?? factor for energy 10ss in secondary entrance The direct shine fractior, is calculated with a viewfactor
s'irﬁlrjslaﬁggs 210 ZEpm parylene fitter, 2- treatment(Vesey et al, 1998, 1999. These calculations
f, Ratio of upper pinch power to lower pinch power give a range of 5% to 16% for va}rious shine shield, s'ecgnd—
fo, fs, fos) To Assumed to be the same for both primaries ary, and pinch diameters, and pinch X-ray angular distribu-
Apsi Areaofaperture between primary and secondary for eacftions. Direct shine is reduced for larger shields, smaller
pr'“‘aryi_cm ) canbereduced to accountfor hohlraum gecondaries, and for non-Lambertian pinch X-ray emission.
wall motion
(1—fpe) Aps Fraction of area assumed to be filled with Be material
2 . . .
em) . " 3.3. Example calculations for single-sided
Aup, Auj Au wall area in each primarfcm?) ndar nfiquration
Auws Au wall area in the secondargm?) secondary configuratio
Anpr Ani Diagnostic aperture areain each primégyn°) In the case of a single-sided secondary, Egjsthrough(5)
Ans Diagnostic aperture area in secondém-) I he pinch d K b d
Ay Area of MITLAK gap (cm?) allow the pinch power and spoke transparency to be treate
Agu Area of MITL AK gap feeding upper pinch if present as two unknowns, and determined from simultaneous mea-
(cm?) surements of primary and secondary radiation temperature.
Ac Surface area of capsuli present (cm?) To illustrate this, we solve Eq$2) through(5) for f,s, ne-

glecting the Be-loss tern{slepending orf,s) within A; and
A,. The result in Eq(6) depends approximately linearly on
¢ = a T /a, Ty, the ratio of the wall re-emission flux in the

The main power source is the pinch power in the prima-secondary to the wall re-remission flux in the primary:
ries (P,). Most of the coupling to the secondary is from

cavity coupling (fosAps(T,! — T&')). Some of the pinch a,

power directly shines into the secondarff,sP,). Both a_SAS

these terms are modified with an average spoke transpar- fos = £ (6)
ency f,. The radiation coupling from primary to second- f.f [A + ﬂ’A g] +f, A [1— & 5]

ary is given byT;* — TS rather than as,T,) — T In the e T a

latter case, the first term is the wall re-emission power in

the primary («, T, rather than the total radiation field Experiments determine bothT' ande, T, independently,
(T3, which includes pinch powgrThis is probably a more with two, cross-calibrated wall re-emission measurements.
appropriate treatment in the case where the direct shine i&can be experimentally determined withi.0% by a rel-
included separately as in the above equations. Howeveative calibration of two sets of instruments. There is a weak

https://doi.org/10.1017/50263034601193055 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034601193055

488 M.E. Cuneo et al.

dependence of Eq6) on the temperaturéand therefore direct shine fractiorfs than on pinch power, as shown in
pinch powey through albedoss anday,, and the effective  Figure 8, hence the importance of including this effect for an
wall areasA, and A; which contain albedos. Physically, inference of transparency. Without direct shine, the inferred
Eq.(6) is linear becaus&' scales linearly witH,s[Eqs.(2) ~ spoke transparency could increase by up to 30%. Finally, the
and (4)], and the variation i, is very flat with f,s (see  entrance area coupling primary to secondapy, is reduced
Fig. 9. in the experiments from the initial area by the expansion of
Equation(6) is presented primarily to motivate the linear the Au hohlraum wall$0.3 mm to 0.5 mm from 1-D RMHD
scaling with¢. Calculations of the Be spoke transparencysimulations. Accounting for the reduction oA in the
fos including the Be-loss and the variation of albedo with model(as in the above examplecreases the net transpar-
temperature are shown in Figure 8 for a range of pinchency of the Be spokes by about 10%.
powers(110+ 22 TW), and a range of direct shine fractions  Equations(2) and (4) can be added to obtain the pinch
(6-1699. Small deviations from linear behavior are indi- power as
cated. This technique is a feasible indirect inference of
fos because of the insensitivity to the pinch X-ray power 3 ap .
shown in Figure 8. Data for the ratio of secondary to primary = {AP + ZS Asf} oTp (7)
wall re-emission power&verage of two shotg = (86.4/
112.0" = 0.354+ 0.04 is plotted in Figure 8, indicating an - usingf, + f.f,f,s = 1 from conservation of energy. Equa-
average spoke transparency of#3%. This transparency tion (7) shows that the pinch power is a weak function of the
is in gOOd agreement with that inferred from 2-D RMHD Secondary temperature through the a|bedos§arﬁjbure 9
simulations of the primary and secondary hohlraum temperp|ots the primary and secondary radiation temperatuees
atures(Cuneoet al., 200J). Direct 2-D RMHD simulations susBe Spoke transparency fractiq:@’ for a range of pinch
of the Be spoke transparency including the effects of ablapowers, and compares them with experimental data. The
tion of spoke material by radiation and current drive predictdata are plotted at the transparency independently deter-
a 75% transparency and are also in good agreef@meo  mined from the analysis in Figure 8. These dateerage of
et al, 2001. There is a stronger dependenceffon the  two shots are consistent with a pinch X-ray power of 140
22 TW.
Figure 10 shows the power scaling of hohlraum temper-
ature for the single-sided secondary configuration. This

—8- -Pp=88, fs=0.11 ==®--Pp=110, s=0.06 model shows good consistency between the experimentally
——Pp=110, fs=0.11 ==0==Pp=110, fs=0.16 measured peak pinch powdi90+ 20 TW, five-shot aver-
—0- -Pp=132, fs=0.11 @ cata age and the primary118 + 6 eV, two-shot averageand
secondary hohlraum radiation temperatyBss+ 5 eV, two-
1 IR LN L I R shotaverage 1.5 ns prior to peak temperatu@unecet al,,
=08 ]
LC>; : : 14 _I LI LILEL I LU | LI I LI | I_
[0} = . — = .
= | _ > S N — - —— =
g 06 ] o 12 F ]
2 - &  FyTmoosmooooe- g
g 0.4 [ ] é 1 | primary o gl :.:.-.-::
2 - . = C o Py ]
2 ] S 08|  otmle E
2 02 | . = F o ]
o ] o 06 [ 2% .
0 Ll .l I Ll L.l I Ll L.l I Ll L.l I Ll I_ -‘§ 0 4 :j;..'.‘ TSeCOndaI’y _f
0 0.1 0.2 0.3 0.4 0.5 g- 02 ]
wall re-emission power ratio (€ = asTs4/apr4) 2 P,=110£22TW 4
0 L L L I L Ll I L 1 1 I 1 1 1 I 1 1 1 N
0

Fig. 8. Calculated Be spoke transparerigyversusthe ratio of secondary 0.2 0.4 0.6 0.8
to primary wall re-emission powerg, = asTs'/a, T}, for a single-sided

secondary configuratiofFig. 3. These are shown for a range of pinch Be spoke transparency - fps
powers(110+ 22 TW, light broken lines with circular symbglsand for a

range of direct shine fractiori6% to 16%, heavy dotted lines with circular Fig. 9. Primary and secondary temperatuessusBe spoke transparency
symbol3. The inferred transparency is insensitive to the range of pinchf,sfor a single-sided secondary temperature configuratiig. 3). These
powers. A+10% uncertainty in transparency results from the range incurves are calculated fé&, = 110+ 22 TW, and forfs= 0.11 with AK gap
direct shine fractions and uncertaintygn fully open.

—_
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Fig. 11. Comparison of 0-D temperature scaling model for single-sided
Fig. 10. Comparison of 0-D temperature scaling model for single-sidedpower feed, double-sided secondary configuratibig. 4) with the mea-
secondary configuratiofFig. 3) with the measured primarfcircle) and sured primary(circle) and secondarysquare radiation temperatures and
secondarysquarg radiation temperatures and pinch powers. These curvedotal pinch powers. These curves are calculated fg$) = 0.65,f, = 1.0,
are calculated fofps = 0.70, andfs = 0.11, with the secondary entrance andfs= 0.11, with the secondary entrance and AK gaps partially closed.
partially closedsee textand the AK gap fully open. The upper primary temperature is not shown.

2001). The peak temperatures are about 2 to 3% higher thaaveraggradiation temperatures 1.5 ns prior to peak temper-
this curve. A model with the AK gap fully open is shown. A ature at the observed total pinch power of 8216 TW
case with AK gap partially closed is also within the experi- (two-shot average; Cuneat al, 2000, 2001 Greater load
mental errors. This primary-secondary configuration can bénductance in this configuration resulted in lower total load
used to study the scaling of Be spoke transparency witleurrent and pinch power. Greater wall afe&o primaries,
pinch mass and hohlraum temperatures, to study MHD coutransmission line feed coupling the two primaries, and a
pling to the secondary and other sources of capsule preheadarger seconday additional radiation loss pathways.g.,
and to study azimuthal drive symmetry in the secondary. the upper AK gajy and lower pinch power results in lower
secondary temperature. The upper primary has smaller ra-
diation loss than the lower primary since it has only one AK
gap. Temperatures for the upper and lower primary are equal
Application of this model to multiple primary systems re- for f, = B,/P, = 0.8. A single-sided current feed does not
quires at least one additional measurement, and additionakale to meet high-yield requirements of more than 210 eV
assumptions. There are three equations and seven unknowiislammeret al., 1999 in the secondary at 63 MA. However,
The seven unknowns are three temperatures, two pinch powvthis configuration can be used to study pinch power balance,
ers, and two spoke transparencies. Any four of the thresimultaneity, and polar radiation symmetry, and possibly
temperatures and two powers need to be measured to cloperform capsule implosions, prior to the development of a
the set of equations. Itis also possible to assume an averageachine architecture compatible with a two-sided power
spoke transparency for the top and bottom spokgg) =  feed(Struveet al,, 1999.
(fou + f)/2. In this case we must measure any three of Figure 12 gives results for the high-yield configuration of
the three temperatures and two powers to close the set éfigure 1(a double-sided power feed, double-sided second-
equations. ary), with and without AK gap closure by the Au wall ma-
This modelis applied to a single-sided power feed, doubleterial, showing the range of uncertainty from this effect. The
sided secondary configuration in Figure 11. In this config-upper lines for the primary and secondary are the cases with
uration, a 15-mm-long secondary is positioned within theAK gap closure. The closure was assumed to be 1.5 mm out
middle of a 35-mm-long, 20-mm-diameter wire array, cre-of an initial 2 mm. The single-sided Z secondary data from
ating two separate arrays above and below the secondaryigure 10 is scaled up by*Z to 111+ 6 eV to approxi-
The upper pinch is driven by a transmission-line vacuummately account for the temperature increase from an addi-
feed extended along the outside of the secondary. We meé&onal primary. The results in Figures 7, 10, 11, and 12
sureTy, T, andf, = P,,/P,, and solve for pinch powers and indicate that the hohlraum energetics and radiation coupling
(fps). Good agreement is observed with the primé9 = (Cuneocet al,, 199%, 199%, 2000, 2001 scale to the high-
5 eV, two-shot averag@and secondarg76 + 5 eV, two-shot  yield requirements of more than 210-eV secondary-wall re-

3.4. Double-sided secondary configurations
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25 T T T T TTT] essary to improve energetics assessment beyond 2086
< E [ ——Tprimary g level. ' '
o C Tsecondary ’/_‘ Previous analytic work for laser-driven hohlraums shows
S | W T [t 1.5 ns) ] that the Au wall loss energy is proportional (— a,) T*
g2 LE = E which scales a$ 3* for the STA opacity tabléLindl, 1995;
g ) - ] Rosen, 1995, 1996An abbreviated power balance descrip-
= - ] tion could balance input power against strictly wall loss
Sx F Py T3 17x15 mm? (i.e., B, o« T34), since wall loss dominates the hohlraum
22 o secondary ] loss. A power law fit to the primary temperatures given in
=@ OF : = Figures 7, 10, 11, and 12 shows that
i B ]
o - ;’/"J .

- 3.45 . P,oc T, 8
E = Py o Tg . P lp ®
1 L TN S S S R where the exponemtof temperature varies from 3.6 to 3.65.

100 1000 The different exponent of temperature in the scaling of wall
Pinch Power/Side (TW) loss between this and the previous analytic work results
) ) ) _ because of the different temperature pulse shape for the
Fig. 12. Comparlson_of 0-D temperature _scallng_ model for dOUbI.e_SldedZ-pinch-driven hohlraums Compared to those for laser hohl-
power feed, double-sided secondary configuratfig. 1) and comparison "
with scaled Z secondary radiation temperature data. Note that the pothaumSv as well as from additional loss out the AK gap and
axis is powerside not total power. The primaries are 240 mnPwitha  into Be spoke material. Power law fits to the secondary

single aperture. The secondary is a X715 mn?. The single-sided Z temperatures given in Figures 10, 11, and 12 show that
secondary data from Figure 10 is scaled up B o approximately ac-
count for the temperature increase from an additional primary. These curves
are calculated fof f,s) = 0.75,f, = 1.0, ands= 0.11. The upper curves for
the primary and secondary assume 1.5 mm of AK gap closure out of the
initial 2 mm. The lower curves assume no AK gap closure. The upper anavheremvaries from 3.3 to 3.45. The reduction in exponent

lower primary temperatures are the same for this casefyit.0. results because of the radiative coupling between primary
and secondary. This can be easily shown by an approximate
solution of Egs(2) through(5) where only source, wall loss,
emission temperature. Apinch power per side®@40TW  and radiative coupling terms are kefRosen, 1995 and
side (with AK closure and =1100 TWside (with no AK  direct shine, AK gap, aperture, Be, and capsule loss terms
closurg is required for the case in Figure 12 with a X7  are neglected. This analytic solution indicates that the expo-
15 mn? secondary. The use of Au-Gd hohlraum cocktailnentm=n%/4 (e.g., 3.3~ 3.65/4 in Fig. 10, which is close
walls (Hammeret al,, 1999 would lower the pinch power tothe observed scaling of the secondary temperature curves.
requirements by about 10% or increase the secondary teriwe have high confidence in these models since they are
peratures by about 3% at fixed power, because of the inbased on a large amount of work on the diffusive loss of X
crease in AYGd wall opacity by 50% compared to Au rays into Au walls done with laser-driven hohlrauthéndl,
(Orzechowsket al., 1996. 1995; Rosen, 1996
There are other issues that could affect the scaling of
4. CONCLUSIONS AND SUMMARY OF hohlraum tgmperatures with higher curresginch drivers
as shown in Figures 7, 10, 11, and 12. For example, the
SCALING MODELS : X ! )
z-pinch mass must increase with the square of the pinch
These 0-D models show good agreement with the measurezlirrent for a constant implosion time. Hence a pinch at
pinch X-ray powers and hohlraum wall temperatures to60 MA must have nine times the mass as at 20 MA. The total
within £20% in flux (£5% in temperatuneaccounting for  energy(kinetic + magnetic+ ohmic) available to be radi-
uncertainties in aperture closure and instrumental calibraated by the pinch scales as the square of the driver current.
tion for all three geometries in Figures 2—4. Issues such aExperimentally, pinch X-ray energy has been observed to
partial AK gap closure, and non-Lambertian pinch emissiorscale with the square of the driver current between 1 MAand
affect the agreement to about t1®0% level in X-ray flux. 20 MA (Matzen, 1997; Spielmaet al., 1998. The increas-
This is within the experimental uncertainty, hence we caning pinch opacity and maséHammeret al, 1999 will
not conclude anything about these issues from this modelecrease the net radiated X-ray power belowi thecaling
and these data. This level of flux uncertainty is about theof total energy because of energy tied-up in the pinch heat
best currently possible for measurements of wall re-emissiorgapacity on the time scale of the power pulse. 0-D and 2D
and pinch powers, and is typical also for laser hohlraunmscaling models for the level of pinch currentand mass where
measurementd.indl, 1995. Improvements in temperature tungsten pinch opacity limits X-ray power are given in Ap-
or pinch measurement accuracy or direct measurements pendix A. Whereas the total energy scalekZasve find that
AK gap closure or pinch angular emission profile are necthe internal energy of the pinch scaled &8 to | 282 This

Py oc T, 9)
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implies that an increasingly larger fraction of the total en-Baker, K.L. et al. (2000. Phys. Plasmag, 681.
ergy must go into heat capacity as the pinch mass and opa€HANDLER, G.A. et al. (1999. Rev. Sci. Instrumniz0, 561.

ity increase. The net radiated energy of a tungsten pinckHRIEN, R.E. et al.(1999. Rev. Sci. Instruniz0, 557.
from this simple model is observed to scald 4&*to | 284~ Cunko, M.E. (1999. IEEE Trans. Dielectrics and Electrical In-

over the range from 20to 65 MA. Zero-dimensional and 2-D | SU'atilc\’/I”g' 4?9'| (109%). 26" IEEE Conf. on Pl .
. . . UNEO, E. et al . ont. on asma S¢l
RMHD models discussed in Appendix A place bounds on Monterey, CA(IEEE, Piscataway, NJ
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(here Eyot) is partitioned between radiated energy and internalprofile of the pinch to obtain the correction factpirsee Eq(A8)],
energy tied up in the heat capacity of the material: wheree. is the specific heat evaluated at the core temperature:

r

Etot = Erad + Eint- (Al)

Ei = 277,4.40°% j T(Ordr=myeg  (AdD)

0

The second term becomes increasingly important as the pinch

mass and opacity increases. We exfiggt~ Eroq atlow mass and  wherersandl,, are radius and length of the pinch at stagnation.

opacity. The radiated energy has been observed to scafeas We assume the pinch is a static, uniform mass density cylinder

drivers at 1-20 MAMatzen, 1997. of hot tungsten. We neglect any radial dependence of the source
The measured power on Z is 12525 TW in a 6.4+ 0.5-ns  and the internal energy. The Rosseland mean free path is allowed to

FWHM pinch power pulse. This gives an effective energy in thevary with temperaturdEq. (A7)]. Under these conditions, we

pulse of about 0.& 0.1 MJ at 19-MA load current. The results of obtain a temperature profile from a solution to the 1-D cylindrical

this appendix give an internal energy of 0.14 MJ at 6 mg, andradiation heat diffusion equation:

19 MA, hence we assume the total energy scales as

12 \YI4(A+1]
) , (AS5)

T(r)=Tc<1—fﬁ

S

| 2
Eiot = 0.94(1—9> MJ. (A2)

whereT, is the pinch core temperature, and whérs a small
A0-D thin shell implosion model gives 650 kJ of instantaneous ki-correction given to first order by
netic energy evaluated at a 20:1 convergence ratio. At stagnation,
this kinetic energy is rapidly thermalized by shock heating and ra- 4 A+1
diated(Petersoret al., 1998, 1999. The effective radiated energy f=1- <—>
on Z is 23% higher than this kinetic energy at stagnation, with a
2-mm AK gap. This additional energy may result from PdV work , .
done by the magnetic field on the imploding plasma starting justHere)l =1.54= 0'37,5 andr. is thg optical ‘?'eP‘h evaluated at the
prior to peak radiated powéPetersoret al, 1999. Ohmic energy core temperature wnh the full plnch radius. Note that for high
is a small contributiori6%) to the system energetics for these fast o_ptlce}l depth sy;tem_é;s_near 1, thatis, for, = 10,f = 0_'96' The
pinches Petersoetal, 1998, 1999 Two-dimensional RMHD sim- diffusion app_roxma’non isreasonable fgr=5. The qptlcal depth
ulations without AK gap loss at the base of the pinch give a radiated® of the W pinch plasma at the core temperature is
energy about 70—-80% larger than the kinetic energy at stagnation
(Cuneoet al, 2001, about 1100 kJ for this 20-mm-diameter wire 7o = Krpl's = 6 X 10%p57% s Toiae T, (A7)
array. Including AK gap loss in a 2-D RMHD simulatigReterson
etal, 1999; Cuneetal, 200]) gives aradiated energy of 850 kJin where we assume that the tungsten plasma Rosseland mean opacity
close agreement with the Z scaling of £42), about a 30% reduc- Kgcan be approximated by a power law fit to the Rosseland mean
tion in energy compared to simulations without AK gap 16Ss- opacity of Au given in Lindl(1995. Substituting(A5) into (A4b)
neoet al,, 2001). Equation(A2) assumes that the energy available and completing the integral, we obtain the correction fagtfor
to be radiated continues to scale up as 1.23 times the kinetic energyternal energy:
at stagnation as the mass and current are increased. This is a con-

servative assumption because Appendix B shows that the AK gap 1—(1—f)/O+D+
performance scales favorably with drive current, and the 2-D sim- g= : (A8)
ulations show a larger fact¢t.7). In addition, somewhat larger AK (L n 1) £
gaps could be used on higher current drivers. A+l
The 6-mg pinch mass used on the Z arrays will increase with the
square of the current to keep implosion time constant, wherey =1.37/4 = 0.34. This correction factais 0.83 at 20 MA,
which corresponds to an internal energy evaluated at about 87% of
| \2 the pinch core temperature.
my, = 6<E> mg. (A3) The radiated energy lost through the outer surface of this

optically-thickz-pinch cylinder is given by

The internal energy or heat capacity of the pinch is given by

Erag = o T Ast, = 0.019A T t, MJ, (A9)

Ent = Mp €nt = mp4'4p§/%r%1% h1é\3}7 MJ (A4a) 3(A " l)
whereTsis defined as the temperature of the surface of the tungsten

whereey, is the tungsten specific hea, andp are the mass and cylinder, atr = rgin Eq. (A5). Equation(A9) satisfies the Milne
density of the pinch at stagnation, ahs the pinch temperature in  boundary condition at the pinch edge. Radiation is collected from
hundreds of electron volts. This power law fit to the tungstena depth of order a mean free pd#yp) 1, looking into the pinch
pinch-plasma specific heay is derived from data in the Sesame with a temperature profile given A5), whereAs, andTs are the
Equation of State packagéiolian, 1984 over the density and pinch surface area and surface temperature respectively in centi-
temperature ranges of 0.65 p < 0.2 g/cm®, and 0.15< T < meters squared and hectoelectron volts, @risl the pinch power
0.9 keV. We integrate the heat capacity across the temperatuggulse FWHM in nanoseconds.
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Given the scaling ofm, (andp) with 12, and assuming that’ to 296 eV at 62 MA. The core temperatuFgscales a$°7° from
scales roughly with?, we find that the internal enerds;,. scales 331 eV at 19 MA to 840 eV at 62 MA.
asl 31from Eqs(A4), (A5), and(A7). This implies that an increas- The RT instability growth is expected to dominate the pinch
ingly larger fraction of the total energyvhich scales at?) must ~ FWHM (Spielmanet al, 1998 based on 2-D RMHD simulations
go into heat capacity as the pinch mass and opacity increase. EquéRetersoret al,, 1998, 1999; Hammeat al,, 1999. These simula-
tions(A1l) through(A9) are iterated to find a self-consistent com- tions approximate the implosion of the wire array as that of a 2-D
bination ofE;aq, Eint, Tes Ts, 7c CONsistent with the total energy in  shell. Random density perturbations are used as a seed to initiate
Eq. (A2). Note that the only current scaling assumptions that arehe growth of RT. 2-D RMHD simulation results for radiated en-
input into the model are th&,; andp scale withl 2[Eq.(A2), and  ergy(inverted trianglesand internal energgtriangles are shown
(A3)]. Figure 13 shows results from this 0-D modbeeavy and in Figure 13 at 19 and 62 MA. The mass of these arrays is approx-
light lines) for a case withrs = 0.1 cm, and, = 1.0 cm. The light  imately that given by Eq(A3). The array at 19 MA used 5.5 mg,
solid lines give a 0-D model case with the optical depth reduced byhile that at 62 MA used 50 mg. The effect of the RT instability
a factor of 5 from Eq(A7) to study the sensitivity of internal will reduce the effective optical depth of ttzepinch below that
energy to optical depth. The Z scaling dégalid circle and results ~ from Eq.(A7) because of the breakup of the ideal cylinder into an
from 2-D RMHD tungsten pinch simulations including the effect RT bubble—spike structuréSlutz et al, 2001). Figure 13 also
of the Rayleigh—TaylofRT) instability (open symbolsare also  shows 0-D model results from a reduction of the optical depth of
shown in Figure 13. Eq. (A7) by an arbitrary factor of %light lines) to account for the

Power law fits to the 0-D curves in Figure 13 show that the effects of the instability on the ideal cylindrical solution. Slutz
internal energy scales &3 from 20—65 MA. About 62% of the  derived a factor of 2.7 reductigi$lutzet al, 2001 from an ana-
energy goes into radiatiof.2 MJ) and 38% into pinch heat ca- lytic RT model. In addition to RT, turbulent mixing of the core and
pacity(3.8 MJ) at 62 MA. The internal energy is only about 15% of outer layers could also bring hot material to the surface and in-
the total energy at 19 MA pinch currefi36 kJ. The netradiated crease radiated energjammeretal., 1999. The effective Rosse-
energy(= Ei — Eint) Scales a$ 17! over the range from 20 to land optical depth of the 0-D model now scales from 3.6 at 19 MA
65 MA. There is a clear change in scaling compared to the historto 18.7 at 62 MA. With the reduced optical depth, about 72% of the
ical observation oE oc E aq oc | 2 0n 1-20-MA driverg Matzen,  total energy is radiatet7.0 MJ) and 28%(2.7 MJ) is trapped in
1997; Spielmaret al, 1998. The Rosseland optical depth of the heat capacity at 62 MA. At 19 MA, 106 K10% is trapped in heat
core scales ast*from about 11.6 at 19 MAto 62.4 at 62 MA. The capacity. The internal energy in the 2-D RMHD simulations in-
surface temperatur® scales as®*3from about 178 eV at 19 MA  creases from 112 kJ at 19 MAto 1.94 MJ at 62 MA, scalinty?es.
These are in reasonable agreement with the 0-D model values with
reduced optical depth. However, the radiated energy predicted by
the 2-D RMHD simulation exceeds the 0-D model and the Z nor-
malization point by about 33%, increasing from 1.06 MJ at 19 MA

10 3 t=1/5 to 9.3 MJ at 62 MA with tungsten, scaling 8584 The scaling of
Eq 2\7 radiated energy and the energy budget in 2-D simulations requires
A ) further study, but we believe the larger energy results because the
- o 2-D simulations in Figure 13 do not include AK gap current loss as
S : ,."',"'A discussed previouslCuneoet al, 2003).
= Note that the internal energy increases from 9% of the total at
‘; 1}FE e 19 MA to 17% of the total at 62 MA, in the 2-D model. This is
> below the fraction predicted by the 0-D model of 28 to 38% at
2 - 62 MA. A principal conclusion of these models is that the internal
L [ L energy does not dominate the total energy budget of a 60zMA
f Erad o 171 1'83,,-':/' pinch. The internal energy may be bound between 15% and 30% of
o the total energyinternal+ radiated at 62 MA according to these
01l _,vz" E o« |282-274 i models. The internal energy is equal to the radiated energy at
F e internal currents exceeding 90 MA, according to the 0-D model.
10 20 30 40 50 60 If the wire array pinch can.be modeleq asthe implogion ofa ?-D
Current (MA) MHD shell, perhaps the radiated energies of a 3-D pinch at high-

yield scale may be bound by the 0-D valué®m scaled Z data

Fig. 13. 0-D partition of total energgsolid line) between radiatetbroken ~ and the 2-D valuegwithout AK gap los$, between 6.2 MJ and
line) and internal energgdashed linesas a function of pinch currentfora 9.3 MJ at 62 MA. The linear growth time for RT on a shell scales
static, uniform density W pinch column with constant implosion time. The with (acceleratiojf-® X time; hence a system with a fixed size,
light lines are the internal and radiated energies with an optical depttforce/mass, and implosion time might be expected to have the
reduced by a factor of 5 from EGA7). The total energy was normalized to  ggme pinch radiation FWHM that we observe on Z of 6 ns to 7 ns.
the measured Z dat@.8-MJ radiatefland 0.14 MJ internalestimate at This implies an X-ray power of 950 TW to 1430 TW at 62 MAwith
19-MA load current, shown as a solid circle. The first number in the given6'2 MJ to 9.3 MJ radiated in 6.5 ns, bounding what is required for

range of power law scaling corresponds to the larger optical depth. Th . . B . .
open symbols show radiatéthverted trianglesand internal(triangles ?he current high-yield capsule design. Pinch opacity could broaden

energy predictions from 2-D RMHD simulations with a random density (€ Pulse. LowZ pinch materials were used in Hamme al.
perturbation to simulate the growth of the Rayleigh—Taylor instability. The (1999 to decrease the optical depth in 2-D RMHD simulations and
2-D simulations use a scaling close to that of &B): a 5.5-mg load at 19 resulted in 1200 TW8.4 MJ in 7 ng at 63 MA. The pulse width
MA and a 50-mg load at 62 MA. and total energy for wire array implosions may not scale as ex-
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pected for a 2-D shell with R-T. The scaling of wire ablation rate, The ratio of sound speeds is
precursor formation and other issues may have an important effect

on the scaling of pulse width and energy with current. Experiments
that measure the mass distribution of wire-areaginches, and
study the scaling of radiated power from wire arrays with increas-

ing mass and current will be critical.

APPENDIX B: SCALING RADIATION ABLATION
AND MAGNETIC TAMPING PRESSURES

The size of the anode-catho@K ) gap power feed at the time of

C
slow 2) _ 2.1T;0225 (B4)

C:s(high_Z)

for T in hundreds of electron volts, using a result for the average
ionization state of Au as a function of temperature from Lindl
(1995:

Z = 23T (B5)

peak hohlraum temperature is unknown and remains an uncefc0mbining Eqs(B2), (B3), and(B4), we find

tainty in our modeling of the energeti¢see Figs. 7 and 12AK
gaps have been operated as small as 1.5 mm on the Z accelerator at
19-MA peak current on a 1-cm radigBorter, 1997. An important

Pathigh 2) = 12T 381~ @)nigh z Mbar. (B6)

question is how the AK gap performance will scale at higher hohl-The Au wall loss fractior{1 — «) is given approximately by Lindl

raum temperaturg250 eV) and higher magnetic field4200 T at

60 MA and 1-cm radius As noted above, 2-D RMHD simulations
of hohlraumg Hammeret al,, 1999 and pinchegPetersoret al,
1999 and experiment$Cuneoet al, 2001; W.A. Stygar, pers.
comm) indirectly show some closure of this AK gap. AK gap
closure by the Au hohlraum wall material would make the hohl-

(1995:

0.32

1= highz = o7 o038 B7
( a)hlghfZ Th%\ZTr?s'Sg (B7)

raum a better radiation trap. Closure of the AK gap however, couldVhereT is in hundreds of electron volts ands the radiation pulse
result in electron loss that would decrease the pinch X-ray outputVidth in nanoseconds. The effectivefor Z parameters at peak
Further experiments are required to elucidate this balance, and i{§Mperature based on the 1-D RMHD calculations reported above
scaling with gap size, hohlraum temperature, wall material, andFi9- 6) is about 9.4 ns, giving the calculated albedo of 0.89 at
current. This appendix provides a simple comparison of radiatiort40 €V. SubstitutingB7) into (B6) we find

ablation pressure to magnetic pressure as a first step to understand-

ing the behavior of these small, high-energy-density, magnetized

AK gaps.

2.6
TheV

0.38
Tns

Pachigh z) = 3.84 Mbar. (B8)

The scaling of radiation ablation pressure can be calculated by
equating the absorbed radiation flux intensity to the hydrOdynamicEquations(Be) and (B8) are in reasonable agreement with 1-D

power(Lindl, 1995):

5 5
| = (1= a)oT*= - PaU; oc 5 P.CoW/en,

wherea is the albedo of the blow-off material, is the radiation
temperature of the incident radiatio®, is the radiation ablation
pressure on the surfadd is the flow velocity of the materialCs
is the isothermal sound spee®.76(ZThev/u) Y2 cm/us for T in
hundreds of electron volts, anpdis the ion mass in units of proton
mass. In the case of a lo#-material with low opacity(high
transparency to incident radiatipwe find (Z/u = 1/2 for fully

stripped lowZ materia):

I:)a\(low_z) = 4Th%\§ Mbar

for T in hundreds of electron volts, ard= 0.3 appropriate for a

RMHD simulations. The magnetic pressure is given by

2 L
P.= 8_ =157X10"° —-

Mbar (B9)
T rén

wherel is the load current in mega-amperes arnisl the radius of
the AK gap in centimeters. Using Eq®8), (B9) and(8) we find
the ratio of magnetic to radiation ablation pressure:

P BZ | 2 T3.6
= oc T oc 1956 (B10)

oL =5 O =55 €
2.6 2.6 1.44
P, T T I

which implies that the magnetic tamping scales upwards faster
than the radiation ablation pressure. The reasonably well-behaved
AK gap we observe on ZCuneoet al,, 2000 may imply a well-
behaved AK gap on higher current drivers. Note also that the
scaling of this ratio is far less favorable for la¥veontaminant
layers. In this case we find a much weaker scaling with current:

low-Z material. The result ifB2) can be scaled to account for the P,,/P, o« B% T35 o« 191, which emphasizes the importance of
decrease in expansion velocity and increase in albedo of thezhighproviding power flow surfaces free of hydrocarbon contamination
Au wall material which will lower the ablation pressure compared (Spielmaret al, 1998; Cuneo, 1999

to the scaling in B2:

Cs(low_Z)(l - a)high_z
Pa(high_Z) = C

a(low_2Z)-
s(high_Z)(l - a)low_Z
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It must also be noted that both the temperature and current vary
as a function of time. Figure 14 plots the magnetic pressure
[Eqg. (B9)] and highZ Au wall radiation ablation pressuféqg.
(B8)] as a function of time for both Z paramet¢29-MA peak load
current,~140-eV peak radiation temperatliend parameters rel-
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to 4 during the first 90 ns of the implosion. This may explain why
these small gaps are able to deliver current during the 100-ns pinch
implosion time, even as the transmission line surfaces are bathed in
radiation at more than 30 eV. The radiation pressure exceeds mag-
netic about 6.7 ns before the pinch stagnation for the Z parameters
and 5.4 ns before for the high-yield paramet@g/P, is increased
during the pinch run-in phase, and the peak magnetic pressure is a
larger fraction of the peak radiation pressure for the high yield
case, in agreement with the scaling in E810).

The temperature increases from 70 eV to 14QfevZ) in 7 ns
following the time that the ablation pressure exceeds the magnetic
pressure. Assume that the Au wall will freely expand across the
magnetic field at the following rate during this period:

SRS

10} Pn = {

Pressure (Mbar)

U~ Cs= 3Th%\§ﬂ§/?:}?1; cm/us, (B11)
0 20 40 60 80 100 120

Time (ns) using a result folCs from Lindl (1995, wherep is the Au mass
Fig. 14. A plot of magnetic pressurg,, from Eq. (B8) (solid lines and density in grams perc_entimeter cubed. We e;timate the rismge of Au
radiation ablation pressuf from Eq.(B7) (dotted lines for high-yield ~ Mass density that will short the gap electricalB.4 < 10 °to
conditions(lines with circles and Z conditions. The magnetic pressure 8:5X107*g/cm?), or will close the gap to radiation leakagR1x
exceeds the radiation ablation pressure until about 6 ns prior to stagnatiod.0 3 to 4.8 X 1072 g/cm?) and thereby obtain a range of wall
closure velocities which give estimates of AK gap closure times.
Anion density of 2< 107 to 5x 10'° cm™ 2 s sufficient to conduct
1-10 MA for 10 ns over the AK feed area and short the AK gap
evant to a high-yield facilitf60-MA peak load current, 250-eV  electrically. This occurs at an Au atom density ok 10°cm=3to
peak radiation temperatyt& he temperature history uses the shape3 x 10'® cm=3 [Z = 20 to 27 at 70 eV to 140 eV from E¢B5)
in Figure 5, which is representative of simulations befa/gs ns  (Lindl, 1995], which is an Au mass density of 2241076 to 8.5%
(Chrienet al,, 1999 and measurements after 75(forter, 1997. 1074 g/cm®. Equation(B11) then implies an effective Au flow
We use the calculated wall albedo history as a function of tsee  velocity of 5 cnyus to 13 cnyus from both anode and cathode
Fig. 6) to calculate the wall loss fractiofl — «) as a function of  sides of the AK gap. A 2-mm gap thus shorts electrically in 9 ns to
time [Egs. (B7) and (B8)]. The magnetic pressure is calculated 20 ns at these velocities, within 2 ns to 13 ns after peak tempera-
from a measurement of load currg¢8tygaret al, 1997). Figure 15  ture. Assuming a length of the feed region of 0.1 to 0.5 cm, a Au
plots the ratio of magnetic to radiation ablation pres@g/P.) mass density gf = 3.1X 10 3t0 4.8x 103 g/cm? s sufficient to
for both Z and high-yield conditions. The magnetic pressure exprovide an optical depth of 1 for outgoing hohlraum radiatian
ceeds the radiation ablation pressure of the Au wall by a factor of 0 to 140 eV, see EqA7), Lindl, 1995. The velocity of this
surface is about 4 cfus to 8 cnyus, blocking radiation flowing
outof the 2-mm gap within about 12 nsto 23 ns, within6 nsto 16 ns
after peak temperature. Approximately +D.6 mm of the 2-mm
gap would fill with wall material at this range of velocitié€dcm/us
to 26 cnyus two-sided closuneby peak temperature for Z condi-
tions. Figure 14 shows that the magnetic pressure exceeds the
ablation pressure for a somewhat longer period at high-yield con-
ditions(1.3 n9. However, the velocity of the Au will be 60% faster
at the higher temperatures. EquatigBd 1), (A7), and(8) show
that the gap closure time scales @$2C;) oc d/I °-8. Although
60% larger AK gapg3—4 mm may be required for high-yield
conditions, this model indicates rapid closure of the Au wall limits
radiation loss.

This simple scaling gives increased confidence in our ability
to scale this system to levels relevant for high yield. More theo-
retical and experimental work must be done to characterize the
behavior of this gap. Additional physics that may play a role are
electron-driven expansion of material from the wall, cross-field
120 motion of charged particles by kinetic effects, the balance of

plasma erosion by current flow and resupply from wall ablation,

cross-field motion of plasma by other instabilities, ahkk B
Fig. 15. Ratio of magnetic pressure to radiation ablation pressure for zacceleration in the axial directidiself-clearing of plasma mate-
(solid line) and high yield conditiong&dotted ling. rial out of the gap.

—Z
----- high yield

0.1 L 1 1 1
0 20 40 60 80

Time(ns)
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