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Simulations of a double Z-pinch hohlraum, relevant to the high-yield inertial-confinement-fusion
concept, predict that through geometry design the time-integrated P2 Legendre mode drive asymmetry
can be systematically controlled from positive to negative coefficient values. Studying capsule elonga-
tion, recent experiments on Z confirm such control by varying the secondary hohlraum length. Since
the experimental trend and optimum length are correctly modeled, confidence is gained in the simu-
lation tools; the same tools predict capsule drive uniformity sufficient for high-yield fusion ignition.
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FIG. 1. Schematic of single-power-feed double pinch hohl-
raum geometry used in Z experiments: (A) upper primary
hohlraum containing upper Z pinch (initial wire location
shown as dotted line, stagnated pinch image shown);
(B) lower primary hohlraum containing lower Z pinch;
(C) implosion capsule; (D) secondary hohlraum; (E) on-axis
concept [6–8] and have demonstrated a single-sided
power feed, double-pinch load [8] for radiation symmetry

shine shields, each of radius Rshld, at the center of a radial spoke
array; (F) anode-cathode gap in power feed.
Indirect-drive inertial confinement fusion (ICF), which
seeks to compress fuel (typically deuterium-tritium) in a
soft x-ray driven imploding capsule, places strict require-
ments on the thermal x-ray source with regard to pulse
shaping, radiation symmetry, and fuel preheat [1]. In
central hot-spot ignition ICF, the creation of a high-
temperature (> 10 keV) central hot-spot with sufficient
areal density (> 0:3 g=cm2) relies on the precisely timed
merger of radially convergent shocks at the center of the
capsule, which ignites the fusion burn that then propa-
gates into the surrounding high-density fuel layer.
Variations of the thermal x-ray intensity on different
parts of the capsule result in a nonspherical fuel implo-
sion and can lead to failure in reaching the hot-spot
conditions necessary for ignition. Thus, the symmetry
of the thermal x-ray drive is a crucial issue: for example,
ignition capsules for laser indirect-drive designs typically
require <1%–2% overall fluence asymmetry [2]. Because
of this, a large fraction of the effort in the laser ICF
community has been devoted to computational and ex-
perimental understanding of techniques for radiation
symmetry control in laser-driven hohlraums. The initial
steps toward experimentally validated symmetry control
for Z-pinch ICF are described in this Letter.

Z pinches formed by the implosion of wire arrays have
recently emerged as very efficient sources of thermal
x rays [3] that may meet the requirements of a source
for indirect-drive ICF, particularly suited to high fusion
yield (> 400 MJ). One approach is the high-yield concept
proposed by Hammer et al. [4], which uses a Z-pinch
driven primary hohlraum at each end of a central coaxial
secondary hohlraum containing the ICF capsule. Experi-
ments on the Z accelerator [5] at Sandia National Labora-
tories have measured the pinch power, primary hohlraum
radiation temperatures, and primary-secondary hohlraum
coupling efficiency for configurations relevant to this
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experiments on Z. Figure 1 illustrates the features of the
hohlraum geometry relevant for the design calculations
and experimental data described in this Letter. Double-
pinch experiments on Z have Z-pinch x-ray output ener-
gies of 0.8–1.3 MJ [9] and capsule drive temperatures of
70 eV, which scale to 16 MJ and 220 eV for the high-yield
concept [4].

We have used viewfactor and radiation-hydrodynamics
(RHD) models to design hohlraums that optimize the
capsule radiation symmetry for near-term experiments
and for high-yield targets [10,11]. Self-backlit foam
ball burnthrough experiments have provided partial
validation of these techniques, demonstrating gross
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FIG. 2. OPTSEC viewfactor results for time-integrated P2

(solid line) and P4 (dashed line) vs secondary hohlraum length
(Lsec) for various hohlraum radii (Rsec). Because P4 does not
vary significantly with Rsec alone, an average value is plotted.
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modifications of radiation symmetry in single-pinch
hohlraums [12] and showing flux asymmetry levels
lower than 15% maximum-to-minimum in double-pinch
hohlraums [11,12]. Recently, an advanced double-pinch
wire-array load for Z has been developed that provides
balanced upper and lower pinch x-ray power histories
such that measurements of upper and lower primary
hohlraum wall emission temperatures agree within in-
strumental error bars [9]. For symmetry diagnosis, we are
now using the Z-Beamlet Laser (ZBL) [13] to create high-
energy x rays for point-projection backlighting of capsule
implosions in double-pinch hohlraums. These images
enable measurements of capsule in-flight distortions at
the percent level [14] and allow fine-tuning of the radia-
tion symmetry experimentally as well as providing a
stringent test of our modeling techniques.

In this Letter, we describe the first demonstration
of diagnosed, predictable radiation symmetry control
in capsule implosions at the sub-10% level with a
Z-pinch-driven hohlraum.We demonstrate that by varying
the geometry of the hohlraum containing the capsule, the
elongation of the backlit imploding capsule can be sys-
tematically controlled, in agreement with simulation re-
sults. [Elongation is defined as the ratio of the capsule
diameter at the equator (from horizontal transmission
profiles) to the capsule diameter at its poles (from vertical
transmission profiles).] Symmetry control by hohlraum
geometry design for Z pinches is directly analogous to
varying the laser beam pointing, varying the hohlraum
length, and axial shields that have all been successfully
employed to control radiation symmetry in laser-
driven hohlraums [1,15]. These results indicate that the
double-pinch source reproducibility, hohlraum coupling
energetics, symmetry diagnostics, and theoretical under-
standing of radiation transport and symmetry are nearing
the goal of demonstrating radiation symmetry levels on Z
that scale to high-yield hohlraum requirements.

In contrast to laser-driven hohlraums in which sym-
metry control is possible by properly positioning and
programming the power in each of many laser beams
injected into the hohlraum [1], the double-pinch hohl-
raums considered here contain just two extended plasma
x-ray sources, the Z pinches themselves. A key result of
earlier theoretical work [4,10] is that the level of radiation
asymmetry at the capsule can be minimized by properly
choosing the geometry of the secondary hohlraum (the
hohlraum containing the capsule). This can be accom-
plished by simply varying the length of a cylindrical sec-
ondary hohlraum (as demonstrated in this Letter), by
varying the secondary hohlraum radius and the radius of
the on-axis shine shield at each entrance to the secondary,
and by allowing a noncylindrical hohlraum shape to
fine-tune the symmetry. We have developed the two-
dimensional (axisymmetric), time-dependent viewfactor
code OPTSEC [11] to model the effects of hohlraum ge-
ometry on capsule symmetry and to design the experi-
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ments summarized here. These OPTSEC calculations in-
clude the time-dependent Z-pinch source power as well
as time-dependent wall albedo based on tabulated re-
sults from one-dimensional LASNEX [16] RHD simu-
lations. The calculated time-dependent primary and
secondary hohlraum emission temperatures have been
benchmarked to the �5% level against hohlraum ener-
getics data [8,9]. OPTSEC can also be run in an optimiza-
tion mode, varying hohlraum geometric variables and
measuring the results against a set of design goals (e.g.,
minimum asymmetry) and constraints (e.g., hohlraum
size, capsule stand-off, etc.).

Figure 2 shows the results of OPTSEC scoping calcula-
tions for a capsule in a double-pinch hohlraum, driven
with a peak lower (upper) pinch power of 40 TW (38 TW)
inferred from an earlier experiment [9]. Results are
shown for various choices of secondary hohlraum radius
Rsec and secondary hohlraum length Lsec for fixed pri-
mary hohlraum radius (13 mm) and shield radius
(3.2 mm). The dominant effect of Lsec is on the P2

Legendre mode, the extreme values of which occur
at the poles (0� and 180�) and the equator (90�).
Shorter-than-optimum secondary hohlraums lead to an
equator-hot (negative P2) fluence at the capsule, while
longer-than-optimum hohlraums lead to a pole-hot (posi-
tive P2) fluence. Because the capsule is shielded from
direct x-ray flux emitted by the stagnated Z pinches,
75%–80% of the fluence is emitted by structures within
the secondary hohlraum (cylindrical wall, on-axis shine
shields), with the remaining 20%–25% contributed by
primary hohlraum structures. The main effects of vary-
ing Lsec are to modify the generally pole-hot contribution
from the primary hohlraum and to modify the generally
equator-hot distribution from the cylindrical secondary
wall, with the largest relative modification occurring at
the capsule equator. At the optimum length, the super-
position of primary hohlraum and secondary hohlraum
035005-2



FIG. 3 (color). Experimental (left) and piecewise simulation
(right) x-ray images for three secondary hohlraum lengths:
(a),(b) 17.4 mm [Cr � 6:4], (c),(d) 15.6 mm [Cr � 2:7],
(e),(f) 13.0 mm [Cr � 4:1]. Spatial dimensions are in microns
at the target.

P H Y S I C A L R E V I E W L E T T E R S week ending
24 JANUARY 2003VOLUME 90, NUMBER 3
wall radiation fluence reaching the capsule is such that
polar angle variations are minimized.

For the Z experiments described here, wire-array hard-
ware requirements constrained the secondary hohlraum
radius Rsec to be 9.238 mm. Furthermore, the primary
hohlraum radius (13 mm) and length (10 mm) were fixed.
Preshot OPTSEC calculations indicated that for Rsec �
9:2 mm, a secondary hohlraum length Lsec � 15:6 mm
and shine shield Rshld � 3:25 mm would provide mini-
mum even Legendre mode asymmetry. To investigate the
predicted dependence of even mode symmetry on sec-
ondary hohlraum length, multiple experiments at Lsec �
13:0, 15.6, and 17.4 mm (Lsec=Rsec � 1:41 to 1.88) were
conducted during the same shot series. With �40 TW
peak power and �0:4 MJ x-ray output per pinch, the
expected capsule drive temperature peaks at 65–75 eV.
Point-projection backlighting (6.7 keV, 600 ps pulse) of
2.15-mm initial diameter capsules during their implosion
provide x-ray images with �100 �m resolution. (Experi-
mental details can be found in Ref. [14].)

For a direct comparison of theory and experiment,
postshot calculations used the upper and lower primary
hohlraum emission temperature histories (as measured by
transmission grating spectrometers [8,9]). OPTSEC was
iterated until its prescribed upper and lower Z-pinch
power histories reproduced the measured hohlraum tem-
perature histories. The OPTSEC time-dependent capsule
radiation asymmetry was then applied as a source bound-
ary condition to a separate two-dimensional LASNEX

RHD simulation of the capsule implosion. Finally, the
LASNEX capsule simulation was postprocessed, modeling
the backlighter pulse-length (600 ps FWHM) and photon
energy (6.7 keV) to produce synthetic backlit capsule
images for comparison with the data. Figure 3 summa-
rizes the results of the hohlraum length scan, with one
backlit capsule image from each length (13.0, 15.6, and
17.4 mm). Each experimental image is accompanied by a
simulation result at comparable convergence ratio (Cr),
where Cr is defined as the ratio of the initial outer capsule
radius to the radius of a sphere having the same enclosed
volume as the ellipsoidal shell. The essential systematic
trend from equator-hot (prolate image) through balanced
(qualitatively spherical image) to pole-hot (oblate image)
predicted by the calculations agrees with the experimen-
tal images. Given the simplicity of the model, the overall
agreement with the experimental trend is encouraging, in
particular, the agreement with the optimum hohlraum
length. Z-pinch source distribution and motion [17],
hohlraum wall motion, anode-cathode gap closure, non-
Lambertian pinch emission, and time-varying nonuni-
form spoke transmission are some effects not contained
in the piecewise calculations that could potentially influ-
ence P2 at the few percent level. We speculate that the
vertical absorption features in the top two of the three
experimental images are due to hohlraum aperture blow-
off plasma, ablated by the secondary hohlraum radiation
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field, and assembled into vertical columns by the prefer-
entially axial current flow on the outside of the secondary
wall. This hypothesis is supported by the mitigation of
these features when Mylar burnthrough foils were at-
tached to each of the viewing apertures (bottom experi-
mental image and two other shots at the 13 mm hohlraum
length).

The piecewise viewfactor-RHD simulations described
above are complemented by 2D axisymmetric LASNEX

RHD hohlraum simulations [11], which include radially
moving x-ray sources with prescribed output power his-
tories to mock up the Z pinches, Lagrangian meshing
(with discrete rezoning) of the hohlraum walls to consis-
tently model wall motion and albedo, a multigroup ra-
diation treatment, and capsule ablation/implosion physics.
As in the piecewise calculations, we require calculated
and measured primary hohlraum temperatures to agree as
a figure of merit and generate synthetic backlit capsule
images. Figure 4 summarizes the capsule elongation ver-
sus convergence ratio results for the images shown in
Fig. 3 plus others obtained in this experimental series,
compared with the trends in the 2D hohlraum simulation
results. Experimental data with large asymmetric error
bars represent the uncertainties due to the vertical absorp-
tion features [e.g.. Fig. 3(a)]. Simulations indicate that as
the capsule implodes beyond Cr � 7–10, the optical depth
for 6.7 keV backlighter x rays through the capsule center
becomes high enough that a limb cannot be unambigu-
ously identified. For cases in which a discernible limb is
035005-3



FIG. 4 (color). 2D hohlraum simulation results for backlit
capsule elongation vs convergence ratio compared to experi-
mental results. Simulation curves (solid and dotted lines) and
data points are color coded according to secondary hohlraum
length (13.0, 15.6, and 17.4 mm).
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present (e.g., Fig. 3 images), the point of minimum trans-
mission is used to define the shell radius. For profiles
containing no discernible limb, a point at 20% of the
difference between the minimum and maximum trans-
mission is used.We use the simulations to relate the actual
Cr (which agrees with the Cr obtained from the synthetic
backlit images with a discernible limb) to the Cr obtained
using the 20% edge radius. This relationship is shown
using the upper and lower x axes in Fig. 4. (The 20% edge
radius invariably underestimates Cr because it corre-
sponds to a point in the capsule ablation plasma.) Filled-
circle data points are to be compared with the solid
simulation curves (limb elongation), while open-square
data points are to be compared with the dashed simu-
lation curves (20% edge elongation). The 2D hohlraum
simulations corroborate the qualitative trend predicted
by the piecewise calculations and yield excellent over-
all agreement with the data. While the implosion cap-
sule used in these experiments is sufficient to distinguish
asymmetry levels at the three hohlraum lengths used,
more sensitive symmetry diagnostics such as high-
aspect-ratio thin shells [18] may be necessary to measure
pole-equator asymmetry at the 1% level to distinguish
among models of Z-pinch source characteristics and
anode-cathode gap closure.

In conclusion, polar radiation symmetry measure-
ments at effective capsule drive temperatures of 70�
5 eV in a single power feed analog of the double-pinch
high-yield hohlraum concept have demonstrated system-
atic control of even mode asymmetry at the sub-10%
level in fluence. As calculated by piecewise viewfactor-
radiation-hydrodynamics methods as well as 2D hohl-
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raum simulations, the drive asymmetry on the capsule
was experimentally varied from equator-hot, through
balanced equator-to-pole, to pole-hot conditions by in-
creasing the secondary hohlraum length-to-radius ratio
from 1.4 to 1.9. Future experiments will seek to refine the
experimental determination of the optimum hohlraum
length for fixed hohlraum radius, precisely measure dis-
torted shell Legendre mode coefficients at various Cr
values, and test more fully optimized hohlraum geome-
tries that may provide asymmetry levels that scale to
high-yield requirements [9].
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