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Evolution of Shell Nonuniformities near Peak Compression of a Spherical Implosion
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The evolution of shell modulations near peak compression of direct-drive spherical-target implosions
has been measured using the 60-beam, 30-kJ UV OMEGA laser system. The spatial size and ampli-
tude of shell-areal-density modulations decrease during the target compression, then increase during its
decompression as expected. The shell uniformity at peak compression has been increased by reducing
single-beam, laser-drive nonuniformity.
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In inertial confinement fusion (ICF), a spherical target
is imploded by either direct illumination of laser beams
(direct drive) [1] or x rays produced in high-Z enclosure
(hohlraum) [2]. Target perturbations can be amplified by
hydrodynamic instabilities to disrupt the implosion and
degrade target performance. Such perturbations result
from target imperfections and drive nonuniformities, in-
cluding imprinted modulations from laser nonuniformities
in the case of direct-drive ICF. The unstable growth of
target perturbations has been extensively studied in planar
geometry with preimposed modulations using indirect
drive [3,4] and both preimposed and imprinted modula-
tions using direct drive [5–8]. Experiments in cylindrical
[9] and spherical [10] geometry have studied effects of
convergence on the unstable growth. The modulation
growth is typically measured by backlighting the driven
target with x rays [11]. The backlighter x rays are
attenuated while passing through the target, allowing
measurements of the target-areal-density modulations.

Near peak compression of a spherical-target implosion,
when the maximum density and temperature occur, the
hot, compressed core and inner surface of the shell pro-
duce strong x-ray emission. This emission can be used
as a backlighter to probe the outer, colder shell [12]. The
first shell-integrity measurements, based on this method,
were time integrated over the duration of peak compres-
sion (�200 to 300 ps) of the implosion [12,13]. They used
shells with titanium-doped layers and imaging at photon
energies above and below the titanium K edge. Core im-
ages at photon energies below the K edge (not absorbed
by the shell) provide the spatial shape of the backlighter,
while core images at photon energies above the K edge
(highly absorbed by the shell’s titanium) contain informa-
tion about the structure of shell-areal-density modulations
in the titanium-doped layer. The experiment described in
this Letter, based on the techniques developed in time-
integrated experiments [12,13], is the first measurement
of the evolution of shell nonuniformities near peak com-
pression of a spherical-target implosion using targets with
titanium-doped layers. The growth of shell modulations
in the deceleration phase is measured for the first time in
ICF implosion experiments. The core emission, tempera-
ture, and shell-areal-density histories are also measured.
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Areal-density modulations in a titanium-doped layer have
been determined from the intensity ratios of time-resolved
2D core images taken above and below the titanium K
edge. The average areal density has been measured using
streak spectroscopy of titanium absorption of core radia-
tion above the titanium K edge.

Spherical targets with an initial diameter of about
920 mm filled with 15 atm of D2 gas were imploded
using direct-drive, 351-nm laser illumination on the
60-beam OMEGA laser system [14]. The pulse shape was
a 1-ns square with total on-target energy of about 23 kJ.
The target shells had inner 1.9-mm-thick, titanium-doped
(6% by atom) CH layers, and outer, about 18-mm-thick,
pure-CH layers. Initial areal density of titanium in the
shell was about 0.05 mg�cm2. All laser beams were
smoothed with distributed phase plates (DPP’s) [15],
1-THz two-dimensional smoothing by spectral dispersion
(2D SSD) [16], and polarization smoothing (PS) [17]
using birefringent wedges. The average beam-to-beam
energy imbalance was about 3.8%. The target emission
was imaged on a four-strip framing camera [18,19] by a
6-mm-diam pinhole array, protected by a 200-mm-thick
beryllim filter. The upper two strips of the framing camera
were filtered with 75-mm-thick titanium filter, and the
lower two strips by a 50-mm-thick iron filter to image
core radiation at photon energies below (�4.8 keV) and
above (�6.5 keV) the titanium K edge (4.966 keV),
simultaneously [19]. The two x-ray energy channels
had spectral bandwidths (DE�E) of about 20%. Each
image taken with the framing camera had a temporal
resolution of �40 ps and a spatial resolution of about
6 mm. The framing camera output was captured on a
charge-coupled-device camera with a 9-mm pixel size
[20] and a magnification of 12.

The spectral evolution of core emission was captured
on an x-ray streak camera [21] with a temporal resolu-
tion of �20 ps. The streaked spectrum was calibrated by
a time integrated spectrum measured with an ammonium
di-hydrogen phosphate crystal. Figure 1 shows a spectral
evolution of core emission as a function of photon en-
ergy near peak compression (�2.0 ns) for one of the three
similar shots, integrated over the core size for times 1.77,
1.82, and 1.92 ns [Fig. 1(a)] and 1.97, 2.02, and 2.07 ns
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FIG. 1. Evolution of core emission spectral intensity as a func-
tion of photon energy for times 1.77, 1.82, 1.92, 1.97, 2.02, and
2.07 ns near peak compression of the spherical implosion.

[Fig. 1(b)]. Core images for the same 6 times captured
with the framing camera (in the same shot 20 775) are
shown in Fig. 2, with the upper six images correspond-
ing to the photon energy channel below the titanium K
edge, and the lower six images to the channel above the
K edge. These images have each been normalized to their
highest intensities. The measured spectra (shown in Fig. 1)
contain information about (i) evolution of Hea, Ha, and
Heb line emission of titanium ions mixed with the core
fuel, (ii) 1s-2p absorption lines (near �4.6 keV) of warm
titanium with temperatures T � 500 and 700 eV in the
shell, (iii) absorption above the K edge (at 4.966 keV)
of cold titanium (T , 500 eV) in the shell [12,13], and
(iv) hot core continuum emission. The effective electron
temperature in the emission region Te and average cold
titanium areal density has been calculated by fitting the
function I�E� � I0e�2E�Te2mTi�E�?�rd�Ti� to the measured
spectra (outside of the absorption area of warm titanium
near �4.6 keV, and the shifting K edge), where E is the
photon energy, mTi�E� and �rd�Ti are the cold titanium
mass absorption coefficient and average areal density, re-
spectively, and I0 is the constant. The effect of CH ab-
sorption was negligible compared to titanium absorption
in these experiments because all time-resolved images be-
low and above the K edge were always identical within
experimental noise in shots with CH-only shells (contain-
ing no titanium) taken at similar drive conditions. Figure 3
shows a temporal evolution of the electron temperature Te

of the core and the shell-emitting regions [open circles con-
nected by a thin solid line in Fig. 3(a)] and areal density
of the cold titanium in the shell �rd�Ti [closed triangles
connected by a thin solid line in Fig. 3(b)]. The measured
areal density of titanium has been normalized to the initial
titanium areal density of the undriven target and represents
the amount of compression in the layer. The thick solid
lines in Figs. 3(a) and 3(b) show the evolution of contin-
uum emission intensity in arbitrary units at photon energies
of 4.8 to 4.9 keV below the titanium K edge, calculated us-
ing core emission spectra measured with the streak camera.
The closed squares in Figs. 3(a) and 3(b) show intensity (in
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arbitrary units) evolution for the six images (Fig. 2) mea-
sured with the framing camera, also below the titanium
K edge.

The modulations in the cold, or absorbing, part of the
shell areal density d�rd� �r, t� at time t (r is the spatial
coordinate) are proportional to the modulation in the loga-
rithm of the ratio of intensities of the two images at photon
energies above (highly absorbing by the shell) I.K �r, t�
and below (weakly absorbing by the shell) the titanium K
edge, I,K �r, t�:

d�rd� �r� �
d�ln�I,K�r��I.K �r���

�m.K 2 m,K �
, (1)

where m.K � 0.37 6 0.02 cm2�mg and m,K � 0.11 6

0.02 cm2�mg are the spectrally weighed mass absorption
coefficients of cold titanium at photon energies above and
below the K edge, respectively [13]. The absorption co-
efficients have been calculated for each time t using the
measured x-ray spectra shown in Fig. 1 and filter func-
tions of beryllium, titanium, and iron filters [13]. Im-
ages I,K�r, t� and I.K�r, t� have been obtained from “raw”
images (shown in Fig. 2) using the Wiener-filtering tech-
nique) [13,19], which was based on the measured system
resolution (�6 mm) [19] and the system noise (determined
by the photon statistics of core x rays) [19]. All approxi-
mations and assumptions made in deriving Eq. (1) have
been presented and discussed in detail in Refs. [12,13,19].

Figure 4(a) shows the evolution of areal-density
modulations calculated using core images at 1.92, 1.97,
2.02, and 2.07 ns, shown in Fig. 2 and Eq. (1), and
normalized to their measured (with the streak camera)
averaged areal densities, shown in Fig. 3(b). The images
at early times 1.77 and 1.82 ns do not have sufficient back-
lighter area (first two images at the �4.8-keV channel) to
probe the nonuniformities in the cold shell. The spatial
scale of modulations decreases from time 1.92 ns to time
2.02 ns (as evident from the motion of the red “circular”
structure in corresponding images), and then shorter-scale
modulations start to grow in the image at 2.07 ns. The
image size at 2.07 ns is smaller than images at early
times because the level of backlighter emission drops late
in the implosion. The effect of titanium line emission
on the spatial shape of images below the K edge was
negligible because core images, routinely measured with
a pinhole-array spectrometer [12], had always the same
spatial shapes at photon energies of titanium (Hea, Ha)
lines and photon energies outside these lines below
the K edge. The minimum level of modulations with
srms � �18 6 8�% occurs near 2.0 ns. The modulation
srms decreases by about 20% from time 1.92 ns to time
2.02 ns, when the maximum core emission intensity and
temperature occur (see Fig. 3); then it grows by about
60% during decompression while emission intensity and
temperature drop.

The shell modulation level at peak compression de-
pends on the initial modulation level at the beginning
of implosion and the amount of unstable growth during
155002-2
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FIG. 2 (color). “Raw” core images near peak compression at energies below (�4.8 keV, upper row of images) and above
(�6.5 keV, lower row of images) the titanium K edge for times 1.77, 1.82, 1.92, 1.97, 2.02, and 2.07 ns.
implosion. The initial target modulations come primar-
ily from the imprinting [5–8] of laser beam nonunifor-
mities in direct-drive ICF. Beam-smoothing techniques
such as DPP’s [15], SSD [16], and PS [17] are applied on
OMEGA [14] to minimize initial target modulations. To
check the sensitivity of shell modulations at peak compres-
sion to the initial target modulations, we compare two im-
plosions with similar targets and drive conditions but with
different levels of beam smoothing; one shot was taken at
the best smoothing conditions, including 1 THz, 2D SSD,
and PS; the other shot had a 3-color-cycle, 0.35 THz, 2D
SSD, and no PS. Figure 4(b) compares minimum lev-
els of shell modulations near peak compression for these
two shots. The level of shell modulations is significantly
higher with less-uniform drive using 0.35-THz SSD and
no PS [srms � �43 6 12�%] than with 1-THz SSD and
PS [srms � �18 6 9�%]. Implosions driven with more-
uniform beams (1-THz SSD and PS) have primary neu-
tron yields and fuel areal densities �70% higher than with
0.35-THz SSD and no PS [22].

A spherical implosion postprocessor [23] to 1D
hydrocode LILAC [24] was applied to qualitatively ex-
plain the experimental data. This postprocessor uses a
sharp-boundary model to study the perturbation evolution
in the shell. During the acceleration phase of implosion,
when the shell is driven by the laser beams, the shell

FIG. 3. (a) Evolution of core continuum emission tempera-
ture (open circles), core continuum emission intensity (at 4.8 to
4.9 keV, thick solid line), and emission intensity in images be-
low the K edge (solid squares) for the same times at in Fig. 2.
(b) Evolution of normalized areal density of titanium (closed
triangles) together with core continuum emission intensity and
emission intensity in images below the K edge from (a).
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nonuniformities grow due to the Rayleigh-Taylor (RT)
instability [2–10]. When the 1-ns laser drive is turned
off, the shell slows down while converging inward to
the target center, stops at stagnation, and then moves
outward. Since the higher-density shell is slowed down
by the lower-density D2 gas, the inner surface of the shell
is subject to the RT instability during the deceleration
phase. The shell-areal-density modulation (the quan-
tity measured in the experiment) can be written in the
following form: d�rd� 	 rhf 1 rhb , where r is the
average shell density, hf and hb are the amplitudes on
the front- and back-surface distortions, and d is the shell
thickness. During the shell acceleration, when the front
surface is RT unstable, the first term, rhf , gives the
dominant contribution to d�rd�. In addition, the front-
surface perturbations feed through the shell (hb �
hfe2kd , where k is the modulation wave number),
seeding the deceleration-phase RT instability on the inner
surface. After the laser is turned off and the shell starts to
decelerate, the ablation front becomes stable and pertur-
bation hf oscillates. One can estimate the period of such

FIG. 4 (color). (a) Normalized areal-density modulations at
1.92, 1.97, 2.02, and 2.07 ns for shot 20 775. (b) Normal-
ized areal-density modulations for two shots: one with 1-THz
SSD and PS from (a) at 2.02 ns, the other with 3-color-cycle,
0.35-THz SSD, and no PS at peak compression.
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FIG. 5. (a) The simulated profiles of target density and tem-
perature during the deceleration phase of the implosion. (b) The
evolution of titanium areal-density modulations in the shell cal-
culated by the model (solid line) and measured (closed circles).

oscillations T � 2p
p

R���g�, where R 	 60 mm is the
shell radius, � is the mode number, and g 	 103 mm�ns
is the deceleration. Substituting results of the 1D LILAC

[24] simulation to the above formula gives T � 600 ps
for the dominant in the experiment mode � � 6 (which
corresponds to a modulation wavelength of about 60 mm).
Therefore, during the time of measurement Dt � 300 ps,
the front-surface modulation changes its sign. Thus, there
are two competing effects: first, the reduction of front-
surface modulations hf � h0 cos�2pt�T� due to phase
change, and, second, an increase in back-surface modula-
tions hb � h0 exp�gt 2 kd� due to the RT growth, where
g is the instability growth rate. Initially, hf . hb , and
the reduction in the front-surface amplitude leads to the
reduction in the areal-mass modulation. Later, when hb

becomes dominant, growth in shell-areal-density modula-
tion d�rd� is caused by the exponential growth of the back-
surface modulation. In addition to the described effect,
an additional reduction in cold d�rd� could be due to the
heating of the inner titanium-doped layer of the shell.

Figure 5(a) shows the profiles of target density and
temperature in the deceleration phase of the implosion
at peak compression (simulated by the 1D code LILAC).
The bulk of the shell is dense and relatively cold with an
electron temperature less than 1 keV, while the core is
hotter and less dense. The solid line in Fig. 5(b) shows
the evolution of shell-areal-density modulations calculated
with the model for the dominant mode � � 6 based on
the 1D LILAC simulation. The modulations of total shell
areal density d�rd� decrease, while they are dominated by
sinusoidally decreasing modulations at the outer surface.
When exponentially growing modulations at the inner
surface become higher than outer-surface modulations, the
total shell-areal-density modulations grow. The circles in
Fig. 5(b) show than srms of measured shell-areal-density
modulations [shown in Fig. 4(a)] follows well the model
prediction. The results of the model were normalized to
the experimental point at t � 1.97 ns. The experimental
points have been averaged using data from three shots
taken at similar conditions. Since the measured spectrum
of shell-areal-density modulations is located in the vicinity
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of the model � � 6 (similar to previous time-integrated
measurements [12,13]), the comparison of measured
modulation srms with the calculated amplitude of the
dominant spectral mode becomes qualitatively reasonable.

This Letter has presented the evolution of shell modu-
lations near peak compression of a spherical implosion.
The minimum level of areal-density modulations, with
srms � 18% occurs at the peak of core emission with a
laser drive that included 1-THz SSD and PS. In lower laser
beam uniformity implosions with 3-color-cycle, 0.35-THz
SSD and no PS, the level of modulations was signifi-
cantly higher, with srms � 43%. The level of measured
shell-areal-density modulations decreases while it is domi-
nated by the decreasing modulations at the stable outer
surface, then increases when it is dominated by growing
modulations at the unstable inner surface, as expected.
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