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ABSTRACT

Cryogenic deuterium–tritium ice target implosions on OMEGA with new small-spot (SG5-650) distributed phase plates (DPPs) achieved an
ð116 4Þ% increase in energy coupling compared to implosions with larger-spot SG5-850 DPPs by decreasing the ratio of the laser spot diam-
eter to the target diameter from 0.93 to 0.75. The SG5-650 DPPs provide a focus spot size of 674 lm, which is defined as the diameter that
encircles 95% of the measured beam energy compared to 834 lm for the SG5-850, which are the standard DPPs in cryogenic target implo-
sions on OMEGA. The hydrodynamic efficiency, defined as the ratio of the kinetic energy in the imploding shell to the laser energy, increased
from 4.5% to 5.0% based on radiation-hydrodynamic calculations benchmarked to shell trajectory and bang-time measurements. The higher
coupling came with a trade-off of an increased hot-electron production as well as increased hydrodynamic instabilities seeded by a larger
mode-10 amplitude from the beam port geometry, both of which may have reduced the fusion neutron production and areal density.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072579

I. INTRODUCTION

Cryogenically layered deuterium–tritium (DT) targets are
imploded on the 60-beam, 30-kJ, 351-nm OMEGA laser1 to study
laser direct-drive inertial confinement fusion.2 The implosions produce
hot-spot pressures exceeding 50 Gbar,3 and recently, a tripling in the
neutron yield was achieved through the application of statistical
modeling.4 The goal over the next several years is to optimize those
implosions and to demonstrate ignition-relevant implosions that when
scaled to 2 MJ of laser energy would enter the burning-plasma regime.5

A major factor that limits the ablation pressure in direct-drive

implosions is cross-beam energy transfer (CBET).6 Analysis of
radiation-hydrodynamic simulations shows a reduction in the ablation
pressure by as much as 40% on OMEGA and up to 60% on National
Ignition Facility (NIF)-scale targets, which leads to lower implosion
velocity and less shell kinetic energy.7 One of the CBET mitigation
strategies involves using laser illumination with a laser beam spot that
is smaller than the target. Experiments with room-temperature plastic-
shell targets were performed on OMEGA to test this strategy by vary-
ing the target size while keeping the beam spot size fixed.8 The ratio R
of the laser spot diameter to target diameter varied from R¼ 1.1 to 0.5.
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A significant increase in the hydrodynamic efficiency for smaller ratios
was reported, which was partially caused by smaller refraction losses
and partially by reduced CBET losses. Refraction losses are caused by a
significant nonzero angle of an incident ray and the radial direction at
the beam periphery.

The hydrodynamic efficiency g is defined as the ratio of the
kinetic energy of the imploding shell at the end of the acceleration
phase and the laser energy, g ¼ 1

2mv2
� �

=EL, where m is the mass of
the unablated shell (determined from simulations), v is the shell veloc-
ity (determined from shell trajectory measurements), and EL is the
laser energy. For R � 1, laser light passing around the target can seed
stimulated Brillouin scattering (SBS) in other beams and scatter light
out of the central portion of the beam. In addition, a significant beam
portion at the outer periphery impinges on the target approaching tan-
gential incidence, which leads to energy losses because of refraction.
By reducing R, both CBET and refraction losses are reduced, leading
to an enhanced g.

This paper demonstrates improved energy coupling in cryogenic
DT-ice target implosions on OMEGA using new smaller-spot
(SG5-650) distributed phase plates (DPPs) and standard-size targets
with an outer diameter of �900 lm and R¼ 0.75. In contrast to
the previous experiments with CH shells and standard SG5-850 DPPs,
these experiments are directly relevant to the cryo program. The SG5-
650s allow us to keep standard-size targets, resulting in high-implosion
velocity, high-performing implosions. R¼ 0.75 experiments with stan-
dard SG5-850 DPPs require targets with a diameter of 1120 lm. Those
shells are about 50% more massive for the same DT ice thickness, which
significantly lowers the implosion velocity. The primary objective of the
SG5-650 implosions was to infer energy coupling by comparing the
data from various diagnostics to radiation-hydrodynamic simulations.
A secondary objective was to assess the implosion performance based
on the measured neutron yield and areal density at stagnation and com-
pare it to similar implosions with the standard SG5-850 DPPs and
R � 0.92–1. The ablation-front shell trajectory, backscattered laser
energy, and neutron bang time were found to be consistent with an
�10% increase in energy coupling. The implosion performance was
limited by an increase in hot-electron production and increased hydro-
dynamic instabilities associated with the smaller laser spots. The effects
of large-scale (with Legendre modes �10) laser-imposed nonuniform-
ities were investigated using three-dimensional (3D) hydrodynamic
simulations with ASTER, which show that with SG5-650 DPPs, the
implosion performance suffers more from illumination nonuniformities
than similar implosions with the standard DPPs.9

This paper is structured as follows: Sec. II discusses the experi-
mental setup including the measured laser spot profiles, the laser pulse
shapes, and the target parameters. Section III presents the experimen-
tal data from neutron, optical, and x-ray diagnostics and compares
them to hydrodynamic simulations. Section IV summarizes the paper
and gives a brief outlook on future work.

II. EXPERIMENTAL SETUP

The experiment was performed in the target chamber of the 60-
beam OMEGA (351-nm-wavelength) laser system1 at the Laboratory for
Laser Energetics. The 60 beams were outfitted with small-spot SG5-650
DPPs,10,11 polarization smoothing,12 and two-dimensional (2D) smooth-
ing by spectral dispersion (SSD)13 at 0.3-THz bandwidth and three color
cycles.14,15 The SG5-650 DPPs produce a focus spot with a diameter that

is 80% of that of the standard SG5-850 DPPs. Figures 1(a) and 1(c) com-
pare measured UV fluence profiles from both DPPs for beam 56 with a
UV-equivalent target-plane diagnostic (UVETP).16 The images were fit-
ted with an elliptical 2D super-Gaussian function given by

Fðx; yÞ ¼ F0 exp½�fðx�x0a Þ
2 þ ðy�y0b Þ

2g
nSG
2 �;17 where x0, y0 are the coor-

dinates of the beam center, nSG is the order, F0 is the peak fluence, and a
and b are the major and minor axes of the ellipse, respectively. The fit
also infers the angular variation of the ellipse axes. The x–y directions are
those of the rotated coordinate system, in which the direction of the
major and minor axes align to the x–y directions. The characteristic
radius R1=e ¼

ffiffiffiffiffiffiffiffiffi
a � b
p

describes the average radius where the fluence is at
the 1/e value of the peak fluence. The two main parameters R1=e and nSG
that describe the fluence profiles are R1=e ¼ 285:66 1:1lm and nSG
¼ 4:196 0:14 for SG5-650 and R1=e ¼ 362:56 1:4 lm and nSG
¼ 4:746 0:16 for SG5-850. The ratio of the major to the minor axis is
1.01, which means that the beam profiles are close to circular. Figures
1(b) and 1(d) present, on a semilogarithmic scale, the radial profiles aver-
aged over the azimuthal angle (blue curves) together with the fits (red
curves). The focus spot size is defined as the diameter that encircles 95%
of the measured beam energy, which results in D95¼ 674 6 3 lm for
SG5-650 and D95¼ 834 6 3 lm for SG5-850, using the experimental
data. The vertical dashed lines indicate the radius connected to the
95% encircled beam energy. An observable difference between data
and fit for large radii indicates that the wings of the laser spots are
not well described by a super-Gaussian function; however, less than
1% of the laser energy is located in this wing. The UVETP diagnostic
samples 4 of the 60 beams. A new diagnostic has been developed—
the full-beam-in-tank (FBIT) diagnostic18—that directly measures
the target-plane beam fluence profile at full energy inside the
vacuum chamber with the ultimate goal of characterizing all 60
beams.

FIG. 1. Measured UV fluence profiles from a UV-equivalent target plane diagnostic
(UVETP). Beam 56 was equipped with SG5-850 DPP [(a) and (b)] and with SG5-
650 DPP [(c) and (d)]. (b) and (d) Angular averaged radial profiles together with fits
from a super-Gaussian function.
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The targets consisted of an outer 8-lm-thick plastic ablation
layer (deuterated plastic for three implosions and polystyrene for shot
91837) and an inner 68-lm-thick DT ice layer, measured from the
b-band image of the ice layer.19 An excellent layer quality was achieved
with a measured b-band ice roughness of 0.77-lm root mean square
(rms). The target shells were permeation filled with DT gas 14 days
before the experiment. The longer the duration between filling and
shot time, the lower the measured neutron yield because of increasing
helium-3 buildup inside the capsule and more radiation damage due
to the beta decay.20 The inset in Fig. 2 presents a pie diagram of the
target. The outer diameter of the target was 8946 2 lm (the error rep-
resents the standard deviation over the measured target diameter of
the four targets), providing R¼ 0.75 for SG5-650.

Four DT-ice targets were imploded with two different pulse
shapes: a single-picket and a triple-picket pulse shape (see Fig. 2). The
laser energy ranged from 26.2 to 27.7 kJ. Those were the types of pulse
shapes that were used to create fuel hot-spot pressure in excess of 50
Gbar in previous SG5-850 DPP implosions.3 The measured power bal-
ance between the 60 beams given as rms value was for the pickets
2.1% to 3.6% and for the main drive 3.2% to 3.6%. The LILAC-
calculated adiabat a for these implosions was �4.5, where a is defined
as the ratio of the minimum fuel pressure in the dense shell and the
Fermi-degenerate pressure. The quoted a is the mass-averaged value
over the shell radius at the time when the ablation surface reaches 2/3
the initial gas radius corresponding to a convergence ratio of�1.5.21

III. EXPERIMENTAL RESULTS

Table I summarizes the measured laser energy, various measured
and simulated stagnation metrics, the measured hard x-ray emission
from channel 2 of the hard x-ray detector (HXRD) (h� > 40 keV,
indicator of hot-electron production),22 the measured neutron bang
times tb, the deconvolved neutron emission duration Dtb from the
neutron temporal diagnostic (NTD),23,24 the measured asymmetry in
ion temperature, and the measured target offset from the requested
aim point. Target offsets were generally less than 10 lm except for the

last shot. The measured neutron yield is the average value from a Cu
activation diagnostic and seven neutron time-of-flight (nTOF) detec-
tors25 along several lines of sight. The relative standard deviation in
the neutron yield measurements is 3.5%. The observed asymmetries in
the neutron-averaged ion temperature Ti inferred from the nTOFs,
which is defined here as the ratio of the measured maximum and min-
imum temperatures Tmax=Tmin, are generally low. The slightly higher
Tmax=Tmin in the final shot may be attributed to the 17-lm target off-
set. A target offset leads to a mode-1 laser-drive asymmetry, resulting
in increased Ti asymmetry and a degradation in the neutron yield.26,27

The statistical model indicates that below a threshold of Tmax=
Tmin ¼ 1:14,20 there is no measurable degradation from mode 1, and
the present implosions are only minimally affected by mode 1.

Table I lists the areal-density (qR) values that are the error-
weighted averages from the magnetic recoil spectrometer (MRS)28

(forward-scattered neutrons) and the shielded and collimated nTOF29

in the P7 OMEGA port (backscattered neutrons). The MRS qR values
were higher for all shots than the companion nTOF values. Averaging
over the four shots, the MRS reported an �24% higher value than
nTOF. The indicated error represents half of the difference of both
values. The MRS probes an annular region of the shell around the P10
port of OMEGA and the nTOF, a circular region around the P6 port
with an angular separation of �65� between both detectors. There is
�20% overlap in the observed surface area between both diagnostics.
The qR difference could be the result of systematic diagnostics errors
or might indicate a systematic asymmetry in the shell compression.

Shell trajectories were recorded with the technique described in
Ref. 30 for the single-picket-pulse implosions. Figure 3 shows the mea-
sured trajectory (red crosses) of the imploding shell for shot 91837 in
comparison to simulated trajectories from 1D radiation hydrodynamic
simulations with the code LILAC31 assuming SG5-650 DPPs (black
curve). LILAC includes a 3D ray-trace model taking the exact shape of
the focal spot into account, a nonlocal electron thermal conduction
model,32 a CBET model,6 and first-principles equations of the state.33

In addition, the blue curve shows the predicted trajectory if the experi-
ment had been performed with SG5-850 DPPs. Figure 4 shows the
measured trajectory (red crosses) from a cryogenic DT target implo-
sion (shot 91547) driven by laser beams equipped with SG5-850
DPPs. The measurement is in excellent agreement with the calculated
trajectory assuming SG5-850 DPPs in LILAC simulation. As expected,
the measured shell trajectory in Fig. 3 agrees much better with the sim-
ulation for R¼ 0.75 (SG5-650) than for R¼ 0.9 (SG5-850). The simu-
lation with the SG5-850 DPPs shows a delayed shell trajectory.
Consequently, the shell is imploding faster with the SG5-650 DPP,
indicating a higher hydrodynamic efficiency g. The same conclusion
has been obtained from shot 91839—the other single-picket pulse
implosion.

The measured neutron bang time and the absorbed laser-energy
fraction support the inferred enhanced energy coupling with SG5-650
DPPs (see Fig. 5). For example, for shot 91837, the measured bang
time is 2.79 6 0.05 ns compared to a predicted bang time of 2.80 ns,
and the measured absorption fraction is 0.68 6 0.02 compared to a
predicted absorption fraction of 0.71. Repeating the simulations with
SG5-850 DPPs shows that the predicted bang time is later (2.94 ns),
and the absorption fraction is lower (0.65). The same trend is observed
for the other three shots. The absorbed laser-energy fraction at the
laser wavelength was inferred from the measured backscattered laserFIG. 2. Measured laser pulse shapes and schematic pie diagram of the target.
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energy into two full-aperture backscatter stations (FABSs) and four
fixed port scatter calorimeters.34

Figure 6 displays the calculated cumulative shell kinetic energy vs
time for shot 91837. The energy reaches 1.36 kJ for SG5-650 at bang
time and 1.22 kJ for SG5-850, hence an 11.5% increase in the kinetic
energy of the imploding shell from the smaller-spot DPP. The calcu-
lated hydrodynamic efficiency (gcalc) increased from 4.5% with SG5-
850 to 5.0% with SG5-650.

TABLE I. Summary of measured and simulated quantities for the four DT cryogenic target implosions with SG5-650 DPPs. The numbers in parentheses are measurement
uncertainties. From left to right, the quantities are the shot number, the total laser energy, the neutron yield, the predicted neutron yield from the statistical model, the yield-over-
clean (YOC) defined as the ratio of the measured and 1D simulated neutron yield, the areal density, the ratio of the measured and 1D simulated areal density, the hard x-ray sig-
nal from channel 2 of HXRD, the neutron bang time, the neutron emission duration, the ratio of maximum and minimum ion temperature, and the target offset.

Shot EL (kJ) n-yexp n-ystat YOC qR (mg/cm2) qR=qR1D HXRD2 (pC) tb (ns) Dtb (ps) Tmax=Tmin roff (lm)

91830 26.4 1.72 	1013 1.55 	1013 19% 120(17) 62% 373(40) 3.03 84 1.10 4
91834 27.7 1.83 	1013 1.71 	1013 19% 127(3) 63% 406(40) 2.99 85 1.13 7
91837 27.2 2.38 	1013 1.95 	1013 18% 142(8) 65% 395(40) 2.79 81 1.16 4
91839 27.1 2.16 	1013 1.96 	1013 14% 132(26) 59% 404(40) 2.78 72 1.21 17

FIG. 3. Measured trajectory (red crosses) of the imploding shell for shot 91837 in
comparison to simulated trajectories assuming SG5-650 DPPs (black curve) and
SG5-850 DPPs (blue curve). The light gray curve represents the laser pulse.

FIG. 4. Measured trajectory (red crosses) of the imploding shell in an experiment
with SG5-850 DPPs (shot 91547) in comparison to the simulated trajectory assum-
ing SG5-850 DPPs (black curve). The light gray curve represents the laser pulse.
The DT ice thickness was 50 lm, and the target outer radius was 892.4 lm.

FIG. 5. (a) Measured neutron bang time (blue squares) compared to simulated val-
ues with SG5-650 (red circles) and SG5-850 (open circles). (b) Measured energy
absorption fraction (blue squares) compared to simulated values with SG5-650 (red
circles) and SG5-850 (open circles).
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The experimental coupling efficiencies can be obtained by
directly measuring the SG5-650 and the SG5-850 trajectories using the
same target and the same laser pulse shape. Unfortunately, no direct
comparison to the SG5-650 trajectory experiment is available. An esti-
mate of the experimental increase in g is obtained by considering the
time difference Dt between the blue curve in Fig. 3 and the measured
trajectory (red crosses) at shell positions at the end of the laser pulse,
Dt ¼ t850 � t exp. Since g / v2, an incremental increase in velocity
provides Dg ’ 2gDv=v, showing that Dg is proportional to Dv. This
only applies where early time features of implosions are identical or
very similar. If this is the case, the change in velocity after the accelera-
tion phase results in the shell trajectory reaching a certain radius at a
slightly different time. The time difference Dt is proportional to Dv;
therefore, the magnitude of Dg is proportional to Dt: jDgj / Dt. For
shots 91837 and 91839, the measured Dt yields Dg ¼ 4:5	 10�3 and
Dg ¼ 3:6	 10�3, respectively, by taking a small time difference of
30 ps in the start of acceleration into account. For the current design,
shock breakout time is delayed by 30 ps for SG5-850 relative to
SG5-650, causing a delay of 30 ps in the SG5-850 trajectory relative to
the SG5-650 trajectory. No trajectory measurements are available
for shots 91830 and 91834. The experimental uncertainty for Dg is
estimated based on the uncertainty of the absolute timing of the x-ray
framing camera, dt ¼ 6 30 ps,30 providing dDg ¼ 6 1:2	 10�3.
The average value of both shots is hDgi ¼ ð4:06 1:2Þ 	 10�3 in
agreement with the theoretical value of 5:0	 10�3 within the mea-
surement uncertainty. The relative increase ðDg=gÞ exp is, therefore,
ð96 3Þ%.

Similar arguments can be used to infer Dg from the measured
bang times [Fig. 5(a)] relative to the calculated bang time with SG5-
850. Knowing that the calculated ðDgÞcalc for shot 91837 is 5:0 	10�3
and the calculated bang-time shift is 140 ps, the measured bang-time
shift of (150 6 50) ps yields ðDgÞ exp ¼ ð5:56 1:8Þ 	10�3, again by
taking the 30 ps time difference in shock breakout into account.
Similar values are obtained for the other three shots since the mea-
sured bang-time shifts agree very well with the calculated bang-time
shifts. Therefore, the relative increase ðDg=gÞ exp is ð116 4Þ% for all
four shots in agreement with the trajectory measurement and the
theoretical value.

From the three diagnostics, the absorbed laser energy fraction is
certainly the weakest measurement. The modeling of the scattered
light (and therefore the absorption fraction) is complicated by laser-
plasma instabilities such as CBET and the two-plasmon-decay (TPD)
instability,35,36 which make it hard to accurately predict the scattered
light fraction. In addition, a recent work indicates that the interplay of
the current method of polarization smoothing on OMEGA and CBET
induces an inherent mode 1 in the laser illumination and not isotropi-
cally scattered light,37 which complicates the absorption fraction
inferred from a few local measurements. This uncertainty in modeling
the scattered-light fraction and limited diagnostic capability might be
the reason why the absorption fraction is slightly overpredicted relative
to the measurements.

Although the experiment provides encouraging results from an
increased energy coupling, the overall implosion performance (see
neutron yield and qR in Table I) is poorer compared to other high-
performing shots with the SG5-850 DPPs.3,4 Unfortunately, no direct
companion SG5-850 shot with the same target and laser pulse shape
is available. An example SG5-850 shot (76603) from the 50-Gbar
experiment3 with a 909-lm-OD shell with 53.6 lm of the DT ice
thickness but a 1-lm-thicker plastic ablator (’ same target mass)
and 28.3 kJ of the laser energy achieved a neutron yield of 4.3 	1013
and qR¼ (1686 26) mg/cm2. Consequently, the neutron yield is
about a factor of 2 higher in shot 76603 compared to the SG5-650
shots. The neutron yield-over-clean (YOC), which is defined as
the ratio of the measured yield and the 1D predicted yield from
LILAC is, on average, 186 2% for those four SG5-650 shots, while
SG5-850 implosions perform better with YOC¼ 316 11%. The
number for SG5-850 is an average over 99 shots with similar target
size but with various pulse shapes and ice thicknesses. The error
represents the standard deviation.

The smaller DPP spots limit the implosion performance proba-
bly because of increased hydrodynamic instabilities seeded by low-
and mid-mode laser illumination nonuniformity. It has been shown
with 3D hydrodynamic simulations with the code ASTER that
SG5-650, R¼ 0.75 implosions are more susceptible to low- and
mid-mode perturbations induced by the target offset, beam mis-
pointing, and power balance than similar implosions with SG5-850
and R¼ 0.9.9 In addition, the beam-port geometry produces, in
SG5-650, R¼ 0.75 implosions, a dominant contribution from mid-
mode ‘¼ 10. The calculated irradiation nonuniformity (rms-value)
from the beam-port geometry alone is 1.1% for SG5-650 and 0.2%
for SG5-850, a factor of 5 larger for the smaller-spot DPPs and the
same target diameter of 900 lm. Figure 7 shows the hard sphere illu-
mination calculations for the two DPPs using the same scale. This
demonstrates significantly enhanced illumination nonuniformity
from the beam-port geometry. On shot 91839, we have tried to miti-
gate the mode ‘¼ 10 nonuniformity by defocusing the laser beams.
No significant change in performance was observed, however,
relative to companion shot 91837.

A physics-based statistical mapping framework of the OMEGA
experimental and simulation databases has been developed20 that
identifies and quantifies the various degradation mechanisms of the
neutron yield. The most important degradation mechanism is associ-
ated with parameter R, the ratio of the laser spot diameter and target
diameter. The mapping framework provides a scaling according to
YOCR � R2:97.20 Therefore, the relative YOC of R¼ 0.75 and

FIG. 6. Calculated cumulative shell kinetic energy vs time for shot 91837. The light
gray curve represents the laser pulse.
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R¼ 0.93 implosions is expected to degrade by about a factor of 2:
YOC0:75=YOC0:93 ¼ ð0:75=0:93Þ2:97 � 0:53. The statistical model-
predicted neutron yields for the R ¼ 0:75 shots taking all the differ-
ent degradation mechanisms into account are given in the fourth
column of Table I. The predicted values are slightly lower than the
measured neutron yields. The current understanding is that due to
the large number of generated hot electrons, those shots are harder
to predict.

Further experimental evidence of an increased illumination non-
uniformity comes from measured gated x-ray images at the end of the
acceleration phase,30 which show a nonuniform emission pattern for
SG5-650 in contrast to a more-uniform emission pattern with SG5-
850 (see Fig. 8). Figure 8(a) shows the measured gated x-ray image
with SG5-650. The image reveals a regular modal structure along the
limb-brightened periphery at the ablation surface of the imploded shell
and a regular pattern of seven bright spots in the center, one of which
is located in the center and the others arranged on a regular hexagonal
pattern on a circle with a radius of�150 lm. The convergence ratio of
the shell was 2.6 at the time of the measurement. Three-dimensional
simulations with the radiation-hydrodynamic code ASTER9 qualita-
tively reproduce this emission pattern (the modal structure in periph-
ery and bright spots) in the image in Fig. 8(b). In contrast, Figs. 8(c)
and 8(d) demonstrate a much more uniform emission with SG5-850
from the measured and simulated images. These two shots (91828,
91538) were performed with room-temperature CH targets in a
sequence of preparation shots for cryogenic target implosions in order
to optimize the laser pulse shape. This pattern is not observable in the
DT cyro target implosions because of a much weaker x-ray emission
from the lower-atomic-number material. Shot 91828 with SG5-650
imploded a 27-lm-thick CH shell with an outer diameter of 905 lm
and filled withD2 gas with a pressure of 3 atm. The room-temperature
targets were coated with 100nm of Al for gas retention. The same tri-
ple-picket-pulse shape as used for cryo target implosion 91830 (blue
curve in Fig. 2) with EL¼ 26.2 kJ imploded the capsule. Shot 91538

with SG5-850 imploded a 20-lm-thick CH shell with an outer diame-
ter of 864 lm and filled with D2 gas with a pressure of 16 atm. A sin-
gle-picket-pulse shape with EL¼ 27.2 kJ imploded the capsule. The
pulse is similar to the single-picket-pulse shape shown in Fig. 2.

The observed modulations in the x-ray emission stem from mass
density and temperature modulations in the CH plasma at the ablation
region. The modulations are a fingerprint of the irradiation nonunifor-
mity from the beam-port geometry, which becomes visible only when
using small-spot DPPs (R¼ 0.75) and CH shell implosions at the end
of the acceleration phase. This provides sufficient shell convergence,
while the plasma is still hot enough to create observable x-ray emis-
sion. A more quantitative analysis of the observed pattern in x-ray
emission is outside the scope of this work and will be reported in a
forthcoming publication.38

SG5-650 implosions also result in lower qR’s than comparable
SG5-850 implosions. The degree of compression, which is expressed
by the ratio of the measured qR and the LILAC-calculated qR1D,
reaches only qR=qR1D¼ 63 6 2%, while similar SG5-850 implosions
produce close to �90%.3,4 The lower compression might be related to
a higher hot-electron preheat level in these implosions. The signals
from the HXRD22 are higher than comparable SG5-850 DT cryogenic
implosions. The HXRD signals (see Table I, column 8) are comparable
in magnitude for both single- and triple-picket pulses. A direct com-
parison using the same room-temperature target (20-lm-thick CH
shell, 875-lm outer diameter, 16 atm of D2 gas fill) and the same pulse
shape (1-ns square pulse with EL¼ 22.7 kJ) reveals that the SG5-650
produces a factor of �2 more hard x rays (h� > 20 keV) in all four
channels of the HXRD. The explanation is that while SG5-650 DPPs
reduce CBET and refraction losses and improve g, this also leads to an
increase in the laser intensity at the quarter-critical density (nc=4).
Laser-plasma instabilities generate a hot-electron population at this
location, predominately through the TPD instability35 for the plasma

FIG. 7. (a) Hard sphere illumination calculation for SG5-650 DPPs and a target
diameter of 900 lm; and (b) the calculation for SG5-850 DPPs.

FIG. 8. (a) and (c) Measured gated x-ray images at the end of the acceleration
phase with SG5-650 and SG5-850 DPPs; (b) and (d) images from 3D simulations
with the code ASTER.9 These images are from plastic-shell implosions taken as
companion shots of the DT cryo target implosions.
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conditions encountered in OMEGA implosions. The hot-electron pro-
duction from TPD scales with laser intensity at nc=4 for a fixed elec-
tron temperature and density scale length. Consequently, higher hard
x-ray emission from the target indicates more hot electrons slowing
down in the target, which might raise the entropy in the compressed
shell.

Experiments with SG5-850 revealed that hot-electron energy
deposition into the stagnated DT layer results in an areal-density deg-
radation of �10%–20%.39 Based on a factor of �2 higher hard x-ray
signal in similar cryogenic DT target implosions with SG5-650, it is
reasonable to assume that the hot-electron deposition into the stag-
nated DT layer also increases, which should result in an areal-density
degradation of more than 20%. The observed qR degradation is
�40%, indicating that to some degree the increased level of preheat in
the compressed shell is responsible for this degradation in compres-
sion. A follow-up experiment successfully achieved an improved com-
pression in cryogenic DT target implosions with SG5-650 by reducing
the laser intensity. The hard x-ray signal was reduced by a factor of�4
and the degree of compression improved to up to qR=qR1D � 85%
but not to 100%, indicating that other factors, such as hydrodynamic
instabilities, might also play a role in the areal-density degradation.
The details of the hot-electron preheat scan and a quantitative analysis
of the hot-electron preheat for the SG5-650 implosions will be dis-
cussed in a forthcoming paper.40

IV. CONCLUSIONS

In conclusion, the ratio of the laser far-field spot diameter to the
target diameter has been reduced in an attempt to mitigate cross-beam
energy transfer and refraction losses and to improve energy coupling
in DT cryogenic target implosions. The 60 OMEGA beams were out-
fitted with new smaller-spot (SG5-650) distributed phase plates
(DPPs) that produce a laser spot that is 80% of that of the standard
SG5-850 DPPs. The ablation-front trajectory, the backscattered laser
energy, and the neutron bang time were found to be consistent with
an �10% increase in energy coupling. However, an increase in hot-
electron production was observed, and evidence was seen in x-ray
framing-camera images for increased hydrodynamic instabilities asso-
ciated with the smaller DPP spots, limiting the implosion perfor-
mance. Further studies are required on how to maintain the improved
energy coupling while mitigating preheat and hydrodynamic instabil-
ities. Future experiments with SG5-650 DPPs will use Si-layered cap-
sules to mitigate hot-electron preheat. The SG5-650 DPPs will also be
used to explore experimentally the concept of hydrodynamic scaling.41

The target size will be reduced to 80% of the size of the best-
performing cryogenic DT targets,4 and the laser drive will be scaled
down according to hydrodynamic similarity while keeping the ratio of
the laser-spot diameter and target diameter fixed.
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