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A novel model to infer the hot-core temperature–density profiles in cryogenic deuterium capsule
implosions is presented. The profiles are consistent with the measured primary deuterium–deuterium
and secondary deuterium–tritium yields, the neutron-averaged ion temperature, and the x-ray image
at peak neutron production. The electron pressure and the areal density of a neutron-producing
region were inferred to be 2.7±0.4 Gbar and,10 mg/cm2, respectively. This new model introduces
a more accurate hot-core characterization from previous techniques. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1919427g

I. INTRODUCTION

In inertial confinement fusion1 sICFd, a spherical shell is
irradiated either directly by a large number of overlapping
laser beamssdirect drived or by x rays produced in a high-Z
“hohlraum” sindirect drived.2 During the laser-driven accel-
eration phase of an implosion, the target compresses while it
converges, then decelerates to peak compression as the core
is heated to high temperatures, causing a thermonuclear burn
within its fuel. The current goal of ICF research is to achieve
ignition and positive gain, where the amount of energy re-
leased through thermonuclear fusion is higher than the
amount of laser energy used to drive the target. The combi-
nation of high temperature and areal densitysrRd in the com-
pressed fuel is necessary to ignite the target.2 This goal is
expected to be achieved at the National Ignition Facility
sNIFd,2 currently under construction. In the direct-drive igni-
tion target design3 for the NIF, a 3.4-mm-diameter,
350-mm-thick cryogenic deuterium–tritiumsDTd shell is im-
ploded with 192 overlapped laser beams with a total energy
of 1.5 MJ. The fusion energy will be released through the
nuclear reaction D+T→ 4Hes3.5 MeVd+ns14.1 MeVd. The
expected neutron yield of 2.531019 scorresponding to a gain
of ,45d will be achieved at a fuel temperature of,30 keV
and an areal density of,1200 mg/cm2 at peak compression.

While cryogenic DT targets will be used for fusion igni-
tion, the current implosion program on the 60-beam, 351-

nm Omega laser system4 uses cryogenic D2 targets to study
the relevant implosion physics. The D2 targets are similar to
DT targets, but simpler to produce and more useful for diag-
nosing target conditions near peak compression. The primary
fusion reaction in D2 fuel has two branches:sad D+D
→ 3He s0.82 MeVd+ns2.45 MeVd, and sbd D+D
→Ts1.01 MeVd+ps3.02 MeVd. The primary reaction prod-
uct T reacts with D through the secondary reaction D
+Ts0–1.01 MeVd→ 4He+ns11.9–17.2 MeVd. Early
experiments5,6 with cryogenic targets used the size of the
core emission and the ratio of secondary DT to primary
deuterium–deuteriumsDDd neutron yields to estimate target
compression. This technique was first used by Azechiet al.7

and by Cable and Hatchett.8 In their calculations, the corerR
was inferred from the secondary to primary yield ratios, as-
suming the core had a uniform temperature and density. For
more than two decades, ICF implosions had been typically
characterized by the measured neutron yields, neutron-
averaged ion temperatures, and areal densities inferred using
yield ratios based on simplified core models. For the success
of ICF, it is necessary to infer core temperature–density pro-
files and directly compare them with hydrocode simulations.
Because the target ignition designs are based on hydrocode
predictions, they should be benchmarked by the most com-
prehensive set of measurements.

Recently Radhaet al. modeled9 core temperature–
density profiles at peak neutron production in plastic-shell
targets. About ten different experimental observations with
several different types of targetsshaving various dopants in a
gas fuel and plastic shelld were necessary for a comprehen-
sive characterization of the core conditions.9 Kurebayashiet
al.10 used secondary particlessneutrons and protonsd to study
their usefulness for hot-core modeling of plastic and cryo-
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genic capsules. Cableet al.8,11 used the shape of the mea-
sured secondary neutron spectrum to constrain core condi-
tions. The cryogenic D2 targets cannot have dopants, but
because they are much simplersthere is no complication of
mixing of the different materials in the cored, it is possible to
characterize themswith the same level of detail as plastic
shellsd with fewer experimental observables. This Letter de-
scribes experiments where measured primary DD and sec-
ondary DT neutron yields, neutron-averaged ion tempera-
tures, and x-ray images at peak neutron production are used
to infer the electron-pressure and temperature–density pro-
files in cryogenic D2 implosions for the first time. The areal
densities of neutron production and “triton-stopping” regions
are introduced to characterize target compression. These
compression measurements are significant improvements
over therR inferred from the secondary- to primary-yield
ratios solely. Because they are derived from the temperature–
density profiles consistent with experimental measurements,
they provide more accurate measurements of compression.
The established way to characterize implosions in ICF is to
compare measured and predicted neutron data such as pri-
mary and secondary neutron yields and ion temperatures.
This article shows that even though a simulation or a model
can predict all neutron data in exact agreement with the ex-
periment, it still could have significant uncertainty in the
main compression parameters such as core pressure and hot-
spot areal density. The model introduced in this article allows
comprehensive hot-core characterization with core
temperature–density profiles and it dramatically reduces the
uncertainties of hot-core compression. If, in addition, the en-
ergy spectrum of the secondary neutrons8,11 was measured, it
would give additional constraint to the present model, poten-
tially decreasing the uncertainty of inferred core conditions.

II. EXPERIMENTAL CONFIGURATION

The experiments were direct-drive implosions of
,920-mm-initial-diameter targets with shells that consisted
of ,100-mm-thick inner D2-ice layers and outer 5-mm-thick
plastic CD layers.12 The targets were imploded with a 1-ns
square pulse shape with a total on-target energy of,23 kJ
on the 60-beam Omega laser system.4 The laser beams were
smoothed with distributed phase plates,13 1-THz two-
dimensional smoothing by spectral dispersion,14 and polar-
ization smoothing15 using birefringent wedges. The mea-
sured experimental yield ratios relative to those predicted
using one-dimensionals1Dd simulations were typically
,30% in a large number of similar implosions. In one im-
plosion, the experimental yield was closer to the predicted
yield s59%d; therefore, this implosion was used for the
analysis presented here. This stable implosion was used to
demonstrate the accuracy of the modeling based on neutron
and x-ray data before applying it to more-unstable implo-
sions. The measured primary DD and secondary DT neutron
yields for this implosion wereY1=s1.2431011d± s83108d
and Y2=s1.173109d± s33107d, respectively.12 The mea-
sured neutron-averaged ion temperature wasTi

=3.6±0.5 keV and the neutron burn width wast
=170±25 ps.12 The core images12 were measured with an

x-ray framing camera with a spatial resolution of,10 mm, a
temporal resolution of,40 ps, and a 200-mm-thick beryl-
lium filter swhich transmitted x rays with energies of more
than,2 keVd.

III. ANALYSIS TECHNIQUE AND EXPERIMENTAL
RESULTS

The target core conditions at peak neutron production
were inferred by choosing temperaturefTsr dg and density
fnsr dg profiles that produced the same primary and secondary
neutron yields, the neutron-averaged ion temperaturescalcu-
lated the same way as in Ref. 9d, and the size of x-ray images
as measured within experimental uncertainties. In the first
stage of modeling, only those temperature–density profiles
that were consistent with the primary DD neutron yield and
neutron-averaged ion temperature were selected from all
possible combinations at a particular electron pressuresthe
hot core was assumed to be isobaricd. In the second stage,
profiles consistent with the secondary DT neutron yield were
chosen from those selected in the first stage. Similarly, the
temperature–density profiles consistent with all neutron mea-
surements were chosen at each electron pressure in the range
of 1–10 Gbar. Finally, only those temperature–density pro-
files that were consistent with the size of the x-ray core im-
ages were chosen to characterize the hot core at peak neutron
production. The following assumptions were used in the core
modeling:s1d The core plasma was a fully ionized ideal gas
sthe analysis of more-compressed implosions in the future
will include degeneracy effects9d, s2d the core was isobaric
fPesr d=constg at stagnation,s3d the temperature–density pro-
files were spherically symmetric,s4d the electron and ion
temperatures and densities were equal,s5d the core was static
during the time of neutron productiont therefore, the in-
ferred pressure and temperature–density profiles were con-
sidered to be neutron averaged, ands6d the temperature de-
creased monotonically from the center. Li and Petrasso’s
plasma-stopping powers16 were used to calculated triton en-
ergy loss as it propagates in a three-dimensionals3Dd core
for the secondary DT neutron-yield calculations. The x-ray
images were constructed using radiation-transport calcula-
tions in a fully ionized deuterium plasma with free-free emis-
sion and absorption.17

Figure 1sad shows one of the grids used to construct
temperature profiles. The temperature step was 250 eV and
the distance step was 20mm sdistance steps of 15, 10, and
5 mm were used in additional, more-detailed gridsd. Using
grids with finer spatial resolution resulted in the same an-
swers as shown in Fig. 1. The curves show examples of two
sout of nearly,1010d temperature profilesTsr d used in the
modeling. The corresponding density profilesnsr d were cal-
culated usingPesr d=nsr d3Tsr d. The range of temperatures
that satisfy the measured DD neutron yield and neutron-
averaged ion temperaturescalculated in the first stage of
modelingd is shown by the lightly shaded region in Fig. 1sbd
at an electron pressure of 2.6 Gbar. The results of the second
stage of modeling—the temperature profiles consistent with
secondary DT neutron yieldsin addition to primary DD yield
and neutron-averaged ion temperatured—are shown by the
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darkly shaded region. Similar calculations were conducted
for electron pressures in the range from 1 to 10 Gbar. As an
example, the ranges of temperature profiles consistent with
all neutron measurements for three different electron pres-
suress1.3, 2.6, and 5.2 Gbard are shown in Fig. 2sad. It was
found that for any electron pressure above 1.3 Gbar,
temperature-density profiles consistent with all neutron mea-
surements could be found. The neutron measurements by
themselves are not sufficient to accurately characterize the
target core pressure and other compression parameters at
peak neutron production with uncertainty in the pressure at
least an order of magnitude. The profiles at different pres-
sures, however, would make different sizes of x-ray emis-
sion, as can be seen from the profiles shown in Fig. 2sbd.
Therefore, for various temperature-density profiles, the x-ray
images were constructed and compared with the one mea-
sured at peak neutron production. In these calculations, the
transmission of the Be filter and the x-ray spectral response
of the framing camera gold photocathode were taken into
account. The size of the x-ray image is very sensitive to the
core pressurefsee Fig. 2sbdg. The measured core image at
peak neutron production is shown in Fig. 3sad. Figure 3sad
also shows two central lineouts of the measured image in
horizontal and vertical directions by thick and thin solid
lines. The image is slightly elliptical with full widths at half
maximum sFWHM’sd ranging from about 94 to 100mm in
two perpendicular directions. The measured image is consis-
tent with calculated images in the electron-pressure range

from 2.3 to 3.1 Gbar. The shaded area in Fig. 3sad is be-
tween the 2.3- and 3.1-Gbar lineouts, and the measured lin-
eouts lie within this area. The ranges of inferred core tem-
perature and density profiles, corresponding to this range of
electron pressures, are shown in Figs. 3sbd and 3scd, respec-
tively. As a result, only a relatively narrow range of
temperature—density profiles is consistent with all neutron
and x-ray measurements simultaneously. It is important to
note that the novel aspect of this work, the inclusion of the
x-ray size of the core, has reduced the uncertainty in the
inferred pressure from an order of magnitude to,20%. The
dashed curves correspond to simulations using the 1D hydro-
code LILAC,12 that are discussed below.

Even though temperature-density profiles contain all the
information about the core conditions the corerR has always
been a simple and useful measurement7,8 of target perfor-
mance in ICF. Modeling based on flat temperature-density
profiles7,8 allows only estimates of the areal density. Detailed
temperature-density profiles consistent with all neutron and
x-ray measurements are required for accurate determination
of the corerR. The solid line in Fig. 4sad shows a cumulative
DD neutron yield as a function of the core areal density,
calculated using temperature-density profiles at an electron
pressure of 2.6 Gbar. The cumulative yield is the radial inte-
gral of the radial neutron production, while areal density is a
radial integral of the density. TherR of the “burn” region of
,10 mg/cm2 was defined at 95% of the maximum value of
the cumulative yield. The burn regionrR inferred from the
temperature-density profiles at 1.3 Gbarfsee Fig. 2sadg is a
factor of 2 smaller. Even though the 1.3-Gbar profiles are
consistent with all neutron measurements, they were rejected
because they did not predict the measured x-ray images. This
means that the corerR inferred solely from the yield ratio of
primary to secondary neutronssespecially using flat profiles
that are not consistent with the measurementsd could be very

FIG. 1. sad The temperature-radius grid. The temperature step is 250 eV,
and the radial distance step is 20mm, as shown by the vertical dotted lines.
The thick and thin solid lines show examples of monotonically decreasing
temperature profiles as a function of the radial distance used in core mod-
eling. sbd The range of ion-temperature profiles consistent with the measured
primary DD yield and neutron-averaged ion temperatureslightly shaded
aread, and in addition, the secondary DT yieldsdarkly shaded aread, at an
electron pressure of 2.6 Gbar.

FIG. 2. sad The range of temperature profiles that satisfy measured primary
DD, secondary DT yields, and neutron-averaged ion temperature, calculated
for electron pressures of 1.6slightd, 2.6 smediumd, and 5.1 Gbarsdarkly
shaded aread. sbd Examples of x-ray radial lineoutssnormalized to their
highest valuesd calculated for the same pressures of 1.6, 2.6, and 5.1 Gbar.

FIG. 3. sad X-ray framing camera image of the core at peak neutron pro-
duction supper left sided; the horizontal and vertical lineouts of this image
sthick and thin linesd. The shaded area lies in between the lineouts of the
calculated images at electron pressures of 2.3 and 3.1 Gbar. All lineouts are
normalized to the integrated intensities under the curves. The range ofsbd
core temperature andscd density profiles corresponding to electron pressures
in the range from 2.3 to 3.1 Gbar, which produce sizes of x-ray emission
consistent with that of the measured x-ray imagesshown by gray areasd. The
1D LILAC predictions are shown by the dashed lines.
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inaccurate. The total targetrR was measured to be
,61 mg/cm2 at peak neutron production using a downshift
in the secondary proton spectra.10

The rR of a triton-stopping region is another useful pa-
rameter describing the extent of the hot core that is probed
by the neutron measurements. The tritons are born in the
neutron-producing region through the DD fusion reaction.
They are slowed down and stopped while they move through
the compressed target.16 The triton-slowing rate depends on
plasma temperature and density: it is higher in colder, less-
dense plasmas;7,8 therefore, therR of a triton-stopping re-
gion sor the rR necessary to stop the tritond is higher in
hotter, denser cores. As the triton propagates in the core, it
can react with deuterium through a secondary DT reaction,
producing a secondary DT neutron.7,8 Figure 4sbd showssby
a solid lined the probability for the DT reaction as a function
of the core areal density, calculated for the same conditions
as in Fig. 4sad at an electron pressure of 2.6 Gbar. In this
calculation, the triton is born at the center and propagates
toward the outer surface until it is stopped after probing
,23 mg/cm2 of the core plasma. The probability for the DT
reaction dramatically increases right before the triton is
stopped because the DT-reaction cross section increases as
the triton slows down in the plasma. Therefore, the second-
ary DT neutron yield is very sensitive to the temperature–
density profiles in the outer part of the hot core, while the
primary DD yield is more sensitive to conditions in the cen-
tral part of the core.

The modeling results were compared with the
predictions12 of a 1D LILAC simulation sdashed lines in
Figs. 3 and 4d. The predicted DD neutron yield of 2.1
31011 was close to the measured yield of 1.2431011, while
the simulated neutron-averaged ion temperature of 3.1 keV
was a little lower than the measured 3.6 keV. As a result, the
simulated temperature profilefsee Fig. 3sbdg was a little
lower than the temperature range inferred from the experi-
ment, while the density profile was a little higherfsee Fig.
3scdg. In the 1D simulation, the burn and triton-stopping re-
gion rR’s were very close to those inferred from the experi-
ment. In the simulation, the burnrR was ,15 mg/cm2

s,10 mg/cm2 in the experimentd and the triton-stopping re-

gion rR was ,27 mg/cm2 s,23 mg/cm2 in the experi-
mentd, as shown in Fig. 4. The peak electron density of
,331024 1/cc is lower than in most plastic implosions on
Omega because the implosion was designed to be at lower
compression and more stable. Measurements based on
monochromatic differential imaging18,19 of core x rays are
planned to infer the time-resolved evolution of D2-core pro-
files in the near future, using techniques similar to those
described elsewhere.20

IV. CONCLUSIONS

The compressed-core, electron temperature-density pro-
files of a cryogenic deuteriumsD2d target have been charac-
terized using the measured primary DD and secondary DT
yields, neutron-averaged ion temperature, and core x-ray im-
ages at peak neutron production. The inferred temperature-
density profiles are in good agreement with predictions of the
1D hydrocode LILAC. The electron pressure and burn and
triton-stopping region rR’s were inferred to be
2.7±0.4 Gbar, ,10 mg/cm2, and ,23 mg/cm2, respec-
tively. This work introduces a more accurate hot-core char-
acterization from previous techniques. The modeling, pre-
sented in this paper, is based on 1D core profiles: it could be
extended to full 3D modeling of less homogenous implo-
sions with the addition of multiview, tomographic imaging.
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