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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 and0 mg/cn, respectively. This new model introduces

a more accurate hot-core characterization from previous techniqua®0® American Institute of
Physics [DOI: 10.1063/1.1919427

I. INTRODUCTION nm Omega laser systémses cryogenic Ptargets to study
the relevant implosion physics. The, Bargets are similar to
DT targets, but simpler to produce and more useful for diag-

irradiated either directly by a large number of overlapping _ _ . o . .
. : . . nosing target conditions near peak compression. The primary

laser beamsdirect drive or by x rays produced in a high- : S
. NN ) . . fusion reaction in B fuel has two branchesfa) D+D
hohlraum” (indirect drive.” During the laser-driven accel- 3

. : . . —°He (0.82 MeV+n(2.45MeV), and (b) D+D
eration phase of an implosion, the target compresses while it T(1.01 MeV)+p(3.02 MeV). The primary reaction prod-
converges, then decelerates to peak compression as the co_rét T. ¢ 'E)h .D th .h h P yd F; D
is heated to high temperatures, causing a thermonuclear bu reacts wi roug € secondary reaction

4
within its fuel. The current goal of ICF research is to achieve” (0-1.01 MeV —"He+n(11.9-17.2 MeV. Early

. 6 . - . .
ignition and positive gain, where the amount of energy re_experlment@ with cryogenic targets used the size of the

leased through thermonuclear fusion is higher than th&Ore emission aqd the ratio of sepondary D_T to primary
amount of laser energy used to drive the target. The combid€uterium—deuteriurtDD) neutron yields to estimate target

nation of high temperature and areal dengif) in the com-  compression. This technéct]ue was first used by Azetfal.”
pressed fuel is necessary to ignite the tafgehis goal is 2nd by Cable and Hatchettn their calculations, the coreR

expected to be achieved at the National Ignition FacilityWas inferred from the secondary to primary yield ratios, as-

(NIF) 2 currently under construction. In the direct-drive igni- SUMing the core had a uniform temperature and density. For
tion target desigh for the NIF, a 3.4-mm-diameter, More than two decades, ICF implosions had.been typically
350-um-thick cryogenic deuterium—tritiutDT) shell is im- ~ characterized by the measured neutron yields, neutron-
ploded with 192 overlapped laser beams with a total energf?‘_‘/erage_d ion temperat_ures_,_and areal densities inferred using
of 1.5 MJ. The fusion energy will be released through theyield ratios based on simplified core models. For the success
nuclear reaction D+T-*He(3.5 MeV)+n(14.1 MeV). The  ©Of ICF, itis necessary to infer core temperature—density pro-
expected neutron yield of 2:610'° (corresponding to a gain files and directly compare them with hydrocode simulations.
of ~45) will be achieved at a fuel temperature 680 ke ~ Because the target ignition designs are based on hydrocode
and an areal density 61200 mg/cri at peak compression. Predictions, they should be benchmarked by the most com-
While cryogenic DT targets will be used for fusion igni- Prehensive set of measurements.

tion, the current implosion program on the 60-beam, 351- Recently Radhaet al. modeled core temperature—
density profiles at peak neutron production in plastic-shell

IAIso at Columbia University, New York, New York 10027. targets. About ten different exper[mental_ observa’uong with
PAlso at Departments of Mechanical Engineering and Physics and Asseveral different types of targetsaving various dopants in a
tronomy, University of Rochester, 250 East River Road, Rochester, Nevgas fuel and plastic shglivere necessary for a comprehen-

York 14623. . . . L .
9Also at Greece Arcadia High School, Rochester, New York 14612. sive characterization of the core Condltl&&urEbayaShEt

10 :
dvisiting Senior Scientist at the Laboratory for Laser Energetics, Universityal- _ used secondary part|C|eseUtr0n§ and pf0t0D1_$0 study
of Rochester, 250 East River Road, Rochester, New York 14623. their usefulness for hot-core modeling of plastic and cryo-

In inertial confinement fusio"n(ICF), a spherical shell is
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genic capsules. Cablet al®™ used the shape of the mea- x-ray framing camera with a spatial resolution-10 um, a
sured secondary neutron spectrum to constrain core condiemporal resolution of~40 ps, and a 20@«m-thick beryl-
tions. The cryogenic B targets cannot have dopants, butlium filter (which transmitted x rays with energies of more
because they are much simplghere is no complication of than~2 keV).
mixing of the different materials in the coret is possible to
characterize thenfwith the same level of detail as plastic
shellg with fewer experimental observables. This Letter de-”" ANALYSIS TECHNIQUE AND EXPERIMENTAL
. . - RESULTS
scribes experiments where measured primary DD and sec-
ondary DT neutron yields, neutron-averaged ion tempera- The target core conditions at peak neutron production
tures, and x-ray images at peak neutron production are usegere inferred by choosing temperaty&r)] and density
to infer the electron-pressure and temperature—density pron(r)] profiles that produced the same primary and secondary
files in cryogenic B implosions for the first time. The areal neutron yields, the neutron-averaged ion temperaiateu-
densities of neutron production and “triton-stopping” regionsjated the same way as in Rej, @nd the size of x-ray images
are introduced to characterize target compression. Thesgs measured within experimental uncertainties. In the first
compression measurements are significant improvementgage of modeling, only those temperature—density profiles
over thepR inferred from the secondary- to primary-yield that were consistent with the primary DD neutron yield and
ratios solely. Because they are derived from the temperatureseutron-averaged ion temperature were selected from all
density profiles consistent with experimental measurementgossible combinations at a particular electron pressiive
they provide more accurate measurements of compressioRet core was assumed to be isobarin the second stage,
The established way to characterize implosions in ICF is trofiles consistent with the secondary DT neutron yield were
compare measured and predicted neutron data such as pghosen from those selected in the first stage. Similarly, the
mary and secondary neutron yields and ion temperaturegemperature—density profiles consistent with all neutron mea-
This article shows that even though a simulation or a modesurements were chosen at each electron pressure in the range
can predict all neutron data in exact agreement with the exof 1—-10 Gbar. Finally, only those temperature—density pro-
periment, it still could have significant uncertainty in the files that were consistent with the size of the x-ray core im-
main compression parameters such as core pressure and hggies were chosen to characterize the hot core at peak neutron
spot areal density. The model introduced in this article a||OWSproduction. The following assumptions were used in the core
comprehensive  hot-core  characterization with  coremodeling:(1) The core plasma was a fully ionized ideal gas
temperature—density profiles and it dramatically reduces thghe analysis of more-compressed implosions in the future
uncertainties of hot-core compression. If, in addition, the enwill include degeneracy effec(ﬁs (2) the core was isobaric
ergy spectrum of the secondary neutfbiisvas measured, it [P(r)=cons] at stagnation(3) the temperature—density pro-
would give additional constraint to the present model, potenfiles were spherically symmetri¢4) the electron and ion
tially decreasing the uncertainty of inferred core conditions.temperatures and densities were eq(&llthe core was static
during the time of neutron production therefore, the in-
Il EXPERIMENTAL CONEIGURATION fe;rred pressure and temperature—density profiles were con-
sidered to be neutron averaged, d6iithe temperature de-
The experiments were direct-drive implosions of creased monotonically from the center. Li and Petrasso’s
~920-um-initial-diameter targets with shells that consistedplasma-stopping powéﬁswere used to calculated triton en-
of ~100-um-thick inner D-ice layers and outer pim-thick  ergy loss as it propagates in a three-dimensi¢88l) core
plastic CD layers? The targets were imploded with a 1-ns for the secondary DT neutron-yield calculations. The x-ray
square pulse shape with a total on-target energy-28 kJ  images were constructed using radiation-transport calcula-
on the 60-beam Omega laser systtfihe laser beams were tions in a fully ionized deuterium plasma with free-free emis-
smoothed with distributed phase pla{és,l—THz two-  sion and absorptiojrﬁ
dimensional smoothing by spectral dispersidmnd polar- Figure Xa) shows one of the grids used to construct
ization smoothind’ using birefringent wedges. The mea- temperature profiles. The temperature step was 250 eV and
sured experimental yield ratios relative to those predictedhe distance step was 20m (distance steps of 15, 10, and
using one-dimensional1D) simulations were typically 5 um were used in additional, more-detailed gyidgsing
~30% in a large number of similar implosions. In one im- grids with finer spatial resolution resulted in the same an-
plosion, the experimental yield was closer to the predictedwers as shown in Fig. 1. The curves show examples of two
yield (59%); therefore, this implosion was used for the (out of nearly~10) temperature profile3(r) used in the
analysis presented here. This stable implosion was used tnodeling. The corresponding density profilgs) were cal-
demonstrate the accuracy of the modeling based on neutraulated usingP(r)=n(r) X T(r). The range of temperatures
and x-ray data before applying it to more-unstable implo-that satisfy the measured DD neutron yield and neutron-
sions. The measured primary DD and secondary DT neutroaveraged ion temperaturgalculated in the first stage of
yields for this implosion werey;=(1.24x 10'%)+(8x 10°) modeling is shown by the lightly shaded region in Figbhl
and Y,=(1.17x 10°) £ (3x 107), respectivel)}.2 The mea- at an electron pressure of 2.6 Gbar. The results of the second
sured neutron-averaged ion temperature wag stage of modeling—the temperature profiles consistent with
=3.6£0.5keV and the neutron burn width was secondary DT neutron yiel@n addition to primary DD yield
=170+£25 p§.2 The core imagé§ were measured with an and neutron-averaged ion temperajgrare shown by the
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FIG. 1. (a) The temperature-radius grid. The temperature step is 250 eV, « | from 1-D 1
and the radial distance step is 26n, as shown by the vertical dotted lines. E experient; Sy
The thick and thin solid lines show examples of monotonically decreasing < 2r y A I
temperature profiles as a function of the radial distance used in core mod- *E S A
eling. (b) The range of ion-temperature profiles consistent with the measured 5 0 -
primary DD yield and neutron-averaged ion temperatllightly shaded A/ 0 40 80
areg, and in addition, the secondary DT yie{darkly shaded arg¢aat an Radial distance (um)

electron pressure of 2.6 Gbar.

FIG. 3. (a) X-ray framing camera image of the core at peak neutron pro-
duction (upper left sidg the horizontal and vertical lineouts of this image

darkly shaded region. Similar calculations were conductedthick and thin lines The shaded area lies in between the lineouts of the
for electron pressures in the range from 1 to 10 Gbar. As a[E]alcula_ted images _at electron‘press_u_res of 2.3 and 3.1 Gbar. All lineouts are
ormalized to the integrated intensities under the curves. The ran@® of
example, the ranges of temperature profiles consistent witkore temperature ar(d) density profiles corresponding to electron pressures
all neutron measurements for three different electron presfoéifstfrﬂgﬁitm?afﬁtfe3ﬁ1egsbué:gdvihirg; &$3n5353r25);:§;/5$hm455i0n
fs(;jtjﬁz(ltﬁ,atz?(’)ran:nizeclit():}?r%:]e Sphrg\évsnu:’r; Ffbo%ze Itl\.l\éaébar:,m LILAC predictions are shown by the dashed lines.
temperature-density profiles consistent with all neutron mea-
surements could be found. The neutron measurements by o
themselves are not sufficient to accurately characterize thg0m 2.3 to 3.1 Gbar. The shaded area in Figa)3s be-
target core pressure and other compression parameters €en the 2.3- and 3.1-Gbar lineouts, and the measured lin-
peak neutron production with uncertainty in the pressure agouts lie within this area. The ranges of inferred core tem-
least an order of magnitude. The profiles at different presPerature and density profiles, corresponding to this range of
sures, however, would make different sizes of x-ray emis€l€ctron pressures, are shown in Figh)3&nd 3c), respec-
sion, as can be seen from the profiles shown in Fig).2 Uvely. As a result, only a relatively narrow range of
Therefore, for various temperature-density profiles, the x-rajemperature—density profiles is consistent with all neutron
images were constructed and compared with the one me&nd x-ray measurements simultaneously. It is important to
sured at peak neutron production. In these calculations, thgote that the novel aspect of this work, the inclusion of the
transmission of the Be filter and the x-ray spectral respons¥ '@y size of the core, has reduced the uncertainty in the
of the framing camera gold photocathode were taken intdnferred pressure from an order of magnitude~t20%. The
account. The size of the x-ray image is very sensitive to thélashed curves correspond to simulations using the 1D hydro
core pressurgsee Fig. 2b)]. The measured core image at c0de LILAC,“ that are discussed below. _
peak neutron production is shown in FigaB Figure 3a)  Even though temperature-density profiles contain all the
also shows two central lineouts of the measured image iHformation about the core conditions the cpfehas always
horizontal and vertical directions by thick and thin solid been a simple and useful measurerfiruf target perfor- -
lines. The image is slightly elliptical with full widths at half Mance in ICF. Modeling based on flat temperature-density
maximum (FWHM’s) ranging from about 94 to 10am in profiles"® allows only estimates of the areal density. Detailed
two perpendicular directions. The measured image is consi¢émperature-density profiles consistent with all neutron and

tent with calculated images in the electron-pressure rang¥fay measurements are required for accurate determination
of the corepR. The solid line in Fig. 4a) shows a cumulative

DD neutron yield as a function of the core areal density,

s , 215 , calculated using temperature-density profiles at an electron

g i i ® 1.3 Gbar pressure of 2.6 Gbar. The cumulative yield is the radial inte-

£ 13Gbar| E10F ' . gral of the radial neutron production, while areal density is a

g 12 2.6 Gbar o ) .

£ 2.6 Gbar | & \ radial integral of the density. TheR of the “burn” region of

g 5.1Gbar | z ST > Gbar- ~10 mg/cnt was defined at 95% of the maximum value of

c e | 8 \ \ the cumulative yield. The burn regigR inferred from the

- 100 = 00 100 temperature-density profiles at 1.3 Glhaee Fig. 2a)] is a
Radial distance (um) Radial distance (m) factor of 2 smaller. Even though the 1.3-Gbar profiles are

consistent with all neutron measurements, they were rejected
FIG. 2. (a) The range of temperature profiles that satisfy measured primanhecause they did not predict the measured x-ray images. This

DD, secondary DT yields, and neutron-averaged ion temperature, calculat : : :
for electron pressures of 1@ight), 2.6 (medium, and 5.1 Gbardarkly Yheans that the coigR inferred solely from the yield ratio of

shaded area (b) Examples of x-ray radial lineoutéormalized to their primary to seconQary neytrorﬁeSpecially using flat profiles
highest valuescalculated for the same pressures of 1.6, 2.6, and 5.1 Gbarthat are not consistent with the measuremeatsild be very
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™ T T =l —TT T —T Ty H H H
£ (@ T . g Olpg gion pR was ~27 mg/_crﬁ (~23 mg/cnt in the experi-
% 201 1D - § Inferred from mend, as shown in Fig. 4. The peak electron density of
< / 5 F cxperiment o ~3X10* 1/cc is lower than in most plastic implosions on

i . . .
% 10f- /" Tnferred from AN Omega because the implosion was designed to be at lower
£ |/ cxveriment | T 0.001F 1D 1} compression and more stable. Measurements based on
é o - monochromatic differential imagin*® of core x rays are
E 0 20 4078 1 10 100 planned to infer the time-resolved evolution of-Bore pro-
O Areal density (mg/em?) —  Areal density (mg/cm?) files in the near future, using techniques similar to those

described elsewhef8.
FIG. 4. (a) Cumulative yields as a function of copfR, inferred from the
experiment, for an electron pressure of 2.6 Glsatid curve and from a 1D
simulation (dashed curve The pR's of the “burn” regions(~10 and V. CONCLUSIONS

~15 mg/cnd, respectively were defined at 95% of the maximum value of h d | d .
the cumulative yield(b) Probability for a secondary DT reactid¢equal to a The compressed-core, electron temperature-density pro-

ratio of DT to DD yields as a function of coreR, calculated for an electron  files of a cryogenic deuteriuD,) target have been charac-
pressure of 2.6 Gbafsolid curvg. The triton probes a corgR of terized using the measured primary DD and secondary DT
~23 mg/cnt before being stopped in the core. The dashed curve correyjo|gs neutron-averaged ion temperature, and core x-ray im-
sponds to a 1D simulation with a “triton-stoppingR of ~27 mg/cn?. . .

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 pR's were inferred to be
2.7+0.4 Gbar, ~10 mg/cn?, and ~23 mg/cnt, respec-
tively. This work introduces a more accurate hot-core char-

The pR of a triton-stopping region is another useful pa- o : . .
- : cterization from previous techniques. The modeling, pre-
rameter describing the extent of the hot core that is probe oo . L
Sented in this paper, is based on 1D core profiles: it could be

by the neutron measurements. The tritons are born in the . )
. . . .~ extended to full 3D modeling of less homogenous implo-

neutron-producing region through the DD fusion reaction.

They are slowed down and stopped while they move througﬁ'
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