Time-Dependent Electron Thermal Flux Inhibition
in Direct-Drive Laser Implosions

Electron thermal conduction playsanimportant roleininertial
confinement fusion (ICF):1 it transports the laser energy ab-
sorbed near the critical surface into the overdense region and
thereforedirectly affectstheablation process, thelaser absorp-
tion, and implosion dynamics. Theflux-limited Spitzer—Harm
(SH) model? has been widely used to calculate the electron
thermal conduction. In this model, the flux limiter f (typical
value is 0.06)3 is introduced to limit the SH electron thermal
flux? and is given by

0e = Min( foes, dsy ), 1)

where g isthe electron thermal flux, gggisthefree-streaming
thermal flux defined as Grg = NeTe(Te/Me Y2, g isthe elec-
tron number density, T, isthe electron temperature in energy
units, me isthe electron mass, and f is the flux limiter, respec-
tively; gy isthe SH electron thermal flux.* Because the flux
limiter is empirically determined from the comparison be-
tween thenumerical simulationsand theexperimental results,®
it depends on the experimental conditions and the experimen-
tal uncertainties.

More-general approaches to calculating the electron ther-
mal transport include aMonte Carlo method® and solving the
Fokker—Planck (FP) equation. Many authors have reported
that nonlocal electronthermal conductionisimportant, leading
to aflux inhibition in |aser-produced plasmas.”12 Thisarticle
shows that the flux inhibition is time dependent for square
pulses, which affects CH target implosions.

When the mean free path of the electronsisgreater than the

typical temperature and gradient scale lengths in the plasma,
the transport is nonlocal. To calculate the nonlocal thermal
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conduction and to study its effect on the target implosions, a
FP code was devel oped and combined with aone-dimensional
hydrodynamic code (LILAC3). In our code, the electron
velocity distribution function isexpanded up tothe ¢ = 3 mode
by L egendre polynomialsof the direction cosinesof theveloc-
ity vectors:14
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Second order:
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where f, f1, fp, and f3 are the ¢ = 0 (isotropic part), 1, 2, and 3
modes of the distribution function, respectively. For the clo-
sure of these coupled equations, we use the simplified f3
equation without the correction terms for hydrodynamic mo-
tion and nonplanar geometry; fzisreset to O at the beginning of
every time step because f3 << f, but Af3# 0.

In the above equations, Cq is the electron—electron colli-
sion operator,2® which is determined from the interaction of
fowithitself only; v, istheelectron-ion collision frequencyl2
given by

Ve = 04r neZ*e4 InA/mg v3,

which effectively includes the corrections of higher-order
terms neglected in the electron—electron collision operator,

¢= (z* +4.2) / (z* +o.24).
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The effective charge Z" is defined by Z" =(z2)/(Z), where
<ZZ>.<Z> are the square of the charge and charge averaged
over theion species, respectively; eistheelectron charge; In A
is the Coulomb logarithm,16 and U is the ion velocity. The
acceleration termisdefined as a, = eE, /My, wherethe elec-
tric field E, is obtained from the current-free condition
j= 47re/3j5° dw® f; = 0. §isasource term that accounts for
the change in the Maxwell distribution function

fm = ne(me/27rTe)3/2 exp(—mevz/ZTe),

i.e, § = d(fyy), due to changes in the electron density and
temperature fromionization, radiation transport, laser absorp-
tion, and PdV work calculated by the hydrodynamic code
before the FP calculation. The friction term n limits the
temperature changeduetothethermal conductionaccordingto
the real gas heat capacity per electron c,,. For area gas, nis
given by 1= 2¢,e/3, where ¢, is obtained from the hydro-
dynamic code. After the FP calcul ation, the effective electron
temperature, defined as T = 27/ Mg jg’ f0v4dv, isreturnedto
the hydrodynamic code. This is equivalent to solving the
electron energy equation in the hydrodynamic equations.

We simulated the implosion of a polystyrene CH shell of
900-um diameter and 20-um thickness filled with 15 atm of
D, gas. The 0.35-um-wavelength laser pulse was a 1-ns-
duration square starting at t = 200 ps with a rise time (0 to
maximum) of 200 ps and a constant power of 25 TW from
0.4 nsto 1.4 ns. Theirradiation intensity on the target was 9 x
1014 W/cm?2. Figure 90.24(a) shows the laser profile and the
calculated electron thermal flux at the critical surface,

Uep = 27rme/3j5°v5f1dv,

normalized by the free-streaming thermal flux at the critical
surface, ggs. The ratio gep/geg can be defined as the flux-
inhibition factor f if ggp is assumed to be g, the “actua”
flux when fgeg < qgy in EQ. (1). We observe that f increases
until 400 ps and then decreases with time. This shows the
time dependence of the flux-inhibition factor inan ICFimplo-
sion. Thistime dependence of the flux inhibition is explained
by the properties of the SH model and the nonlocal nature of
the transport.

For the first explanation, we consider the time dependence

of the relation between ggg and qgy, described by the SH
model. At the critical surface gggisafunction of the electron
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temperature only, and qgy is written in terms of Aq/Lt and
the free-streaming flux as Qg :16«/§ﬂ_1/2(10/LT)qF5,
where A is the electron mean free path for 90° collision
scattering® given by

Ao= v{‘;,/[4¢7rnez*(e2/me)2 InA},

wherevy, isthethermal velocity defined by vy, = (2Te / me)j/z.
Lt is the temperature gradient scale length defined as
Te/(9Te/0xX). Figure 90.24(b) shows Ag/Lt and electron ther-
mal fluxes grs, Ogy, and gep at the critical surface. Ag/Lt
increases during the rise time of the laser pulse when Tg
increases rapidly. It then decreases as Lt increases faster than
Ag after 400 ps, at which time the constant laser pulse starts.
Also, grgincreases gradually with timein Fig. 90.24(b) asthe
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Figure 90.24
(a) Ratio of theqrp and grs measured at thecritical surface; (b) ratio of Agand
L. grsand gsy are calculated from the ne and Te obtained by FP calculation.
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electron temperature increases gradually. This leads to gg
being almost constant after 400 pssincetheincreasein gegand
the decreasein Ag/L cancel each other in contributing to ggyy.

The relation between ggy and gep is determined by the
nonlocal transport. As seen in Fig. 90.24(b), the FPflux hasa
trend similar to that of the SH flux: the ratio gep/0gy Stays
between 0.5 and 0.6 during the constant laser power. Yet,
during that time, because Ay/Lt decreaseswithtime, wewould
expect the flux to be less constrained. The fact that the ratio
Orp/0sy Stays constant indicates that flux inhibition from the
SH flux due to the nonlocality of the electron transport in-
creases with time.

From the time development of the flux-inhibition factor f
and the absorbed laser power |5, the absorbed laser power—
averaged flux-inhibition factor, (f)=J fladt/[Iadt, is esti-
mated to be 0.075 for the sharp-cutoff flux-limited SH for-
mula of Eq. (1). We also calculated (f) with the harmonic
mean flux-limited SH model, which is given by

det = (fops) ™+ agh.

For thismodel, {f) is0.15.

The validity of our Fokker—Planck calculation is checked
by comparing the calculated neutron burn history with both
experimental results and results of the flux-limited SH model.
The experiments were performed on the 60-beam OMEGA
laser systeml” with the best smoothing conditions.1® The
neutron burn history was measured with the neutron temporal
detector, which has a temporal accuracy of +50 ps.19 All the
calculationswerecarried out withthereal laser pulseand target
conditions. In Fig. 90.25(a), we show three neutron rates
calculated by FPand by SH with flux limitersof 0.07 and 0.06.
Theseresultsare for 15-atm-D,, gas pressure and 20-um shell
thickness irradiated by a 1-ns-duration square pulse. The
resultsof both FPand SH with aflux limiter of 0.07 show good
agreement with the experimental result. The results shownin
Fig. 90.25(b) for afuel gas pressure of 3 atm also agree well
with the experimental result for a flux limiter of 0.07. The
difference in amplitude between the theoretical and experi-
mental observed rate of neutron production or thereduced burn
history is believed to be caused by the shell-fuel mix during
the decel eration phase due to the Rayleigh-Taylor (RT) insta-
bility.18 Resultsin Figs. 90.25(a) and 90.25(b) are consistent
with the previous results shown in Fig. 90.24(a), where FP
calculation gives (f) of 0.075. In Fig. 90.25(c), we show the
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Figure 90.25

Comparison of the calculated neutron rate with results from the experiment for FP and SH with a flux limiter of 0.07 and 0.06: (a) 15 atm of D fuel gas and
1-ns square pulse; (b) 3 atm of D2 fuel and 1-ns square pulse; (c) 20 atm of DT fuel and 0.4-ns square pulse.

neutron ratefor the case of a0.4-nssquarepulse (20atm of DT
inasimilar target). In this case, the FP bang time agrees with
that of the flux-limited SH for a flux limiter of 0.09. The
experimental bang time is between SH with a flux limiter of
0.08 and FP. Thisindicates that alarger flux limiter is needed
for short-pulse cases. In this case, () wasfound to be 0.087,
which is larger than 0.075 for the 1-ns square pulse. Thisis
consistent with the fact that a large flux-inhibition factor is
needed to match the flux-limited SH flux to FP early in the
pulse, as shown in Fig. 90.24(a). For all the cases shown in
Figs. 90.25(a)—90.25(c), FP gives neutron temporal profiles
about 50 ps ahead of these experiments. This discrepancy is
withintheexperimental error bar. A stricter treatment of §;and
1 in Eq. (2) might reduce this discrepancy.

Next, we show the effects of the time dependence of the
flux-inhibition factor on the absorption and the stability of the
shell during the implosion. Due to the larger flux-inhibition
factor early inthe pulse, FPgivesalarger thermal flux than SH
with aflux limiter of 0.07, asshownin Fig. 90.24(a), resulting
inalarger electron-density scalelength, L, = ng / (ane /ax), at
the critical surface as seenin Fig. 90.26, where we also show
that FP and SH with f = 0.07 give almost the same electron
temperature T, at the critical surface. The larger density scale
length of FP at the critical surface early inthe pulse givesrise
to alarger absorption fraction by inverse bremsstrahlung than
in the SH case as shown in Fig. 90.27, where we plot the
temporal evolution of thelaser absorption cal culated by FPand
by SH with flux limitersof 0.07 and 0.06. Thelaser absorption
for FPislarger early in the pulse, while later in the pulse, FP
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gives alower laser absorption than SH with aflux limiter f of
0.07. Thetotal absorption fraction is0.83 for FPand 0.76 and
0.68 for SH with f of 0.07 and 0.06, respectively. FP gives a
larger laser absorption fraction than that of the SH with 0.07
and 0.06 by about 7% and 15%, respectively.

The effect of the FP transport on the growth of the RT
instability during the acceleration phase was investigated
using the Betti-Goncharov formula2® In the acceleration
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Ln and Te for FP and SH with a flux limiter of 0.07, measured at the
critical surface.
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The absorbed laser power for FP and SH with flux-limiter values of 0.07 and
0.06. For reference, the incident power is also shown.

phase, the averaged ablation density {p,) and the averaged
mass ablation rate (M) are 3.3 g/cm3 and 1.35 x 106 g/cm? s
for FPand 3.9 g/lcm3 and 1.53 x 10° g/cm? sfor SH with aflux
limiter of 0.07, respectively. Here, FP gives {p5) and {m)
about 15% lower than that for SH. The averaged minimum
density-gradient scale length <Lm> is 1.47 um for FP and
1.06 um for SH. Thislarger (Ly,) in FPleads to stabilization
of the growth of the RT instability of short-wavelength pertur-
bations during the acceleration phase. The obtained o and 8
in the Betti—-Goncharov formula?® are 0.90 and 1.5, which are
almost the same for both FP and SH.

Conclusion

Flux inhibition for square-pulse CH implosions has been
shown to be time dependent. The thermal flux at the critical
surface early in the pulsein the FPsimulation islarger thanin
the flux-limited SH with a flux limiter equivalent to the
averaged value calculated from the FP calculation. This was
confirmed by comparing the neutron burn history from FP
simulations with the experimental measurementsfor different
fuel gas pressure and laser pulse durations. A larger flux
limiter is required in simulations of implosions driven by
shorter-duration pulses. The increase in the density scale
length at thecritical surfaceincreasesthelaser absorption. The
longer scale length at the ablation region also leads to aslight
stabilization of the Rayleigh-Taylor growth by short-wave-
length perturbations.
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