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Reduction in stimulated Brillouin scattering (SBS) from National Ignition Facility hohlraums has
been predicted through the use of multi-ion species materials on hohlraum walls. This approach to
controlling SBS is based upon introducing a lighter ion species to the heavier ion species hohlraum
wall in order to greatly increase the ion Landau damping of ion acoustic waves (IAWs). In a colli-
sionless plasma, if the TAWs driven by SBS reach sufficient amplitudes, this increased damping is
reduced or even eliminated by ion trapping in the IAWs. Here, the nonlinear behavior of IAWs is
simulated with a multi-ion species Vlasov code including interspecies ion-ion collisions, self-collisions,
and electron-ion pitch-angle collisions. The effect of collisions on the trapping of ions and electrons
in a large-amplitude TAW is studied in a regime of relevance to current Inertial Confinement Fusion
(ICF) experiments. Our simulations show that collisions can scatter trapped particles out of res-
onance with the IAW, suppressing trapping and helping to maintain an effective Landau damping
of the TAW. The IAW amplitude required to trap particles in the presence of strong collisions is
estimated analytically. These estimates are tested for strongly damped IAWs in tantalum oxide
and pure helium plasmas. Our simulations show that, above a threshold amplitude, the damping is
reduced by an amount inversely proportional to the wave amplitude. Thus, the success of controling

SBS using multispecies plasma may depend sensitively on laser power and pulse length.

I. INTRODUCTION

In the past few years, indirectly driven deuterium-
tritium (DT) implosion experiments on the National Igni-
tion Facility (NIF) have increased the maximum neutron
yield by orders of magnitude[1-3] without radical changes
in hohlraum and capsule design nor in laser delivery. This
result might indicate that the system is at a threshold’s
edge such that an increase in laser power and energy
would allow entry into a robust above-ignition-threshold
regime where exciting new physics results await. In-
creases in power and energy mean higher risks that Laser
Plasma Interaction (LPI) thresholds will be exceeded.
The high performing Diamond shots in 2017[4-6] had
modest stimulated Brillouin scatter (SBS) but similar
high performing BigFoot shots in 2018 had significant
SBS.[7] The Hybrid-E designs|[8] with record yield have
not experienced high levels of SBS to date. These de-
signs, all with gold or uranium walls and 0.3 mg/cc he-
lium fills, ablated high-Z plasma from the walls that, in
some cases, provided fertile ground for Brillouin scatter of
large fractions of laser energy. More recent record yield
experiments using cross beam energy transfer have re-
sulted in negligible SBS as a result of transferring energy
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from the outer to inner beams.[9]

SBS is a three wave resonant instability where the pon-
deromotive force of a backscattered light wave and the
incident laser light drive resonantly an ion acoustic wave
(TAW) that itself backscatters the laser light. If the ITAW
damping is small enough and plasma gradients are weak
enough, this interaction grows exponentially.

The risk of high levels of SBS was recognized early in
the indirect drive Inertial Confinement Fusion (ICF) pro-
gram with possibly high SBS for the outer cone of beams
(angles of 44-52 degrees with respect to the hohlraum
axis) and less for the inner cone (angles of 23-30 de-
grees with respect to the hohlraum axis).[10] Two-thirds
of the beams and thus two-thirds of the maximum laser
power and energy are delivered by the outer beams. A
method to reduce the risk of high SBS in National Ig-
nition Facility (NIF) ignition hohlraums was proposed
and employed in the first years of NIF shots, namely
adding a 1um gold-boron layer to the inside surface of
the hohlraum wall such that the laser interacted with
a two-ion-species plasma with strong IAW damping in-
stead of a pure high-Z plasma with weak damping.[11]
The initial ICF designs pursued high capsule gain which
required long laser pulses (~ 18 — 20 ns ) and high fill
gas density (~ 1 mg/cc). Contrary to design expecta-
tions, the initial capsule implosions were very asymmet-
ric. Obtaining symmetry required the transfer of large



fractions of laser energy away from the outer beams that
interacted with the high-Z plasma to the inner beams
that interacted with the He and CH plasma ablated from
the capsule shell. As a consequence, stimulated Raman
rather than Brillouin scatter became the LPI problem to
control. Thus, the practice of adding boron to gold was
abandoned after it was established that SBS was small
in these modified designs, even with pure gold walls.

The early designs were unsuccessful in achieving the
promised high capsule gain because of hydrodynamic
problems that degraded the capsule yield.[12] Subse-
quently, designs with more robust performance that used
shorter laser pulses (~ 14 ns) and fill gas densities ~ 1.6
mg/cc were successfully pursued.[13] Eventually, designs
with pulse durations as short as 6 ns and He fills as low
as 0.3 mg/cc that required high density carbon (HDC)
capsules were successful in producing neutron yields in
excess of 10'%. In addition, little to no transfer of laser
energy was required to achieve symmetry which allowed
the full use of the power and energy of the NIF. Other
gas fill densities were used such as 0.6 mg/cc, 0.45 mg/cc
and the near vacuum hohlraums with 0.03 mg/cc. Ref-
erence 14 provides detailed comparison of the indirect
drive designs that are beyond the scope of this work.

In 2017-2019, experiments with high power (~ 400 —
500 TW, thus 10 TW per NIF Quad) and energy (~ 2
MJ)) that demonstrated high yield raised concerns that
laser mirror damage was likely with this design. The
SBS from this series of shots was well reproduced with
the laser plasma interaction code pF3D[7]. In the af-
termath of these shots, pF3D simulations were done to
show SBS in those and similar designs could be greatly
reduced by ultilizing a tantalum-oxide (TazOs) liner on
the inside surface of the hohlraum wall.[7, 15] More re-
cent experiments with TasOs with modest laser power
and energy were successful in nearly eliminating SBS in
hohlraums.[16] The performance of Ta;O5 at nearly full
NIF power and energy has not yet been tested.

The Laser MegaJoule (LMJ)[17, 18] is designed to have
nearly the same maximum power and energy as NIF.
However, the spotsize at best focus is significantly smaller
than NIF’s which results in a higher intensity than at
the NIF for the same beam power. For the outer cone of
beams, the average laser intensity for a NIF outer quad
power of 10TW is ~ 1.6 x 1015W /cm? but twice that for
LMJ with a spot size one-half of NIF. Use of materials
like TapO5 to control SBS may be more imperative for
LMJ.

In a pure gold or uranium plasma, the ion acoustic
wave is very weakly Landau damped because the phase

velocity, vpn = \/ZauTe/May, is much larger than the

ion thermal velocity, 1/Tau/Mayu. Here, Za, is the
charge state of gold ions, T, is the electron thermal veloc-
ity, May is the mass of gold ions, and Ta, is the temper-
ature of the gold plasma. Because of this weak damping,
the growth rate of SBS can be high enough to scatter
large amounts of laser light. Adding light ions changes
the phase velocity but significant ion damping can occur

if the phase velocity is similar to the light ion thermal
velocity, that is vpn ~ +/Tg/Mg, where T is the tem-
perature of the boron plasma, and Mg is the mass of
boron ions. Here, Tg ~ Ta, but Ma,/Mp ~ 18.

One concern with this technique is that the AW will
grow to sufficient amplitude to trap the light ions and
reduce or eliminate the additional damping provided by
the light ions; that is, 'kinetic inflation’ will occur, again
permitting high levels of SBS.[19] In the absence of par-
ticle collisions, we expect inflation will occur if the parti-
cles, trapped by the wave at the phase velocity of the
wave, execute a bounce oscillation before the wave is
Landau damped, that is, wy;/vz > 1. The IAW Lan-
dau damping rate for a Maxwell-Boltzmann distribution
of electrons and ions is v, and the bounce frequency of
deeply trapped particles is wy; = ky/€|Z;j|¢/mj, k is the
wavenumber of the IAW, and the half-width of the trap-
ping region in velocity is Avy,.; = 24/|Zj|e¢/m; where
¢ is the electrostatic potential of the IAW, Z, = —1 and
m; = Ajm,, for j # e where m,, is the proton mass and
A; is the atomic mass number for species,‘j’.

In our study where the wave is driven over many peri-
ods, trapping will occur, especially for the electrons with
fast bounce frequencies.[20] However, collisions act to de-
trap particles before they can execute a bounce espe-
cially in the case considered here of electrons and light
ions colliding with heavy, high-Z ions. A study of SBS
in two-ion species plasma with ion-ion collisions with a
hybrid particle-in-Cell code demonstrated that collisions
act to maintain a negative slope to the distribution func-
tion in the trapping region of velocity space.[21] In the
Appendix of Reference 20, collisional detrapping condi-
tions were given for electrons and ions in a single ion
species plasma. Here, using the same techniques estab-
lished there, we easily generalize these estimates to two-
ion species plasmas in Sec. II. In Sec. III, we use one
spatial and two velocity dimension (1D+42V) Vlasov sim-
ulations to test collisional effects on trapping and wave
damping. Pitch-angle and self-collision operators were
added to LOKI and used in recent publications.[22, 23]
Interspecies collisions were added recently.[24] LOKI is a
4D (2D-2V) multispecies Eulerian Vlasov code that em-
ploys 6th-order conservative finite differences for the spa-
tial discretization, and 6th-order accurate Runge Kutta
time stepping. The implementation is highly scalable us-
ing MPI parallelism, and is routinely run on thousands
or tens-of-thousands of processors.[25, 26] We find that
collisional de-trapping maintains the Landau damping of
the light ions but with a reduced damping rate that de-
pends on the wave amplitude but is still more than an
order of magnitude larger than the damping in pure gold
or uranium. As the dissipation is maintained, heating of
all three species also continues whereas the time-averaged
heating and damping ceases without collisions.

In the collisionless case, large-amplitude, BGK-type
nonlinear waves can be created and persist over many
bounce periods because of the absence of damping.
These states have been shown to be unstable to res-



onant instabilities and filamentation-like or modula-
tional instabilities|27-31]. Recently, multi-dimensional
particle-in-cell simulations of SBS showed that IAW fil-
amentation, caused by trapped ion induced wavefront
bowing, dominated the saturation of SBS in a Nitrogen
plasma over a range of ZT,/T;.[32] In Sec. IV, we show
with 2D+4-2V Vlasov simulations that, although collisions
are significant, this instability persists as in the work of
Albright et al.[32] but does not determine the maximum
wave amplitude and develops only after the ponderomo-
tive drive is turned off. With and without collisions the
wave damping rate is very small. However, for TayOs5
plasmas where the TAW is strongly damped, this insta-
bility did not occur. We conjecture that many of the
instabilities that rely on the presence of a population of
trapped particles will be stabilized when the de-trapping
conditions are met. In Sec. V, the energy conservation
and the heating of each plasma species is discussed with
and without collisions for single-ion helium plasma and
two-ion TasO5 plasmas. In Sec. VI, we summarize our
results and speculate on their implications for other laser
plasma instabilities.

II. THEORY

The linear kinetic theory of the frequency and damping
of TAW with multiple ion species for collisionless plasma
has been explored in some detail for low-Z plasmas and
for high-Z plasmas with low mass ions added.[11] Be-
cause of their common use in laser plasma interaction
experiments, hydrocarbons, e.g. CH, CHy, C3Hg, C5H12,
received special attention. In general, there are two
least damped modes for hydrocarbons. If T,./T; > 10,
the least damped mode, often called the fast wave, has
a phase velocity, vpn, greater than the thermal veloc-
ity of both ion species. Most of the Landau damp-
ing is from the protons with its unique Z/A = 1. If
T. ~ T;, this fast wave is strongly damped, and the
slow wave is the least damped wave with a phase ve-
locity intermediate between the two ion thermal veloc-
ities, /Ti/me < vpn S +/Ti/mp where mg, m,, is the
carbon, proton mass respectively. Because these masses
are not very different, the slow mode for hydrocarbons is
also strongly damped. Kinetic Vlasov simulations stud-
ied the frequency and damping of nonlinear IAWs in
CH plasmas.[33] The mass ratio might be much larger,
e.g. 200, if protons could be added to gold but practically
beryllium (Z=4, A=9) is the lowest possible mass that
could be mixed with gold. Boron was initially chosen for
experiments because of the health risks associated with
manufacturing with beryllium and restrictions on intro-
ducing beryllium to the experimental facility.

For plasmas composed of high-Z, high-mass ions and
low-Z, light ions, collisions cannot be ignored in choosing
realistic values for the plasma parameters, T, T}, and n,.
Furthermore, the slow mode essentially does not exist
if collisional drag is taken into account.[34] Tantalum-

oxide, TasOs, is interesting as a hohlraum wall liner
material because it provides strong Landau damping of
IAWs while sacrificing little radiation flux compared to
pure gold and because it can be made into a low den-
sity foam that could be used to control radiation sym-
metry. Ref. 7 used pF3D simulations to show Tay0s5
and AuB were equally effective in controlling SBS. Those
simulations assumed that the Landau damping of the
TAW was unaffected by the amplitude of the wave be-
cause of the strong pitch-angle collisions of the electrons
and oxygen ions on the highly ionized gold ions and
the strong self-collisions of the gold ions. That assump-
tion is examined here with 1D+2V Vlasov simulations of
propagating IAWs. The plasma considered is station-
ary partially ionized tantalum and fully ionized oxide
with (Z=50,8) and (A=181,16) and with n. = 0.05n,
and T, = T; = 5 keV where n. is the critical density of
351nm light. Solving the linear kinetic dispersion rela-
tion for pure tantalum, the complex frequency is w/wpe =
(0.8453 —0.002653i) x 1072, a very weakly damped TAW.
Setting w, = Re(w) and v = Im(w), the ratio of the
damping rate to the real frequency is v/w, = 3.14 x 1073
for pure tantalum. Note, wp. = 1.19886 x 10*°sec™! and
kApe = 0.86 where k is the wavenumber of the IAW. For
TagOs5, w/wpe = (1.137 — 0.24144) x 1072, vy/w, = 0.212,
a very strongly damped TAW.

Because the hohlraum interior is typically filled with
helium gas both to cool the DT fuel in the capsule and
to slow down the expansion of the high-Z wall into the
path of the laser beams, we briefly consider the effect of
collisions on the trapping of ions. For pure helium with
ne = 0.05n., T, = 2T; = 4 keV, Z=2, and A=4, the
IAW frequency and damping rate are w/wpe = (1.602 —
0.3123i) x 1072, that is, v/w, = 0.195, a very strongly
damped TAW for a Maxwell-Boltzman ion distribution.

In general, three collisional dynamics effects may lead
to detrapping: (1) Slowing-down (drag), (2) parallel dif-
fusion, and (3) transverse diffusion (pitch-angle scat-
tering). For collisions of species a on species b, as-
sumed to be at thermal equilibrium and represented by
a Maxwellian distribution with density IV, and temper-
ature Ty, these effects are represented by the relations
[35]°[36]:

L) =, (1)
Ly — o)) = oo &)
L~ vy = v, 0

where (.) stands for a statistical average over a set of par-
ticles a, all with the same incoming velocity v of norm
v. The subscripts || and L respectively refer to the direc-
tions parallel and perpendicular to v.[37] The collision
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FIG. 1: (a) Detrapping in the tail of the distribution
applicable to resonant light ions in a two-ion-species
IAW (b) Detrapping in the bulk of the distribution
applicable to resonant electrons in an IAW. Here,
Vg = Vph. Reproduced from Physics of Plasmas 20,
0321107 (2013); https://doi.org/10.1063/1.4794346,
with permission of AIP Publishing.

rates appearing in Egs. (1)-(3) are given by
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where 1/1(:)1(0) = —(2/y/m)Vxexp(—z) + erf(y/x), erf(x) =
(2/V/7) [ exp(—t*)dt, and ¢'(z) = dy/dz =

(2/v/7)/x exp(—x) with argument 2% = myv?/2T}, =
v?/ 2vt2h)b. The basic collision frequency 12 appearing in
Egs. (4)-(6) is given by
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where € is the permittivity of free space, ¢; = Zge is
unsigned charge on species ‘s=a,b’ with charge state Zj,
Ny is the density of species ‘b’, and the log A, stands for
the collision logarithm.

Our focus is on the interplay of trapping and collisions
in multi-ion species plasmas. Ion trapping occurs for ve-
locities vpn — Avgr i < vy < Uph + Ay 3, which lies is in
the tail of the ion distribution (see Fig. la). The IAW
propagates in the x-direction. For IAWSs of interest (i.e.,
those that are weakly through to strongly damped, but
not so strongly damped that they are unable to partic-
ipate in SBS), the real frequency of the fast mode (or
the least damped mode in a single-ion-species IAW) is
reasonably approximated[11] as,

w = kCs, (8)
Cs = \/(Z/A)GHMa (9)
z2
(Z)A)er = %;g : (10)

where Ap. is the electron Debye length, f; is the atomic
fraction of each ion species. vin;; = \/T;/m; is the ther-
mal velocity of the i*h ion species. Applying this to
Ta205, we find (Z/A)eff = 0.34, Uph/vthi,i ~ w/(kvthi7i) =
0.58((AT./T;) /(1 + K2AL)NY?2 = [5.92,1.76] and
Avii/Cs = [1.37,1.84](ep/T.)*/?, so that in this
case, the ordering wvpn, =~ Cs 2 vwhio and vpp >
Vthi, Ta; AVtr, Ta, Avtr,0 applies. In the previous sentence,
the first term in square brackets applies to tantalum ions
and the second to oxygen ions.

As shown in Fig. 1a, collisions lead to ion detrapping
by parallel and transverse diffusion (pitch-angle scatter-
ing) as well as slowing down (drag). The change in
trapped ion velocity has to be enough that the velocity
parallel to the wave propagation direction, v, in this case,
falls outside the trapping region. In transverse diffusion
for example, the angle required is much less than 90° be-
cause Avy ;/vpn < 1. Because of the higher charge state
of the heavier ion species, the detrapping of the lighter
ion species is dominated by collisions from the heavier
ion collisions rather than self collisions [c.f. Eq. (7)]. The
electron contribution to ion detrapping is negligible pri-
marily because of the species mass ratio. The ordering
of ion velocities means that the characteristic velocity of
trapped ions is vpn. Setting a=0 and b=Ta in Egs. (4-6),
one finds 297 (vpp,) > 1 and therefore 1 [x°T(vyy)] ~ 1
and ' [z9T2(v,)] < 1, yielding vOT(vpn) ~ vOT2(v,n),
Vﬁ)Ta(vph) =~ 2(ven,Ta/Vph)*v0 T (vpn), and v (vpn) =
2008 (vp).



Collisional detrapping of oxygen ions requires the col-

lisional timescales TSOIF{‘j_ to be competitive with the ion

bounce period. Together, Egs. (1-3) and Fig. 1a yield the
collisional timescales,

Avgy 1
7OTe — 200 ___ , (11)
vpn VP (vpn)
Av 2 1
OTa tr,O
= 12
il < Uph > VﬁTa(Uph)7 (12)
92
OTa t
T = = 13
+ V(L)Ta(vph) 13)
QA’UU"O 1

, 14
Uph VSTa (vph) 1)

where for 79T we have used 1 — cos(6;) ~ 07 /2. Setting
the requirement for effective detrapping wbyoTSOHTaL < 2nm,
we find the the approximate detrapping thresholds,

E OTa

gy eh Yo (15)
T ZoT, vin,0 kCs,0

for transverse diffusion or slowing down (the thresholds

are the same, as detailed in Ref. 20), and,

C

ed (
— < |7
Te ZoTe mTa sz,O

Ti OTa 2/3
mo ¥ ) , (16)

for parallel diffusion, where Cs o = \/ZoTe/mo. Which
threshold is the more stringent depends on parameters; in
the case considered here, transverse diffusion and slowing
down are the more effective detrapping mechanisms with
a threshold on ¢ greater by a factor of 2 than for parallel
diffusion, while for a single ion species, parallel diffusion
is typically dominant[20].

Finally, the contribution of the electrons to the lin-
ear Landau damping of the IAW is small, but we con-
sider their trapping and detrapping because of their role
in self-focusing (discussed later). Electron trapping oc-
curs for velocities vpn — AvVgre < Uy < Uph + AVgre
that lie in the bulk of the distribution (see Fig. 1b)
because one has the velocity ordering vpn < vne and
Avgy o /Vsne = 2y/ep/T. < 1. This velocity ordering
means that the characteristic velocity of electrons scat-
tering from the trapped region is the transverse thermal
velocity, vihe, and only transverse diffusion is effective at
scattering electrons from the trapped region, shown in
Fig. 1b (parallel diffusion and slowing down cannot effe-
tively scatter electrons from the trapped region). Trans-
verse diffusion has contributions from electron self col-
lisions and electron-ion collisions from both ion species,
but in the limit Z > 1 will be dominated by the ions
and specifically the heavier (higher-charge) ion species
[cf. Eq. (7)].

Similar to the ion case, one finds for the elec-
trons, % (vine) > 1 and therefore [ (vine)] =~

1 and ¢'[z%(vme)] < 1, giving v§(vme) =

208 (Vine).  Equation. (3) and Fig. 1b yield 7§ =~
02/05 (Vihe) ~ (AVire/vine)2/V5 (vine).  Applying the
criterion, wy 7" < 2m, for collisional detrapping to be
significant, we estimate the electron detrapping thresh-

old to be,

2/3
ep T
— < | , 17
Te (k)\ei (Uthe) ) ( )
for which A, = vtheTf is the electron-ion scattering

mean free path.

The electron-ion collision rate for the case studied here
is 1.1 x 10'2 sec™!. The collision rate of a thermal oxygen
ion from tantalum is 1.5 x 10! sec™! and 1.3 x 1010 sec ™!
at the phase velocity. The oxygen ion self collision rates
are an order of magnitude slower. Evaluating the thresh-
olds for the chosen TayOs5 plasma, we find the thresh-
old in wave amplitude dn/n, ~ ep/T, for oxygen ion
detrapping to be 1.8 x 10~2 and for electron detrapping
2.3%x1072. i.e., the wave amplitude required to trap elec-
trons is an order of magnitude larger than that required
to trap oxygen ions.

III. SIMULATIONS OF DE-TRAPPING

In this section, LOKI simulations are used to examine
the effect of collisions on de-trapping ions and electrons
and on the damping rates of the IAWSs for both single
and multiple ion species plasma. The IAW amplitudes of
interest to kinetic simulations of nonlinear processes in
ICF hohraum plasmas are estimated by using pF3D[38]
simulations of SBS in TayO5 plasma with the same tem-
peratures and ionization states used in Sec II. [39]

In addition to LOKI simulations of TasOps plasma
presented in Sec.lIIB1, LOKI simulations for helium
plasma which is the standard material used to fill the
hohlraum interior, and for nitrogen plasma (used for ba-
sic physics experiments of SBS and in the PIC simula-
tions of those experiments[32]) were carried out. Kinetic
simulations for helium plasma are presented and analyzed
in Sec.III B 2 and for nitrogen plasma in Sec.III B3. The
plasma conditions are given in their respective sections.

A. pF3D simulations of laser light backscatter and
growth of Ion Acoustic waves

The analysis of SBS backscatter from pure gold
plasmas[7] in NIF ICF hohlraums for the BigFoot
design[40, 41] found that most of the laser power was
scattered over the first speckle length (~ 0.02cm ) layer
of gold plasma where the plasma flow velocity has very
weak gradients. Those simulations used the laser smooth-
ing techniques that are standard at the NIF laser facility,
Random Phase Plates (RPP) and polarization smooth-
ing (PS). Reference 7 also simulated SBS from hohlraums
where the gold ablated from the hohlraum wall was re-
placed with a hot TayOs plasma. Those simulations



showed the laser intensity threshold for significant SBS
was double that of a pure gold plasma because the oxygen
ions increase the IAW damping rate more than an order
of magnitude (see Fig. 10 of Reference 7 ). Because of
the increased damping the SBS backscatter occurs over
a longer length in TayO5 plasma than in pure gold, ap-
proximately four times longer.

Here, we find the same dependence of the SBS on laser
intensity for TasO5 as found in Reference 7 with pF3D
simulations of a TayOs plasma with T, = T; = 5keV,
ne/n. = 0.1 and plasma length, L = 0.072 cm, that is,
four laser speckles long. These simulations, similar to the
recent study of filamentation,[42] have a constant den-
sity and temperature and no flow. The laser beam enters
the plasma at z = 0, and the SBS grows from thermal
noise.[38] The charge state, Z, of tantalum is taken to be
50. The pF3D simulations assume that the linear damp-
ing rates of the IAW are not modified by trapping. Large
TAW amplitudes might invalidate that assumption. In
RPP smoothed laser beams the SBS light and the asso-
ciated IAWSs grow preferentially in speckles with intensity
2-5 times the average laser intensity. Because the laser
intensity varies from speckle to speckle, the intensity of
the reflected light and the IAW amplitudes do also.

The SBS reflectivity and the fraction of the plasma
area with TAW amplitude greater than 1% of the electron
density are shown in Fig.2a as a function of the average
laser intensity. The SBS grows from thermal noise to sat-
uration in about 20ps. After saturation the SBS fluctu-
ates in magnitude but the excursions about the average
decrease as the number of laser transit times increase.
The peak-to-average fluctuation ratio is larger near the
threshold. The reflectivities in Fig.2a are a 40ps time
average (~ 16 light transit times) of the saturated SBS.
In Fig.2b, the distribution function of the TAW ampli-
tude is shown at z = 0, the location of the maximum
convective amplification, for six different average laser
intensities and smoothing choices.

Below the intensity threshold for SBS without PS, the
TAW fluctuation level does not grow in pF3D and remains
below 10~* as shown in Fig.2b (red curve). With PS,
the intensity threshold increases by 50% as shown by the
blue and red curves in Fig. 2a but there is an interesting
increase in the AW amplitudes below the PS threshold,
meaning that there is some growth in the more intense
speckles (cyan curve). Above the RPP threshold (~ 1 x
10'W /em?), Fig.2b shows a large increase in the fraction
of area with large amplitude TAWSs (black curve), and this
fraction remains large at 1.5 x 1015W /cm? with PS (blue
curve). The importance of polarization smoothing (PS)
to controlling SBS at the NIF is evident in Fig.2a even if
trapping were not a concern. The predicted amplitudes
of IAWs are large without PS even when the reflectivity
is small, e.g. greater than 20% of the laser beam has TAW
amplitudes greater than 0.01 when the predicted SBS is
~ 1%. Thus, IAWs with amplitude dn/n, ~ 1% are of
interest to investigate with LOKI Vlasov simulations.

A more thorough study of the TAW amplitudes asso-

ciated with SBS in spatially smoothed laser beams de-
serves more attention but is beyond the scope of this
paper. Here, our aim is to demonstrate ample reason to
concentrate on evaluating the effectiveness of collisions
on de-trapping and maintaining the strong IAW Landau
damping provided by oxygen in TasO5 plasma.

B. Kinetic simulations of collisional de-trapping of
particles from IAWs

Following the procedure we used previously for single-
ion species and collisionless plasma[20], we use an ex-
ternal field in the electron Vlasov equation to drive the
waves at the calculated resonant frequency for many wave
periods and then turn the drive off to measure the self-
consistent frequency and damping rate. The magnitude
of the external ponderomotive drive was chosen to drive
TAW amplitudes up to ~ 1% to be relevant to the ampli-
tudes discussed in Sec IIT A The collisional interactions
include self-collisions for each species (electrons and all
ions), pitch-angle collisions of the electrons from all ion
species, and ion-ion interspecies collisions. All velocities
are normalized by the electron thermal velocity, length
to the electron Debye length, and frequency, damping,
and collision rates to the electron plasma frequency. The
spatial average of electron distribution integrates over ve-
locity to one. The spatial average of each ion distribution
multiplied by its charge is its atomic fraction of the elec-
tron density such that the sum of the total ion charge
and electron charge sums to zero. The results for TasOg
are presented in Sec. IIIB1, for helium in Sec. IIIB2,
and for nitrogen in Sec. IIIB 3.

1. Heavy and Light Ion Plasmas:Tantalum-Ozxide

Fig. 3 shows examples of the time dependence of the
field amplitude for collisionless and collisional simula-
tions. In the collisionless case, there are noticeable oscil-
lations in the TAW amplitude with a frequency approx-
imately equal to the bounce frequency of the trapped
oxygen ions, consistent with previous collisionless sim-
ulations of multi-ion-species plasma[33] The ion bounce
oscillation frequency of the oxygen ions divided by wype,
the electron plasma frequency, is wpi /wpe = 1.6 x 1073 if
on/ne = e¢p/T. = 0.015. Here, dn/n. is the amplitude of
the density perturbation of the TAW divided by the local
electron density.

Without collisions, the field initially decays after the
drive is turned off but then recovers as the trapped par-
ticles return energy to the field. The maximum electro-
static fields for several drive amplitudes with the same
collisional rates is also shown in Fig. 3. With colli-
sions, the field damps exponentially over many orders
of magnitude, and the rate of decay increases slowly as
the particles in the tail of the ion distributions thermal-
ize. With the smaller drives there is no sign of bounce
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FIG. 2: (a) The SBS reflectivity and the value of the
distribution for IAWs with amplitude above 0.01 as a
function of the incident average laser intensity for a
TayO5 plasma. (b) The distribution function of the
TAW density wave amplitude as a function of the wave
amplitude at z = 0 for different average laser intensities
in W/cm? and laser smoothing choices from pF3D
simulations. (The minor tick marks are at 0.15, 0.2, and
0.5 of the major marks on the vertical axis and at 0.2
and 0.5 on the horizontal axis.) (¢) The density
perturbation, én/n., above which F(dn) is 0.25 and
0.50 respectively with and without polarization
smoothing. The plasma electron density, the ion and
electron temperatures, and plasma length were the
same in all cases. Note for a NIF 50° quad at a power
of 10TW, the average laser intensity is approximately
1.6 x 10W /cm?
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FIG. 3: The maximum amplitude of the AW as a
function of time is shown for external drive fields with
maximum values: Ey = 0.001,0.003,0.006, and 0.02.
The time dependence of the external drive field, Eq(t),
is shown in green. A collisionless example with
Ey = 0.006 is shown by the dashed line. (The minor
tick marks are at 0.2 and 0.5 of the major marks on the
vertical axis.)

oscillations in the field amplitude. The maximum field
amplitude is initially set by the linear damping rate as
seen by comparing the cases where Ey = 0.006 with and
without collisions. (The electric field is normalized to
T.Ape/e). Ounly after a bounce oscillation of the trapped
oxygen is there a further increase in the field amplitude
in the collisionless simulations.

With collisions, a significant effect is that the damping
rate is reduced from the initial value of yg/w, = 0.21 to
v/wr = 0.08 (7/wpe = 0.001) for Ey = 0.006. The lowest
drive has a higher damping rate, v/wpe = 2.6 x 1073
after the drive turns off which is approximately the initial
value of the damping rate within the uncertainty of the
fit. The damping rate decreases with the wave amplitude
as shown in Fig. 4 provided dn/n, > 1 x 107 for these
parameters. Only if the wave amplitude is at least an
order of magnitude smaller than estimated in Eq. (15) or
Eq. (16) is the linear Landau damping rate unmodified.

The effect of collisions on the ion distributions is shown
in Figs. 5 and 6. Fig. 5a shows the oxygen (O) ion distri-
bution in the collisionless case at a time after the drive
is turned off. The ions with vy ~ vpp are trapped in the



0.25 | |

0.2

0.15

v/

0.1

10° 1072
t“m/ne

FIG. 4: The Landau damping rate of an IAW including
collisions for a TayO5 plasma as a function of the driven
wave amplitude. The analytic value of the damping for
the initial plasma parameters is used at én/n < 1072
The error bars are estimated by the variation of the
damping rate obtained by measurement over different
time intervals after the drive is turned off. The damping
rate as a function of amplitude for x = dn/n, > 1074 is
approximated by 7v/w, = —0.0262 — 0.06667 log,,(z)

field for all v, as is true for the (many fewer) tantalum
(Ta) ions shown in Fig. 5¢c. The dominant effect of the
scattering of the O ions from the Ta ions is to isotropize
the O ions as shown in Fig. 5b. The Ta self-collisions
reduce the number and increase the slope of the distri-
bution of trapped Ta ions as shown in Fig. 5d. The 1D
plots of the O ion distribution Fo(vs,v,) for uniformly
distributed values of 0 < v, < 0.02v¢, shown in Fig. 5e
and Fig. 5f in the collisionless and collisional case respec-
tively, quantitatively illustrate the maintenance by colli-
sions of a monotonically decreasing distribution with ve-
locity magnitude. That ensures that O maintains its role
in Landau damping IAWs and suppressing the growth
of SBS. Fig. 6 isolates the O distribution near v, = vy
for various drive field amplitudes in a collisional simula-
tion and, in a high drive case, a collisionless simulation.
For the lowest drive shown with collisions, the modifi-
cation of the distribution is slight. Because the wave
damping is preserved with collisions, the plasma is con-
tinuously heated while the IAW is driven. Over long time
scales, heat transport and temperature equilibration be-
tween the ions and with the electrons must be considered
but cannot be treated with these one-wavelength-long,
short-duration simulations.

Fig. 6 is a snapshot that is not necessarily represen-
tative of the distribution at other times, especially in
the collisionless case. Fig. 7 shows the distribution in
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FIG. 5: The ion distributions on a log scale as a
function of v, /v and vy, /v for the oxygen ions in a
(a) collisionless and (b) collisional simulation and for

the tantalum ions in a (¢) collisionless and (d)
collisional simulation. Figures (e) and (f) show cuts of
the oxygen distribution as a function of v, /vs. for
equally spaced values of v, /v, from 0 to 0.02 for the
collisionless and collisional simulations shown in panels
(a)-(b). (The vertical minor tick marks are at 0.2 and
0.5 of the major interval. The horizontal minor tick
marks are at 0.5 in both (e) and (f))

the trapping region for a number of times during and af-
ter the drive is turned off. During the period when the
amplitude is maintained by the external field, the colli-
sionless distribution in the trapped region executes large
bounce oscillations with a large bump when the field am-
plitude is a minimum. The collisional distribution varies
little until the external field drive is turned off. Then the
distribution (when the drive is off) quickly returns to a
Maxwell-Boltzmann form albeit at a higher temperature.
The slope of the distribution can be positive or negative
at the phase velocity in the collisionless case. It is always
negative in the collisional case.
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FIG. 6: The oxygen ion distribution at v, =0 as a
function of v, for a collisionless case with maximum
driver field amplitude, Fy = .006, and with collisions for
maximum driver field amplitudes, Ey = .001,.003,.006,
and for the initial distribution. For weak drive
amplitudes, collisions prevent substantial modification
near the phase velocity indicated by the vertical dashed
line.

2. Strongly Damped, One Ion Species Plasma:Helium

In ICF hohlraums, helium or a mixture of hydrogen
and helium fill the hohlraum interior inside the walls and
exterior to the capsule to cool the cryogenic DT fuel in
the capsule before the laser pulse heats the hohlraum
interior. Afterward, that hot plasma serves to impede
the expansion of the gold wall into the path of the laser
beams. The compression of the helium plasma heats the
ions to temperatures comparable to the electron tempera-
ture. The electrons are heated by inverse bremsstrahlung
and electron heat conduction. The IAW in this plasma is
strongly Landau damped because vpn ~ v¢ni. Thus spon-
taneous SBS is unlikely to grow enough to modify the
ion distribution in the helium plasma if the growth oc-
curs only in helium. However, SBS amplified in the gold
plasma and propagating backward through the helium
coupled with the laser can drive resonately drive IAWs
in helium because of Doppler shifts from plasma flows.
This process may produce a large enough ponderomotive
drive to trap helium ions and lower the damping rate.
The ponderomotive drive of crossing laser beams could
also. In this section, we study the effect of collisions on
maintaining the IAW damping in the presence of strong
ponderomotive drive. As discussed in Sec. II, the fre-
quency and damping of an IAW in fully ionized helium
with ne = 0.05n., T, = 2T; = 4 keV, Z=2, and A=4, are
w/wpe = (1.60 — 0.312i) x 1072, that is, v/w, = 0.195.

In the collisionless case, the fields maintain their am-
plitude after the drive is turned off. The oscillations in
the wave amplitude are approximately the period of a
trapped helium ions. For the stronger drive the colli-
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FIG. 7: The oxygen ion distribution averaged over one

spatial wavelength along x at v, = 0 as a function of v,

at several different times for (a) a collisionless case and
(b) with collisions.

sions in this low Z plasma are not sufficient to fully elim-
inate bounce oscillations in the field amplitude that are
similar to those for the collisionless case. However, once
the ponderomotive drive is turned off, the wave damps
quickly at a reduced Landau rate. A lower amplitude
wave damps more quickly. This behavior, shown in Fig.
8, is expected and very similar to the wave evolution for
a TagO5 plasma shown in Fig.3.

3. Weakly Damped Ion Acoustic Waves in Cold Single-Ion
Species Plasmas:Nitrogen

Motivated by experiments with 100 Joule scale lasers,
previous studies of trapped ions and electrons in IAWs
were done for low temperature, low Z plasmas (T, =
600eV, T; < 150eV, n./n. =0.05, Z =7, A =14). [32]
In this case, n. is the critical density for 0.527um laser
light. The TAWSs were weakly damped and driven by the
large ponderomotive forces with high SBS backscatter
(~ 50 %) in localized £/6, 0.527um intense laser speck-
les where the laser intensity Ir, < 2.5 x 10W /cm?.

~
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FIG. 8: The maximum amplitude of the IAW as a
function of time is shown for two drive amplitudes in a
helium plasma. The time dependence of the drive field,

Eq(t), is shown in cyan. The maximum value of the
drive field is given for each case in the legend. The
minor interval tick marks on the vertical axis are at
0.15,0.2,0.3,0.4,0.5 and 0.8 of the major interval; The 10
horizontal minor tick marks are equally spaced between
the major intervals.

The oscillatory velocity in the laser electric field Ep,
is Vo = eEL/(mewr) where wy, is the laser frequency.
In this case, Vp/vtne ~ 1 in contrast to NIF where
Vo/vthe S 0.1, Because of the relatively low ion and
electron temperatures, collision rates are significant, and
simulations with collisions significantly differ from colli-
sionless ones. The collisional mean free path for thermal
electrons is, Ae; = 5.3 x 107* cm. For thermal ions, the
self-collisional ion-ion mean free path is, Ai; = 3.5 x 1076
cm. The detrapping conditions for a single ion plasma
were given in the Appendix of Ref.20. In this case trans-
verse diffusion for electrons and ions leads to approxi-
mately the same limit, namely on./n. < 0.05

However, the TAW remains weakly damped and, as
shown in Sec. IV, does filament in both the collisional
and collisionless simulations. Because the wave is weakly
damped, with or without collisions, the wave amplitude,
shown in Fig. 9 is more than an order of magnitude
greater than the drive field, unlike the strongly damped
cases shown in the previous sections. After the external
field turns off at wyet = 1 x 10%, the wave damps slowly
in the presence of collisions. The damping rate is nearly
the same for one and two dimensions.

IV. SELF FOCUSING OF LARGE AMPLITUDE
LOCALIZED ION ACOUSTIC WAVES

In the SBS backscatter of laser light, the IAWs grow in
transversely localized intense laser speckles of transverse
size, Iy = fAo where f is the f-number of the focusing
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FIG. 9: The maximum amplitude of the TAW density
perturbation in a cold Nitrogen plasma is shown as a
function of time for a drive field amplitude, Ey = 0.01
for 1D and 2D simulations with and without collisions.
The drive field time dependence is the same as shown in
Fig. 3. There is little sensitivity to number of
dimensions. The minor interval tick marks on the
vertical axis are at 0.15,0.2,0.3,0.4,0.5 and 0.8 of the
major interval; The 10 horizontal minor tick marks are
equally spaced between the major intervals.

optic and Ag is the laser wavelength. The IAW driven by
SBS backscatter has wavelength, A;q & Ao/2, and the
transverse width is determined by the beat ponderomo-
tive force of the overlapping incident laser and backscat-
tered light wave. A reasonable estimate is to take that
width to be the laser speckle width, I;. In this section,
we consider LOKI simulations in two spatial dimensions
to study the self-focusing of driven IAWs for plasma pa-
rameters of interest to ignition hohlraums and to plasmas
used for basic laser-plasma interactions, specifically SBS.
The parameters of the LOKI simulations are given in the
subsections examining each case. Based on the work done
on the self-focusing of electron plasma waves[29, 43-46],
one expects that IAWs will also self focus if the frequency
shift is negative (because the shift from the ions exceeds
the shift from electrons[20, 33, 47]), the shift varies trans-
versely across the speckle with the largest magnitude
shift on axis, and the TAW amplitude is large enough.
In the Appendix, Sec VI, IAW and EPW self-focusing is
explained by an analogy with the well-known pondero-
motive self-focusing of a light wave.

For small perturbations, self-focusing  can
be represented with a nonlinear Schrodinger
equation for the wave amplitude a(x,y,t) =

ak(z,y,t) exp(—iwkt + ik, x) + c.c,

0 0 ) 0*
(& + Vge 5 +v— szya—yQ - zAw) ar =0, (18)

where wy and k, are taken to satisfy the dispersion rela-
tion in the unperturbed plasma. For example, the light



wave dispersion is wo = /c?k};+ w2 ;. The coeffi-

cients are obtained from the wave dispersion relations as
Vge = Owg/0ky, Dyy = 32wk/8k§/2, and Aw is the dif-
ference of the local amplitude dependent frequency from
wg. The dispersion relations in the fluid approximation
for the light €7, the EPW €y, and the IAW ¢, are given
respectively by

e (k,w) = k2 + w2, — Wi (19)
2
o B We
EL(k7UJ) =1- m (20)
. 1 w2
o(k,w) =1 - i 21
Calkw) =14 o3~ g 1)

The group velocity, vge = c4/1 — W;%e Jw? for a light wave,

Vge = 3kvd, Jwy, for an EPW, and vy, = k(C? + 3v3) /wy,
where Cs = Apewp; for a single-ion species IAW in the
limit kAp. < 1, The diffractive term, Dy, = ¢?/(2wy)
for a light wave, Dy, = 3vl/(2wy) for an EPW, and
Dy, = (C? + 3v%)/(2wy) for a single-ion species IAW.
For multiple-ion species in hot plasma as we simulate in
this work, these fluid approximations are not accurate
and numerical solutions to the plasma dispersion rela-
tions would be required for Eq. (18).

For a light wave and an electron plasma wave, the fre-
quency is lowered as the wave amplitude is increased. For
an TAW the frequency is increased by the trapped elec-
trons and decreased by the trapped ions.[20, 47] Thus,
the TAW nonlinear focusing or defocusing depends on the
magnitudes of the frequency shifts from each species.

In an electron plasma wave, loss of trapped electrons
from ’sideloss’[48] at the rate 7..!, where T = ls/vse,
is a limiting factor on the wave amplitude and reduces
the variation of the amplitude transversely. That also
affects the trapped electrons in an ion acoustic wave but
is not significant for trapped ions because the sideloss
rate from the ion thermal velocity, 7,;' < 7', where
Tsi = ls/Vt; > Tse. In general, collisions are the limiting
factor for the frequency shift variation from the trapped
ions, especially for high-mass, high-7Z ions considered in
the next section.

Heavy and Light Ion Plasmas

Tantalum-Oxide

The plasma parameters for the LOKI simulations in
this section are the same as in Sec. II, stationary ionized
tantalum-oxide with (Z=50,8), (A=181,16), and with
ne = 0.05n. and T, = T; = 5 keV. Using a external
driving ponderomotive field of magnitude, Ey = 0.006
with frequency and wavenumber chosen to drive an IAW
at resonance for these plasma parameters and as used in
Fig. 3 and width I5 with f = 8, we show in Fig. 10 that
the sideloss plays a minor role in limiting the amplitude
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FIG. 10: Comparison of the time dependence of the
maximum IAW amplitude in TayOs plasma for the same
external driving field for 1D and 2D without collisions
and 1D and 2D with collisions. With collisions, there is
very little difference between 1D and 2D. The maximum
of the driving electric field, Ey, shown by the
overlapping dash lines is the same for all cases.

of the TAW as the maximum wave amplitude in a 1D
simulation without sideloss and in a 2D simulation with
sideloss have nearly the same behavior. There is also no
enhancement of the wave amplitude from self focusing.

If the frequency shift is dominated by the lighter ions,
a reasonable estimate of the transverse variation of fre-
quency shift in a localized TAW wave can be made from
the variation with amplitude of the frequency shift from
the 1D simulations. With the drive off, there is a sizeable
negative shift as a function of the amplitude but the wave
decays so quickly that the self focusing process is irrele-
vant. While the drive is on, the frequency is determined
by the drive frequency and is independent of amplitude.

Neglecting collisions on all species, we find that IAWs
do form mildly curved wavefronts and may break up
transversely as shown in Fig. 11. In the collisional case,
the maximum amplitude is reduced almost twofold and,
although Fig. 12 shows some tendency to curved wave-
fronts, the wave does not break up transversely.

Weakly Damped Ion Acoustic Waves in Cold
Single-Ion Species Plasmas:Nitrogen

LOKI simulations of driven IAW in two spatial dimen-
sions are considered for the same parameters as in Sec.
III B 3, namely T, = 600eV, T; < 150eV, n./n. = 0.05,
Z =T, A = 14 where, in this case, n. is the criti-
cal density of 527nm light. The FWHM of the driv-
ing field is taken as the laser speckle width, [, = f)q,
as is done for TagOps, where in this case f = 6 and
Ao = 527nm. In Figs. 13 and 14, lengths are in units
of the electron Debye length, Ap, = 1.3 x 10~%cm and
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FIG. 11: The IAW electric field from a collisionless
LOKI simulation propagating to the right in a one
wavelength long periodic TagOs plasma and localized in
the driving ponderomotive force at a sequence of times:
(a) wpet = 2550 before the ’inflation’, (b) wpet = 4650 at
the peak amplitude, (c) wpet = 5450 when the
wavefronts are bowed, and (d) wpet = 5950 at breakup.
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FIG. 12: The TAW electric field from a collisional LOKI
simulation propagating to the right in a one wavelength
long periodic TasO5 plasma and localized in the driving
ponderomotive force at times (a) wpet = 5400 and (b)
wpet = 5950. In the collisionless case, the wavefronts are
bowed when wp.t = 5400 and at breakup when
wpet = 5950.

ls/Ape = 246. The self-focusing of the IAW in this case
with Ey(max) ~ 0.1 is similar with and without colli-
sions. Note, e¢/T, = dne/ne ~ E./(kXApe) = 0.3 which
greatly exceeds the detrapping estimate on./n. < 0.05.
For that reason, we show the collisional results, the more
physically relevant case. For a drive field ten times
smaller and the same pulse length, the ITAW amplitude
is 2.5 times smaller but is still growing when the drive
is turned off. The higher drive case saturates earlier and
nonlinearly. In the lower drive case, the wavefronts re-
main concave during and after the drive field is turned off.
Then, since the electron induced frequency shift exceeds

12

the ion shift, no self-focusing occurs which is qualitatively
different from the results in Ref. 32.

In our study of EPW self-focusing[46], Wg(y,t) =
[ dzE?*(z,y,t) clearly demonstrated the focusing of the
wave. The field energy density, E?(x,y,t), is positive but
includes spatial variation along the propagation direction
that is not useful to illustrate the transverse variation of
the wave envelope. Wg(y,t), the spatial average of the
field energy density along the propagation direction iso-
lates the transverse variation and the time at which self-
focusing begins. In Fig. 13a, Wg(y,t) shows a reduction
in the transverse envelope with time especially after the
external field is turned off. This quantity, applied to the
TasO5 simulations, showed no reduction in the transverse
envelope. The spatial averaging in Wg(y,t) hides some
interesting details that the snapshots in Fig.13b-d show:
the steepening of the wave from harmonic generation and
wavefront curvature from positive frequency shifts in Fig.
13b, followed at later time by wavefront curvature from
negative frequency shifts near the y-axis and the positive
curvature at larger radius from positive frequency shifts
in Fig.13c, and the breakup transversely after the drive
field is turned off in Fig.13d.

In this evolution, the IAW does not filament while it is
driven because the curvature of the wavefronts are dom-
inated by the electrons. Afterward, the trapped elec-
trons are depleted by the electron ion collisions and side-
loss faster than the trapped ions are. That evolution is
shown in Fig.14a-d. Fig.14a shows that, while the ex-
ternal field is applied, the trapped electrons are localized
transversely in the wave. Fig.14b shows that, while the
external field is applied, the trapped ions are more local-
ized transversely in the wave than the electrons are at the
same time. Fig.14c shows that, after the external field
is off, heated electrons broaden the distribution along
V., and lower the number at low velocity and that the
trapped electrons leave the heated region. Fig.14d shows
the trapped ions are scattered in angle and are trapped
over a larger region transversely but remain in the heated
region after the external field is off. Thus, they cause a
negative frequency shift in the IAW except at the edge
where an excess of electrons remain. Examining Fig. 13c
and d, one can see the reversal of the wavefront curva-
ture where the frequency shift changes from negative to
positive. One of the examples in Fig. 10 in Ref. 32 shows
a similar behavior.

V. HEATING AND ENERGY CONSERVATION

The energy transferred from the external field to the
plasma kinetic energy and to the fields for single-ion and
two-ion species plasmas is discussed in this section for col-
lisionless and collisional 1D+4-2V simulations. Helium and
tantalum-oxide are considered. In both cases, the light
ions absorb most of the acoustic wave energy driven by
the ponderomotive drive at the TAW resonant frequency
simply because the ion damping is much larger than the
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FIG. 13: Single-ion Nitrogen plasma (a) The variation

of Wg(y,t) with time the external field is turned off at
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electron damping.

In Fig. 15a,b, the energy in the electrostatic field and
the kinetic energy in each species is shown as a function
of time during the time the external field is on and after
for the collisionless simulations. The components of the
total energy continue to evolve after the external field is
zero but the total plasma energy equals the added energy
within 0.7% for the helium plasma and within 0.4% for
the two-ion species plasma at all times. The total energy
is constant after the external field is zero. Because of
particle trapping the plasma returns energy to the driver
during the bounce oscillations.

In Fig. 15c,d, the energy in the electrostatic field and
the kinetic energy in each species is shown as a function
of time during the time the external field is on and after
for the collisional simulations. The components of the
total energy continue to evolve after the external field
is zero. The total plasma energy equals the added en-
ergy within 0.1% for the helium plasma and within 3%
for the two-ion species plasma at all times. The total
energy is constant after the external field is zero. Be-
cause ion-ion collisions are weak for the helium plasma,
weak particle trapping persists and plasma energy does
not monotonically increase while the external field is on.
Strong interspecies collisions maintain Landau damping
in the TagO5 plasma so the total energy monotonically
increases while the drive is on. Once the drive is zero,
the TAW is rapidly damped, and the kinetic energy of
all three plasma species increase at first. Subsequently,
the oxygen slows down on the tantalum and loses energy
(not visible on the log scale in the figure) as the tantalum

o)
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FIG. 14: Single-ion Nitrogen plasma. The difference of
the perturbed electron and ion distributions from the
initial Maxwell-Boltzmann,
8f = [dvyda(f(x,y,va, vy, t) — f(@,y,vg,0y,0)), at
wpet = 5300 while the external field is on and at
wpet = 13700 after the field is turned off.

energy increases. Interspecies collisions of electrons with
ions is treated in the pitch-angle approximation in these
simulations. That approximation neglects the direct en-
ergy transfer between ions and electrons. Thus the ions
are not heated the small amount by the electrons that
they are in reality.

The electron kinetic energy increases for a short time
just as the ponderomotive drive turns off, particularly
noticeable for the helium plasma. Not visible on this log
scale plot is a corresponding increase in the total energy
and the energy absorbed from the external drive field.
The subsequent decrease in the electron kinetic energy is
taken up by the ions such that the energy absorbed and
the increase in the total energy remain in balance. The
TasO5 plasma has more complicated dynamics overall
but the sudden but temporary increase in the electron
kinetic energy is similar. In this case, though, the heavy
ions pick up kinetic energy some of which comes from the
oxygen kinetic energy (not visible in this log scale plot)

VI. CONCLUSION

We have explored the effect of collisions, both self-
collisions and interspecies collisions on the damping of
large amplitude TAW waves. Indirect-drive ICF plasmas
in hohlraums are prone to large SBS when the power and
pulse lengths exceed thresholds, especially in the under-
dense high-Z gold or uranium plasma ablated from the in-
terior of the hohlraum walls. Proposed solutions that re-
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FIG. 15: The increase in the total, field, electron
kinetic, and ion kinetic energy for a one-ion and two-ion
species plasmas is shown along with the external energy

added. The green line is the running total energy
absorbed and the dashed line is the total energy minus

the initial energy. The components of the total energy
are identified by the legend in the figure. (a) a
collisionless simulation for one ion species, helium; (b) a
collisionless simulation for two ion species, TasOs; (c) a
collisional simulation for one ion species, helium; (d) a
collisional simulation for two ion species, TayO5 In
(a)and(b) the minor interval tick marks on the vertical
axis are at 0.15,0.2, and 0.5 of the major interval. In
(a)and(b) they are at 0.15,0.2,0.3,0.4,0.5 and 0.8 of the
major interval; The 10 horizontal minor tick marks are
equally spaced between the major intervals.

duced SBS are mixtures of low-Z and high-Z ions such as
TasO5 or AuB that significantly increase the IAW damp-
ing rate because the thermal velocity v of Oxygen(O)
or Boron(B) is comparable to the IAW phase velocity,
vph. The linear effect of increased damping from colli-
sions is insignificant in these hot, low-density plasmas.
The maintenance of ion Landau damping by collisional
de-trapping of O or B by scattering from the high-Z Ta
or Au ions is the important effect we have studied. Simu-
lations without collisions show trapping in the large am-
plitude TAW eliminates the ion Landau damping after a
few ion bounce periods. Thus, ‘kinetic inflation’ would
ensue, eliminate the oxygen or boron ion Landau damp-
ing after a short period, and simulations would predict
large SBS.

Using the criteria, wy;7. < 27 where 7. is the relevant
collision time, we predict in Sec II the TAW amplitude
below which trapping will be mitigated for multiple ion
species and single ion species plasmas. The simulations
in Sec III quantify the effect for TasO5 and He plasma for
particular choices of plasma parameters that are typical
of hohraums at the NIF. There are three wave ampli-
tude regimes. In the lowest range, the collisions main-
tain the linear ion Landau damping. In the mid-range,
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the ion Landau rate is reduced by an amount inversely
proportional to the wave amplitude as shown in Fig.4.
For very large wave amplitudes, collisions have a minor
effect while the ponderomotive drive is on.

For helium plasma with NIF-like plasma conditions,
the maximum TAW amplitude versus time shown in Fig.8
is very similar to TasOs shown in Fig.3 for the same
ponderomotive drive amplitude.

Also simulated was the effect on a nitrogen plasma that
was the subject of an SBS experiment with a ~ 100Joule
laser. In this case, 1D and 2D simulations show the
ion and electron Landau dampings are very weak with
or without collisions. Without collisions the damping
is nearly zero. In Sec IV, 2D simulations to study the
self-focusing of transversely localized IAWs were done for
TasO5 and nitrogen plasmas, the latter with plasma pa-
rameters taken from Reference 32. In both cases, results
were shown with collisions included. The TasO5 simula-
tions showed no filamentation of the wave during or after
the drive was turned off. The behavior was much more
interesting for the nitrogen plasma where the TAW self-
focused and subsequently filamented strongly. While the
drive was on, the wave fronts were dominated by a pos-
itive frequency shift and did not self-focus. Afterward,
the sideloss of the trapped electrons allowed self-focusing
and filamentation.

The dynamics for an SBS simulation might differ if the
TAW frequency was determined locally by properties of
the electron and ion distributions including the trapped
particles rather than by the ponderomotive drive while
it is on. However, if the TAW filamentation in SBS oc-
curs after the interaction is saturated due to detuning,
then the filamentation may have little to do with SBS
saturation.

Sec V examines energy conservation and partition
among the plasma species for collisionless and collisional
simulations. While the external ponderomotive drive
field is applied, the light ions provide most of the damp-
ing and absorb most of the energy. In the collisionless
simulations, the damping reverses sign from absorbing
to emitting during the bounce period of the light oxygen
ion. Thus the total kinetic and IAW field energy does
not monotonically increase. Collisional simulations with
the same external drive field have almost monotonic in-
crease in plasma energy for the He plasma but a strictly
monotonic increase for the TasO5 plasma. In the latter
case, the IAW field energy decays rapidly once the drive
is off, the electron kinetic energy decreases to a constant.
and the heavy tantalum ions gain energy as they slow
down lighter oxygen ions. In all cases, the energy ab-
sorbed (computed as the time integral of E"o - J where J
is the electron current) is accounted for by the IAW and
plasma kinetic energy increase.

Our work illustrates the significant impact collisions
make on basic nonlinear wave-particle interactions. Here,
only the simplest effect has been examined. Studies of
plasma wave nonlinearities and instabilities, including
our own, have often treated the plasmas as collision-



less. The results presented here motivate revisiting this
work in the presence of collisions, as applying collisionless
results to collisional plasmas may lead to qualitatively
incorrect expectations or interpretations of SBS behav-
ior. A number of effects that are thought to limit the
growth of stimulated Brillouin or Raman scattering,e.g.
the Trapped Particle Instability.[27] and detuning from
trapped particle frequency shifts[49-54] that neglected
collisional effects should be simulated in the presence of
the appropriate collisional effects. The presence of strong
collisions may also allow simpler and more efficient mod-
eling of plasma heating and creation of energetic electrons
or ions by justifying the use of quasi-linear diffusion op-
erators on the distribution function.[55]

ACKNOWLEDGMENTS

The authors greatly appreciate the technical reports
with details on numerical implementation of Landau col-
lision operators written by Stephan Brunner and gener-
ously shared with us. Also, R. L. Berger greatly appre-
ciates the suggestions and insight provided by Bruce I.
Cohen. He is greatly indebted to Andrea Kritcher for
guidance in the discussion of the recent advances in yield
and of the evolution in capsule and hohlraum design.
This work was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07TNA27344. This
document was prepared as an account of work sponsored
by an agency of the United States government. Neither
the United States government nor Lawrence Livermore
National Security, LLC, nor any of their employees makes
any warranty, expressed or implied, or assumes any le-
gal liability or responsibility for the accuracy, complete-
ness, or usefulness of any information, apparatus, prod-
uct, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States gov-
ernment or Lawrence Livermore National Security, LLC.
The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States
government or Lawrence Livermore National Security,
LLC, and shall not be used for advertising or product
endorsement purposes. The data that support the find-
ings of this study are available from the corresponding
author upon reasonable request.

APPENDIX:LIGHT SELF FOCUSING

This self focusing of plasma waves can be understood
through an analogy with the familiar ponderomotive self-
focusing of a light wave in a plasma. In that process,
the light pressure digs a trough whose depth is larger
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FIG. 16: The surfaces of constant phase for convex and
concave lenses. A convex lens causes the light to focus
whereas the concave lens causes the light to defocus.

where the intensity is larger and modifies the index of
refraction, n such that n is larger where the intensity
is larger. Thus the light refracts into lower densities to
increase the intensity further. [56] Consider the wave
equation for a light wave for the vector potential Aina
plasma,

0? w2\ -
2 pe o
(—V - c2ot? i c? ) A=0 (22)

Introduce the eikonal aproximation, B(z,y,t) and A=
ar(x,y,t)expif + c.c. and find

— ) ()[)’ f)ak, dﬂ
2 _ o I 2
VA =expif (22 9 O [d.L] ap + (z — y)) (23)
92A N . .0 Oay, 08,5
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where we have neglected the 2nd derivatives of the phase
and wave amplitude, f and ag, respectively. We intro-
duce the standard definitions, w = —94/0t and k= Vg
and find

(o Sk k3 w2,
_2Z<8t+ " .V>ak+w<w2 —1+w2 a, =0

Where the light wave amplitude has a negligible effect
on the plasma density, the frequency is wy and then w =
wo + Aw(I). The surfaces of constant phase 8 will be
either concave or convex if the frequency shift, Aw(7), is
positive or negative respectively. Light waves will diverge
for a concave phase surface and focus for a convex phase
surface as indicated schematically in Fig. 16.
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