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Characteristic features of the problem

Pellets offer more controllable penetration of the injected material
than MGl

Hot plasma electrons heat the pellet surface. The ablated gas
throttles the electron heat flux to the surface until 3D expansion
makes the gas shield semi-transparent

Collisional scattering and slowing down of the hot electrons in the
pellet material need a kinetic description with the electron

gyromotion included

Strong backscattering of the hot electrons reduces the
electrostatic sheath potential

Elastic scattering reduces the hot electron penetration depth and
the resulting ablation rate
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Schematic of high-Z pellet ablation

Hot electron velocity distribution is nearly isotropic The electrostatic sheath potential scales as Z™"
due to strong elastic scattering

The ablation cloud is semi-transparent

for hot electrons Unmagnetized hot electrons diffuse radially
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Penetration depth of the hot electrons is

6 =.|Dt
V4

Magnetized hot electrons diffuse
along the field lines

drag

OO0 OU

The solid pellet radius decreases
slowly due to ablation

Outgoing mass flux is constant
within the ablation cloud
G=4nMr’NV

Magnetic field
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Strong backscattering reduces electrostatic
sheath

d Hot electron flux into the pellet scales as J. ~%"M\/%

[ Return flux of the emitted cold electrons satisfies the Child-
Langmuir law: (@TQ m

Jeota ™ m o2 >
Q The sheath width is roughly the Debye length: ¢~ T""z

n e

oo

O The return cold flux balanced the hot particle flux, which gives

Too
ep ~ s <<T
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Ablation scenario revision for high-Z pellets

O Hot electron diffuse into the pellet until they slow down due to

. . . 11
electron drag. Their penetration depth is s, "L Vo JInA, /InA, .

Strong elastic scattering reduces the penetration depth and the
resulting ablation rate.

O The heated surface layer of the pellet expands radially and
becomes semi-transparent when it broadens to pellet radius. The
flow is roughly sonic at this point (s ~1).

0 When the flow becomes sonic, the semi-transparent cloud is heated
to a temperature

T R , R Zn_InA
T*~ZTn -0 _P = I/* __Pp oo = ee
T Nm M T

O Half of the incoming heat flux is absorbed in the cloud : MR, ~N,0,
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Flow velocity, cloud density and ablation rate

O Flow velocity for sonic expansion:

1/3
T R
V.~ ZT n_,|—oc —*
m “M

O Density of semi-transparent ablation cloud:

5 o 1 InA 1
N Np_ — Np P __ ee
R R zJz\lmA, Ro,

d Ablation rate estimate:

113
, InA_, 1R, T

G~4nMR NV, ~4n MR, ZT n 0 —
b Z\/7 InA M “Nm

4 M 1 L 23TV
43 o 2o
G~ 4\23 ( 112 Mj R, -~ 172 /6
(me') "\ 77°(inA,)(inA,)
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Kinetic heating calculation

 Kinetic equation for hot electrons:

. —k ZInA
_2_u3v o af v, <o af v, Jf vo—v nA,
u ou ‘9w 2sinf 89 80 2sin’ 6 oy’ ¢ “ InA

div(uf )-

1 The hot electron distribution is nearly isotropic in the high-Z case,
i.e. f(ru)=F(ru)+0(1/2).

O The kinetic equation reduces to an axisymmetric diffusion- type
equation for the isotropic distribution:

10w dF 1a v, aF-ii3Fo

30zv, 0z 3p8p o’ +Vv: 0p u’du

1 Power deposition by hot electrons per unit volume:

167°¢*ZN In A
_ e n eeJquz

m
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Two reductions of the kinetic equation

O Strongly magnetized hot electrons: o >>v,

aF o°F

=0
81 o&?

O Unmagnetized hot electrons: o, <<v,

1 Normalized line-integrated density:

877:Ze

£= (3ZnA_InA, l/sz

[

 Normalized time-like velocity variable:

A4
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Comparison of power deposition profiles for
unmagnetized and magnetized hot electrons

3 =10
We use an asymptotic expression

= for the cloud density
\2 sl OF  O°F 3 JF dq |l toexpress r interms of &
S N dt & 2& 9 in the diffusion equation:
R
% T - N~p 73 — 52 5—3/2
o ™
S - T
D) 1 2 ~
= oF O°F 0 -
@) _ = B
~ ot 9&° S -
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Gas flow modeling

dWe use the fluid model from [Parks and Turnbull 1978],
but with a kinetic calculation of the power deposition O
Flow velocity at subsonic-supersonic transition (4=1): V?=2zR;

, N=G/(4nRV)
G =4n MR°NV = const

av 2v (7/—1),112

dv d (uz—l)—z—{l—ZnF 0

MNV ==+ = NT =0 2
ST dR R WG

G d|(yT/'M | J ,UWZ_I - /.12 ,u,u2—1
4R’ dR( -1 QJZQ (#2—1)6[;: ( 5 ){1—27:133@4_&

\

Spherical expansion

Cloud remains neutral with a constant adiabatic index y

Surface boundary condition implies negligible sublimation energy
Radiative losses not accounted for

Qlgnore the electrostatic sheath which scales as Z™"
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Reduction of ablation rate due to elastic scattering
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np = 104 em =3, Ty = 2keV
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[R. Samulyak and P. Parks 2019]

[Sergeev et al 2006]

Predictions from [Sergeev et al. 2006] are
too high.

Difference between our results and
[Parks & Samulyak] shows significant
sensitivity of the heat deposition to
elastic scattering.

All ablation rates agree well in pellet
radius scaling.
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Summary

O The first principle kinetic calculation of the heat deposition gives a
noticeably lower ablation rate for the high-Z pellets than the pre-
existing estimates

O Strong elastic scattering of the incident electrons reduces the role
of electrostatic shielding

O Magnetization of the incident electrons can modify the heat
deposition geometry significantly

O Kinetic calculations of the heat deposition provide an updated
input for fluid simulations of the pellet ablation process
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