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Abstract:

A kinetic gasdynamic scaling for hydrogen pellet ablation is obtained in terms of a neutral
gas shielding model using both numerical and analytical approaches. The scaling on plasma
and pellet parameters proposed in the monoenergy approximation by Milora and Foster
dRP/dt ~ S% R, %q:é m, % is confirmed. Here R, is the pellet radius, Sy, is the optical
thickness of a cloud, g,,, is the electron energy flux density and m; is the molecular mass. Only

the numeral factor is approximately two times less than that for the monoenergy approach. Due
to this effect, the pellet ablation rates, which were obtained by Kuteev on the basis of the
Milora scaling, should be reduced by 2 factor of 1.7. Such a modification provides a reasonable
agreement (even at high plasma parameters) between the two-dimensional kinetic model and
the one-dimensional monoenergy approximation validated in contemporary tokamak
experiments. As the cloud (in the kinetic approximation) is significantly thicker than that for
the monoenergy case as well as the velocities of the gas flow are much slower, the relative

effect of plasma and magnetic shielding on the ablation rate is swongly reduced.

1 Introduction

The problem of hydrogen pellet ablation in high
temperature plasmas has been analyzed by numerous
investigators (see [1,2] and references) as ome strongly
relevant to a tokamak reactor fuelling. It is generally
accepted now that the ablation mechanism consists in solid
hydrogen sublimation under influence of heat flux, which is
supplied mainly by electrons of the hot ambient plasma. Due
to the extremely low value of sublimation energy and high-
energy fluxes in tokamak plasmas, a dense cloud of ablatant
surrounds the pellet, and the incoming heat flux is almost
completely screened at the pellet surface. In the pellet
vicinity, the expanding neutral molecular hydrogen gas
produces this shielding. At larger distances, ionization occurs
and an additional shielding appears being produced by the
cold outflowing plasma cloud, which expands almost one-
dimensionally along the magnetic field [3]. Aleng with the

magnetic field distortion, electrostatic fields at the pellet

surface and in the plasma cloud result in additional reduction
of the incoming heat flux (electrostatic [4] and magnetic
shielding [5.6]).

The neutral gas shielding model (NGSM) treats the
interaction between the flux of fast plasma electrons and the
expanding neutral cloud. It was first proposed in [7,8], see
also [9-11]. This part of the pellet ablation problem seems at
present to be the most advanced and detailed. In Ref. [7,8] a
self-consistent one-dimensional model was analyzed, in
which expansion and acceleration of the molecular hydrogen
cloud was produced by heating due to primary eiectrons
approximated as a monoenergy beam. It was pointed out that
the gas dynamic flow of the cloud is subsonic at the pellet
surface and supersonic at infinity. The flow characteristics
are determined by the condition of smooth transition through
the sonic point. This means that the cloud properties depend
substantially on the distribution of the heat sources. The
calculations made in Ref. [7], where the energy deposition in
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the cloud was considered as uniform and the finite boundary

conditions of the cloud temperature 7, velocity ¥, and Mach



number M at the pellet surface were imposed, and in Ref. [8]
using a more realistic gas heating model but the zero
boundary conditions for 7, ¥, M, gave practically coincident
values for the ablation rate. A more precise analysis of
elementary processes in the cloud [11] did not affect these
vaiues considerabiy,

A characteristic feature of energy flux penetration through
a cloud is an almost complete shielding of the incoming
electron energy flux, so that the heat flux at the peliet surface
is by orders of magnitude less than in undisturbed plasma.
Due to higher energy losses for lower electron energy range,
the heat flux close to a pellet is determined by a tail of the
undisturbed electron distribution function EDF and the
problem is essentially of kinetic nature. The ablation rate
depends crucially on the shape of the EDF on the pellet
surface. Due to the complex interaction of the fast primary
electrons with the expanding cloud, this EDF is considerably
different from the undisturbed one at the infinity, which is
determined by properties of the ambient plasmas. For such a
reality, the monoenergy approximation of Ref. [7,8] seems to
be too rough. Instead of the thermal electrons, the shielding
must be calculated with respect to the high energy electrons
of the EDF tail, as it was considered in Ref. [15]. Therefore,
one may neglect the primary electrons’ scattering (see Ref.
[15] for arguments) and apply to them the approximation of
continuous energy losses. The problem reduces then to
motion of electrons along the magnetic lines under the
mnfluence of velocity-dependent retarding force L(v). Since
L(E) decreases with the electron energy E, the ablation cloud
is far more transparent for the fast electrons than for the
thermal ones. In the case L{E)=Const, the EDF at the pellet
surface coincides with the unperturbed one, which is shifted
by the electron energy loss AE along the trajectorv. The AE
value is determined by the shielding and it depends
parametrically on the azimuthal angle a on the surface. The
EDF, which is Maxwellian at the infinity, remains also
Maxwellian at the pellet in this case. But the realistic
decreasing dependence L(E) results in a distortion of the
EDF shape. It becomes more enriched by the high energy
electrons than the undisturbed one and its “effective
temperature” (or average energy) riscs. Although the kinetic
effects described above have been formulated and taken into
account, the rough assumption about sonic flow anywhere
inside the cloud was used in Ref. [15], so the resulting
ablation rates were overestimated.

On the other hand, the energy supply to the cold dense gas,
which is responsible for the main shielding inside the cloud,
is also determined by fast rather than the thermal part of the
undisturbed EDF. This fact results in a considerable varying
the spatial distribution of the energy deposition inside the
cloud. In the pellet vicinity the energy supply is much lower
than that for the monoenergy approximation. This is mainly
due to the fact that the effective mean electron energy for the
Maxwellian EDF remains of the order of undisturbed
electron temperature, and the particle flux decreases
exponentially, while for the monoenergy approximation the

particle flux is conserved (or slightly reduced by electron
scattering), and the mean electron energy is low close to the
pellet surface. This determines substantial distinctions of the
cloud densities and velocities. Thus, the neglect of the
electron kinetics influence on the gas dynamics has led to the
overestimated ablation rates in Ref. [10]; see also [17].

Of course, the pellet surface is screened from the
incoming electron heat flux not only by the neutral cloud, but
also by the expanding cold plasma cloud, by electric field in
it, by distortion of magnetic field etc. A most detailed and
precise numerical code of the pellet ablation process
considering these effects was developed in Ref. [12-14]. In
Ref. [12] a comparison between results of different NGS-
models and the codes was performed, which gave a
surprisingly good agreement between [8,15] and [13,14]. In
Ref. [16] the experimental data about the ablation collected
in the international database [PADBASE were compared
with the NGSM, and also a reasonable agreement was
obtained. The fact that the NGSM describes satisfactorily
such a crude global characteristic as the ablation rate means
simply that with the neutral cloud a considerable part of the
total shielding is associated.

For a further development of ablation models and a
quantitative comparison of different factors affecting the
ablation, it is very significant not only to estimate the
ablation rate but also to understand the internal structure of
the ablation cloud. Therefore, it is desirable to obtain
comparatively simple and, if possible, analytical expressions
for the neutral shielding problem in order to use them for
designing more complicated models and derivation of more
detailed scaling laws. A more detailed experimentat
information about the shielding process is also very
desirable.

In this paper we show that a two-dimensional gas dynamic
solution can be obtained for Maxwellian plasma analytically
and consider the effect of the kinetic gas dynamics on the
ablation rate scaling [10). Our analysis [17] and the
Macaulay calculations, which use the kinetic two-
dimensional code [11], have shown that with Maxwellian
electrons the subsonic region is broader (sonic radius
becomes ~2rp compared to 1.33 for the Milora case [7] and

1.6 for the Parks one [8]), and the neutral shielding grows up.
Nevertheless, the region in the vicinity of the pellet remains
dominant in the shielding formation. Due to this fact the
azimuth gradients in the main part of the cloud are small
cornpared with the radial ones. This allows us to hope that
the parametric approach, in which the azimuth derivatives in
the fluid cquations are neglected and the dependence
(parametric) on the azimuth angle o remains only in the
source terms and in coefficients of the ordinary differential
equations on the radial coordinaie, is valid at least for a
qualitative description.

The most striking result of taking the electron kinetics into
account is the considerably (up to 20 times) higher values of
the neutral cloud thickness compared with the monoenergy
analysis [7,8]. Due to the lower heating, the gas density



decreases slower wiih distance from the pellet Nevertheless,
the heat flux transported by fast electrons penetrates through
a dense cloud and provides ablation rates close to the
monoenergy estimations. The resulting scaling law for the
ablation rate differs from that of Ref. [10] only by a factor of
0.6. Higher values of the cloud thickness in the kinetic model
considerably raise the contribution of neutral shielding 10 the
total one. In combination with the above-mentioned
insensitivity of the ablation rate to the shielding mechanism
details this fact seems to explain the surprisingly good
correlation of the NGSM predichions with the pellet
penetration ength data obtained on contemporary tokamaks
[9.10.16].

The general equations and numerical results are considered
m Section 2. In Section 3 we formulate our anaiytical
approach. In Section 4 the results of the two approaches are
discussed and the ablation scaling [10] is corrected. For the
sake of simplicity. we neglect here the charging effects.
atomic processes in the cloud and assume the flow to be
totally molecular. and polytropic.

2 General Equations and Numerical
Approach

Consider first the problem as a ocne-dimensional one.
Gasdynamic equations for the ablation ¢loud have the form
[7.8]

mNVR® =G (1)
m NV CLA A )
dR dR
G d wT

7)’2
R—z% (7—1)’”5 +7}:Q ©

O = Aa( R)N =divg, = da‘fe =

z
dg, dSp - dg, | dS, N
ds, dz  dS,p| 9.

denO )

where m; is the molecular mass of hydrogen, N is the gas
density, ¥ is the gas velocity, R is the radius, 4G=n;dN/dr

is the mass ablation rate, y is the ratio of the specific heats
and @ is the heat power density deposited by the electron
energy flux g, incident upor the pellet along the magnetic
field paraliel to the z-axis

Here we have used an optical thickness (line density integral)
of the ¢loud

SH(R) = j'\rdR (5)
R

and defined the constant

A_ dCfe

= 6
dS,o ©)

which is a derivauive at infinity of the electron heat flux ¢,
over the optical thickness S, The function

aq.

ds,,
e
dSnO

is the dimensionless heating rate per cloud particle, which is

equal to 1 at infinity. In the Milora analysis a(R)=1 was

assumed everywhere Parks used an expression for the a(R)-
function close to

a(R):(E(R)J%

alRj= (N

(8)
£y
where £g= 2T, is the mean electron energy at infinity, and

E{R) 15 the mean electron energy at a point R.
In Maxwellian plasmas, the function a(S,) has been

calculated in [10] for several electron temperatures. A typical
dependence a(S,,) for the plasma with T,=5000 eV and

ne=!.6x1014 cm™> is shown in Fig 1 {(see [17] for lower

parameters). Characteristic is an almost exponential decrease
of the a(S,,) with growth of the optical thickness.

If we define the dimensionless radius » normalized by the
pellet radius Ry

r=R/ ©)
Pz,

the characteristic gas velocity in the cloud as

(10)

m;

4
e
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Figure 1: Energy losses per particle in hydrogen cloud versus
the cloud optical thickness. The plasma and pellet

parameters: 7,=5000 eV, ne:1.6x1014 cm™3, R;,=0.15 cm.
1- numerical dependence obtained with the algorithm of

Ref. [10]. 2- approximation used in our numerical analysis of
the cloud gas dynamics.

and normalize the gas velocity ¥ and temperature T as
follows:

v=£ 0= Tz
1 mVy

{11)

the set of Eqgs. (1)4(4) can be transformed to a dimensionless
form

A { 3\
“—"+rzi b =0 (12)
dr dr vrz

2
vi L6’+v— =afr) (13)
dr| y-1 2

2 1
o(r) = 0.232% . )= 1.077?'A ,

1

2
M(r—>oo)=1.89=(ij >1
7

(14)

dv de

Solving these equations with respect to — and —, we
dr dr

have
a9 __r-1 a(r)(ﬁ—vz)—i-flgv— (14)
dr v Q_Vz s J

2y0v
& (}’ - l)a(r) -

7

= {15)

dr B }/9_1)2

Clearly, the singularity arises at a point with the Mach

number value M = Y |/ equal to unity, where both
GoVs

dv
—— and — have a similar singular behavior (the expression
dr dar

y df8 dv a ) .
——————+V— =— has no singularity). In the pellet
(;/ - }) dr dar v

vicinity, the problem is almost flat and

d_B_ o—v*
dv v

(16)

This means that the veiocity and temperature are proportional
to one another 6=Bv, and the flow is subsonic here.
Neglecting dependence of g on o we obtain

v(r)z % l-"a(r*)dr* + vy (17)
Q(r)z M J.a( ¥ Jdr + Gy (18)
7
1

At the pellet surface, the kinetic energy of the flow is much
less than the thermal energy, and v(1) and 1) are small
compared to unity. The flow is insensitive to the precise
values of vg, 6g, and the zero boundary conditions can be

imposed. Far from the pellet, the asvmptotic solution [7] is
valid and for y=7/5



The flux is supersonic at that distance, and it is necessary to
pass through the A=1 pont.

On the assumption that the selutions of (17) and (18) are
valid up to the sonic point r=¥, , where

/A
Va {_M_(}’_ ralr *)} T = v, (20)
2
it is possible 1o estimate B and r,
" %
B= 2(7_1)'[00)6?? y! @1
]
P
ra(r,) =4 {a(r)dr (22)

1

In the Milora assumption a(r)=1, we immediately have his
result

1

r=2. B{%—l)]éﬂ =046
3 3

(23)

For a more realistic a{r)-function corresponding to the
Maxwellian energy flux deceleration

a(S,)= exp(— 5” 5.94} 24)
#

the solutions of Egs. (12) and (13) can be obtained
numerically with the following boundary conditions:

2g=2.624x10°3 | Tg=0.015863 , v(=0.042 , N/dr=2x1023
1/s, Spg=2.2x1018 ecm2 | 4=2.18x10"3 erg/s , V{~6.885x

10° em/s.

The boundary velocity v cerresponds te the pellet
temperature of 20 K. It was fixed in our simulations while
the surface temperature 7 and the optical thickness (or

ablation rate) were determined by the two conditions:
transition of the solution through the sonic point and a(*)=1.
The results of the simulations are presented in Fig. 2.
It is seen that the dimensionless velocity wr) (curve 1) and

temperature  &(r) (curve 2) tend to the corresponding
asymptotic curves 3 and 4. The significant difference
between the case a{r)=1, which is represented by curves 5, 6

[

001 -

n(r)/n{1}), a{r}

0001

Figure 2: Gasdynamic parameters of the cloud. a(S,)) is

determined by Eq. (23). a)- dimensionless flow velocity and
temperature versus radius; curves:  1- velocity, 2-
temperature (numerical sclution); 3- velocity, 4- temperature
(asymptotic), 5- velocity, 6- temperature (a{r)=1 case).

b)- Mach number; curves: 1- kinetic heating, 2- a(r)=1 case.
c}- density profiles for kinetic heating (1} and a(#)=1 case
(2), and the a(r)-function (3).

and our calculations is obvious. For kinetic model of heating,
the growth of the Mach number goes on slower (compare
curves 1 and 2 in Fig. 2 (b)). The gas density profile is
mostly sensitive to the kinetic heating approach. In Fig. 2 (c)
the profiles of n{r)/n(1} are presented for the cases of
uniform (a(r)=1) and kinetic mode! of heating as well as the
function a(r) corresponding to the kinetic model of heating.
The density decreases slower for the Kinetic heating case; at
the sonic radius it is ~350 times less than at r—1, and the
optical thickness is determined by the region very close to
the peilet surface.

With the density profile n(r)/n(1), which satisfies the set of
Egs. (14), (15) and (24), we obtain

dN

- J’n(r) dr =
4zR ,Vovg 4 (1)

i

JR (25)

47{!3}2, — £, ®
dt

" J‘n(r) dr
n(l)

471'RPV0V0 1

and the scaling law for ablation is similar to the Milora and
Foster law:



dRP Yo Srz & dq
dt 2n Rp

J..Pz 1)
1

X

The density profile integral is equal to 0.0597 for a(S, e

and 0.1988 for our case. By changing the derivative in Eq.
(26) by the ratio g/S,,, we arrive at the Milora form of the

ablation scaling

) 4
By 597w S [Ry 4 )7
dr 2n, R, \ om; S,

[

S_n[R_piJ%

21’1me m!- Sﬂ

27

—0.383

For the a(S,,)=1 case the coefficient is 0.704 instead of 0.383.

The Milora scaling [7] corresponds to the numerical
coefficient in Eq. (27) equal to 0.58. Thus our kinetic gas
dynamics result (0.383) is equal to 0.66 of the Milora scaling
or to 0.544 of that obtained here using uniform approach.

3 Analytic Approach to the 2-D
Gasdynamic Ablation Problem

The zero boundary conditions at the pellet surface seem a
reasonable approximation. The problem of the conditions at
infinity is more complicated. The reason is associated with
gradual increase of the secondary plasma density in the cloud
and influence of the magnetic field on the cloud motion. An
opinion exists that at a place where the ionization degree is
considerable ("ionization radius™), the motion of the cloud
across the magnetic field is stopped. The secondary plasma is
spreading along the magnetic field [12]. The arising two-
dimensional problem is very complicated. Numerous
examples were analyzed in literature on MHD transformation
of energy [2]. An additional obstacle consists in the fact that
such a non-uniform flow of partially ionized plasma across
the magnetic field with considerable probability is turbulent.
Fortunately, significant ionization starts far away from the
pellet surface (r>8-10) where the cloud density is small.
Therefore, we restrict ourselves by the simplest model
assuming the boundary conditions Eq. (19) azimuthally
independent.

The co-ordinate system used in our analysis of the gas
dynamic ablation problem is shown in Fig. 3. The z-axis is

along the magnetic field B, the electron energy flux
propagates in this direction. In the following analysis we
neglect the angular fluxes in the cloud because the radial
gradients are substantially greater than the angular ones in
the region responsible for the optical thickness formation.

The optical thickness of the cloud at a point with the co-
ordinates (Pg, z) or (., R) is

S,(z,Py)= J' N(Z Py )dz (28)
z
The density N at the point (z’, P) is obviously
Rp R R
Po
fe) o'
z z Bz

Figure 3: Co-ordinate system for anatytical study of the
gasdynamic scaling.

' 2

N(z Py ) =—— d
ik WfviR <)
Gle)
mle
emitted from the pellet surface at a poloidal angle . Besides,

(29)

where I (a)= is the density of the particle flux

oS

R
r(a)= q—(“iji) (30)

where g is the electron energy flux density ( see Eq. (4)) and
X is the molecular sublimation energy. Rewriting Eq. (4) in a
form

dg

e SR ) G1)
where § =g/gq is the dimensionless energy flux of electrons
normalized by its value at infinity, and 5=AS,/qq is the
dimensionless optical thickness. From the set of Egs. (28)-



(31). an expression for the dimensionless optical thickness
can be obtained

ool

( )z_-_p J‘ Ej(l.a')cosa’dz' _
e 4o ——Rcosa (r')zRPv(rr,a’)

7 ‘ Ej(l,a')cosa'da’

(32}

The parameter ¥ =4R,./AVq >>1 characterizes the ratio of the
P X 0

energy losses by the electron heat flux per molecule and the
sublimation energy. It has the order of the shielding factor
(go/g1)- A typical value for our conditions considered in Fig.

2 is % =100. The dimensionless heat flux on the pellet
surface Ej(l,a) =q(a)= fj(s(l,a’)) is a function of the
total optical length along the z'-axis from the point (1.c) to

infinity. Substituting the velocity w(#',c'} in accordance with
Eqgs. (11)and (17}, we have

q1 la cosada

(33)

a
s(r.a)=—% j ,
?‘Slnao r =rsina/sina

Ia(r" o4 )dr"

|

yBlc

where y=x(a)= 7 .[——> . It should be noted that
A0 21

~ dq :
q(s) and a(s)= - E strongly {exponentiatly) depend on s.

Thus, it is more convenient to operate with the function
&(sy=In(a(s)), having the a- and g-functions redefined as
follows:

als)= e 4(5), (5)= fernl-ol Jo

where §(s) is 2 monotonously growing function of 5, and
$(0)=0.

Consider first the case o=0, which corresponds to a region
near the z-axis. From Eq. (33), it follows that

s{r0)= zn]‘

r

0 (s(1.0))dr

(34)
¥

PT | [eet-gt

I

As the main shielding is governed by the zone close to the

peliet surface. we omit the term (r’)2 in the denominator and
get a derivative of the Eq. (25) over ». The result is

ds

i Tk e

#(s))

Y op(-
dr P

¥

where i/ (r) = J‘exp(—— ¢(r, )}ir’ . The set of Egs. (35) does

1
not contain explicitly dependencies on r. By dividing the last
equation by the first one, we obtain

dv __ewl-dONy

ds X9

(36)

with the boundary condition {s51=s(1,0) being the optical
thickness at the pellet surface}

s(ao):() ,
w(s=0)=y, = expl-
s(1)=s,

However. the last integral is divergent. This divergence

——
-
o —
—
¥
CA -
—~
L2
-
R

arises from our neglecting the term (r’)2 in the denominator
of Eq. (34). Te avoid this difficulty, we should restrain the
integration region by a zone (rg-1)~1. because most of the

optical thickness is located close to the pellet surface. Then
from Eqs. (36} and (37) we obtain

2 x4y (M - v ): ]exp(“ 4’(5')}15'

and the equation



- 2

eS|

Jewlol s |
5 = [prp —g,/){sr(rr“l’?’

2y

(38

determines the radial dependence of s(r). After differentiation
of Eq. (38) over r, we have

& __ 2%qf .
dr 5

ool b
and
27° (r —1)%2 = j[ds' j.exp(— #(s”)ds" =

T (40)

5t
J—s)ewm(- (s s

Substituting s=0 into the integral Eq. (40} and defining the
boundary for the optical thickness region as rg, we obtain an
equation for the heat flux onto the pellet surface (or ablation
rate density)

5

[sesnloldss
= Jortplephs

51

QI(SI): 2(r0 _1)

(41

The dependence of the heat flux on the rg is weak. Thus, we
can define the boundary radius rg as 2 or 7,. If the

dependence of ¢ on s is linear: ¢(s)=s, (this corresponds to
our numerical analysis, Eq. (24)), the solution can be
obtained as follows. Taking into account that ¥>>1 (>100)
and s1>>1 (it equals to 6-§ in typical tokamak conditions),

we have:

5 =ln[;{ 2l —1 J

= expl sy fewplsy ~5)-1) (51 ~s)]=

expls; —s)=1-(s; - 5)

Z-‘[2iro —Ij

(42)

At the pellet surface (51 - S)~ 1,‘ir -1 i;{ , while further

the optical thickness wvaries by a logarithmic law
(SI - S) ~ [nL}j(r - 1)] A half of the optical thickness is

-1
located within the region (r - 1) <x /2 .
Using Eq. (42} and the definitions of the functions, we come
to the Milora-like form of the ablation scaling:

(2]

m; dSﬂO

I

10
1 Sn (RP dQ J%

J ¥ 1 (’"0 _1)3 2nmeO m; dS,,
y_

dg
r _ —2 2n_R
\/?_1 (g -1)B is - mRp

(43)

Assuming rg=2 and B=2.5, we obtain the coefficient in the
ablation scaling equal to

JA
5.94/5

\/ ” {n-1)B
y—1

than that (0.383) obtained numerically .
For the nonaxial case {(0=0), Eq. (33) can be written as
follows:

=0.612, which is only 50% greater

S(r,a)zZ(a)-"%(sl'(a))cosz adr’ )

¥
r ‘/ J.a(rrr , a)dr"

i



1t has the form of Eqg. (34) with ¥(0) replaced by }{(a)cosza
Its solution s(l.x) coincides with Eq (42) with the same
substitution. It follows that the function s(l.a) is a weak
(logarithmic) one of the angle o If we neglect this
dependence and assume s{I.a)=sy , and remember that the

geomeiry is close to the flat one in the region determining the
optical thickness, we obtain for the points not too close to a=
/2:

d
T cosla)

45
o (45)
This corresponds to cos-distribution of the ablation rate
density over the pellet surface and to the lenti]l model
considered in Ref. [10]. For a spherical pellet the ablation
rate can be obtained simply by multiplying the ablation rate
density, Eq. (43), by the doubled pellet cross-section area

dN 5 dRp
—=27R"2n,, ——
et

46
dt o)

4 Ablation Rate Scaling

We see that the parameter dependencies of the kinetic
gasdynamic scaling are the same as in the Milora analysis,
except for the numerical coefficient, which is approximately
two times less. Such a decrease only slightly affects the
ablation scaling dependencies on the plasma parameters. A
possible variation of the energy balance point is seen in
Fig. 4.

Although the ablation scaling [10] remains valid, the
numerical factor in it should be reduced by a factor of 0.6.
Thus, we have

N/ _ 14 04531721443 3 ¢— 0283
AN/ =2x 1040 P M,
(47)

where n, and T, are the electron density (in cm™) and
temperature {in V), p is the pellet radius (in cm), M; is
mass of the pellet material in atomic units and dV/dr is in
atomy/s. After this variation, the kinetic "charged model” [10]
practically agrees with the Parks scaling. The deviation of the
lentil model [10} from the Parks scaling is not very large.
Under the ITER conditions, the penetration lengths for the
three models differ not greater than by 15 % (see Fig. 3).

The results presented show that a consideration of kinetic
effects in a pellet cloud, which includes the energy flux
modification, gas dynamics and two-dimensional effects,
aliows us 1o eiiminate the discrepancy beiween the Kinetic
NGSM and the monoenergy model. Meanwhile, the
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Figure 4: Energy fluxes versus the cloud optical
thickness. The plasma parameters are as in
Fig. 1. Curves: 1- kinetic electron energy flux; 2-
monoenergy electron energy flux; 3- Milora
gasdynamnic scaling; 4- kinetic gasdynamic scaling.
The bzlance optical thickness is 2.23x1019

cm-2 for the monoenergy approximation, 4x 1020

em2 in our kinetic approach and 3.6x 1020

cm? in the case considered in Ref. [10].

considerable changes in the cloud parameters must affect the
previous estimations of plasma [3] and magnetic shielding
[5.6]. As plasma shielding is a function of ablation rate, the
estimations of the plasma cloud optical thickness based on
monoenergy models are more or less correct (if cloud
turbulence is insignificant [10]). However, even in this case,
the increase of the neutral cloud optical thickness as
compared to the monoenergy one (see Fig. 4, approximately
20 times!) makes the plasma shielding part relatively
insignificant. A qualitatively similar situation refers to the
magnetic shielding due to a significant decrease in the gas
flow velocities and the respective reduction of expelling the
magnetic field lines away from the pellet surface. A
quantitative estimation of this effect is required, this task
goes bevond of the purpose of this paper.

5 Summary

The problem of the cloud surrounding an ablating
hvdrogen pellet is treated using a kinetic two-dimensional
approach. It is shown that the cloud is much thicker than in



the case of monoenergy electron heat flux. Nevertheless, the
parameter dependencies of the ablation gasdynamic scaling
are the same for kinetic and monoenergy approaches. Kinetic
effects in the cloud gas dynamics reduce the pellet ablation
rate and bring in good agreement the kinetic ablation models
and the NGSM fairly well supported by contemporary
tokamak experiments. The results can be used for the
development of more sophisticated models accounting for
detailed atomic processes in the cloud, and for estimations of
plasma and magnetic shielding effects.
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