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A fast model for calculation of non-stationary 3-D profiles of the density for neutral particles
locally released into a hot plasma is elaborated. The approach reduces non-stationary three-dimen-
sional transport equations to a set of one-dimensional ones describing the time evolution of the ra-
dial profiles for several parameters characterizing adequately the three-dimensional structure. The
method is applied to model the spreading process of carbon atoms released by laser desorption in
an experimental device and the local injection of working gas into a fusion reactor. The associated
heat loads onto the first wall are assessed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894100]

I. INTRODUCTION

Under diverse circumstances, neutral particles, both of
working hydrogen isotopes and of impurities, can enter very
locally the plasma of fusion devices. This is the case, e.g., by
the usage of laser-based diagnostics, such as laser-induced
desorption spectroscopy (LIDS) and laser-induced ablation
spectroscopy (LIAS), applied to measure and monitor the
retention of hydrogen and impurities in the wall compo-
nents.! By a short intense pulse of laser radiation onto a tiny
spot on a plasma facing component (PFC), performed during
a plasma discharge, particles of hydrogen isotopes and
impurities, deposited in the PFC are released into the plasma.
Here, they are excited and ionized by electrons and, by
measuring the intensity of their line radiation, one can judge
about the amount of particles emitted from the wall and its
composition. Also, the injection of the working deuterium
gas into the plasma applied for the density control and other
means is normally done through valves with the inlet area
much smaller than the wall surface. Calculations of the den-
sity of released particles, predicting its variation in time and
space, are of significant interest for the interpretation of ex-
perimental results.

Diverse processes, involving injected neutral particles,
can lead to significant disturbances in the plasma. Thus, the
energy spent by electrons on the particle excitation results in
the reduction of the temperature, the delivery of electrons by
the ionization leads to the increase in the density.” Since the
plasma parameters are essentially involved into interpreta-
tion of measurements, one has to assess the perturbations
induced by the injected neutral particles. Such an assessment
also requires the information about the spatial profiles of the
neutral density.

Routinely, Monte Carlo statistical approaches are
applied to treat the behavior of neutral particles in fusion
plasmas, see, e.g., Refs. 3 and 4. However, these methods
require large CPU time and are too tedious to be used under
conditions of very fast changing in time and three-
dimensionally inhomogeneous densities of neutrals. In this
paper, we propose a more primitive but faster approach,
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allowing to assess roughly the maximum density and charac-
teristic dimensions of the regions occupied by particles on
the flux surface as functions of time and the minor radius of
the surface. It includes integration of several non-stationary
one-dimensional partial differential equations. The approach
developed is demonstrated by calculating the radiation pat-
tern of carbon atoms released from the wall in LIAS experi-
ments in tokamak TEXTOR' and by estimating the heat
loads onto the first wall in the fusion reactor ITER induced
by a local puffing of the working gas. The remainder of the
paper is organized as follows. In Sec. II, non-stationary
three-dimensional transport equations for primary neutrals
released into the plasma and for secondary atoms generated
there by collisions of primary ones with the background ions
are formulated. In Sec. III, an approach to find approximate
solutions of these equations is outlined. Examples of applica-
tions are given in Sec. IV and final conclusions are drawn in
Sec. V.

Il. BASIC EQUATIONS

The present approach is based on the division of neutral
species in two groups. The former one includes particles,
called, henceforth, “primary” species, which are released
directly from the wall with velocities defined by the injection
mechanism. For any mechanism, their radial velocities, i.e.,
along the minor radius r perpendicular to the flux surfaces,
are directed towards the plasma core. Primary species are
ionized by electrons in the plasma and their velocity can be
changed in collisions with ions. These interactions can be of
elastic and inelastic nature, as in the case of hydrogen atoms
for which resonant charge-exchange is the dominant process
of such a type. We assume that collisions with ions lead to
the “vanishing” of primary species and generation of
“secondary” ones with the velocity and temperature of the
ions. Since the latter is magnetized, their averaged velocity
perpendicular to the magnetic field is much smaller than the
thermal one. Therefore, the perpendicular velocities of sec-
ondary neutrals are directed nearly randomly and their trans-
port can be modeled in a fluid approximation. In the toroidal

© 2014 AIP Publishing LLC
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geometry of fusion devices, cylindrical coordinate systems
with the axes along radial, poloidal, and toroidal directions
are normally used. The penetration depth of neutral particles
entering the plasma from a wall element is, however, signifi-
cantly smaller than the plasma dimensions. Therefore, by
considering the spreading of particles in question, we operate
in an orthogonal coordinate system with the origin at the
injection spot on the wall, r=r,,, with the axes x=r,, — r,
directed towards the plasma core, and y and /, oriented per-
pendicular and parallel to field lines, respectively, at the
magnetic surface touching the wall, x =0.

A. Primary neutrals

The velocity distribution functions of primary particles
with respect to the velocity components in the directions y
and [/ are identical. Thus, additionally to V, it is sufficient to
take into account the velocity distribution with respect to the
component V, in a cylindrical reference system with
0 = Vx* + [%. Consider primary particles released from the
wall with velocities in infinitesimally small ranges dV, and
dV, in the vicinity of the values V, and V. At the wall, the
fraction of such particles in the total density ny of primary
neutrals is f(V,, V,)dV,dV,, where the distribution function
fiVy, V,) is assumed as a Maxwellian one with respect to V,,
and a one-side Maxwellian one shifted with the drift velocity
V,., for V.2

av,
\/E[l + el’f(Vm/Vth)]VtSh
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Here, erf(V,,/V,;,) is the probability integral, Vi, = /2To/m,
with T, and m being the temperature and mass of primary
particle, and the form-factor arises due to the normalization
JoaVy J;° f(Vy,V,)dV, = 1. The density of primary species
in question, dng(Vy, V,), changes in time and space according
to the following continuity equation:

Oidng + V,0vdng + (V,/p) x 0,(pdng) = —vdny, 2)

where v=v;,,+ v« is the total “loss” frequency, v;,, =
k9 n. the ionization frequency, with k9 = being the ionization
rate coefficient and n, the electron density; v« is the fre-
quency of collisions with background ions leading to the
generation of secondary particles; v«=k.n; for atoms of
hydrogen isotopes, with k., being the charge-exchange rate
coefficient and n; the density of ions. Equation (2) is solved
for all V, and V, and the total density of primary particles is

calculated as no(r,x, p) = [dno(V,V,).

B. Secondary neutrals

The total density of the primary neutral loss, vsng, gives
the source density for secondary particles and their density
n« is governed by the continuity equation

6,11* + 6 . l: = VxNo — VionMx, (3)
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where T is their particle flux density. As it was mentioned
above, the mass velocity of secondary particles is small com-
pared with the thermal velocity and their momentum trans-
port can be described in a fluid approximation by neglecting
inertia term

\V/ (%) ~ v (ng+ n*)\7, —l. 4)

Here, p« =nsTx is the pressure of secondary neutrals; only
the parallel component V; of the ion mass velocity V; may be
of interest in Eq. (4). Thus, this provides

'y =—-d.0p«; T1=—d.Op.+up.+wvng (5

with d« = 1/(mv), u;=V, |v, and u« =uw-/T+. The tempera-
ture T of secondary neutrals can be assessed from a heat bal-
ance equation

8[[’* +V- (fT*) = V*(”O + n*)Ti — UPx, (6)

where the heating of the secondary species by collisions with
the ions towards their temperature 7; is taken into account.
Thus, collisions with ions provide for primary species an
additional to ionization particle loss channel, see the last
term in the right hand side (r.h.s.) in Eq. (2). The latter
results in the source for secondary particles, their parallel
momentum and energy, see the first terms in the r.h.s. of
Egs. (3), (4), and (6). As a result, the parallel velocity and
temperature of secondary neutrals approach to those of ions.
Finally, consider validity of certain approximations
done in the model. Assess possible consequences of the mag-
netic shear § = dlng/dInr, where ¢ is the safety factor. Due
to this, the direction / does not coincide everywhere with that
of field lines and on magnetic surfaces at x >0, V, is smaller
than the actual ion parallel velocity V. The difference
between V| and V; is of AV =Vl —cos(Ay)], where
Ay = 1,5 /(gR) with [« being the radial penetration depth of
secondary neutrals and R the major radius of the surface. By
assuming roughly /- ~ 0.03m, § ~ ¢, and R ~ 1 m, we get
AVH ~ VH(Azp)Z ~ 10’3VH, 1.e., the shear effect on the trans-
port of neutrals in the /-direction is negligible. The fraction
Vy = V) sin (Ay) of V| is oriented in the y-direction and can
affect this component of the neutral transfer. However, V, <
V|| and the effect of V', can be also neglected. Moreover, we
consider in the present paper the situation with neutrals
released into the plasma far from limiter or divertor target
plates. Here, V| is much smaller than the ion sound velocity
¢y = \/2T;/m (Ref. 5) and this justifies the omission of the
inertia term in Eq. (4). Even for neutrals, entering the plasma
very close to the target plates, where V|| is comparable with
¢y, the omitted inertia term does not prevail over that due to
the pressure gradient, because the neutral mass velocity and
temperature approach to those of the ions simultaneously.

lll. APPROACH TO SOLUTION

Numerical integration of non-stationary two/three-
dimensional partial differential equations is a CPU time
demanding procedure. Here, we reduce these equations to a
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set of one-dimensional ones for the time evolution of the ra-
dial profiles for several characteristic parameters, namely,
the maximum density and characteristic dimensions of the
region on the magnetic surface where particles in question
are mostly localized.

A. Primary particles

For these species, the following approximate form of the
density profile is assumed:

2
an(t7x7 ,0) = d’?o(tvx)eXP [_ )2‘2 X)] ) (7)

which logically mimics the fact that on each magnetic sur-
face, the density of primary particles is localized in some vi-
cinity of the ejection position. This is a reasonable
approximation since due to disintegration processes, primary
particles are absent far enough from their source. As the next
step, we introduce two new dependent variables

.
dNy(t,x) = Jdn02npdp = n22dny;

N @®)
dAo(t,x) = J dng2np*dp = \/TEMNO.

0

Equations for dN(t, x) and dAy(t, x) follow by the integra-
tion of Eq. (2) with respect to p with the weights 2mp and
2mp?, respectively,

0;dNy + V0, dNy = —vdNy,

@d/\o + anxd/\() - VpdN() — VdA(). (9)
Obviously, the former of Eq. (9) can be derived independ-
ently from the assumption (7) on the p-dependence of the so-
lution and describes the evolution with # and r of the amount
of primary particles in question on the magnetic surface
per unit length in the direction r. Equations (9) can be
straightforwardly integrated numerically by discretizing time
and spatial derivatives with the steps T and h=x;,; — x;,
respectively,

0dNo(t,x) = (dNo; — dNg;*) /7,
OxdNo(t,x) = (dN(t),i - dNé),i—l)/hv

where i counts the spatial grid points x;. This approach pro-
vides absolutely stable recurrent relations, see Ref. 6

dNy;" + tdNg,; Vi/h

dN}) . =
0 1+(Vy/h+v)

(10)

AN+ 7(dANG Va/h+ NG,V )

dA,; =
0 L+ (Vi/h+v)

To realize them, one needs initial conditions and boundary
conditions at x; = 0. For those, we consider two cases of par-
ticular interest:
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(1) Particles are injected very locally and brusquely into
the plasma, e.g., by laser desorption, during a time by
orders of magnitude shorter than a typical time step 7 in our
calculations. Nonetheless, the latter has to be chosen so that
the distance s, = 7V, covered by particles in the radial direc-
tion during one time step is significantly smaller than their
free path before collisions with the background electrons
and ions. In such a case, the actual initial radial profile of
dng is of no importance. Here, we assume that at =0, all
particles fill homogeneously the fist sell 0 <x < A, but prac-
tically the same results are obtained for other assumptions,
e.g., for dny decaying exponentially with s, adopted as the
e-folding length; along the wall, the source region is local-
ized in the irradiated spot with the radius pg. For the varia-
bles dNy and dA,, this results in the following initial
conditions:

NU
,; L (Vie, V,)dV,dv,,

dNo(0,x < h) =
(11)
dNo(0,x > h) = 0;  dAo(0,x) = g podNo (0, %),

where N,,, is the total amount of injected particles. No par-
ticles are released from the wall element after the irradiation
pulse and N(z, 0) = A(¢, 0)=0 is the boundary condition at
t>0.

(i) Particles are entering the plasma quasi-steadily
through the area S;,; with the total influx ®y(?), e.g., by a
gas puff. In this case, the boundary conditions for N and
A are

®
dNo(1,0) = W—% F(Ve,V,)dV.dv,,

X
dAo(1,0) = 0.5,/S;,;dNo(1,0), (12)

. v, CXP(*VnZz/Vﬁ) :
(Vi) = Vi + By 18

velocity of particles; the initial conditions are dNy(0, x)
=dAo(0, x)=0.

With known dNy(z, x) and dAo(t, x), one can obtain the
original parameters characterizing the local density of
neutrals

where the mean radial

2dAg

(dNp)® B
A(t, x) = JmdNy’

(dAo)*’

dno(t,x) = (13)

The p-profile of the total density of primary particles is
approximated analogously to the relation (7)

_ _r
n()(t7x7 p) - ’70([7 x)exp( ;u%([,)()) ) (14)

where the maximum value

Holt,x) = jdm)(vm V),

and the radius of the localization region is defined by con-
serving the total number of particles on the magnetic surface,
N()(l‘,x) = J‘dNo(Vx,Vp)I
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}v()(t,x) =

B. Secondary neutrals

Equation (3), with the flux density components given by
Eq. (5), involves the parameter u; related to the parallel ve-
locity of the background ions. A parallel flow of the main
plasma may be caused by diverse factors not related to the
local injection of neutral species.” This contribution is char-
acterized by the value i; assumed constant in the whole
region where neutrals are present. In addition, localized
injection can itself trigger plasma motion. Indeed, by injec-
tion of the working gas, the ions, generated by the ionization
of neutrals, spread from the injection position.® If the injec-
tion rate of either main or impurity neutrals is, however, so
high that the local plasma is cooled down through the energy
losses, the decrease in the pressure induced by the tempera-
ture drop triggers a motion towards the injection position.’
In the absence of a mean plasma flow, i; = 0, the motion
induced by the injection is symmetric with respect to the
position of the neutral entrance, i.e., its velocity has to be
zero at [=0; the “stagnation point” is, however, shifted if
i1; # 0. These features can be roughly taken into account by
assuming

[ — L(t, x)]

up = uy(t,x) + i (t,x) X tanhl L)

where the characteristic dimension of the region affected
by injected neutrals, /+, and the shift of the “stagnation
point,” [,,, have to be determined from the neutral model
itself. An approximate solution to Eq. (3), considered as
an equation for p«, is searched for in the following

form:
— Ly(t,%)]?
12(1,x) '

15)

(1,5,9,1) = 0,(6,3) X sl
A6x, 9, D) = . (t,x) x exp| — -
P y p /I*z(t,x)

To find the parameters s, Ax, I+, and [,,, we introduce new
dependent variables

o0 [o¢]
P.(t,x)= | dy Jp*dl = il oy,
A(t,x) = y2dy J pydl = P, %,
A(t,x)= | dy Jp*ldl =Py,

"o —oo

o0 o0

12

IL(t,x) = | dy J n.l*dl = P, <5 + 13n>

explicitly related to the original ones

Phys. Plasmas 21, 082517 (2014)

P, *
W, = , ,l* — 2A , ]* —
AL, P,
A,
Iy =—. 16
P (16)

The corresponding integrals of (3) provide equations for the
new variables

P

aIT_: — 0u(d.OP.) = migusny — Vion 17
A* _ [mﬁl
07— O(d.ON.) = mign, (“1 Tt 1*>
P A
+MIV*T_*_Vi0nT_*7 (18)

A, % A,
8tT_* - ax(d*axA*) = TC?OV*WO + Q«d*P* - VionT_*a (19)

4

IT, A 16
— — Ux *XH*: *0* 1 I
0~ 0d.a) = (14220

P, A
+ 2d.P, + uv, (0.7261* T + ZT_*>

IL.
— Vion — 20
Vion 7+ (20)
For fixed ¢ and x, the temperature of secondary neutrals is
assumed constant over their whole localization area. By
combining Eq. (17) and the integral of Eq. (6) weighted by
1, we get the following equation for T«(¢, x):

T.
OT. — 5 d.OP.OT. = v, (1 + )(Ti —T,). 1)

*

By discretizing the time derivatives, one reduces
Egs. (17)—(21) to ordinary differential ones. The initial condi-
tions at =0 to Egs. (17)—(20) are P, A«, As, I1.=0, and
T-=T,to Eq. (21). At the plasma axis, r=0 or x=r,,, the ra-
dial derivative of the pressure reduces to zero and, thus, O Px,
O Ax, O Ax, O, I1«=0. At the wall, x =0, we take into account
that particles, escaping from the plasma, can return back due to
recycling with some probability R,.. < 1. This can be formal-
ized as n} = R,..n , where n and n; are the densities of sec-
ondary particles, moving in the directions of positive and
negative x, respectively. Since both particle groups have veloc-
ities of the thermal one, V., = /2T, /(nm), the boundary con-
dition above relates the pressure p, = (n] + n, )T, and flux
density —d,O\p. = (n} — n; )V, of the secondary atoms

*

| —Ree  d.T.
1 +Rz'ec'p* B Vi

OPx-

Similar relations hold for the variables Px, A«, A, and IT-.
Since Eq. (21) is of the first order, one boundary condition is
only required, which, however, should not contradict to the
equation itself. Secondary neutrals spread from their source
region, where primary species are localized, in directions
towards both the plasma boundary and core. Therefore, the
x-component of their flux and, thus, 0P+ reduce to zero at
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some position x«. By taking this into account and discretizing
the time derivative, we have from Eq. (21) an algebraic
equation for 7% = T.(t,x,):

Tt _Tl*‘[ /‘LZ Tt
T N, <1 +%’70*> (Ti _ Ti)
T *

With found T.(¢, x+), Eq. (21) is integrated in both directions
from x« to find T«(t, x S x«). Equations (17)—(21) are
coupled non-linearly and have to be solved by iterations. The
non-linearity is, however, weak and already the third itera-
tion gives a very small error.

IV. APPLICATIONS OF THE MODEL
A. Laser ablation of carbon

The release of particles by laser radiation is used, in par-
ticular, in LIAS-diagnostics to study the wall composition in
fusion devices.! The laser pulse and particle release are very
short in this case and the initial conditions are described by
the relations (11). In the TEXTOR tokamak, the laser radia-
tion has been concentrated on a spot on the wall with an area
of 0.15cm ™2, corresponding to py~0.22cm, and typically
N, 2~ 10" of C atoms were released per pulse. Time of flight
measurements can be well interpreted by the velocity distri-
bution (1) with V,,~5km s~ and V,,~8.7km s~ '. The ra-
dial profiles of the plasma density n, and electron
temperature 7, in TEXTOR Ohmic discharges with the
LIAS on carbon samples are shown in Figure 1. In these
experiments, the radiation emitted in the y-direction due to
the transition 2s*2p3p3P — 2s*2p3s3P in carbon atoms
with the wave length of 909.8 nm has been recorded. Below,
the rate of emitted photon is assessed by assuming that the
level 2s°2p3p 3P is populated by the excitation from the
ground state 25?2p* 3P and spontaneously decays through the
transition in question

10 L T T T T T T T T T 04
RN Ie,i(keV) n,(10°m?)
0.5+
1 1 1 1 1 1 1 1 1 \
0 0 0.1 0.2 0.3 04 r(m) 0

FIG. 1. Radial profiles of the parameters in Ohmic plasma in TEXTOR used
in calculations for spreading of carbon atoms.

Phys. Plasmas 21, 082517 (2014)

Ny = J kextenody = kexneto/Tho €Xp (—lz/ﬂv(z)), (22)

where the excitation rate coefficient k,(7T,) from the ground
state 25%2p” 3P to the level 25s22p3p 3P has been calculated
by using data from Ref. 10; the infinite integration limits
mimic the fact that the neutral penetration depth is much
smaller than the plasma dimensions. Figure 2 shows the
N,y(r=r, I) computed for different times ¢ after the laser
pulse. Although absolute measurements are still not reliable
enough to do a detailed quantitative comparison with the
results of calculations, picture 2 reproduces well the main
qualitative features of the experimental observations:'' the
maximum of radiation, located at time #= 1us in the direct
vicinity of the irradiated spot on the wall, is shifted by later
time moments to the last closed flux surface (LCFS) at
r=0.465m defined by the limiter; the toroidal and radial
extensions of the radiation cloud rise up to 0.04 m; the radia-
tion of carbon atoms decays during a characteristic time of
several pus. This is in a rough agreement with primitive esti-
mates of the impurity ionization time as f,, ~ /v,
=1/(k% n.). For the plasma parameters at the LCFS,
n,~10”m > and T,~50eV, we get k% ~ 10~"*m3s~! and
tion~ 1us. This qualitative agreement with observations and
simple estimates gives a hope that the cost in accuracy one
has to pay for the reduction of 3-D equations to 1-D ones is
not too large to overweight the tremendous reduction of the
CPU time, roughly by a factor of 10*.'* In the calculations
above, it was assumed that the plasma parameters in the neu-
tral cloud are the same as before the LIAS application.
However, as it was demonstrated in our previous calcula-
tions, see Ref. 2, under stationary conditions, an influx of
carbon atoms of a much low intensity can lead to a signifi-
cant cooling of the plasma in the neutral impurity cloud
through the energy losses on excitation and ionization of im-
purity particles. Moreover, the supply of electrons by the
ionization results in the increase in the local electron density.
Such a modification of the local plasma requires a certain
time, see non-stationary calculations for lithium injection in
Ref. 9. Therefore, it is not straightforward that a shot impu-
rity influx induced by a nanosecond laser pulse also notice-
ably affects the plasma. This point will be investigated
elsewhere.

B. Puffing of the working gas

Such a puffing is foreseen, e.g., in ITER for diverse pur-
poses. Also in this case, the neutral density will be strongly
enhanced locally on the flux surfaces in the vicinity of the
injection position. Both the energy losses due to radiation of
excited neutrals and the outflow of hot atoms generated by
charge-exchange can lead to intensive local heat loads onto
the wall and to its damage. If such puff positions will be
located inside the ports used for impurity studies, the hydro-
gen radiation can disturb noticeably spectroscopic measure-
ments. By providing estimates for the local neutral density,
the approach outlined above allows to evaluate the relevant
parameters. The puffed gas of hydrogen isotopes consists of
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molecules. Nonetheless, we assume that there is a quasi-
steady influx of primary atoms with the effective temperature
of 2eV generated by the dissociation of molecules. This is
motivated by the fact that the penetration depth of slow mol-
ecules is very short, of 0.001 m. One can include molecules
into the consideration by necessity, similarly to the approach
applied for atoms. Below we consider a situation without
plasma flow along the magnetic field, i.e., i; and #; are zero
in Egs. (18) and (20). Due to the azimuthal symmetry, the
energy load onto the wall, x =0, approaches its maximum at
the puffing axis, y=/=0. For the density of the radiation
flux, one gets g, = [;* dx [*_FY,,dl, where

~ Lr'adnz) (l’l() + I’l*)

o y4n(x2 +y2+1?) cos Y

Frubs) = |

with L,,; being the cooling rate of hydrogen atoms whose
dependence on the electron density and temperature is taken
from Ref. 13, iy the angle between the direction from the
emission point (x, y, /) to the wall point in question, (0, 0, 0),
and the normal to the wall; cosy = x/+/x% + y* + [>. With
A« = [+ one gets

i [0 X X
q:"ad =0.5 J L,qane, [’700 () +1n.0 <>] dx, (23)
0 Ao Do

where ¢(&) = 1 — \/méexp (E2)[1 — erf(€)].

By estimating the energy flux transported by hot atoms,
one has to take into account that in the edge transport bar-
rier (ETB) and divertor scrape-off layer (SOL), the mean

-0.03 -0.02 -001 I(m) 0.01 002 003

free path of these particles may be comparable with the
characteristic length for the temperature change in the ra-
dial direction. Therefore, hot atoms with energies signifi-
cantly higher than the ion temperature at x =0 may escape
onto the wall. Even if the fraction of such particles is small
in the total outflow of charge-exchanged atoms, they can be
of extreme importance, e.g., for sputtering of the wall if
T;(x=0) is close or below the sputtering threshold energy.
Atoms, generated through charge-exchange in the plasma
elementary volume with coordinates (x, y, /), have the local
ion temperature T,(x). The probability that they escape
without collisions with plasma particles onto the wall
point (0, 0, 0) is wy,(x,y,/) =exp(—¢/cosy), where
= "'%dx’ . The density of the energy flux transported
by hot atoms to the wall can be assessed as ¢l =
Jo dx [7_Fr.dl with

o d I.ST,'ka\J’l,'(l’l() + n*)ww

T Ay 1) cos .

P = |
For an azimuthally symmetric cloud of hot atoms, with
/s« = l«, one can get

Gex = 0.75 [ Tikecni l’?o(/’ <i) + n*d)(i)]dx, 24)
’ JO 20 /1*

) exp|—E2(¢—1)—e\/C .
where ¢(&) = IXWdQ. For rough estimates,

the function ¢ can be evaluated by the pass method, provid-
ing ¢(&) ~ exp(—e)/(2& + &+ 1).
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Calculations have been done for the conditions of gas
puff through the ITER first wall placed at the distance d,,
from the separatrix positioned at ;=2 m. The radial profiles
of plasma parameters in the confined region inside separatrix
are approximated by the following analytical relations:in the
plasma core, 0 <r<r,=r,— Ay

Nei = N i(0) — [10:(0) — nei(rp)] X rz/rz,
Tei = Tei(0) = [Tei(0) — Toi(rs)] x /13

in the ETB with the width A, r, <r <rg:

Nei = Nei(ry) — [ei(rp) — nei(rs)] X (r —rp) /Ay,
Te,i — T(),i(rb) - [Te,i(rb) - Te,i(r.\‘)] X (I’ - rh)/Ab-

Here, A, = 0.04m, 1,(0) = 1.1-10°m~3, n,(r,) = 10 m~3,
T.(0) =30keV and T,(r,)=3.2keV are taken according to

F* (MW m*) (a)

rad

2.05
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2.03
r(m)
2.01
2.00
1.99

1.98

2.01

2.00

1.99

1.98

-0.2 -0.1

I(m) 0.1 0.2

FIG. 3. Characteristics of the energy loss to the wall by deuterium gas puff
with radiation (a) and charge-exchanged atoms (b) computed for the distance
from the separatrix to the wall d,, of 0.05m and the gas influx
Dy =10"s"".
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Ref. 14; n,(r)=2.5 x 10”m2 and T.,(r,)=0.22keV at the
separatrix—Ref. 15. Within the SOL, the parameters are
approximated as exponentially decaying

ne(r) = ne(rs) exp [=(r = ry) /2,
To(r) = Te(rs) exp [=(r = 15)/ 7]

with the e-folding lengths 4, =0.026m and /7=0.014 m;"’
in addition T;=T, is assumed and n;=0.95n, due to the
plasma dilution with impurities.'* The gas puff takes place
through the inlet with the area S,»,U:O.OOlm2 and the
boundary conditions (11) are applied by describing primary
atoms. Before the puff, the concentration of hydrogen iso-
topes in the wall is relatively small and neutrals generated
by charge-exchange are efficiently absorbed by the wall,
i.e., R,..=0. Figure 3 demonstrates the energy loss charac-
teristics F,,, and F., as functions of the coordinates x and y
calculated for d,, = 0.05 m and the gas influx ®y= 1022571,
The energy load densities on the wall with radiation, g,
and charge-exchanged atoms, ¢, are shown in Figure 4
versus the distance d,, between the separatrix and the wall.
Since any impact of puffed neutrals on the local plasma was
neglected, the characteristics above are changing linearly
with @. One can see the heat load onto the wall induced by
local puffing can exceed significantly an expected nominal
value of 0.5MW m 2.'® This fact has to be taking into
account by planning puffing systems. By an intensive
enough puff, the energy losses and electron production in
the neutral cloud may lead to the formation of a cold dense
plasma bubble like multifaceted asymmetric radiation from
the edge (MARFE),17 as it has been demonstrated for the
case of impurity injection.> The role of such bubbles for
the heat loads onto the wall will be analyzed elsewhere.

MW m?*
100
10}
1 L
01}
0 0.02 0.04 0.06 d_(m) o1

FIG. 4. The heat load density on the wall with radiation, ¢, and
charge-exchanged atoms, ¢, versus the distance from the separatrix to
the wall.
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V. CONCLUSION

Very localized injection of neutral particles of the work-
ing and impurity gases routinely takes place in fusion devi-
ces, both in deliberate and accident ways. For example, by
using laser-based diagnostics, the particles resided in thin
surface layer on the wall are released within a short intense
bunch. In the plasma, they are excited by electrons, emit
light and, by measuring this, one can assess the total number
of particles ejected and, thus, the wall composition. Puffing
of the working gas for the plasma density control is also
done through inlets much smaller than the total wall area.

The non-stationarity and three-dimensionality of the neu-
tral density profiles and inhomogeneity of plasma parameters
require application of time demanding modeling tools. In the
present paper, we elaborate an approach which allows to
reduce the problem to solve the one-dimensional equations of
the first/second order, describing the time evolution of the ra-
dial profiles of several characteristic parameters, namely, the
maximum density of particles on the flux surfaces and dimen-
sions of the regions occupied by diverse species on the surfa-
ces. Both primary neutral particles, ejected into the plasma,
and the secondary ones, generated, e.g., in charge-exchange
collisions with the background ions, are included into the con-
sideration. By necessity, the model can be extended to include
other particle species, e.g., neutral molecules.

The approach elaborated is applied to describe the pene-
tration of carbon atoms released into a TEXTOR deuterium
plasma by a short laser pulse. The computations reproduce
well the experimental observations, in particular, the time
evolution of the radiation pattern of C-atoms with a particular
wave length. Additionally, the puff of the main working gas
into the ITER SOL plasma is considered to estimate the maxi-
mum heat loads onto the wall due to radiation of excited neu-
trals and outflow of hot atoms produced by charge-exchange.
Calculations show that for typical puffing rates, heat loads on
the wall may exceed significantly the nominal ones.

As the next step, the model has to be complemented
with a consideration of the background plasma to take into
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account possible modifications induced by local cooling and
generation of electrons through ionization of neutrals.
Previous studies with the usage of essentially less sophisti-
cated models for the neutral spreading process have shown
that under stationary conditions, a significant increase in the
electron density and decrease in the temperature can be
expected if the impurity influx exceeds a critical level. It is
of interest to study such phenomena under the conditions of
ultra-short ejection of neutrals, e.g., by the application of
laser-based diagnostics.
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