
A fast model for spreading of neutral particles injected locally into hot plasma
M. Z. Tokar 
 
Citation: Physics of Plasmas 21, 082517 (2014); doi: 10.1063/1.4894100 
View online: http://dx.doi.org/10.1063/1.4894100 
View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/21/8?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
A coarse-grained transport model for neutral particles in turbulent plasmas 
Phys. Plasmas 19, 122310 (2012); 10.1063/1.4771688 
 
Modeling of non-stationary local response on impurity penetration in plasma 
Phys. Plasmas 19, 042502 (2012); 10.1063/1.3701555 
 
Turbulent and neoclassical impurity transport in tokamak plasmas 
Phys. Plasmas 16, 032306 (2009); 10.1063/1.3083299 
 
Fluid-particle hybrid simulation on the transports of plasma, recycling neutrals, and carbon impurities in the
Korea Superconducting Tokamak Advanced Research divertor region 
Phys. Plasmas 12, 062504 (2005); 10.1063/1.1914807 
 
Modeling of beryllium deposition from a beryllium-seeded deuterium plasma 
J. Appl. Phys. 97, 064912 (2005); 10.1063/1.1862309 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.94.122.242 On: Thu, 09 Jul 2015 06:05:56

http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/6455229/x01/AIP-PT/Pfeiffer_PoPArticleDL_070815/15.02.25_3_Prod_1640x440_EN.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=M.+Z.+Tokar&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.4894100
http://scitation.aip.org/content/aip/journal/pop/21/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/12/10.1063/1.4771688?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/4/10.1063/1.3701555?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/16/3/10.1063/1.3083299?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/12/6/10.1063/1.1914807?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/12/6/10.1063/1.1914807?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/6/10.1063/1.1862309?ver=pdfcov


A fast model for spreading of neutral particles injected locally into hot
plasma

M. Z. Tokar
Institut f€ur Energie- und Klimaforschung - Plasmaphysik, Forschungszentrum J€ulich GmbH,
Trilateral Euregio Cluster, D-52425 J€ulich, Germany

(Received 17 April 2014; accepted 4 August 2014; published online 29 August 2014)

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. VC 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.1 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.2 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,

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 TEXTOR1 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.

II. 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
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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, r¼ rw, with the axes x¼ rw – r,

directed towards the plasma core, and y and l, oriented per-

pendicular and parallel to field lines, respectively, at the

magnetic surface touching the wall, x¼ 0.

A. Primary neutrals

The velocity distribution functions of primary particles

with respect to the velocity components in the directions y
and l are identical. Thus, additionally to Vx, it is sufficient to

take into account the velocity distribution with respect to the

component Vq in a cylindrical reference system with

. ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ l2
p

. Consider primary particles released from the

wall with velocities in infinitesimally small ranges dVx and

dVq in the vicinity of the values Vx and Vq. At the wall, the

fraction of such particles in the total density n0 of primary

neutrals is f(Vx, Vq)dVxdVq, where the distribution function

f(Vx, Vq) is assumed as a Maxwellian one with respect to Vq

and a one-side Maxwellian one shifted with the drift velocity

Vm, for Vx
4

f Vx � 0;Vq � 0ð Þ ¼
4Vqffiffiffi

p
p

1þ erf Vm=Vthð Þ½ �V3
th

� exp �
Vx � Vmð Þ2 þ V2

q

V2
th

" #
: (1)

Here, erf (Vm /Vth) is the probability integral, Vth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2T0=m

p
,

with T0 and m being the temperature and mass of primary

particle, and the form-factor arises due to the normalizationÐ1
0

dVx

Ð1
0

f ðVx;VqÞdVq ¼ 1. The density of primary species

in question, dn0(Vx, Vq), changes in time and space according

to the following continuity equation:

@tdn0 þ Vx@xdn0 þ ðVq=qÞ � @qðqdn0Þ ¼ ��dn0; (2)

where �¼ �ionþ �* is the total “loss” frequency, �ion ¼
k0

ionne the ionization frequency, with k0
ion being the ionization

rate coefficient and ne the electron density; �* is the fre-

quency of collisions with background ions leading to the

generation of secondary particles; �*¼ kcxni for atoms of

hydrogen isotopes, with kcx being the charge-exchange rate

coefficient and ni the density of ions. Equation (2) is solved

for all Vx and Vq and the total density of primary particles is

calculated as n0ðt; x; qÞ ¼
Ð

dn0ðVx;VqÞ.

B. Secondary neutrals

The total density of the primary neutral loss, �*n0, gives

the source density for secondary particles and their density

n* is governed by the continuity equation

@tn� þ ~r �~C ¼ ��n0 � �ionn�; (3)

where ~C 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

~r p�
m

� �
� �� n0 þ n�ð Þ~Vi � �~C: (4)

Here, p*¼ n*T* is the pressure of secondary neutrals; only

the parallel component Vl of the ion mass velocity ~Vi may be

of interest in Eq. (4). Thus, this provides

Cx;y ¼ �d�@x;yp�; Cl ¼ �d�@lp� þ u�p� þ ul��n0 (5)

with d*¼ 1/(m�), ul¼Vl /�, and u*¼ ul�*/T*. The tempera-

ture T* of secondary neutrals can be assessed from a heat bal-

ance equation

@tp� þ r � ð~CT�Þ ¼ ��ðn0 þ n�ÞTi � �p�; (6)

where the heating of the secondary species by collisions with

the ions towards their temperature Ti 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

Eqs. (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 ŝ 	 dln q=dln r, where q is the safety factor. Due

to this, the direction l does not coincide everywhere with that

of field lines and on magnetic surfaces at x> 0, Vl is smaller

than the actual ion parallel velocity Vjj. The difference

between Vjj and Vl is of DVjj ¼ Vjj½1� cos ðDwÞ�, where

Dw � l�ŝ=ðqRÞ with l* being the radial penetration depth of

secondary neutrals and R the major radius of the surface. By

assuming roughly l* ’ 0.03 m, ŝ ’ q, and R ’ 1 m, we get

DVjj ’ VjjðDwÞ2 ’ 10�3Vjj, i.e., the shear effect on the trans-

port of neutrals in the l-direction is negligible. The fraction

Vy ¼ Vjj sin ðDwÞ of Vjj is oriented in the y-direction and can

affect this component of the neutral transfer. However, Vy 

Vjj and the effect of Vy 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, Vjj is much smaller than the ion sound velocity

cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ti=m

p
(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 Vjj is comparable with

cs, 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.

III. 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:

dn0 t; x; qð Þ ¼ dg0 t; xð Þexp � q2

k2 t; xð Þ

" #
; (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

dN0 t; xð Þ 	
ð1
0

dn02pqdq ¼ pk2dg0;

dK0 t; xð Þ ¼
ð1
0

dn02pq2dq ¼
ffiffiffi
p
p

2
kdN0:

(8)

Equations for dN0(t, x) and dK0(t, x) follow by the integra-

tion of Eq. (2) with respect to q with the weights 2pq and

2pq2, respectively,

@tdN0 þ Vx@xdN0 ¼ ��dN0;

@tdK0 þ Vx@xdK0 ¼ VqdN0 � �dK0:
(9)

Obviously, the former of Eq. (9) can be derived independ-

ently from the assumption (7) on the q-dependence of the so-

lution and describes the evolution with t 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 s and h¼ xiþ1 – xi,

respectively,

@tdN0ðt; xÞ ¼ ðdNt
0;i � dNt�s

0;i Þ=s;

@xdN0ðt; xÞ ¼ ðdNt
0;i � dNt

0;i�1Þ=h;

where i counts the spatial grid points xi. This approach pro-

vides absolutely stable recurrent relations, see Ref. 6

dNt
0;i ¼

dNt�s
0;i þ sdNt

0;i�1Vx=h

1þ s Vx=hþ �ð Þ ;

dKt
0;i ¼

dKt�s
0;i þ s dKt

0;i�1Vx=hþ dNt
0;iVq

� �
1þ s Vx=hþ �ð Þ :

(10)

To realize them, one needs initial conditions and boundary

conditions at x1¼ 0. For those, we consider two cases of par-

ticular interest:

(i) 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 s in our

calculations. Nonetheless, the latter has to be chosen so that

the distance sx¼ sVx 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

dn0 is of no importance. Here, we assume that at t¼ 0, all

particles fill homogeneously the fist sell 0� x� h, but prac-

tically the same results are obtained for other assumptions,

e.g., for dn0 decaying exponentially with sx adopted as the

e-folding length; along the wall, the source region is local-

ized in the irradiated spot with the radius q0. For the varia-

bles dN0 and dK0, this results in the following initial

conditions:

dN0 0; x � hð Þ ¼ Ntot

h
f Vx;Vqð ÞdVxdVq;

dN0 0; x > hð Þ ¼ 0; dK0 0; xð Þ ¼
ffiffiffi
p
p

2
q0dN0 0; xð Þ;

(11)

where Ntot is the total amount of injected particles. No par-

ticles are released from the wall element after the irradiation

pulse and N(t, 0)¼K(t, 0)¼ 0 is the boundary condition at

t> 0.

(ii) Particles are entering the plasma quasi-steadily

through the area Sinj with the total influx U0(t), e.g., by a

gas puff. In this case, the boundary conditions for N and

K are

dN0 t; 0ð Þ ¼ U0

hVxi
f Vx;Vqð ÞdVxdVq;

dK0 t; 0ð Þ ¼ 0:5
ffiffiffiffiffiffiffi
Sinj

p
dN0 t; 0ð Þ; (12)

where hVxi ¼ Vm þ Vthffiffi
p
p

exp �V2
m=V2

thð Þ
1þerf Vm=Vthð Þ is the mean radial

velocity of particles; the initial conditions are dN0(0, x)

¼ dK0(0, x)¼ 0.

With known dN0(t, x) and dK0(t, x), one can obtain the

original parameters characterizing the local density of

neutrals

dg0 t; xð Þ ¼
dN0ð Þ3

dK0ð Þ2
; k t; xð Þ ¼

2 dK0ffiffiffi
p
p

dN0

: (13)

The q-profile of the total density of primary particles is

approximated analogously to the relation (7)

n0 t; x; qð Þ ¼ g0 t; xð Þexp � q2

k2
0 t; xð Þ

 !
; (14)

where the maximum value

g0ðt; xÞ ¼
ð

dg0ðVx;VqÞ;

and the radius of the localization region is defined by con-

serving the total number of particles on the magnetic surface,

N0ðt; xÞ ¼
Ð

dN0ðVx;VqÞ:
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k0 t; xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N0 t; xð Þ
pg0 t; xð Þ

s
:

B. Secondary neutrals

Equation (3), with the flux density components given by

Eq. (5), involves the parameter ul 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.7 This contribution is char-

acterized by the value �ul 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.8 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.9

In the absence of a mean plasma flow, �ul ¼ 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 l¼ 0; the “stagnation point” is, however, shifted if

�ul 6¼ 0. These features can be roughly taken into account by

assuming

ul ¼ �ul t; xð Þ þ ûl t; xð Þ � tanh
l� lm t; xð Þ

l� t; xð Þ

" #
;

where the characteristic dimension of the region affected

by injected neutrals, l*, and the shift of the “stagnation

point,” lm, 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:

p� t; x; y; lð Þ ¼ x� t; xð Þ � exp � y2

k 2
� t; xð Þ

� l� lm t; xð Þ½ �2

l 2
� t; xð Þ

 !
:

(15)

To find the parameters x*, k*, l*, and lm, we introduce new

dependent variables

P� t; xð Þ 	
ð1
�1

dy

ð1
�1

p�dl ¼ pk�l�x�;

D� t; xð Þ 	
ð1
�1

y2dy

ð1
�1

p�dl ¼ P�
k 2
�
2
;

K� t; xð Þ 	
ð1
�1

dy

ð1
�1

p�ldl ¼ P�lm;

P� t; xð Þ 	
ð1
�1

dy

ð1
�1

n�l
2dl ¼ P�

l 2
�
2
þ l2m

� �

explicitly related to the original ones

x� ¼
P�

pk�l�
; k� ¼

ffiffiffiffiffiffiffiffi
2D�
P�

s
; l� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

P�
P�
� K2

�
P2
�

 !vuut ;

lm ¼
K�
P�
: (16)

The corresponding integrals of (3) provide equations for the

new variables

@t
P�
T�
� @x d�@xP�ð Þ ¼ pk2

0��g0 � �ion
P�
T�
; (17)

@t
K�
T�
� @x d�@xK�ð Þ ¼ pk3

0��g0 �ul �
lmûl

lm þ l�

� �

þ �ul��
P�
T�
� �ion

K�
T�
; (18)

@t
D�
T�
� @x d�@xD�ð Þ ¼ p

k4
0

2
��g0 þ 2d�P� � �ion

D�
T�
; (19)

@t
P�
T�
� @x d�@xP�ð Þ ¼ p

k4
0

2
��g0 1þ 16ffiffiffi

p
p ûl

lm þ l�

� �

þ 2d�P� þ �ul�� 0:726l�
P�
T�
þ 2

K�
T�

� �

� �ion
P�
T�
: (20)

For fixed t 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*(t, x):

@tT� �
T�
P�

d�@xP�@xT� ¼ �� 1þ pk2
0g0T�
P�

 !
Ti � T�ð Þ: (21)

By discretizing the time derivatives, one reduces

Eqs. (17)–(21) to ordinary differential ones. The initial condi-

tions at t¼ 0 to Eqs. (17)–(20) are P*, D*, K*, P*¼ 0, and

T*¼ Ti to Eq. (21). At the plasma axis, r¼ 0 or x¼ rw, the ra-

dial derivative of the pressure reduces to zero and, thus, @xP*,

@xD*, @xK*, @xP*¼ 0. At the wall, x¼ 0, we take into account

that particles, escaping from the plasma, can return back due to

recycling with some probability Rrec< 1. This can be formal-

ized as nþ� ¼ Rrecn�� , where nþ� 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� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2T�=ðpmÞ

p
, the boundary con-

dition above relates the pressure p� ¼ ðnþ� þ n�� ÞT� and flux

density �d�@xp� ¼ ðnþ� � n�� ÞV� of the secondary atoms

1� Rrec

1þ Rrec
p� ¼

d�T�
V�

@xp�:

Similar relations hold for the variables P*, D*, K*, and P*.

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, @xP* 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 Tt
� ¼ T�ðt; x�Þ:

Tt
� � Tt�s

�
s

¼ �� 1þ pk2
0g0Tt

�
P�

 !
Ti � Tt

�
� �

:

With found T*(t, x*), Eq. (21) is integrated in both directions

from x* to find T*(t, x 9 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.1 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 0.15 cm�2, corresponding to q0� 0.22 cm, and typically

Ntot� 1017 of C atoms were released per pulse. Time of flight

measurements can be well interpreted by the velocity distri-

bution (1) with Vth� 5 km s�1 and Vm� 8.7 km s�1. The ra-

dial profiles of the plasma density ne and electron

temperature Te 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 2s22p3p 3P! 2s22p3s 3P 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 2s22p3p 3P is populated by the excitation from the

ground state 2s22p2 3P and spontaneously decays through the

transition in question

Nph ¼
ð1
�1

kexnen0dy ¼ kexneg0

ffiffiffi
p
p

k0 exp ð�l2=k2
0Þ; (22)

where the excitation rate coefficient kex(Te) from the ground

state 2s22p2 3P to the level 2s22p3p 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

Nph(r¼ r, l) computed for different times t 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:11 the

maximum of radiation, located at time t¼ 1ls 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

r¼ 0.465 m 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 ls. This is in a rough agreement with primitive esti-

mates of the impurity ionization time as tion � 1=�ion

¼ 1=ðk0
ionneÞ. For the plasma parameters at the LCFS,

ne� 1019 m�3 and Te� 50 eV, we get k0
ion � 10�13m3s�1 and

tion� 1ls. 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 104.12 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
FIG. 1. Radial profiles of the parameters in Ohmic plasma in TEXTOR used

in calculations for spreading of carbon atoms.
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molecules. Nonetheless, we assume that there is a quasi-

steady influx of primary atoms with the effective temperature

of 2 eV 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., �ul and ûl are zero

in Eqs. (18) and (20). Due to the azimuthal symmetry, the

energy load onto the wall, x¼ 0, approaches its maximum at

the puffing axis, y¼ l¼ 0. For the density of the radiation

flux, one gets qw
rad ¼

Ð1
0

dx
Ð1
�1 Fw

raddl, where

Fw
rad x; lð Þ ¼

ð1
�1

dy
Lradne n0 þ n�ð Þ
4p x2 þ y2 þ l2ð Þ cos w

with Lrad being the cooling rate of hydrogen atoms whose

dependence on the electron density and temperature is taken

from Ref. 13, w the angle between the direction from the

emission point (x, y, l) to the wall point in question, (0, 0, 0),

and the normal to the wall; cos w ¼ x=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ l2

p
. With

k*¼ l* one gets

qw
rad ¼ 0:5

ð1
0

Lradne g0r
x

k0

� �
þ g�r

x

k�

� �" #
dx; (23)

where rðnÞ ¼ 1�
ffiffiffi
p
p

n exp ðn2Þ½1� erf ðnÞ�.
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

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 x¼ 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

Ti(x¼ 0) is close or below the sputtering threshold energy.

Atoms, generated through charge-exchange in the plasma

elementary volume with coordinates (x, y, l), have the local

ion temperature Ti(x). The probability that they escape

without collisions with plasma particles onto the wall

point (0, 0, 0) is xwðx; y; lÞ ¼ exp ð�e= cos wÞ, where

e ¼
Ð x

0
�ionþ��

Vi xð Þ dx0. The density of the energy flux transported

by hot atoms to the wall can be assessed as qw
cx ¼Ð1

0
dx
Ð1
�1 Fw

cxdl with

Fw
cx x; lð Þ ¼

ð1
�1

dy
1:5Tikcxni n0 þ n�ð Þxw

4p x2 þ y2 þ l2ð Þ cos w:

For an azimuthally symmetric cloud of hot atoms, with

k*¼ l*, one can get

qw
cx ¼ 0:75

ð1
0

Tikcxni g0/
x

k0

� �
þ g�/

x

k�

� �" #
dx; (24)

where / nð Þ ¼
Ð1

1

exp �n2 1�1ð Þ�e
ffiffi
1
p½ �

211:5 d1. For rough estimates,

the function / can be evaluated by the pass method, provid-

ing /ðnÞ � exp ð�eÞ=ð2n2 þ eþ 1Þ.

FIG. 2. The rate of photons with the

wave length of 909,8 nm emitted by

carbon atoms at different times after

the laser pulse: 1 ls (a), 3 ls (b), 6 ls
(c), and 10 ls (d).
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Calculations have been done for the conditions of gas

puff through the ITER first wall placed at the distance dsw

from the separatrix positioned at rs¼ 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� rb	 rs – Db:

ne;i ¼ ne;ið0Þ � ½ne;ið0Þ � ne;iðrbÞ� � r2=r2
b;

Te;i ¼ Te;ið0Þ � ½Te;ið0Þ � Te;iðrbÞ� � r2=r2
b;

in the ETB with the width Db, rb� r� rs:

ne;i ¼ ne;iðrbÞ � ½ne;iðrbÞ � ne;iðrsÞ� � ðr � rbÞ=Db;

Te;i ¼ Te;iðrbÞ � ½Te;iðrbÞ � Te;iðrsÞ� � ðr � rbÞ=Db:

Here, Db ¼ 0:04 m; neð0Þ ¼ 1:1 � 1020 m�3; neðrbÞ ¼ 1020 m�3;
Teð0Þ ¼ 30 keV and Te(rb)¼3.2 keV are taken according to

Ref. 14; ne(rs)¼2.5 � 1019m�3 and Te(rs)¼0.22 keV at the

separatrix—Ref. 15. Within the SOL, the parameters are

approximated as exponentially decaying

neðrÞ ¼ neðrsÞ exp ½�ðr � rsÞ=kn�;
TeðrÞ ¼ TeðrsÞ exp ½�ðr � rsÞ=kT �

with the e-folding lengths kn¼ 0.026 m and kT¼ 0.014 m;15

in addition Ti¼ Te is assumed and ni¼ 0.95ne due to the

plasma dilution with impurities.14 The gas puff takes place

through the inlet with the area Sinj¼ 0.001m2 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., Rrec¼ 0. Figure 3 demonstrates the energy loss charac-

teristics Frad and Fcx as functions of the coordinates x and y
calculated for dsw¼ 0.05 m and the gas influx U0¼ 1022 s�1.

The energy load densities on the wall with radiation, qw
rad,

and charge-exchanged atoms, qw
cx, are shown in Figure 4

versus the distance dsw 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 U0. One can see the heat load onto the wall induced by

local puffing can exceed significantly an expected nominal

value of 0.5 MW m�2.16 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.2,9 The role of such bubbles for

the heat loads onto the wall will be analyzed elsewhere.

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 dsw of 0.05 m and the gas influx

U0¼ 1022 s�1.

FIG. 4. The heat load density on the wall with radiation, qw
rad , and

charge-exchanged atoms, qw
cx, versus the distance from the separatrix to

the wall.

082517-7 M. Z. Tokar Phys. Plasmas 21, 082517 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.94.122.242 On: Thu, 09 Jul 2015 06:05:56



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

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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