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Introduction. For diverse purposes non-hydrogen impurities are deliberately injected into hot
plasma of fusion devices. In particular, it is done to investigate and modify transport proper-
ties, to cool down the edge region through enhanced radiation losses and weaken plasma-wall
interactions, to redeposit new particles of the wall material onto places eroded too intensively,
to soften harmful consequences of disruptions caused by MHD instabilities. Normally impu-
rities are injected through small openings in the machine wall and the local impurity density
may significantly exceed the plasma density before injection. Under such conditions one has to
expect a significant modification of plasma parameters through diverse physical mechanisms,
e.g., cooling of electrons due to excitation and radiation, production of electrons by impurity
1onization, etc. These processes may affect very noticeably both impurity penetration and global
plasma behavior. In this contribution we propose an analytical model describing local plasma
parameters in such a cloud of injected impurities.

Basic equations. At a given radial position the density of impurity neutrals ng is assumed to
be constant in the region |/| < [y in the direction [ of the magnetic field and is zero beyond this.
Through ionization of neutrals singly charged impurity ions are generated. Their density n; and

flux along the magnetic field, I';, are governed by particle and momentum balance equations:

dFI/dl = kl(-)onl’l()l’le — VipsshI (1)

d (m,l“%/nl + I’l[T]) /dl = — (vl()ssml + Otiln,') I';+ eE”n[ 2)

where 7, is the electron density equal, due to plasma quasi-neutrality, to the sum of n; and the

density n; of the main ions, n, = n; +ny; Vjoss = V| +k;,,n. characterizes impurity ion losses

1

., are the ionization

with perpendicular transport and ionization into higher charged state, k?o’
rate coefficients, m; and 77 are the mass and temperature of impurity ions, o;; is the friction
coefficient due to coulomb collisions between impurities and main ions [1], e is the elementary

electric charge. The parallel electric field is determined from the force balance for "massless"
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electrons,

enE| = —d(n.T,) /dl
with 7, being the electron temperature.

In the region where impurity neutrals are present the former source term in the RHS of Eq.(1)
significantly exceeds the latter sink term. Thus the impurity ions produced here are lost predom-
inantly due to flow along the magnetic field. By integrating Eq.(1) over the neutral cloud region,
1| < Iy, one assess the ion outflow density:

IS ~ kY

won

nongly = K2 no (n +nj7)lo 3)

won

Here and henceforce the values marked with the subscript ¢ denote the characteristic ones in the
impurity cloud. The density of the main ions here, {, is related through the pressure balance to

the plasma density far from the cloud, n..:

i (T, + 1) = nee (1,7 + T, ) @

By integrating Eqgs.(1) and (2) over the half extension of the impurity cloud, 0 <1 <., we get:

k?onno (nzc + n;) lo = Vlossnflc )
—n T =T [nj —ni In (1 +nj /nf)] — (Viessmy + o) Tyl (6)

Equations(3), (5) and (6), allow to deduce the following algebraic equation for the characteristic

density of impurity ions in the cloud, n§:

)

0 _onf TEHTE [N —nf/ngIn(1+nf/nf)]
kionl()no_

nf+ni\l mp+ogms/ [VL +k;} (nf + nf)}
In order to asses the temperatures of the plasma components in the cloud, 7,7, T and T},

the heat balances have to be taken into account. For electrons the main loss channels are due to

1onization and excitation of neutral and charged impurities and this balance is as follows:

qz‘ = (noko Ealo —+ I’l;L[lC) I’lg (8)

won

where ¢¢ is the heat influx into the cloud with electron heat conduction along the magnetic field,
E, the energy lost by ionization of one impurity neutral, and L; the cooling rate of impurity ions.
In the case of the main ions the influx with their parallel heat conduction, ¢, is transferred to

electrons and impurity ions by coulomb collisions:
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qi = [Beine (Ti* = T7) + Buny (T = T7) ] millc )
with 8 being the heat transfer coefficients [1]. Impurity ions assimilate the temperature T,O of

neutrals and participate through coulomb collisions in heat exchange with the main ions:

Kipnno Ty nglo / (nfle) + Bin§ (T —TF) + Bern (T — T ) = Vigss If (10)

Finally, one needs to asses the heat fluxes transported by the main plasma components into
the impurity cloud. For this the heat transfer beyond the cloud has to be examined. Due to losses
to the cloud a field line is cooled down and a perpendicular heat transfer to it is generated. In a

steady state this interplay is described by a heat balance equation:

d ( KT, /dl) fdl =V (1,7~ T, ) n 11

where KII Asz < is the parallel heat conduction and v¥ " characterizes the intensity of perpen-
dicular heat transfer. The plasma density outside the impurity cloud is controlled by the pressure
balance, see Eq.(4), where we assume that 7, and 7; are linearly interrelated. For g.; = 0 and

T.; = T, far from the cloud, one can get after integration:

. 3.5
AeiV|'neo (Teoo +T; oo) (Te;o)

qgﬂ' =2 - c - ¢ e
1+ <Ti,e o Ti,e) / (Te,i - Te.,i)

1
with fe7i = [(1 +1) <x5/5 —’L'x3/3+1'2x— |T’2'5 (P) _x7/7} \/W’

(12)

= (1= TS0/ ) /(L7 = T, 4+ T, = T;),

@ (x,7>0) = arctan (x//7) and @ (x,7 < 0) = \/()H—\/ 7))/ (x—V=7).
It is interesting to note that the RHS of Eq.(7) increases with rising nj but does not exceed its

maximum value /(T +T¢) /my, i.e., the ion sound velocity of impurity ions. This does not,

however, mean that there is no solution to Eq.(7) for a high enough impurity neutral density
np: with increasing nj and ng the energy losses from impurity cloud grow up and the electron
temperature 7, drops down, see Eq.(8). As a result the ionization rate coefficient of impurity
neutrals k)~ /T, exp (—1Io/T,), where I is the ionization energy, decreases, the LHS of Eq.(7)
diminishes and that ensures a solution of Eq.(7). A similar situation takes place by the transition
to a strong recycling regime on divertor target plates [2].

Results of calculations. As an example of applications we show here the results of calcula-

tions done for the conditions of experiments with puffing of methane into the tokamak TEXTOR
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Figure 1: Temperatures (a) and densities (b) of plasma components in the impurity cloud vs the

density of impurity neutrals.

[3]. The plasma parameters assumed far away from the injection position correspond those mea-
sured before impurity injection: n. = 2-10¥m=3, T°° = T;* = 45¢eV . In this analytical study
carbon atoms in the cloud with [y = 1.75¢m and temperature T[O =300°K have been considered
instead of methane neutrals. Figure 1a demonstrates the ng-dependences of the temperatures of
plasma components in the cloud. One can see that for ng below a level of 1.5-10m3, corre-
sponding to a total influx of neutrals of 0.5 — 1-10'%s~!, the electron and main ion temperatures
are close to 7. For higher ng a significant decrease of 7 takes place due to losses on ioniza-
tion and excitation of impurities. When 7 is reduced to a half of 7,” the heat exchange due to
coulomb collisions leads to a noticeable reduction of the main ion temperature. Due to collisions
the temperature of impurity ions exceeds significantly that of impurity neutrals but is noticeably
smaller the temperature of the main ions. In Fig.1b the densities of electrons, main and impu-
rity ions in the cloud are shown. One can see that n{ can exceed ny” by a factor of 8. Both the
electron source due to ionization of impurity neutrals and the rise of the main ion density due

to the pressure equilibration contribute to this, but the former process is more important.
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