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Temperature of ion cyclotron heated impurity ions in fusion plasmas

D. Pilipenko

Université Libre de Bruxelles, Association EURATOM-Etat Belge, Campus Plain CP231,

1050 Brussels, Belgium
M. Z. Tokar

Institut fiir Plasmaphysik, Forschungszentrum Jiilich GmbH, Association FZJ-Euratom,

52425 Jiilich, Germany
. Pavlenko® and B. Weyssow

Université Libre de Bruxelles, Association EURATOM-Etat Belge, Campus Plain CP231,

1050 Brussels, Belgium

(Received 14 April 2005; accepted 26 May 2005; published online 13 July 2005)

The temperature of impurity ions in fusion plasmas is normally assumed to be the same as that of
background particles. This assumption can be, however, violated for selective impurity species
intensively heated by radio frequency waves or in reactor plasmas of low collisionality. An approach
to compute the impurity temperature under such conditions is elaborated. It is based on the
construction of a hierarchy of approximate solutions to the impurity heat balance equation and takes
into account that the density and, thus, the heat conductivity of heated ion species can change by
many orders of magnitude with the position in the plasma. Coupled with the wave propagation code,
the particle and heat balances for impurity and main plasma species provide a self-consistent
approach to model the ion cyclotron resonance heating scenario. © 2005 American Institute of

Physics. [DOI: 10.1063/1.1978447]

I. INTRODUCTION

Experiments on several tokamaks convincingly demon-
strated that a deliberate seeding of selected impurities can
have a positive effect on the plasma performance. On the one
hand, a significant reduction of the head load on divertor
plates, one of the main concerns by constructing a thermo-
nuclear reactor,1 has been achieved due to the increase of
edge radiation. On the other hand, in some devices impurity
seeding has led to an improvement of the energy confine-
ment and the so-called radiation improved mode has been
established with the same or even better confinement than in
the H-mode.” However, in order to make use of these posi-
tive impacts, the behavior of seeded impurity has to be
strictly controlled and negative developments such as the
accumulation of impurity ions in the plasma core accompa-
nied by a strong increase of the central radiation losses
should be avoided.

Plasma heating by radio-frequency (rf) waves has been
proven to be a useful tool to control the behavior of puffed
impurities. As it was demonstrated on the tokamak JET, this
technique can effectively prevent accumulation, affecting im-
purity ions in different respects, in particular, by modifying
the mechanisms of the particle and the heat transport.3’4 The
most striking effect of rf waves on impurities has been ob-
served in the tokamak TFR (Ref. 5) by creating a mode
conversion layer on top of the second harmonic resonance of
Ar'®*. By operating in the mode conversion regime, it was
possible to deposit the major part of the input power into
seeded Ar impurity. As a result the majority of impurity par-
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ticles gained a high enough energy and could leave the
plasma along orbits, which deviate strongly in the radial di-
rection due to inhomogeneities in the tokamak magnetic
field.® This led to a reduction of the impurity content in the
plasma by several times.

In order to asses the prospective of impurity control by
the rf waves in larger devices and under reactor conditions,
proper modeling approaches have to be developed. One of
the important parameters, which should be evaluated, is the
averaged energy or temperature of heated impurity ions, 7.
The latter determines, in particular, the power transported to
the main species, and, thus, the heating efficiency. Besides,
T, characterizes the intensity of orbit losses for heated impu-
rities.

Up to now, impurity temperature has been disregarded in
transport modeling and is normally assumed to be equal to
the temperature of the main ions, 7;. Under conditions of
strong power absorption by impurities, this assumption can
be violated. This could also be the case in fusion plasmas of
a very low collisionality.7 In such a situation, 7, should be
determined by considering the heat balance for the impurity
species in question. By doing this, one can confront difficul-
ties originating in the behavior of the coefficient at highest
(second-order) derivative of T, with respect to the minor ra-
dius r, which is proportional to the heat conduction «,. The
heat conduction coefficient «, varies normally stronger with
the impurity ion species density n, than other terms in the
heat transport equation. Therefore, the importance of this
term and the actual order of the heat transport equation de-
pend essentially on the impurity concentration. The density
profiles for not fully stripped impurity species have a shell-
like structure (see, e.g., Refs. 8 and 9) and n, decays by some

© 2005 American Institute of Physics

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1978447

072521-2 Pilipenko et al.

orders of magnitude with the distance from the position
where the ions in question are predominantly generated.
Therefore the terms with «, decrease much stronger than
other and the actual order of the heat balance equation varies
with the radial position.

In the present paper the situation described above is
modeled by constructing a hierarchy of approximate solu-
tions to the heat transport equation for the impurity species
in question. A zero approximation for 7, 7?, is obtained by
solving the first-order differential equation without the heat
conduction term. The boundary condition to this equation is
prescribed by the properties of the convective contribution to
the heat flux being proportional to the impurity particle flux
E.. With TO known, one can find the next approximation T1
by mcludmg into the first-order differential equation the
terms with «, where T, is replaced by T‘Z) As the next step,
the regions, where the terms with «, are of importance, are
determined by comparing 70 and Tl and the corrected solu-
tion T is obtained by solvrng in these regions the complete
heat transport equation of the second order. The remainder of
the paper is organized as follows. In the following section
the particle and the heat transport equations for impurity ions
are formulated. The elaborated procedure to calculate the
impurity temperature is outlined in Sec. III. In Sec. IV the
results of numerical calculations are presented and the im-
portant parametric dependencies are investigated. Conclu-
sions are drawn in Sec. V.

Il. TRANSPORT EQUATIONS FOR IMPURITY IONS

Consider a certain impurity species with the charge z
characterized by the density n, and the temperature T,. The
stationary variation of these parameters with the plasma mi-
nor radius r is governed by the continuity and the heat bal-
ance equations:

10
;5(rrz)=sz+l+sz—l_l‘z’ (1)

10 3
;E(rqz) = Qz + E[Sz—sz—l + Sz+1Tz+1 - Lsz

0. VT~ Tﬁ)] , @)
B

is the density of the impurity particle flux with D, and V,
being the diffusivity and the convection velocity, S,_; and
S.+1 are the contributions to the particle source due to ion-
ization and recombination of the ions of the lower and the
higher charges, respectively, and L, is the sink due to the

same processes with the ion species in question:

i r i r
Sz—l =nc,_n,, SZ+1 =Nne Ny, LZ:n(CZ+CZ)nZ'

Here, n is the electron density and ci’_’ 1241 are the rate co-
efficients of ionization and recombination, respectively. The
density of the impurity heat flux is
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ar, 3
g.=— K. — + —F T,
< or
vjﬁ is the frequency of the energy exchange with other
plasma species B by Coulomb collisions given in Eq. (20.6)
of Ref. 10, and Q, is the heating power density due to ion
cyclotron resonance with rf waves.

The boundary conditions to Eqgs. (1) and (2) imply zero
derivatives d,n, and d,T, at the plasma axis, r=0, and given
e-folding lengths, 1/d(Inn,) and 1/9,(InT,), at the last
closed magnetic surface or magnetic separatrix, r=a.

By combining the above equations, one gets the follow-
ing, in the form convenient for further analysis:

St Ty +Sei Ty + TSy + Spiy) = nE V?[B(Tz - T,e)
B

3)

+2Qz:<r'&_%ﬁ_%&)d7‘z % dzTZ

3 3, 3dr)dr 3CaR

lll. COMPUTATION OF IMPURITY TEMPERATURE

As is mentioned above, the variation of different terms
in Eq. (3) with the impurity density is of importance for
choosing an approach to solve this equation. The radial
variation of n, is governed by Eq. (1), and we first analyze
this qualitatively. Impurity particles enter the plasma as neu-
trals and are consequently ionized into higher charge states.
Thus, by moving from the boundary, r=a, toward the plasma
center, one should expect that n, increases at first and than
decays. Depending on z and the plasma parameters, the
maximum and the minimum values of n, can differ by sev-
eral orders of magnitude. The maximum 7, is located nor-
mally at the position where the electron temperature 7, is
half of the ionization potential for the particles in question
(see Refs. 11 and 12). For T, lower and higher, this value n,
decays fast. This behavior is characteristic for species of not
too high charges whose density does not approache a maxi-
mum at the plasma axis. Figure 1 illustrates this by display-
ing the density profiles of several ionization states and cor-
responding fluxes for argon impurity seeded into the JET
plasmas. They were found by using the transport code RITM
(Ref. 9) for the plasma conditions described in Sec. IV.

The terms on the left-hand side (lhs) of Eq. (3) are inde-
pendent or vary linearly with #,. Consider the transport con-
tributions collected on the right-hand side (rhs). Normally,
one distinguishes neoclassical and anomalous components of
these, due to collisions and turbulence, respectively.” Con-
cerning the first convective term, one has to take into account
that the neoclassical contributions to the particle diffusion
and convection velocity, D, and V_, include terms due to
interactions with the background hydrogen jons’ nearly inde-
pendent of n, when n,<n;. Therefore, I', contains, indepen-
dently of anomalous contributions included, terms varying
linearly with n, and its derivative.

On the contrary, the neoclassical heat conduction is due
to mutual collisions of particles of a particular plasma
component,” i.c., K;°~n,v:. An exception is the so-called
“plateau” regime where the transport coefficients are for-
mally independent of the collision frequency and one expects
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FIG. 1. Radial profiles of the particle (a) and the flux (b) densities for Ar'3* (solid line), Ar'’* (dashed line), Ar'®* (dot line), and Ar'>* (dash-dot line) charged

states.

K2°°~n,. Nevertheless, this is not the case since impurities
of the charged state in question collide also with the main
ions. Therefore the usual neoclassical heat conductivity com-
puted under the assumption that only the z ions are presented
in the plasma]3 should be corrected by the factor ng/ (vfZ
+v%). This is roughly proportional to n, when v, <wv, and
K20~ (n,) Mo with y,.0=2.

An anomalous heat conduction of impurity ions, K?“, isa
completely unexplored subject both from theoretical and ex-
perimental points of view. Nevertheless, one can expect such
a contribution, in particular, from the impurity branch of ion
temperature gradient (ITG) drift instability.'*'> The growth
rate of this branch and, thus, the corresponding heat diffusiv-
ity component y,, are proportional to the impurity concen-
tration. Therefore, %"=n_x,,~ (n,)%n with y,,=2.

Thus, one should generally expect that the heat conduc-
tivity of an impurity species, whose density changes signifi-
cantly through the plasma, varies much stronger than other
terms in Eq. (3) for the impurity temperature. This would
mean that the coefficient at the highest derivative in Eq. (3)
can become so small that the actual order of this differential
equation changes. If this is not taken into account in the
integration procedure, numerical problems arise.

In order to overcome these difficulties, we construct a
hierarchy of approximate solutions to Eq. (3). First, we look
for the solution Yf(r) to Eq. (3) without the heat conduction
terms on the rhs:

Sz—sz—l + Sz+1Tz+1 + T(Z)(Sz—l + Sz+1) - nzz Vﬁﬁ(]{z) - Tﬁ)
B

=T,—=. 4)

In order to integrate this equation of the first order, one re-
quires a boundary condition. However, this cannot be one of
the conditions to Eq. (3). On the one hand, any solution to
Eq. (4) automatically satisfies the requirement of a zero de-
rivative at r=0. Indeed, differentiating Eq. (4) once more and
taking into account that I', and derivatives of all other pa-
rameters independent of TO reduce to zero at the plasma axis,

lead to (T?) /=0 at r=0. On the other hand, most probably, TO
cannot satisfy the boundary condition at the separatrix, the
prescribed e-folding length. Indeed, one can see in Fig. 1(b)
that in addition to r=0, I', reduces to zero at some another
point r, in the vicinity of the maximum 7,. By integrating Eq.
(4) from the separatrix, r=a, with a prescribed e-folding
length one can come, only by chance, to a zero lhs at r=r,
required by zero rhs here. At the same time, the requirement
of zero lhs at r=r, itself provides a necessary boundary or,

more exactly, intermediate condition to Eq. (4):

2/30,+ Eﬁ ViﬁnzTﬁ + 8 T+ ST
() = - S
Eﬁ Vzﬂnz + SZ—] + SZ+1

By integrating Eq. (4) into both directions from r=r, one
gets the whole profile of T?(r).

The next approximation to T, T;, is determined by solv-
ing, with the procedure described above, Eq. (3) where the
terms with the heat conduction are computed using T?, ie.,

ST+ ST + T;(Sz—l +8.41) - ”E VZS,B(TZI -Tp)
B

2 dT!
+§Qz+ 5=FZE, (6)
where
dZYQ (KZ dK,)dTS
S=Kr,— > +|—+—|—/.
“dr r dr) dr

By computing the error e(r)=|1—T;/ TE) one can find the
regions where it exceeds the prescribed tolerance level ¢,. In
such regions the total heat balance equation (2) has to be
solved. Normally this can be done without numerical prob-
lems since the magnitude of «, is large enough here. In order
to find the final solution in each of such regions, the values
of Tf at the edges of the region are assumed equal to the
values of T1 there.
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IV. RESULTS OF CALCULATION AND DISCUSSION

As an illustration, we apply the approach outlined above
to compute the temperatures of argon impurity seeded into
JET plasmas with the major and the minor radii of the sepa-
ratrix, Rp=2.96 m and a=0.9 m, respectively, the plasma
current [,=2.5 MA, and the magnetic field B;=3.47 T at R,
The plasma has been auxiliary heated by neutral beam injec-
tion with a power of 7.5 MW and by radio waves with a
frequency of f=23.1 MHz and a power of 2.5 MW. The lat-
ter should provide first harmonic resonances for several ar-
gon ion species at the following radial positions: R=2.68 m
for Ar'®*, R=2.85m for Ar'”*, and R=3.02 m for Ar'®
ions. The deuterium fundamental cyclotron resonance was
located at R=3.36 m. The radial profiles of the power den-
sity absorbed by impurity species have been computed with
the TORIC code.'

The radial profiles of plasma parameters were calculated
by the RITM code.’ In this code, the densities and the fluxes
of the main and the impurity neutral particles, which enter
the plasma volume through the separatrix, are computed by
solving kinetic equations in a diffusion approximation. The
densities of electrons n, and impurity ions n, are determined
from corresponding continuity equations by taking into ac-
count the particle sources due to the ionization of neutrals.
The radial distribution of the particle source due to neutral
beam injection is taken from the experimental data.'” Pres-
ently the RITM code allows to consider all charged states of
He, C, O, Ne, Si, and Ar impurities. The density of the main
ions, n;, is found from the quasineutrality condition. The
electron and the main ion temperatures, 7, and T}, are deter-
mined from the heat transport equations. The transport coef-
ficients in RITM are determined by taking into account both
the neoclassical and the anomalous contributions. The latter
is evaluated by considering in a quasilinear approximation
the most important unstable drift modes such as ion tempera-
ture gradient, trapped electron, and drift Alfvén and drift re-
sistive ballooning microinstabilities. Several mechanisms for
the suppression of these instabilities, e.g., by the radial elec-
tric field shear, density gradient, diamagnetic flows, are taken
into account. This permits to describe both L- and H-mode
conditions including the edge transport barrier.

Figure 2 presents the radial profiles of the computed
deuteron temperature and of the Ar!’* temperature deter-
mined in different approximations by the procedure de-
scribed in the preceding section. One can see that there are,
indeed, regions where the impurity heat conduction is of im-
portance and has to be included into calculations, and re-
gions where its role is small and has to be neglected. The
approach developed in the present paper provides a possibil-
ity to take simultaneously both types of behavior into con-
sideration. Figure 3 displays the radial profiles of the tem-
peratures for the main ions and of Ar'® and Ar'®* ion
species.

The developed approach to the computation of impurity
ion temperatures has been incorporated into the transport
code RITM. An important unique feature of this combined
model is the possibility to take into account the energy trans-
fer from heated impurity ions to the main ones as well as to
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FIG. 2. The temperature of the main ions (dash-dot line) and of Ar'”* ions
computed from the first-order (dashed line) and second-order (solid line)
heat transport equations.

other impurity ions and accompanying modifications in the
particle and energy transport. Finally, by coupling with the
full wave code TORIC, which computes the profiles of the
power density absorbed by different ions species, a self-
consistent description of the ICRH (ion cyclotron resonance
heating) scenario is elaborated. Performed computations re-
vealed, in particular, that heating of the main ions through
collisions with the impurity ones results in an increase of
anomalous transport due to ITG modes, as it is demonstrated
in Fig. 4 by the radial profiles of the ion heat diffusivity at
the beginning of the heating stage and in the steady state. As
a result, the electron temperature is reduced and the popula-
tion of different impurity charged states is modified, namely,
the densities of Ar'®" and Ar'™ species are reduced and the
Ar'%* density is increased. As a consequence, the absorption
power profiles computed by TORIC code are also changed.

This is demonstrated in Figs. 5 and 6 by the profiles of
the rf power density coupled with different impurity species
computed at the beginning of ICRH and after the relaxation
to the steady state. One can see a significant modification
both of profiles and of the total power input.
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FIG. 3. The temperature of the main ions (dash-dot line), Ar'®* (solid line),
and Ar'8* (dashed line) charged states.
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FIG. 4. The ion thermal diffusivity at the beginning of the ICRH phase
(solid line) and in the steady state (dashed line).

By going to reactor relevant plasma conditions of a sig-
nificantly lower collisionality, the coupling between the main
and the impurity ion temperatures becomes weaker. There-
fore, a stronger increase in 7, can be achieved with the same
level of impurity heating. This is demonstrated in Fig. 7,
where we display the ratio of the ion temperatures, 7,/T;,
computed for Ar!”* species at the position of corresponding
ion cyclotron resonance, under the assumption that 7 is in-
creased by a constant factor O with respect to the profile
shown in Fig. 3.

Our results predict a significant difference, up to 1 keV
in JET, between the temperatures of the main and the impu-
rity ions when the latter are selectively heated by the rf
waves. A comparison of these predictions with the experi-
mental data would provide an important check of the model.
Unfortunately, such a comparison cannot be done presently.
First, namely, the impurity ion temperature measured by the
charge-exchange (CX) of impurity with neutral beams is nor-
mally taken as an estimate for the main ion temperature and
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FIG. 5. The power density absorbed by Ar!'®* (dash-dot line), Ar'”* (dashed
line), and Ar'* (solid line) ion species at the beginning of the ICRH phase.
Vertical lines indicate the radial positions of the corresponding cyclotron
resonances.
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FIG. 6. The power density absorbed by Ar'®* (dash-dot line), Ar'™* (dashed
line), and Ar'®* (solid line) ion species in the steady state. Vertical lines
indicate the positions of the corresponding cyclotron resonances.

normally there are no other reliable approaches to measure 7;
independently. Second, in very few discharges performed on
JET with a selective impurity heating, the CX diagnostic did
not work properly. Our computations show, however, that
reliable and independent methods to measure the tempera-
tures of different ion species are of very importance for the
conditions of strong impurity heating and have to be devel-
oped in future.

V. CONCLUSION

The developed approach allows us to calculate the tem-
perature of impurity ions which is of particular interest under
conditions when selective impurity charged states are
strongly heated by the rf waves. It is demonstrated that, on
the one hand, in the vicinity of cyclotron resonances, where
the power is predominantly absorbed, a strong radial gradient
of the impurity temperature can arise and the impurity heat
conduction can play an important role in the energy trans-
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®
FIG. 7. The ratio T./T; computed for Ar'”* ion species at the position of
cyclotron resonance R,,17+, with the main ion temperature increased by the
factor ® with respect to the profile in Fig. 3. Solid curves are obtained by

computing 7, from the first-order impurity heat transport equation and
dashed curves are from the second-order one.
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port. On the other hand, beyond such regions the contribu-
tion from the impurity heat conduction is negligibly small.
The corresponding variation with the minor radius of the
actual order of the impurity heat transport equation is taken
into account in the approach elaborated. This method has
been incorporated into the transport code RITM and compu-
tations for JET discharges with impurity seeding have been
performed. A self-consistent description of the ICRH sce-
nario for minority argon impurity is established by comput-
ing the attenuated power in the full wave code TORIC with
the plasma parameter profiles calculated by the RITM code.
It is shown that such a self-consistency is of much impor-
tance since the modification in the particle and heat transport
caused by the heating results in significant changes of the
absorbed power profile.
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