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Drift microinstabilities, being the main cause of anomalous transport of charged particles and energy
in fusion plasmas, can be strongly influenced by the presence of impurities. Normally a large
amount of different ion species from diverse charge states and chemical elements is present. An
approach, providing a possibility to take into account an arbitrary number of ion species in analysis
of instabilities, is proposed and applied to study the impurity effect on unstable modes due to ion
temperature gradient and trapped electrons described in a linear fluid approximation. The method is
validated by comparing with the results from direct calculations in a one impurity ion case. The
dependence of instability characteristics and anomalous transport coefficients on the absolute level
and radial gradient of impurity density is investigated. Plasmas with several impurity ion species,
including C*6, N*7, O*8, Ne*!® and Ar*'® whose density peaking factors are determined
self-consistently from the impurity zero flux condition, are considered as an example of

applications. [doi:10.1063/1.3283390]

I. INTRODUCTION

It is well known that anomalous transport in hot fusion
plasmas can be significantly influenced by impurities. Ex-
periments performed on several fusion devices demonstrated
that a significant modification of particles and energy losses
can be achieved with deliberate seeding of noble gases both
in the low (L) and high (H) confinement modes.'™ It is be-
lieved that such a behavior originated in the impact of impu-
rities on drift microinstabilities, being the main cause of
anomalous transport, and several theoretical approaches have
been proposed to explain these effects.'? In studies cited
above, an effective impurity ion is normally introduced, in
spite of the fact that a large number of different ion species
from diverse charge states of different elements is present in
real fusion plasmas. Already the definition of the charge and
mass of an effective impurity ion is not straightforward in
such a case. However, the main uncertainty is emerging by
characterizing the density gradient of an effective impurity
species; experimental observations show that the density pro-
files are qualitatively different for different impurities, tend-
ing to be hollow in the case of light species like carbon and
significantly peaked for heavy impurities like nickel." Since
the impurity density gradient essentially affects the instabil-
ity characteristics, the impact of impurity can be studied
firmly by considering realistic plasmas if all ion species are
individually taking into account.

The inclusion of any additional species increases the
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YAlso at Department of Statistical and Plasma Physics, Universite Libre de
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number of transport equations involved in analysis, at least
by three those describing the density, temperature, and
parallel velocity perturbations, see, e.g., Refs. 14 and 15. By
a standard treatment this complicates essentially the proce-
dure for the derivation of the dispersion equation for the
frequency of unstable modes in a polynomial form which is
normally used. Also the order of this equation increases and
the reliability of its numerical solution deteriorates. In the
present paper we develop a method to solve the dispersion
equation with contributions from arbitrary number of impu-
rity species. Within this approach the effect of impurity is
taken into account in an iterative procedure starting with the
solution of the dispersion equation where the impurity con-
tribution is neglected completely. The instability characteris-
tics found in this approximation are used by calculating the
response in impurity parameters to the fluctuation of electro-
static potential. This approximate response is employed then
in the dispersion equation with the impurity effects included.
The found solution is used to refine the impurity response
and the procedure is repeated until the convergence is
reached. The method proposed is validated by comparing
with the results of direct calculations in the case of one im-
purity ion species. It is also applied to study the impurity
effect in plasmas with many ion species on unstable modes
due to ion temperature gradient (ITG) and trapped electron
considered in a linear fluid approximation. The modification
of instability characteristics, such as the growth rates, real
frequencies, and wave number of most unstable modes, and
anomalous transport coefficients with the impurity concen-
tration, is investigated. The density gradients of impurity
ions are determined self-consistently from the condition of
zero particle flux.

17, 0121011
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Il. BASIC EQUATIONS

Each ion species j, including main plasma ions and im-
purity, with the charge Z; and mass m; is described by the
continuity, parallel momentum, and energy transport equa-
tions for its density n;, parallel velocity V;, and temperature
T..

jt

on.
TV (V) =0, (1)
ot

d
j j d +VH(n )+ZjnJeVH(p=0, (2)
3 dT; on;
2" ;l Tj;l+V q,-T)V;-Vn;=0 (3)

where V; is the sum of the parallel velocity and the perpen-
dicular drift velocity, V | I the latter arises due to the electric
field E=-V ¢, pressure gradient, inertia force, and viscosity
responsible for finite-Larmor-radius (FLR) effects;'® ¢ is the
electrostatic potential, and the convective derivative is de-
fined as d/di=0/dr+V;-V; q;=2.5n,T[BXVT,]/(Z;eB?) is
the diamagnetic drift heat flux'” with the magnetic field B
dependent on the poloidal angle %, B=B/(1+r cos ¥/R),
with r and R being the minor and major radii of the magnetic
surface.

The electron plasma component is separated on trapped
and freely circulating particles. For the former the bounce
averaged parallel velocity is zero and the density n,, and
temperature 7,, are described by continuity and energy con-
servation equations:

on,
—4 4V (n, V) =S,y (4)
ot
3 47, ﬁn
Enet? y T,V Vn,= Qtf’ (5)

where the drift velocity V |, is calculated by neglecting FLR
effects and inertia effects; q,,=2.5n,,T,[B X VT,,]/(eB?); the
terms S, and @, providing the particle and energy ex-
change between trapped and freely circulating electrons due
to Coulomb collisions, are taken into account according to
Ref. 18. Parallel mass velocity of freely circulating electrons
is much smaller that their thermal one and inertia can be
neglected in the force balance along magnetic field where the
pressure gradient is balanced by the electric force,

Vi(Topnep) = en V. (6)

In a stationary state all particle densities and tempera-
tures are assumed to be functions of the minor radius r only;
parallel velocities of the ions and the electrostatic potential
are zero. The plasma quasineutrality requires

ni+EZjnj=ne=net+nef (7)
j#i

with the fractions of trapped electrons, f,,=n,/n,, equal to
V2r/(r+R). The temperatures of trapped and freely circulat-
ing electrons are assumed the same, T,,=T,=T,.
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Consider small perturbations of parameters, varying in
time with a complex frequency w, and spatially, along the
magnetic field, direction /, and on the magnetic surface per-
pendicular to the field lines, direction y, with the wave num-
bers k; and k,, respectively, of~exp(—iwt+ikjl+ik,y). By
linearizing the transport Egs. (1)-(3) we get'*!

AT AT ~
(m —Tl)ﬁj—x(e )@+ —1T,
Zj ZJ
+—Lkp +M(e +e)|3-V,;=0 (8)
ijl 1Fs Zj n; T; Ij ’
AT\ ~ Zm; _ m; o~
(‘7)_2—1)",- 8- g (T;+7) =0, ©)
Z; m; m;
SAT ) ~ 2 2
o+ ——L|T. = -= b — — il =
<w+3Z )TJ )x(eTj 3enj><p 307, 0, (10)

where the dimensionless fluctuations ﬁj:ﬁnj/ n;, Tj:‘ST. il Tj,
¢=eo¢/T,, and 17‘|j=k”5VHj/ wp, have been introduced, @
=w/wp, with the magnetic drift frequency wp,
=2k,T,/(eBR), €,=—dInx/drxXR/2 are the dimensionless
radial gradients of stationary parameters, &= [Rk”/(Zkyps)]z,
ps=c,/ wy; is the ion Larmor radius with ¢, = \”m being the
ion sound speed, and w;; the main ion Larmor frequency;
7,=T,/T,. By following Ref. 19 the values f-averaged over
the assumed perturbation elgenfunctlon are assumed for the
components of the mode wave vector, kj=1/ \3/ (g4R) and
ky=k,\1+(m/3-5/2)s% where g is the safety factor and
s=(r/ q,r)dq s/ dr the magnetic shear. The corresponding av-
eraging of wp, results in the factor A=2/3+s-5/9. A strong
ballooning approximation with the eigenfunction indepen-
dent of the magnetic shear, applied in Ref. 19, is not valid for
large and small values of s. Therefore our results concerning
the magnetic shear effect on characteristics of instabilities
and anomalous impurity transport have to be checked in the
future by applying a more adequate approach.

The linearization of Egs. (4) and (5) for trapped elec-
trons results in

(‘T) - )\t)ﬁel - )\t(ene - 1)95 - )\tTer = ﬂth(ra - ﬁer)’ (1 1)

(CT) - _%)\t)fet - )\t(eTe - %€"e)¢ B %a_)ﬁ ih(nel " B(P)
(12)

where \,=1/4+2s/3 arises by bounce averaging,19 vy,
—Rve,/(ere) with v,; being the frequency of electron
collisions w1th ions, I'= 1+(ET/6 )[w*é/(w wp, +ivy)], B
=1.5-2.5T".'% Perturbations in the temperature of freely cir-
culating electrons are neglected because of high parallel heat
conduction; therefore the Boltzmann relation follows from

Eq. (6), 7,/=&.



012101-3 Modeling of impurity effect on drift instabilities. ..

lll. SOLUTION OF DISPERSION EQUATION

The sets of linearized Egs. (8)—(12) allow to express the
perturbations of the densities of ion species and trapped elec-
trons through the perturbation of the electrostatic potential,
;=P;¢ and 7,,=P,, respectively. The coefficients P; and
P,, are given in the Appendix. Together with the Boltzmann
relation for freely circulating electrons these expressions can
be substituted into the quasineutrality condition providing a
dispersion relation for the perturbation frequency w,

P,-(l > z,-g,) + 2 P2 = Pafat | =L (13)
J#Fi

J#Fi

Here the contribution from the main plasma ions with j=i is
separated explicitly and the concentrations of impurity ions
&=n;/n, are introduced.

In order to use standard subroutines by solving the dis-
persion Eq. (13) it has to be reduced to a polynomial form.
The inclusion of any new impurity species into consideration
makes the derivation of this equation more troublesome and
increases its order by 3, thus making its numerical solution
less reliable. For this reason another approach based on a
treatment of the impurity contribution, the second term on
left hand side in Eq. (13), by iterations has been applied. This
procedure begins with solving of Eq. (13) with the impurity
contribution neglected completely, i.e., with §;.;=0. The so-
lution w found in this way is used to calculate approximate
values of the coefficients P;.;. Then Eq. (13) is solved with
the approximate impurity contribution calculated with actual
&+ 70 and the described procedure is continued until the
convergence is reached. This method allows us to analyze
the effect on plasma instabilities from arbitrary number of
impurity species, e.g., with all charge states of carbon, nitro-
gen, oxygen, neon, argon, etc.

In order to validate the proposed approach we compare
the results of calculations for one impurity species with those
obtained when the contribution from impurity has been taken
into account explicitly. Figure 1 shows such a comparison for
the dependences of the instability growth rate y=Im w
on the dimensionless perpendicular wave number k,p,
calculated for 3% concentration of Ne*'® impurity ions for
three magnitudes of €r,=€r, with ¢ el—S and € Ne—O
Other parameters are taken from JET experiments dedicated
to impurity transport studies, see Ref. 21, at r/a=0.8:
T;=T,=1 keV, n,=2.5X10" m™, g,,=4, and s=1.8. Since
the dispersion Eq. (13) has several solutions the one with the
largest growth rate y>0 is selected for each k,p,. There is a
very good agreement between both approaches.

By applying the single impurity ion method while con-
sidering real plasmas with a large number of impurity spe-
cies from diverse charge states of different elements, one has
to introduce the mass, charge, density, and density gradient
of the effective impurity species. Already the former three
parameters can be defined in different ways, affecting the
results. However, the most uncertain point is the introduction
of the density gradient for the effective impurity ion since
experimental observations show that the density profiles are
qualitatively different for different impurities. They tend to
be hollow in the case of light species like carbon and signifi-
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FIG. 1. (Color) The k,p,-spectra of ITG/TE instability growth rate in

deuterium plasma containing 3% of Ne!®* ions with a flat density profile,

€y =0, calculated directly in a one impurity species approximation (sym-
bols) and iteratively (solid lines).

cantly peaked for heavy impurities like nickel."® Thus, there
is no guarantee that the density gradient of the effective im-
purity ion mimics the real situation. Figures 2 and 3 show for
the case of a single impurity species Ne*'? that the results
are, however, very sensitive to the dimensionless density gra-
dient. In the left column of Fig. 2 the maximum value of v,
Ymaxs 18 shown for the range of 0.05 <k,p,<1 as a function
of €r . computed for different values of the neon concentra-
tion §Ne and density gradient scale €, . In the middle and
right columns the real frequency part w =Re w and the di-
mensionless wave vector kyp, of the most unstable modes
are, respectively, displayed. In all cases, w,<0, i.e., the
modes are driven by the ITGs. Practically always the growth
rate decreases with increasing impurity concentration. For
€r,, =7.5 the behavior is qualitatively similar for different
€, however, the quantitate difference to the reference case
w1thout impurity becomes significant for large impurity con-
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FIG. 2. (Color) The growth rates (left column), real frequency (middle column), and dimensionless wave vector (right column) of the most unstable modes
as functions of the temperature gradient parameter ey _calculated with different concentrations &ne and density gradient parameters €y, Of Ne!%* impurity ions.

Ymax

Ymax

Ymax

FIG. 3. (Color) The growth rates (left column), real frequency (middle column), and dimensionless wave vector (right column) as functions of magnetic shear
calculated for different concentrations &y, and density gradient parameters €nne of neon impurity.
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FIG. 4. (Color) The growth rates (left column), real frequency (middle column), and dimensionless wave vector (right column) vs temperature gradient scale
in deuterium plasma with C*6, N*7, 0*%, Ne*', and Ar*'® impurity ions of different total concentrations: no impurity (red curves), 2&=1% (black solid
curves), 3% (black dashed curves), and 5% (black dashed-dotted curves); the impurity ion density gradient parameters are calculated self-consistently from

zero particle fluxes.

0.3, i.e., close to

centration. For most unstable modes kypx
16

the value typical for ITG mode due to main deuterium ions.
For smaller €r, . the deviations from the reference case are
larger, espe01ally for nonflat density profiles with €, #0.
For the peaked ny. profile with €, e—2 a new impurity drlven
mode with significantly reduced kyp, exists at €r, = 2.5.
Since the growth rate does not change too much compared to
the reference case without impurity, we have to expect an
increase in the transport characteristics, e.g., the particle
diffusion as 1/ k)zc. For a hollow neon density profile with
€n =72 another impurity driven mode starts to dominate if
€r, . =5, with significantly reduced growth rate and wave-
length compared to the reference situation. Therefore a re-
duction in transport has to be expected. The found behavior
describes a self-stabilizing effect of impurities on transport at
small temperature gradients; an increased impurity transport
by peaked impurity density will presumably prevent peaking
and vice versa. Therefore it is important to calculate the im-
purity density gradient represented by the parameter €, in a
self-consistent way as it will be done in the next section by
considering plasmas with several impurity species. Figure 3
displays the same characteristics as functions of magnetic
shear, s.

The results above show that at high enough impurity
concentration the instability characteristics are sensitive, in
particular, to the impurity density gradient. In plasmas with
several impurity species characterized by very different gra-
dients it is, however, fully unclear how to define the density
gradient for such an effective impurity species. Therefore a
reliable approach to treat instabilities with all ion species
taken individually into account is of importance.

IV. TRANSPORT COEFFICIENTS

The effect of impurities on the characteristics of ITG/TE
unstable modes is mimicked also in the behavior of transport
coefficients. These can be assessed from the definitions of
anomalous fluxes of particles and heat, see Appendix and
Ref. 16. Thus, for the particle flux density, I', ;, one gets

Tk,
Fe,j = 2nel,je_Bl|€D|2Im(PL’t,j)' (14)

In the factors P, ; one can distinguish the parts proportional
to €, and independent of this, i.e., P, ;j=Pp, €, Ny +Py, . As
a result I'; is separated into diffusive and convective parts
proport10nal, correspondingly, to the density gradient and

density itself, I', ;=-D, (dn, ;j/ dr)+V, n, ;. Here
T k,R
D, =— =@ Im(Pp,..),
e.j eB |(P| ( De,J)
(15)
2T k 2
Ve,j == ¢B |‘)D|21m(PVe ])

are the diffusivities and convective velocities. The absolute
level of the transport coefficients is governed by the ampli-
tude of the potential perturbation. Without nonlinear
turbulence simulations this can be only roughly estimated
in mixing length approximation, see, e.g., Ref. 16,
|(76| -~ ‘ymax/(kipscx)'

The impurity density profiles are usually characterized
by the peaking factor p;=-RV,n;/n; 26 *Ina steady
state the fluxes of impurity ions reduce to zero and from the
definitions above one gets p;=—RV;/D;==2 Im Py;/Im Pp,,
i.e., a value independent of |&|. This allows to determine pj
and €,, which is involved in the dispersion equation, in an
iterative procedure. Namely, such a self-consistent approach
is applied henceforth by considering mixtures of five com-
pletely stripped impurity ion species C*°, N*7, O*8, Ne*!°,
and Ar*'3. The contributions of individual species to the total
impurity concentration are defined by adopting the same
contributions Z;n; to the electron density n,. Figures 4 and 5
show the hnear growth rate and real frequency of the most
unstable modes and Figs. 6 and 7, the transport coefficients
D,;and V,, as functions of the plasma temperature gradient
parameter er and magnetic shear s. As one can see, the
increase in impurity concentration leads normally to a de-
crease in the particle diffusivities and absolute values of their
convective velocities caused by the reduction in the growth
rate of unstable modes. Figures 8 and 9 show the impurity
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FIG. 5. (Color) The growth rates (left column), real frequency (middle column), and dimensionless wave vector (right column) vs magnetic shear computed

for €r, = 10.

peaking factor, p, for C*%, Ne*'%, and Ar*'® impurity ions. In
these calculations the ITG-dominated situation with 6T8=0
and R/ L"e:3 has been considered in order to compare with
previous studies. In agreement with Ref. 12 the peaking fac-
tor is an increasing function of the ion charge Z for low
impurity concentrations with X§;=1%. This tendency, how-
ever, vanishes at higher impurity concentrations if either the
ITG is not too large or the magnetic shear is not too small.

Similarly to the particle fluxes one can calculate anoma-
lous heat fluxes. With the relations between perturbations of

the temperatures and electrostatic potential, T,,;=0,, ;®,
found from linearized transport Egs. (8)—(12), one gets for

— No impurity
z §1:1%

the heat flux contributions nonvanishing for zero particle
fluxes,

Toky,
Gej=— 2net,j |‘P|21m(Qez,j) . (16)
eB

Also the factors Q,,; can be separated in parts, correspond-
ingly, proportional and independent of the temperature gra-
dients, Qe,,j:QZtTjeTetj+QeT,’j, see Appendix. Therefore the
heat flux densities also have conductive and pinch contribu-

tions,

V. [m/s]

_5 i i i i i i i

FIG. 6. (Color) Diffusivity and pinch velocity of deuterons and electrons, D;, (left column) and V;, (right column), respectively, vs €  calculated for

s=1.8.
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FIG. 7. (Color) Diffusivity and pinch velocity of deuterons and electrons vs magnetic shear calculated for €r, = 10.
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with the heat conduction and pinch factors,

Tk:R _ v
Ke,j=_ ZB |(,D|21I1’1 Qetg&
(17)
2Tk, _ T
ej = eBy|<P|2Im Qez,j'

Figures 10 and 11 show the calculated «,; and II;, as
functions of €7 = €r, and magnetic shear, respectively. These
transport coefficients also reduce with increasing impurity
concentration. The heat pinch factor for electrons exhibits a
change in sign by varying both the temperature gradient
scale and the magnetic shear. The absolute value of I, can
decrease significantly by increasing impurity concentration.
This behavior together with the reduction of the heat diffu-
sivity can contribute noticeably to the reduction of the total
heat transport observed in experiments with deliberate impu-
rity seeding.5 Finally note that both Figs. 7 and 11 show an
increase of transport with magnetic shear, although the
growth rate of the dominating mode is decreasing with s, see

Fig. 5, left column. This is because the wave number of these
modes decreases with s even stronger, see Fig. 5, right col-
umn, and in the mixing length approximation used above
)
|(P| Nky N

V. CONCLUSION

An approach to model drift instabilities in fusion plasma,
containing impurity at high enough concentration, is pro-
posed. The effects of impurities are taken into account in an
iterative procedure and arbitrary number of impurity species
can be included into consideration. Calculations for deute-
rium plasmas with Ne*'? impurity ions show that the results
obtained with the new approach reproduce well those found
by taking explicitly one impurity species into account. The
found characteristics of unstable modes are sensitive to the
concentration and density gradient of impurity. In realistic
plasmas with several impurity ion species, the latter are often
characterized by very different peaking factors. Therefore an
introduction of an effective impurity ion is very uncertain
and the present method, which can take into account indi-
vidually all present impurity species, provides an advantage
by considering the impact of impurities on anomalous trans-
port in fusion plasmas. As an example the effects of impurity
on ion temperature and trapped electron instabilities in plas-
mas with several impurity ions including C*o, N*7. O*8,
Ne*'®, and Ar*'® have been studied, with the density
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25

-RV/D

FIG. 8. (Color) The peaking factor for impurity species C*° (red curves),
Ne*!' (blue curves), and Ar*'® (pink curves) vs €, computed with ez =0,

s=1.8, and different total impurity concentrations: E§j=l% (solid curves),
3% (dashed curves), and 5% (dashed-dotted curves).

peaking factors determined self-consistently from the condi-
tion of zero particle flux. This consideration shows the sig-
nificant effect of impurities on the anomalous transport of
charged particles and heat due to ITG/TE unstable modes.
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APPENDIX: PARTICLE AND HEAT FLUX

The density of anomalous particle flux is given, see also
Ref. 16, by

j (A1)

F-=vL5n;+v’l§nj,
where v | =(E X B/ Bz)=—i(ky/ B) 8¢; the perturbation of par-
ticle density is related to that of electrostatic potential,
onj/n;=P;@, through the coefficients P; which follow from
Eqs (8) (10) for ion species and Eqs (11) and (12) for
trapped electrons:
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FIG. 9. (Color) The peaking factor for impurity species C* (red curves),
Ne*!? (blue curves), and Ar*'® (pink curves) vs magnetic shear computed
with er, =0, ET—S and different total impurity concentrations: %¢;=1%
(solid curves) 3% (dashed curves), and 5% (dashed-dotted curves).
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and
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FIG. 10. (Color) Heat transport coefficients ;, (left column) and II;, (right column) as functions of €7, calculated for s=1.8.
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FIG. 11. (Color) Heat transport coefficients vs magnetic shear calculated for er, = 10.
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(A5)

As a result one gets

8¢ | 2T k
€or “m(p)),
eB

T,

e

I''=-2n;

j ; (A6)

where a mixing length approximation for the potential per-
turbation amplitude,'® e8¢/ T, ~ Y/ (K2pyc,), is usually
used for rough quantitative estimates.

The density of anomalous heat flux can be assessed as'

6

For the g; part nonvanishing for zero particle flux we get
Eq. (16) with the factor Q; relating the temperature and po-
tential perturbations,

Q=0 "er + 0], (A8)
where
M. 2 _ m;
Q] ="M 3@ | = )k
J jo
3 3Z]3.mi J s Z
2_| 10 m; AR
~o| — (1) p? zx(—l)
+30 3Z}‘m,-( ) kP + Z
mA
+§—’7-j)\} , (A9)
J
M. 2 2 2 m;
r_Mil| 4y, 2= _ Syl Mj oo o
Qj_Nj [ 3)\+3wPDjNJ]enj+3w{ Zm, lps]
2 {1 m;
=@ ——L()\r)kzpz}
2 J/NMLFs
3 3Zim;
2 10 m; m;
ot E e o e
NC 3ij,-( )k, P fij,
215 . [ NT;
Zaf S|, (10)
m; j
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