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The impact of electromagnetic effects on the transport of light and heavy
impurities in tokamak plasmas is investigated by means of an extensive set
of linear gyrokinetic numerical calculations with the code GYRO (J. Candy
and R. E. Waltz, J. Comput. Phys. 186, 545 (2003)) and of analytical
derivations with a fluid model. The impurity transport is studied by ap-
propriately separating diffusive and convective contributions, and conditions
of background microturbulence dominated by both ion temperature gradient
(ITG) and trapped electron modes (TEM) are analyzed. The dominant con-
tribution from magnetic flutter transport turns out to be of pure convective
type. However it remains small, below 10%, with respect to the F x B trans-
port. A significant impact on the impurity transport due to an increase of
the plasma normalized pressure parameter § is observed in the case of ITG
modes, while for TEM the overall effect remains weak. In realistic conditions
of high 3 plasmas in the high confinement (H-) mode, with dominant ITG
turbulence, the impurity diffusivity is found to decrease with increasing 3 in
qualitative agreement with recent observations in tokamaks. In contrast, in
these conditions, the ratio of the total off-diagonal convective velocity to the
diagonal diffusivity is not strongly affected by an increase of 8, particularly at
low impurity charge, due to a compensation between the different off-diagonal

contributions.
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I. INTRODUCTION

While the presence of impurities in the edge and divertor regions of a tokamak has ben-
eficial effects like the reduction of heat loads on the first wall elements and a cold gas target
around the divertor, in the central region it might imply serious limitations of performance
and operation in a fusion reactor. Thus, the possibility of reaching plasma conditions with
reduced inward convection or even outward convection of impurities in the core is extremely
attractive for reactor operation. This is of particular importance in the presence of highly
charged plasma facing components, like W.

In this framework, the increasing interest in high [y scenarios, like the hybrid scenario
[1-3] for ITER [4] operation, motivates the study of the impact of electromagnetic effects
at finite 5 on the transport of impurities from the theoretical standpoint. Here Gy =
B/(Ip/aBr) with 3 = (p)/(B%/8m) where (p) is the volume average kinetic pressure, I, the
plasma current, a the plasma minor radius and By the toroidal magnetic field.

The impact of finite 3 effects on light impurity transport has received some consideration
from the experimental side [5,6]. A decrease of the He diffusivity with increasing  has been
observed in DIIT-D [5], and, consistently, a decrease of trace T diffusivity with increasing (3
has been documented in the Joint European Torus (JET) [6]. The consistency between these
experimental observations provides an important test for theory validation in the prediction
of the effect of increasing (3 on the transport of impurities. This is of particular relevance for
nuclear fusion applications, since a decrease of He diffusivity with increasing # might have
negative consequences on the central He ash concentration due to the effect of the central He
ash particle source in a burning plasma. We consider this problem in the present paper, and,
by this, we aim at complementing recent theoretical works dedicated to impurity turbulent

transport in the electrostatic limit [7-17].



Both light and heavy impurities are considered. We show that for experimentally achiev-
able values of 3, electromagnetic effects can be significant in some conditions. By means
of an approach already applied in electrostatic calculations [12], we identify diffusive and
convective contributions to the impurity transport, and compute both the £ x B as well as
the magnetic flutter [18] transport. The decomposition of the fluxes in diffusive and convec-
tive contributions allows the direct comparison with the experimental results. Experimental
measurements, usually obtained by means of the analysis of transients produced by gas puff
or laser ablation of impurities, yield separately the values of the diffusion coefficient and of
the total convective velocity.

In order to reach the purpose of our investigations, and to consider a large range of impu-
rity charges in different turbulence conditions, an extensive set of numerical calculations is
required exploring different domains of plasma parameters. For this reason, we felt obliged
to limit our study to the calculation of quasi-linear transport, while nonlinear electromag-
netic simulations of impurity transport, which are highly demanding in computer time, are
left for future work. The quasi-linear impurity transport is calculated using the gyrokinetic
simulation code GYRO [19,20]. Plasma parameters providing both ion temperature gradient
(ITG) and trapped electron modes (TEM) as unstable microinstabilities in the background
have been considered. Analytical derivations, starting from a simple fluid model, are per-
formed in order to shed light on the physics processes which are responsible of the numerical
gyrokinetic results.

The paper is organized as follows. The next section introduces the ITG and TEM
reference cases and shows the numerical results, investigating the effects of 5 on impurity
transport as a function of the impurity charge (Z,) and mass (A4,). Section IIT presents the
simple fluid model, and the analytical calculation of the electromagnetic effects on impurity
transport, used for the interpretation of the numerical results. In section IV, the specific
case of typical realistic parameters of an H-mode plasma at mid-radius are considered. The
results are compared qualitatively with the experimental observations documented in the

literature and discussed in projection to the operation of future fusion devices like ITER.



Finally, the last section draws the main conclusions of the work.

II. GYROKINETIC CALCULATIONS OF ELECTROMAGNETIC EFFECTS ON

TRACE IMPURITY TRANSPORT

In this section, results of gyrokinetic calculations are reported, in which a third particle
species, namely an impurity, is included in very small charge concentration. The gyrokinetic
equation for a particle species j is linear in the normalized logarithmic temperature and
density gradients, respectively R/Ly; = —RV,T;/T; and R/L,; = —RV,n;/n;, where R is
the major radius of the tokamak. Therefore, in a local description, a formal expression for
the linear response of the perturbed distribution function ¢ f; to an electromagnetic potential

fluctuation
UZ&@—UH/C&‘XH, (1)

where v, d¢ and 0 A4, are parallel velocity, electrostatic and parallel vector potential fluctu-

ations, respectively, is provided by the following linear combination of these gradients,
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where the coefficients A;, B; and C; do not depend on the logarithmic gradients themselves,
but are complicated functions in the phase space.

The particle flux I'; in the radial direction is given by

L, = ([ dwof; (B x VU/B?) |, 3)

where the symbol ( ) describes the flux surface average. As a direct consequence, the
linearity in the gradients is formally preserved, leading to an expression for the particle flux

which is usually written as
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where D; denotes the diagonal diffusion coefficient, Dr; the thermodiffusion coefficient and
Vp; is the pure convection velocity. While such an expresson provides a useful physical
decomposition, it cannot be considered as a real linear relationship for bulk plasma species,
since the transport coefficients depend on the logarithmic gradients. However, for an im-
purity species p with a charge concentration n,Z,/n. small enough to be negligible in the
Poisson and Ampere equations, the coefficients D,, D, and Vp, become independent of the
logarithmic density and temperature gradients of that species and the impurity behaves like
a trace. The flux of this trace species is a linear function of the logarithmic gradients. In
particular, Vp, provides the residual flux in the absence of gradients of the impurity, that is
when R/L,, =0 and R/Lg, = 0.

As a consequence of such a linear relationship, the three coefficients D;, Dy; and Vp; can
be easily computed with a gyrokinetic code using an appropriate set of linear gyrokinetic
simulations. Recasting Eq. (4) in the form,

RT R R
—L =D, <—+CT—+CP>, (5)

np Ly Ly

the coefficients Cr = Dr,/D,, and Cp = RVp,/D, can be identified from the slope of the
particle flux as a function of the logarithmic temperature and density gradients, as well as
from the residual flux at zero gradients. In stationary conditions, in the absence of a source
and for negligible neoclassical transport, the turbulent flux is at the null, namely I', = 0,
and the coefficients Cr and C'p provide the stationary logarithmic density gradient, through
the relationship R/L,, = —Cr R/Lr, — Cp. It is worth mentioning that first comparisons
between linear and nonlinear gyrokinetic calculations of these parameters in the electrostatic
limit have shown a satisfactorily good agreement [16].

Here, such an approach is applied in order to compute the electromagnetic effects on
the transport of an impurity. The gyrokinetic code GYRO is used for linear flux tube
simulations. We include an impurity species with a charge concentration of 1/1000 in a
plasma of deuterons and electrons. In order to investigate the different role of ion tem-

perature gradient (ITG) and trapped electron mode (TEM) microinstabilities, the fol-



lowing reference cases have been considered. The ITG case is defined by the gradients
R/Ly; =9 and R/Ly., = R/L,; = R/L,. = 3, while for the TEM case R/Ly, = 9 and
R/Ly; = R/L,; = R/L,. = 3. Common parameters are the safety factor ¢ = 1.4, the mag-
netic shear s = r/q dq/0r = 0.8 and the local inverse aspect ratio € = ry,./R = 0.17 (75c
is the local minor radius). A s—« geometry [21] is assumed, and ion, impurity and electron
temperatures have been chosen to be equal. Collisions are excluded.

The linear dependences of the impurity flux on the logarithmic gradients have been
verified in both linear and nonlinear electrostatic simulations [8,12,16]. Fig. 1 shows for the
ITG case that a linear dependence is also given in calculations at a finite 3, of 1% for both
the E'x B (a, c) and the magnetic flutter component from fluctuations of A [18,22,23] (b,d)
of the flux as functions of R/L,, and R/Ly,, respectively, where (3. takes electromagnetic
effects into account. Here, a single value of k,p, = 0.3 in the spectrum has been selected,
where £, is the binormal (almost poloidal) wave number and ps = /T, m;/eB is the Larmor
radius computed with the sound speed. The contributions are calculated consistently in
such a way that the sums of the E' x B and the magnetic flutter components give the
total flux. The dimensionless transport coefficients Cr and Cp become independent of the
saturation amplitude of the fluctuating electrostatic and magnetic potentials, which makes
them particularly suited for linear calculations.

Such a normalization cannot be applied directly to the dimensional impurity diffusion
coefficient. However, an appropriate and experimentally relevant normalization can be easily

identified. We define the total effective heat conductivity y.g of the plasma such that

Qtot _ Qz Qe _ \
2T T ar Xt (6)

where Qy0, @Q; and @), are the total, ion and electron heat fluxes, respectively, T = (T;+7) /2
and VIT'/T = V(T;+1,)/(T;+T.). Using the definitions in Eq. (6), it can be directly derived

that

2(XZVTZ/TZ 'Ti/T+X6'VTe/Te'Te/T) (7)
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and therefore with 7; = T, and VT; = VT,, Xet = Xi + Xe, Where x; and x,. are the ion
and electron effective heat conductivities, respectively. These can be computed within the
quasilinear gyrokinetic model by x;¢(r) = —Qic(7)/n;0T; . /Or with

my;

Qie(r) = ( / v ’28”25 fie (B x VU/B?) ). (8)

These coefficients correspond to the power balance heat conductivities determined in ex-
periments, which easily allows direct comparisons between our quasi-linear results and the

experimental observations.

We separate E x B and magnetic flutter transport by the following definitions

D D
Cr = (Cr)pxp + (Cr)m = =Crp + —Crp (9)
Dtot Dtot
and
D D
Cp = (Cp)exs + (Cp)m = & Cpr + r Cpr, (10)
Dtot Dtot

where D and Dy are the diagonal diffusion coefficients with Dy,; = Dg + Dp, Crgp =
Drg/Dg, Crrp = Drp/Dp, Cpgr = RVpg/Dg and Cpp = RVpp/Dp. The quantities Drg
and Drp are the thermodiffusion coefficients and Vpg and Vpp are the pure convective
velocities due to E x B (E) and magnetic flutter (F) transport, respectively.

Figure 2 shows the poloidal spectrum of the linear eigenfrequency w, = w,/wp; (a) and
growth rate ¥ = vy/wp; (b), as well as the E x B and magnetic flutter (F1) components
of the transport coefficients D, g« p/Xetr (c+d), (Cr)pxp (e+f) and (Cp)gxp (g+h) for the
ITG and TEM cases, with helium as impurity species. We normalize all frequencies to
the ion fluid curvature and VB drift frequency wp; = 2ky,p;v;/R, with v} = T;/m; and
pi = V/Tim;/eB. The value of 3. = 0.5% has been chosen. The spectrum of 4 shows its
maximum at k,p, ~ 0.3 in the ITG case, whereas for TEM a continuous increase up to high
poloidal wave numbers is found, since also electron temperature gradient (ETG) modes are
unstable for this case, because we have chosen a reference case with T, = T;.

The magnetic flutter transport reveals a significant dependence on the poloidal wave

number, and is strongly reduced at large values of k,ps;. Therefore, we expect significant
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differences for this part of the transport in nonlinear simulations. However, it remains
small with respect to the total transport, with a contribution which is of the order of 1%
(or 10% for Cp) of the E x B transport. The latter, instead, does not exhibit strong
variations as a function of the poloidal wave number. For this reason, for the qualitative
purposes of the present study and considering also the large number of calculations required
to explore the dependences of impurity species with various charge and mass in different
turbulence conditions, we limited ourselves to perform all the calculations presented in the
followings at the single representative value of k,p; = 0.3, where the maximum growth-rate
in the ITG case occurs. We mention that quasi-linear calculations to be applied for more
quantitative comparisons with experiments should involve the computation of the entire
long wave length spectrum, with the inclusion of a model for the spectral dependence of the
fluctuation amplitude of the potentials, as made for instance in [11].

In figures 3a and 3b the electromagnetic dependence of the normalized eigenfrequency
and linear growth rate are shown for helium as impurity species. The values of @,, being
positive for modes in the ion diamagnetic direction and negative in the electron diamagnetic
direction, remain almost unchanged with increasing . in both cases. In contrast, the
linear growth rate 4 shows different behaviors in the [TG and TEM cases, it decreases with
increasing [ in the ITG reference case, while it remains almost unaffected in the TEM case
[24,25]. We shall show in the next section, that this difference in the behavior of the growth
rate is responsible for the differences found in the the dependence of impurity transport on
(3 in the ITG and TEM cases.

Figure 3 shows also the behavior of the coefficients D,/xes (c,d), Cr (e,f) and Cp (g,h)
as a function of (3, in linear gyrokinetic simulations, both for £ x B and magnetic flutter
(F1) transport, respectively. First, transport due to E X B motion plays the major role. It is
interesting to note that the dominant contribution of the magnetic flutter transport has the
nature of a pure convection and can be up to 10% in the ITG case at high §.. On the con-
trary, the diagonal diffusion and thermodiffusion contributions provided by magnetic flutter

are &~ 1% in the ITG case, or even smaller for the TEM case. Second, D, g« p/Xes decreases
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with 3, in the ITG case, while in the TEM case it is slightly increasing. As we shall show,
the reduction of D, gxp/Xes in the ITG case is connected with the reduction of 4, where
D, g« p decreases stronger that xes. As usual, in both cases positive values of Dy gy 5/ Xeft
are obtained, that is outward diagonal diffusion. This is in contrast to the magnetic flut-
ter component. Moreover, for all the flutter components of the transport coefficients, the
directions exhibit a change going from ITG to TEM. Third, both the thermodiffusion and
the pure convection are directed inwards in the TEM case, as indicated by the negative
value of the coefficients (Cr)gpxp and (Cp)gxp. For ITG modes, the thermodiffusion is
directed outwards. The present results agree with previous results in the electrostatic limit
[26,27,8,10,11]. In the case of TEM, electromagnetic effects are weak, while they play a strong
role in the ITG case. In particular, the increase of the thermodiffusion factor (Cr)rxp in
the outward direction can dominate over the increase of the pure convection term (Cp)pyp
in the inward direction (we remind, that in the calculation of the total impurity flux ', the
coefficient (Cr)rxp has to be multiplied by R/Ly,, which is > 5 for typical parameters at
mid-radius). These sorts of behavior can be compared to claculations using a spectrum up to
a maximum value of 0.7 in k,p,. The transport coefficients have been calculated by weight-
ing each contribution according to v/(k%) as it has been suggested in [28], and are indicated
as open symbols in Figure 3. While for the ' x B contribution in the ITG reference case we
do not find large differences, which is consistent with comparisons of linear and nonlinear
results in [16], the ratio D,/xes is slightly reduced in the TEM case, and (Cp)gxp shows
a small decrease with increasing .. As already mentioned before, the flutter coefficients
show a stronger contribution on the poloidal wave number. Its contribution to the transport
coefficients is increased as compared with the calculations at a single k,p, = 0.3 by the fact
that v/(k%) peaks around 0.12 (cp. Figure 2).

At this point, it is of interest to investigate the behavior of trace transport coefficients
due to changes in the impurity charge (Z,) and mass (A,). Figure 4 shows the coefficients
D,/xerr (a-d), Cr (e-h) and Cp (i-1) for the ITG (left panel) and TEM (right panel) cases

with increasing Z, = A, /2. Contributions from E x B and magnetic flutter (F1) have been
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separated, and we observe again that £ x B transport exceeds the latter by at least a factor
of 10 in the ITG case and more than a factor 100 in the TEM case for small Z, = A, /2.
With increasing impurity charge, the flutter contribution becomes completely negligible for
diagonal diffusion and thermodiffusion at all ., while it reaches a finite asymptotic value
for pure convection at large Z,. The charge dependence of D, gy 5/ Xes for different impurity
species is not strongly affected by electromagnetic effects because all the curves at different
charge are almost parallel. In contrast, (Cr)pxp and (Cp)gxp exhibit different dependences
on 3 depending on the impurity charge, in particular, dependences are stronger for light
impurities.

In order to separate the effects of impurity charge and mass on the transport coefficients,
also a scan of Z, at fixed A, = 1 has been performed. They are presented in Fig. 5. For
D, pxp/Xerr the behavior for both ITG and TEM is recovered. Therefore, the impurity
charge is the quantity dominating diagonal diffusion coefficients. The mass A, weakly lowers
the values of D, pxp/Xerr, see Figs. 4c and 5c¢ (for instance for Z, = 1). The coefficients
D, /xesr and Cr show an asymptotic behavior with increasing Z,, while C'p grows linearly at
high values of Z,,, as expected from previous results [8]. Compared to Fig. 4, this shows that
the impurity mass counteracts the effect of charge at finite values of (3, for both £ x B and
flutter diagonal and thermodiffusion, and prevents the linear increase of the pure convection.
Obviously, the relative magnitude between E x B and magnetic flutter transport cannot be
considered realistic for these cases with fixed mass.

In the next section, a simplified fluid model is used in order to shed light on the main
physical processes which are responsible of the dependence of the impurity transport on 3,

and of the results found in the numerical calculations.

III. FLUID MODEL

In order to understand the physics mechanisms which are responsible of the numerical

results for the transport coefficients D,, Cr and Cp including electromagnetic effects, a fluid
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model is considered following Refs. [29-33,8]. The model is kept simple enough in order to
allow us to compute analytically the main electromagnetic effects on impurity transport. An
important element in the following derivations is the relationship between the fluctuating
electrostatic potential d¢ and the magnetic field perturbation § A, which is provided by the

dynamics of passing electrons.

A. Electromagnetic fluid model

We summarize the main equations derived in previous works ( [29-33,8]). These are
essential to understand the origin of the analytical expressions of the transport coefficients,
which will be given later. The continuity equation for the trace impurity species is given by

0 N
% +V (npve) + V(nyvy) +V (nPeHUHp) =0, (11)

where the second term includes the E x B velocity, the third the diamagnetic drift, and the
last the parallel velocity. Drift contributions due to polarization and off-diagonal elements
of the stress tensor are neglected, since they appear as finite Larmor radius corrections.
Using harmonic perturbations of the form n, = n, o+ f, = n, + 0n, exp (ik - x — iwt) and
normalizing all frequencies to the ion fluid curvature and VB drift frequency wp;, Eq. (11)

can be written in the form,

4T, R T,, - .
_ _ — 1=t = 0. 12
why + 7, <2an Tp¢+kuvup 0 (12)

~

Here, fi, = dn,/npo, T, = 6T,/T,0 and v, = dv/v; are the normalized density, temperature
and parallel velocity fluctuations, d; = ed¢/T, is the normalized fluctuating electrostatic
potential, and /%H = kjjv;/wp; is the normalized wave vector parallel to the magnetic field
(note that the system has been assumed in the absence of an equilibrium parallel velocity).
The second term arises from a finite value of the divergence of the diamagnetic drift, which is
in fact a curvature effect (and therefore proportional to 1/7,), the third term includes E x B
advection and compression independent of charge, and the last term describes compression

in parallel velocity.
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The equation for the parallel velocity fluctuations is given by

Ov 1 /0A AN A
mpNy, 8!7’ = —Zyen, [Vgﬁ + p (WH — (V*p X (V X A||6||))6>] — VH (inp), (13)

where the second and the third terms on the right hand side take electromagnetic effects
into account via the (fluctuating) magnetic vector potential A, [31]. Linearizing Eq. (13) in

the fluctuating quantities, and including the same normalizations, the parallel force balance

reads
A, ZT.. -~ ZTv[. 1 (R  R\: (0 =+

— 20y, + 2k — S o — — )| A+ k 7,) =0, (14
ek T ) Cl 7, <2an+2LTp>] 1+ ky (7 +T,) =0, (14)

where we introduced le = edA)|/T. and assumed T; = T}, and Z; = 1 without loss of general-
ity. The factor in front of AH is composed of terms proportional to the logarithmic gradients
of impurity density and temperature profiles, arising from the diamagnetic drift velocity, and
a term proportional to the complex eigenfrequency arising from the time derivative 9;A,.
This indicates that the inclusion of electromagnetic effects yields additional terms in the
impurity transport proportional to R/L,,, namely of diffusive type, proportional to R/Lyy,
namely of thermodiffusive type, and of pure convective type, being not proportional to im-
purity gradients. This is consistent with the results of the numerical gyrokinetic calculations
presented in the previous section.

The energy balance equation reads

3 0
inp (E + v,,V) T, +n,T,Vv, = —Vq,, (15)

where v, again includes the fluid drifts. An analogous derivation as for the previous equa-

tions, neglecting finite Larmor radius effects, leads to

5\, 2 R R\T.,
o — T —On,.. — — —ob=0. 16
( 2 3Zp> - 3wn <2LT:D 3an> Tp¢ ( )

The physical meaning of each term is analogous to that described in Eq. (12). The fluid

closure is chosen in such a way that the total heat flux g, is equal to the diamagnetic heat
flow ¢, while parallel heat flows are explicitly neglected [29]. Note that the parallel fluid
motion is not included in Eq. (16) since its contribution drops in the linearization. Moreover,

collisions are excluded.
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B. Relationship between fluctuating potentials @ and All

Electromagnetic effects can enter the fluid equations of the trace impurity mainly in two
ways. The first is through changes in the eigenfrequency w of the background microinstability
due to an increase of 3, which affects already the electrostatic part of the impurity fluid
equations. The second is through additional terms proportional to AH in the impurity
parallel motion equation. The gyrokinetic results of the previous sections have shown that
in most cases radial transport due to E' X B motion exceeds magnetic flutter transport by
two orders of magnitude. Therefore, we concentrate on the E x B transport, first. We shall
discuss briefly some aspects of the magnetic flutter part at the end of this Section. The
main impact of changes of @ due to an increase of 3, can be studied calculating the phase
shift between n, and qg using the impurity fluid equations in the electrostatic limit. Instead
the calculations of additional direct terms depending on 3 in the impurity fluid equations
involve the calculation of the relationship between AH and é, provided by passing electron
dynamics. This is briefly presented in this subsection.

Following [31,33], and combining passing electron continuity equation and parallel force
balance with the Ampere’s law, the relationship between the fluctuating electrostatic ¢§ and
magnetic vector potential le can be derived. Temperature fluctuations of passing electrons
are assumed in the isothermal limit, where inertia is neglected. The result expressed with

the normalizations introduced in the previous subsection reads,

A _];ZE _Te/ﬂR/2Lne_d}
= Hvi w (Te/Ti R/2Lne - UA}) - Te/Ti [L‘Aj - (1 + 776) Te/Ti R/2Lne] + kiﬂ?kﬁvz/v

50- (17)

i

In a more compact form, this can be written as
Al = k() ¢. (18)

The Alfvén velocity is given by v4 = B?/(4mn.m;). In order to identify the explicit oc-
currence of electromagnetic terms in Eq. (17), a re-arrangement of the third term in the

denominator is made. It will be shown, that this one is the leading contribution in the
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limit of small 8,. Assuming n, = n;, one finds v4/v? = 2/6; with 3; = T./T; B.. The
definition of k; = (¢R)~" in our simple model leads to the normalized parallel wave vector
/;:ﬁ = (4¢°k;p7) ', Therefore the last term is k% pfkfjv] /vf = k7 /(2¢%k; ;). Since usually

@ = O(1) and, in the limit of small 3;, k7 /(2¢°k;3;) = O(10) to O(100) (assuming k; ~ k),

we identify the leading terms in Q(&), Eq. (18) via

A c k2 /T, R
Q) = —2—=6;4>~= <_e
(@) Uzﬂq e \T2L,,

+ w) . (19)
To summarize, the fluid model consisting of Eqs. (12), (14), (16) and (17) (or with (19)

for small-3; approximation) allows an analytical derivation of the trace impurity particle

transport coefficients D,, Cp and Cp. This will be completed in the next section.

C. Analytical F x B transport coefficients

We study the impact of electromagnetic effects on the E x B transport. As already
pointed out in the last section, electromagnetic effects can occur in two ways. The first
way is through the modification of the phase shift between impurity density fluctuations
and electrostatic potential fluctuations in the electrostatic limit produced by changes of the
eigenfrequencies in response to an increase of § in the background plasma. The second
way is by means of additional terms in the impurity flux introduced directly by fluctuations
in the parallel vector potential. We find that the first way is that which produces the
dominant effects, and therefore we start by discussing this one. We focus first on the
ratio of the impurity diffusivity to the total effective heat conductivity D, gpwp/Xerr- The
effect of changing 3. on impurity diagonal diffusivity and total effective heat conductivity is
calculated adopting the fluid model consisting of the continuity equation, the energy balance
equation and the parallel motion equation of the trace species. As just mentioned, we neglect
the explicit . dependence, i.e. the electromagnetic contribution to the Lorentz force, but we
concentrate on the effect of 4 in the electrostatic expression. According to Fig. 3b, the linear

growth rate remains almost constant with increasing (3, for the TEM case while it strongly
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decreases in the ITG case. Thus, in the latter case, where y.g is mainly determined by the

ion heat conductivity, the ratio D, gxp5/Xes due to this model is given by the coefficients

22
YV e (e T 55
Dy e = 205 Lo )
PEE T T2 {M <2|w| 32, T 1822

o di |1 5 (A W 25

kZ_Z - 7A2_A2 9 k2— Wr .
+Ap[6(7 0?) + 9<||A+Zp t 5

1 ’ 5 ~ 3, ~, A~ A

{9AzZ4 {Ai|w|2 [9Z;} (1912)° + 1022 (1302 + 747) + 25 — 100Z,6, — 6OZ§wr|w|2] +
10T A Ay (52,0, — 152,07 + 132308 — 32301 + 324" + Z24” (5+ Zydy)| +

-1

25k ALZY | 2247 + (Zyor — 1)°] }} (20)
and
_ 72 ~ 12 1 ~ 12 ~ 5 ];ﬁ ~9 ~9 N 5k
Xi_2k—% || <§|w| —w,«+6> +§(47 —2wr+5w,u) +6 ||+
Lyi [nf2. 10N K/ ., ., 20, 5oy
L. ["*" 3~ 5) T3 (3“4 —T7 - ?"r) B §’“H i
Lri [0 (2 10 20, 10,
1
{5 {|a;|2 {9 (I67)" + 10 (13&7 + 74%) + 25 — 1002, — 60, |&| ]
. A

3+ (@ -1}, (21)

where we expanded & = @, + ¥ in the fluid equations such that ||?> = &2 + 4% The usual
mixing length estimate applied in Ref. [29] has been used, where the saturation level is
assumed to be provided by the balance between linear growth rate and the dominant £’ x B
convective nonlinearity.

In order to explain the behavior of the ratio Dy gpxp/Xe, it turns out that parallel
motion, which has been included in the lengthy calculation of Eq. (20) and Eq. (21),
is important, because in this way the diagonal diffusion coefficient decreases in the ITG
case with increasing (3, due to its strong dependence on %, while x.¢ only weakly decreases

with increasing (.. This leads to a ratio D, gxp/Xesr, Which decreases with decreasing
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4, in agreement with the gyrokinetic results. For impurities with high Z, = A,/2, the
decrease of D, g, p with raising . becomes stronger, but also the ratio of the respective
denominators increases. This implies that the decrease of D,, x5/ Xef is not strongly affected
by increasing impurity charge, as also found in the gyrokinetic results, Figs. 4 and 5. The
ratio D, g/ Xes is mainly determined by the dependence of D, gy p with increasing .. We
underline that, like often performed in experimental comparisons between particle diffusion
and heat conduction, the coefficient D, gy p is the diagonal impurity diffusivity, while y.q
is the total power balance (effective) heat conductivity. Therefore, only a part of the phase
shift between n and qAS is considered in the former case, while in the latter one the total
phase shift between 7" and ngS is taken into account. In the TEM case, the linear growth rate
is changing very weakly with increasing (., and therefore neither D, pxp nor xes show a
significant change, which explains why D, gy p/Xes remains almost constant in gyrokinetic
simulations.

Now, we turn to the effect caused by the variation of linear growth rates with increasing
[ on the coefficients C'r and Cp produced by electrostatic fluctuations. This can be readily
discussed using the expressions in [8]. We recall that, neglecting parallel velocity fluctuations,

the electrostatic £ x B thermodiffusion coefficient for the impurities reads,

2 Oy —5/(32,)

C =7
(Cr)esT Z, |o]? — 144, /(37,) + 55/(92,3),

(22)

where again |0]? = ©? + 4?. We observe therefore that a decrease of 4 with increasing (3
leads to a decrease of the denominator and therefore an increase of the coefficient Cr, as
found in the gyrokinetic results for the ITG reference case. On the contrary, in the TEM
case the linear growth rates are only weakly affected with consequent small changes of the
impurity thermodiffusive coefficient.

The same considerations can be made for the pure convection coefficient C'p. Neglecting
again parallel velocity fluctuations, (Cp)psr = —2(1 + 2(Cr)gsr/3), which consistently
provides an increase in size of C'p in the inward direction due to an increase of C in the case

of the ITG mode, while it remains almost constant in the TEM case. The consistency with

16



the gyrokinetic results indicates that the main mechanism through which an increase of (3
affects the transport of impurities derives from the coupling between density and temperature
fluctuations produced by the VB and curvature drift.

It is certainly of interest for the physical understanding to investigate also the dependence
of thermodiffusion and pure convection on the impurity charge and mass by means of the
fluid model. In addition, this allows us to more directly separate transport processes due
to perpendicular drifts from those arizing from parallel dynamics. To this end, we consider
the full electrostatic fluid model, including also the electrostatic part of the parallel motion
equation, and we note that in the limit of very large impurity charge, that is Z, >> 1, the
coupling between density fluctuations and parallel velocity fluctuations is the only one which
does not vanish. In the thermodiffusion coefficient, parallel dynamics introduces additional

terms with respect to Eq. (22), yielding the following more complete expression

BE (5N 1A (a 10 5 A
B (o - 2 ) ot (e — 42— 2t ) - Liztip L
(Cr)es {Zp U= 3z,) Pt \Pr T TR, ) ez,

o (2102 — i+ —
> 37, " 1822
LA 1 5 (A @ 25 117"
k=== (7% — @2) + = | kT — + — 23
I, l@‘(” %)+ 3 14, " z,) Tsz|f (23)

which reduces to Eq. (22) in the limit of l%ﬁ = (0. From this expression, it is evident that

at high Z, and high mass A, = 2Z, the thermodiffusion coeflicient vanishes. The role of
parallel dynamics can be put in evidence by studying the behavior in the ideal limit of large
Z, with fixed impurity mass A, = 1, as we have already made in the numerical gyrokinetic
results presented in Fig. 5. We observe that with Z, >> 1 and A, = 1 the thermodiffusion
coefficient (C'r)gs does not vanish in the limit 3, = 0 for both ITG and TEM instabilities,
which means positive or negative values of w,, but decreases to finite small values. In
addition, in the ITG case, the coefficient (C7)gg is found to increase in the limit Z, >> 1
with increasing (3, and therefore with decreasing of 4, due to the concurrent increase of the
numerator and the decrease of the denominator, consistently with the gyrokinetic results

shown in Fig. 5. In contrast, no strong dependence on [, is obtained in the TEM case,
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where the eigenfrequencies are found to very weakly depend on f[,.
We turn now to the effect of parallel dynamics on the pure convection coefficient. Ne-
glecting temperature fluctuations this is directly given by the results in [8],
2002 + 4a, k2 Z, Ai /A,
|o]2 + kﬁAi/Ap

(Cp)es) = — (24)

This yields an inward contribution, increasing in size with increasing Z, for the ITG case
(positive w,.). In contrast, in the TEM case it is directed inward for small impurity charge,
but reverses direction with increasing charge due to the outward contribution of the second
term at the numerator (negative &,). These behaviors are also found in the numerical
gyrokinetic results presented in Fig. 4, in the limit of ., = 0. The dependence on [,
found in the ITG case can be also explained by the simple fluid model, observing that with
increasing 3, and therefore decreasing 4, the second term —4®,l%ﬁZpAi/Ap/(|d;|2 + l;:ﬁAi/Ap)
in Eq. (24) increases in size, in the inward direction.

All these considerations based on the simple fluid model, and the consistency found with
the more complete numerical gyrokinetic results, allow us to explain the dependences on
B and impurity charge and mass found in the gyrokinetic calculations and to identify the
main physical processes which are responsible for these. The main dependences arize from
electrostatic type of transport processes, mainly connected with the perpendicular dynamics.
An increase of [, affects the electrostatic impurity transport through the dependence on 3,
of the eigenfrequencies, and in particular the growth rate, of the background instabilities.

However, as we were mentioning above, in addition to the influence of the variation of
the linear growth rates on the electrostatic part of the impurity flux, electromagnetic effects
on the F x B transport are produced also by additional contributions due to the presence
of electromagnetic fluctuations in A, which imply additional terms proportional to 3 itself.
Despite the fact that these play only a minor role in the relatively low £ limit of typical
tokamak plasmas, we find interesting to explore their specific dependences on the mode
frequency with the analytical model. In order to single out the electromagnetic contribution

proportional to (3, and adopt equations simple enough to perform analytical calculations,
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we keep only the electromagnetic part in the parallel motion equation,

. A 1 T.v; [1 [ R R n .
“p—xp'a{zpﬁzlz(mﬁzm)‘“’”A“' (25)

In addition, temperature fluctuations, i.e. the Tp term in the continuity equation, whose

main effect has been considered in the previous discussion, are neglected, and, by this,
the coupling with the energy balance is removed, which reduces the order of the algebraic
system. As already underlined, the coupling between continuity and parallel motion equation
is actually the only one remaining in the limit of large Z,.

Including the relationship between the fluctuating potentials qg and fl” given by Eq. (17),

one finds

K =k Z,~~ = =20(&). (27)

By expanding the complex quantities as follows, v = @, + 7, K=K, + iki, the results for

the transport coefficients are

L N S N B B O R B S . S
DP,EXB — ﬁ |N|2 {7|w|2 + Zpg_,e [Kr (7 - 27wr> — Kz (’72 + 7 - Wf)] } ) (28)

T

y T A y . o~ W
Dp,E'XB . (CT)EXB - l :Y L {Kr (Zl - 2’7"‘)1") - Kz (’72 + = - W?) } ) (29)

k:% |N|2ZPT6 p Zp
2’7 ﬁ/ Tp ~ 12 TeA DN > 1 ~
D - (C =21 T °» AL KA+ K [ ——a, ) ), 30
b ixB - (Cr)Exs 2 |N|2Te|w| Tp’y+ v+ Z, »; (30)
) 20, 1
NP =|oP (|0 -+ =]. 31
5P = o (i = 5 + 72 31

The terms proportional to K, or K; identify explicitly electromagnetic contributions through

their dependence on 3;. The first term in D, g, p is the usual term due to E x B advection,
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while the second and the third include the additional term due to /Al” proportional to the
density gradient in the Lorentz force, which has its origin in the diamagnetic drift. Within
these, the contributions proportional to (1/Z,) enter due to the divergence of the diamagnetic
heat flow, which is in fact a curvature effect. In D, gy 5(Cr)p«p the same terms as the last
two in D), gy p appear due to the additional term proportional to the temperature gradient.
The electrostatic part in Dy g« 5(Cp)rxp occurs from E x B compression, and the last two
arize again from electromagnetic additions proportional to @ in the Lorentz force (coming
from the 0,A) term), where contributions proportional to (1/Z,) are again due to curvature
effects.

In order to simplify these results, D, gy p as well as the dimensionless quantities (Cr) g« 5
and (Cp)pxp are calculated in the limit of small ;, i.e. using Eq. (19). After this reduction,
R’r includes a term o< R/ Ly, arising from the E' x B advection term in the electron continuity
equation used to relate le to dg, and a term o< w,, while K; is proportional to 4 only. The
latter two are due to the time derivative of the fluctuating electron density. Then, the

additional contributions proportional to  in the transport coefficients are,

52
v v 1A B |T. R . ! o)?
D = T T~ -\ = T 2 Tz , ¥
PEXB = 32K {QAP 12 2 lTp ST G %] (32)
1AZ‘ ﬁz I T. R 5 !
Cr)pxs = == = S R .
(Cr)exs 2 A, k2 p? [|@|2TZ 2L, ( w Z,,) + ] (33)

and

(CP)EXB =

A; B (Te R 1>. (34)

A re\TL, 7,
Here, only the leading order electromagnetic terms O(3}) have been taken into account. The
first and second terms in D, gy p and (Cr) gy p have the same origin, namely E x B advection
and time derivative of the fluctuating electron density, respectively. The coefficient (Cp) g5
is given by E x B advection and a curvature term. Eqn. (32), (33) and (34) provide small

additions on the charge and mass dependence of trace impurity coefficients D, g 5, (Cr)exn

and (Cp)gxp in electromagnetic simulations.
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We observe that these contributions proportional to 3 are such that in the case of diffu-
sion and thermodiffusion the coefficients D, g« p and (Cr)gxp depend on the real frequency
of the mode, and consist of terms which are all in the outward direction for the case of a
ITG mode (@, > 0), while they can balance in the case of TEM (@, < 0). In the thermod-
iffusion coefficient, this part proportional to 3 enhances the effect previously described in
the electrostatic part of the flux by the reduction of the growth rate of the instability with
increasing (3. On the contrary, the part of the coefficient (Cp)gyp proportional to  given
by Eq. (34), increases in size in the inward direction with increasing (3, for both the ITG
and the TEM case.

D. Analytical magnetic flutter transport coefficients

Although the magnetic flutter contribution to the total transport is small in the low [,
limit, the gyrokinetic results exhibit the interesting feature that magnetic flutter transport
components can reverse their direction from the ITG to the TEM instabilities. This is
particularly the case for the dominant term of the magnetic flutter transport, that is the
pure convective flux. In order to investigate the main physical reason behind the numerical
results, we applied the same fluid model also to the analytical calculation of the magnetic
flutter flux I'py/n, = —k, (7 pA4)/B), and we compare it with the gyrokinetic results. The
complete analytical calculation of the complex phase relationship between parallel velocity
fluctuations ), and parallel magnetic vector potential fluctuations fl” is as lengthy as
that for the E' x B transport, which instead implies the calculation of the complex phase
relationship between density and electrostatic potential fluctuations. However, a rather
strong simplification can be obtained keeping only first order terms in 3 in the expression
for the flux and focusing on the calculation of the term in the pure convective contribution
which survives in the limit of highly charged impurities. This shall allow us to provide an
example of the dependence of the direction of the magnetic flutter transport on the sign

of the real frequency of the unstable mode. First, we note that, since le X [, terms
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directly proportional to fl” in the expression of 7}, given by Eq. (14), which stem from the
electromagnetic part of the Lorentz force in the parallel motion equation, yield contributions
which are proportional to 32 in the final expression of the flux and therefore can be neglected.
Moreover, we note that in Eq. (14), the effect of the parallel pressure gradient term vanishes
with increasing impurity inertia, while the parallel gradient of the electrostatic potential
fluctuations produces a residual effect at high charge, due to the presence of the charge in
the Lorentz force. Of course, through the parallel pressure gradient, contributions to the
parallel velocty fluctuations which are proportional to the radial logarithmic gradients of
the equilibrium impurity density and temperature R/L,, and R/Ly, occur, and these will
not be included in our analytical calculation. By focuysing only on the leading term for
highly charged impurities, our calculation will deliver a pure convective term only. For such
a term, the calculation of the phase relationship between ngS and AH) which is first order in 3,
is required. We use Eq. (18), in the small 3 limit. We underline that it depends critically on
the eigenfrequency of the instability, which occurs here due to the reactive passing electron
response given by the continuity equation in the presence of magnetic fluctuations. The

analytical expression of the magnetic flutter pure convection coefficient in this limit is,

442 Lk2 A T, R T,2/.T;. R
Cplp = ————Biki =222 —< (2— - —) 35
( P)Fl k%|N|2Dp’totﬁ Hk; Ap pr w 2Lnej—'z Tew + 2Lne ( )
with
. 30 25 R T, R T.\?
N 2 152 (152 oy 2 Ce < _6>
9P = 1o (1af = g+ g ) - l6F + 77 + (57 36)

where the prevailing contribution in D, ,, is given by the E x B diffusion and therefore
is positive. The saturation level has been estimated as before, applying the relationship
between le and ¢, see Eq. (18) in the small 3 limit. The analytical expression can be
compared with the gyrokinetic results. We observe that (Cp)r; in Eq (35) is negative for
ITG modes, that is, it describes an inward directed convection. In addition, it can reverse
sign in case of TEM instabilities with sufficiently large absolute values of @,. This behavior

agrees with the numerical results of our ITG and TEM reference cases presented in Figs.
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3, 4 and 5, where a reversal of the sign of the coefficient is obtained in the two cases. It is
also interesting to note that while in the TEM case the dependence of (Cp)p on 3 is linear,
since the eigenfrequencies of the instability are weakly affected by an increase of [ itself,
in the ITG case, the dependence on [ is stronger, since the decrease of the growth rate of
the instability with increasing [ implies a reduction of the denominator in Eq. (35), which
leads to a more parabolic type of dependence.

In a similar way, the occurrence of the mode eigenfrequency in the relationship between ngS
and AH impacts also the behavior of the magnetic flutter components of the diagonal diffusion
and the thermodiffusion. The calculation of these terms is however longer, since it requires
the derivation of the relationship between parallel velocity fluctuations and electrostatic
potential fluctuations occurring through the E x B advection in the impurity continuity
and energy balance equations. As already mentioned, these contributions decrease with
increasing impurity mass A,.

In conclusion, this section allowed us to identify the main physical mechanisms through
which an increase of § affects the E x B transport of impurities. We have shown that
the main variations are directly connected with the electrostatic part of the flux, which is
modified by to the influence of § on the growth rate of the instability in the background
plasma. In particular for the off-diagonal coefficients C'r and Cp, this is related to the
electrostatic coupling between density and temperature impurity fluctuations produced by
the VB and curvature drift, and explains why [ effects are strongly reduced at large values
of the impurity charge and mass. At high impurity charges with a fixed impurity mass,
additional terms due to parallel motion lead to finite electromagnetic contributions to the
thermodiffusion and pure convection coefficients. We have also investigated specifically
the additional contributions to the E x B transport produced by the coupling with the
fluctuations of the magnetic parallel vector potential A, in the small § limit. We have
found that in the case of the diffusion and thermodiffusion coefficients, these contributions
depend on the sign of the real frequency of the mode, and in particular in the ITG case,

can enhance the thermodiffusion in the outward direction, which is a particularly relevant
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result for the transport of light impurities. In the case of the pure convection coefficient, the
contribution to the transport produced by Aj are directed inward for both ITG and TEM,
since they are found to be independent of the direction of propagation of the mode. The
transport coefficients of the magnetic flutter contribution are given by the phase relation
between parallel velocity fluctuations and the fluctuations in the parallel component of the
vector potential. The comparison of the explicitly derived pure convection coefficient with
the gyrokinetic results indicates that the main physics mechnism responsible for the reversal
of the magnetic flutter convection when moving from the ITG to the TEM reference case
is connected with the occurence of the mode eigenfrequency in the relationship between the
fluctuating electrostatic and vector potentials, due to the non-adiabatic passing electron

response in the presence of magnetic flucutations.

IV. IMPURITY TRANSPORT FOR TYPICAL H-MODE PLASMA

PARAMETERS

In this section, calculations of impurity transport including electromagnetic effects are
made for typical H-mode parameters around mid-radius. We underline that the chosen
plasma parameters are also very close to those predicted for the ITER standard scenario [34],
in the dimensionless form which is applied in the gyrokinetic calculations. The logarithmic
gradients at mid-radius are R/Ly; = 5.0, R/Ly. = 5.3 and R/L, = 2.1, the safety factor is
g = 1.1, the magnetic shear is s = 0.4, the ion to electron temperature ratio is 7,/7; = 1.05,
while the geometry parameters (elongation of 1.5 and triangularity of 0.1) have been used
in Miller geometry [35]. Collisions have been included. The local collisionality is v; [cs/a] =
0.02. The dominant micro—instability in these conditions is a I'TG mode for all presented
values of (.. Therefore we do not expect very large differences with respect to the ITG
reference case followed in the previous sections. However, we consider here the realistic
situation of comparable ion and electron logarithmic temperature gradients, which is more

suited for at least qualitative comparisons with the experimental results available in the
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literature on the impact of 3 on the transport of impurities. Of course, for quantitative
comparisons, the actual measured experimental profiles should be used as input in the
gyrokinetic calculations, and, if possible, nonlinear simulations should be performed.

Linear gyrokinetic simulations for the interesting ion species tritium, helium, carbon,
nickel and tungsten with a ionization stage 46+ typical of H-modes in present devices
around mid-radius (T, ~ 3 keV) are shown in Fig. 6. Vertical lines in the figure identify
the value of 5, = 1.8 % at the ITER standard scenario parameters, and which can be
also considered typical for usual H-mode operation. Results similar to those presented in
Fig. 4 are obtained, which indicates that the reference cases discussed in Section II can be
considered to some extent generic. Nevertheless, results of Fig. 6 allow us to draw some
specific conclusions which we expect to be directly applicable to typical H-mode plasmas.

Magnetic flutter diffusion and thermodiffusion provide only small contributions for all
ion species and at all experimentally relevant values of 3.. In contrast, more significant can
be the convective part of the magnetic flutter, particularly for fully ionized heavy impurities.
The magnetic flutter convection can be as large as 10 % of the corresponding pure convective
E x B transport.

The ratio of the F x B diagonal diffusion to the total effective conductivity reaches
a finite asymptotic value with increasing charge and decreases with increasing (. at all
charges. As we discussed in the previous Section, this is caused by the drop of the linear
growth rate, which is found to affect the diagonal diffusivity much more than the total
effective conductivity. The reason for the higher absolute value of D, gy p/Xes compared to
the ITG parameter study before is the lower y.s due to the lower ion temperature gradient.
The theoretical result of a decrease of the light impurity diffusivity with increasing 3 agrees
with experimental observations for He transport in DIII-D [5] and for trace T transport in
JET [6]. We underline that since the magnitude of diagonal diffusion of He governs the
impact of the central He source produced by fusion reactions on the He ash concentration
profile, the reduction of D, pxp/Xer With [ deserves consideration in the prediction of

the He ash profile in high  operational scenarios and certainly requires further theoretical
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and experimental investigations. We note also that the diffusion coefficient for He in the
electrostatic limit agrees with previous linear and nonlinear calculations [16].

In order to underline the differences to the previous parameter studies, we like to discuss
an interesting result provided by the coefficient (C'r) g« 5 in Fig. 6¢. At moderate values of 3,
tritium thermodiffusion is directed inwards, while all heavier impurities move outwards. This
behavior can be understood through Eq. (22), and shows that for sufficiently low charges
the inward contribution —5/(3Z,) can prevail over the outward contribution provided by @,
for ITG modes. In the present case, with comparable temperature gradients and not too
large value of @,, which is typical of reactor relevant H-mode plasmas, such a transition
in the direction of thermodiffusion takes place between the charge Z, = 1 of hydrogenic
species and the charge Z, = 2 of He. We recall that for TEM instabilities, thermodiffusion
is always directed inwards, for any particle charge. For (Cp)py g, negative values are found
for all impurity species, that is an inward pure convection. Its absolute value increases with
increasing Z,/A,, while a reduction of the charge to mass ratio, like in the case of the not
fully ionized W, acts to reduce the contribution. The light impurities tritium and helium
show only a small increase in the inward direction with increasing (. as compared to the
ITG parameter studies in the previous section.

Finally, the total convection to diffusion ratio are presented in Fig. 7. Here the thermod-
iffusion coefficient C'r has been multiplied by the actual logarithmic temperature gradient
R/Ly; and summed to Cp to obtain the ratio of the total off-diagonal flux to the diagonal
diffusion. As we already illustrated in Section II, such a ratio is equal to the value of R/L,
of the impurity in the absence of a particle source and for negligible neoclassical transport
in stationary conditions. The E x B and magnetic flutter parts of the off-diagonal flux
have been separated in Fig. 7a and Fig. 7b, respectively, and divided by the total diagonal
diffusivity, sum of the £ x B and the magnetic flutter diffusivities. Consistently with all
previous results, the magnetic flutter contribution to the ratio RV/D is small for the range of
standard operational scenarios (3, = 1.6% — 1.9%). Nevertheless, it can reach ~ 10% of the

E x B transport at the projected hybrid operation, with 3, = 2.3% — 2.6%. The dominant
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E x B part is increasing with  at small values of the impurity charge, as a consequence
of the effect of thermodiffusion. This result is of particular interest for He, which turns out
to have the smaller value of RV/D. On the contrary, the total convection to diffusion ratio
decreases (that is, it increases in size, in the inward direction) for heavy impurities. The
effect, however, remains small, and no case of real strong accumulation with increasing (3 is

predicted to occur, which is a result favorable for nuclear fusion applications.

V. CONCLUSIONS

Electromagnetic effects on the transport of trace impurities in tokamaks have been com-
puted using linear gyrokinetic simulations and analytical calculations based on a simplified
fluid model. The F x B and magnetic flutter components of the transport have been cal-
culated separately, in order to investigate their relative contribution to the total impurity
flux. Both components have been decomposed in their diffusive, thermodiffusive and pure
convective contributions, making use of the linear dependence of the flux of trace impurities
on the density and temperature logarithmic gradients. Reference cases with dominant ITG
and TEM modes in the plasma background have been considered, and the dependence of
the transport on charge and mass investigated.

In conditions of both ITG and TEM instabilities, the transport produced by magnetic
flutter is found to be usually only of the order of 1% with respect to the E x B transport.
Interestingly, the dominant part of flutter transport is of pure convective type. For ITG
modes and at large values of 3 it can be as large as 10% as compared to the pure convection
produced by E x B transport, providing a non—negligible component of the dependence
of the pure convection coefficient on 3. The ITG and TEM reference cases allowed us to
show that changes in the background instability can strongly affect the dependence of the
impurity transport coefficients on (.. In the ITG case, the diagonal diffusion normalized to
the effective total heat conductivity decreases with increasing (., while it remains almost

constant in the TEM reference case. Thermodiffusion is found to increase in the outward
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direction with increasing [, at all impurity charges in the ITG case. This can lead to a
reversal of the thermodiffusive flux from inward to outward for very light impurities with
increasing (., since, differently from heavy impurities, the thermodiffusive contribution of
very light impurities can be directed inward in the electrostatic limit in the ITG case. In
the TEM case, thermodiffusion is almost independent on (. and directed inwards at all
charges. The pure convection term is directed inwards in both cases and increases in the
inward direction with increasing (.. The latter effect is stronger in the ITG case, whereas
in the TEM case this behavior is rather weak.

The dependence of the transport on the impurity charge is also of interest. It is found
that the diagonal E' x B diffusion decreases in the ITG case while it increases in the TEM
case with increasing impurity charge. Impurity mass does not have a strong impact. On the
other hand, as it can be easily expected from simple considerations, inertia strongly impact
the properties of the magnetic flutter transport. In particular, the diagonal flutter diffusion
vanishes for heavy impurities. The same is obtained for both £ x B and magnetic flutter
thermodiffusion. Pure convection remains finite at high Z, = A, /2 for both the E x B and
the flutter component.

The numerical results have been interpreted by means of a reduced fluid model, consisting
of the continuity, the parallel force balance including the electromagnetic Lorentz force terms
and the energy balance equation for the impurity species. Analytical expressions for the
various impurity transport coefficients have been derived, which have been used in order
to identify the main coupling mechanisms leading to electromagnetic effects on impurity
transport. It is found that the main effects obtained in the gyrokinetic calculations are due
to the impact on the electrostatic part of the E x B transport produced by the modification
of the linear growth rate of the instability in the background plasma with increasing (..
The main differences between I'TG and TEM therefore are directly a consequence of the fact
that an increase of 3, produces a reduction of the linear growth rate in ITG modes, while
it affects very weakly the linear growth rate in TEM modes.

The behaviors of diagonal diffusion, thermodiffusion and pure convection have been inves-
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tigated for a realistic case of typical H-mode plasma parameters, similar to those predicted
for ITER. The dominant background microinstability turns out to be an ITG mode. Here,
more physics effects like plasma shape and collisions are taken into account compared to the
reference cases used for parametric studies. The transport coefficients show mainly the same
properties as in the reference ITG case. In particular, the decrease of diagonal diffusion with
increasing (. found in the reference ITG case is confirmed by these more realistic calcula-
tions and it is in qualitative agreement with observations obtained with light impurities in
DIII-D [5] and JET [6]. This result certainly requires some consideration, since too strong
a reduction of diagonal diffusion of He with increasing (3, might lead to an accumulation
of He ash in the center in high 3 scenarios in a reactor due to an increase of the effect of
the central He source produced by fusion reactions. Our theoretical result should motivate
further experimental investigations on this specific problem and direct quantitative compar-
isons between theoretical predictions and experimental measurements, in order to increase
our predictive capability of the consequences of high ( operation on He ash accumulation
in a burning plasma.

An additional interesting result is related to the behavior of the total off-diagonal trans-
port, sum of thermodiffusion and pure convection. This is directed inwards for impurities
at all charges in the realistic H-mode case. The ratio of the total off-diagonal transport to
the diagonal diffusion decreases weakly in size with increasing (3, for light impurities, while
it increases in size with increasing (. for heavy impurities. Therefore, in the absence of
significant central impurity sources and with small neoclassical transport, an increase of [,
is predicted to produce a small flattening of light impurity density profiles and a peaking of
heavy impurity density profiles.

In conclusion, the work presented here is intended as a first step in the theoretical
investigation of trace impurity transport in high § operational scenarios in tokamaks. The
present, linear results have to be verified by means of nonlinear simulations, and validated
by further experimental studies. Quantitative comparisons between theoretical predictions

and the experimental results have to be considered an important step in the future research.
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Figure Captions

FIG. 1. (Color online) Electromagnetic (8, = 1%) gyrokinetic calculations of particle fluxes
RT',/n, for trace impurity helium (charge concentration n,Z,/n. = 1/1000) as a function of the
normalized logarithmic gradients R/Ly, (a, b) and R/Lt, (c, d) using GYRO. The background
fluctuations in the electron—deuteron plasma have been chosen to be ITG dominated according to

the ITG reference case.

FIG. 2. (Color online) Linear gyrokinetic calculations of normalized eigenfrequencies
W, = wy/wp; (a), growth rates ¥ = v/wp; (b), and of the E x B coefficients Dy px5/Xex (),
(Cr)Exp (e) and (Cp)exp (g), as well as of the corresponding magnetic flutter (F1) components

(d, f, h), as a function of k,p, for trace impurity helium at g, = 0.5%.

FIG. 3. (Color online) Gyrokinetic calculations of normalized eigenfrequencies w, = w, /wp; (a),
growth rates 4 = v/wp; (b), and of the E x B coefficients Dy pxp/xer (¢), (Cr)exp (e) and
(Cp)ExB (g), as well as of the corresponding magnetic flutter components (d, f, h), as a function of
Be for trace impurity helium at kyp, = 0.3. The open symbols indicate spectrum averaged values

as described in the text.

FIG. 4. (Color online) Electromagnetic dependence of the trace impurity E x B and magnetic
flutter (F1) transport coefficients Dy, /xes (a-d), Cr (e-h) and Cp (i-1) for increasing impurity charge
Zp with impurity mass A, = 2Z,. Left column plots show results for the ITG reference case, while

right column plots show results for the TEM reference case.

FIG. 5. (Color online) Electromagnetic dependence of the trace impurity £ x B and magnetic
flutter transport coefficients D,/xeg (a-d), Cr (e-h) and Cp (i-1) for increasing impurity charge
Zyp, while keeping the impurity mass fixed (4, = 1). Left column plots show results for the ITG

reference case, while right column plots show results for the TEM reference case.
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FIG. 6. (Color online) Electromagnetic dependence of F x B (left) and magnetic flutter (Fl,
right) transport coefficients for the impurities tritium, helium, carbon, nickel and tungsten (at
the ionization stage of 461) using typical H-mode profile data, as those predicted for the ITER

standard scenario. The charge concentration is assumed to be Z,n,/n. = 1/1000.

FIG. 7. (Color online) Electromagnetic dependence of the ratio of the F x B (a) and magnetic
flutter (b) off-diagonal contributions (including both thermodiffusion and pure convection) to
the total diagonal diffusion, RV/D) o, for tritium, helium, carbon, nickel and tungsten (at a
ionization stage of 46™), using typical H-mode profile data as those predicted for ITER. The charge
concentrations are assumed to be Zyn,/n. = 1/1000. The shaded areas denote the projected (.

values for standard and hybrid operational scenarios.
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