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The inward pinch model for high-Z impurity ions in a toroidally rotating plasma has been improved to take
account of trapped particles and the centrifugal force effect. It is found that the PHZ pinch is large for the barely
trapped particles and the pinch velocity increases with the rotation velocity as in the original model.
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1. Introduction

In JT-60U, it was observed that tungsten accumula-
tion was enhanced with increase in the toroidal rotation in
the opposite direction (CTR-rotation) to the plasma current
in H-mode plasmas [1]. From theoretical considerations,
Hoshino et al. proposed the PHZ (inward Pinch of High-Z
impurity due to the atomic process) pinch model and the Er
pinch model, both of which are related to the toroidal ro-
tation and the radial electric field [2]. We introduced these
pinch models in TOTAL code and studied dependence of
the tungsten accumulation on the toroidal rotation [3]. We
investigated the effect of the PHZ pinch only because the
Er pinch model equation was not valid in the experimen-
tal conditions analyzed. The larger accumulation observed
experimentally at the higher toroidal rotation was repro-
duced in simulation with the PHZ pinch. However, the
dependence on the toroidal rotation was weaker in the sim-
ulations than in the experiments.

In the experiment, the toroidal rotation velocity of
tungsten ions is determined by collisions with the bulk ions
(drag force) and hence the bulk plasma and the tungsten
ions rotate with the similar speed. In the original PHZ
pinch model, however, the orbit of tungsten ions was ana-
lyzed neglecting the effect of bulk plasma rotation on the
particle orbit. In addition, the tungsten ion velocity vec-
tor was assumed to be parallel to the magnetic field focus-
ing on the case that the Mach number for tungsten ions is
larger than unity. The plasma rotation causes the centrifu-
gal force, which makes poloidal asymmetry in the heavy
impurity ion density as observed in JET [4]. In this study,
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we generalize the PHZ model for the ions with the arbi-
trary pitch angle and then calculate the tungsten ion orbit
including the centrifugal force taking into account of the
effects of the plasma rotation. In section 2, the mecha-
nism of the original model is reviewed. The PHZ pinch
model including the trapped particle is presented in sec-
tion 3. Section 4 gives development of the revised PHZ
pinch with the plasma rotation effect and the results of the
revised model. Section 5 gives summary and future plan.

2. Original PHZ Pinch Model

The PHZ pinch is caused by change in the ion charge
state along its collisionless drift orbit. In the original
model, the orbit of tungsten ions is analyzed in a station-
ary plasma neglecting the effect of plasma rotation on the
particle orbit.

High-Z impurity ions are accelerated up to the toroidal
rotation velocity of the background plasma by friction. Be-
cause the high-Z impurity ions are relatively massive, their
kinetic energy becomes large and then their drift orbit devi-
ates largely from the magnetic surface. The charge state Z
varies as the electron temperature 7' changes along the drift
orbit. The magnetic drift velocity also varies along the or-
bit since it is in inverse proportion to Z. If the poloidal
rotation period approximates the characteristic time of the
ionization / recombination, the variation of the charge state
and the magnetic drift velocity is delayed due to the time
needed for the ionization / recombination processes. This
delay of the magnetic drift velocity variation causes an in-
ward pinch called PHZ pinch.

The PHZ pinch velocity is given by the following
equation [2];
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where Zj is the charge number of the impurity ion in the
ionization equilibrium at the temperature on the flux sur-
face, vqo is the magnetic drift velocity of the impurity ion
with charge state Zy; vqy = me/ZoeRB, w is the angu-
lar frequency of the poloidal motion of impurity ion; w
= (Vi — E;/By)/(qRy), V; is the toroidal rotation velocity
of the tungsten ion, By is poloidal magnetic field, Ct =
ne0(yx — a)/0T, C7 = n.d(yx — ax)/0Z and Cyr = dT'/dr;
vk 1s the ionization rate and ay is the recombination rate.

3. PHZ Pinch for Arbitrary Pitch An-
gle

In the original model, it was assumed that V; > vy
and so the spread of particle velocity due to the thermal
velocity vy, was ignored. We consider the PHZ pinch for
arbitrary pitch angle including the trapped particle. The
radial electric field is not considered in this section.

The orbit is illustrated for trapped particles in Fig. 1.
Writing the major radius coordinate R = Ry + rcos 6, the
magnetic field is given by,

_ RoBy By

= 2

B = .
R 1+ (r/Rp)cos@

The kinetic energy E = mv?/2 and the magnetic moment
= mv? /(2B) are conserved

2_ 2 2 _ 2,2
V=V + Vi =V + Vi,

2 2
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where is the particle velocity, vj and v, are the velocity par-
allel and perpendicular to the magnetic field, respectively
The subscript O represents the values where the magnetic
field has the minimum value By,;,. The pitch angle param-
eter & is given by & = vjo/v. The parallel velocity is derived
from the conservation of the kinetic energy and the mag-
netic moment:
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Fig.1 Schematic diagram for trapped particles.

The charge state Z, the minor radius r and the poloidal
angle 6 are given by

dz

i CrCvyr(r — ro) + Cz(Z - Zy), 4
dr .

3 = Vr = vasin 6, )
do V)|

o_ 6
dr gRy ©

where vq4 is the local drift velocity; vq = m(vﬁ + vi 12)/
ZeRyBj. A new code has been developed for solving these
equations. The orbit of tungsten ion is calculated with the
4th order Runge-Kutta method using eqs. (5) and (6) ne-
glecting the variation of Z along the orbit. For the orbit
thus obtained, the change of Z is calculated using eq. (4).
This two-step procedure is basically the same as that em-
ployed in the original analytical PHZ model [2]. The PHZ
pinch velocity is then given by

1 T
Veaz = (vr) = T f vedt, @
0

where T is the period for completing the orbit in the
poloidal crosssection.

Figure 2 shows the comparison between the results of
the newly developed code and the original analytic model
for the case with ¢ = +1. The JT-60U like parameters as
shown in Table 1 are assumed. At T = 1500eV, Z; = 34,
Cr = 8.01eV~'s! and C, = —5125s"! are obtained for
the tungsten ion. As shown in Fig.2, the results of the
code agree with the analytic model and we have verified
the developed code for calculating the PHZ pinch velocity.

Figure 3 shows the banana width for trapped particles
or the deviation from the magnetic surface for passing par-
ticles, and the Vpyz as function of £ for 3 cases of v. The

Table 1 Plasma parameters for evaluation.

R, 34m
o 0.8 m
B, 35T
Ne 2x10Y°m’
T, 1500 eV
Cyr -5000 eV m™
O Yl I
@ 002
E /
>E -0.04 o Numerical calculation
Analystic model
~0.06 | |
-210° -110° 0 110°  210°

Vt (m/s)

Fig. 2 Comparison between the results of the developed code
and the analytic model.
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Fig. 3 (a) The banana width or deviation from the magnetic sur-
face and (b) Vpuz as a function of the pitch angle pa-
rameter & for v = 0.5 x 10°m/s, v = 1 x 10° m/s and

v=15x10°m/s.
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Fig. 4 Comparison between (Vpyz) and Vpyz (€ = 1) or the orig-
inal model.

banana width is large around banana boundary or for the
barely trapped particles and it increases with increase in
the v. The particles with & in the hatched regions draw
the banana orbit in the calculation. The fraction of banana
particles firap is almost consistent with the theoretical value
given by the following equation.

[, Ro—ro
ap = /1 — .
ﬁrdp RO + 1o

The Vpyz is also large around the banana boundary since
change in the charge state Z becomes larger with increase
in the radial displacement of the particle orbit.

From Fig.3, it is expected that the Vpyz becomes
larger when the spread of particle velocity due to the ther-
mal velocity is taken into account. The average PHZ pinch
velocity (Vpyz) for the isotropic velocity distribution was
evaluated by averaging Vpyz for £&. As shown in Fig. 4,
(Vpuz) is higher than the Vpyz (£ = 1) which corresponds
to the original PHZ model.

4. PHZ Pinch with the Centrifugal

Force Effect
4.1 Mechanism

In a rotating plasma, tungsten ions are concentrated
on the low field side of the magnetic surface due to the
centrifugal force [4]. Thereby the fraction of the trapped
impurity particles increases. Here the orbit of tungsten ions
in a rotating plasma is analyzed using the frame rotating
with the same speed as the plasma. It is considered that
the tungsten ions and the bulk plasma rotate at the similar
velocity. Then, in the rotating frame, tungsten ions move
only at the thermal speed (vq,, = V2kT;/my,) and hence
the velocity is smaller than in the original model when the
Mach number is larger than unity. In this study, the radial
electric field Er is not considered as the first step. Note
that this means that Er is zero in the rotating frame and
then it is finite in the laboratory frame (positive Er in the
CO rotating plasma).

In the rotating frame, the sum of the potential energy
derived from the centrifugal force and the kinetic energy, &
in eq. (8), is conserved [5, 6]

1
€= Emz(v2 - Rzgf), (8)
1/2
ZmiTe
Q. =021 - ——— s 9
[ mZ(Ti + Te) ( )

where ©Q is the angular frequency of the plasma rotation;
Q = Vi/Ry, m; and my denote the bulk and impurity ion
mass, respectively. Since I, and B; are in the negative
direction of the toroidal angle as shown Fig. 1, the CTR
plasma rotation corresponds to V; > 0 and the CO plasma
rotation to V; < 0. The magnetic moment y is also con-
served in the rotating frame, as it is in the laboratory frame.
The initial particle speed in the orbit calculation is adjusted
so that the speed corresponding to the average kinetic en-
ergy in the orbit is equal to the thermal speed on the flux
surface. The centrifugal force affects both of the drift ve-
locity and the parallel velocity.
The drift velocity is given by

2
Vg (v2| + %) + QPR + 2V|QR] . (10)

_ m

"~ ZeRyBy
The second term and the third term on the right-hand side
come from the centrifugal force and the Coriolis force, re-
spectively [5]. Since the definition of the coordinate sys-
tem is different from that in [5], we modified the sign of
the Coriolis force from minus to plus in Eq. (10). The evo-
lution of vy is given as follows. By differentiating eq. (8),
we have

dVH Yo dB > dR
— =—-——+QR— 11
War m dt Todr’ (1
where the conservation of the magnetic moment
dv, udB

=== 12
"ar T mar (12)
is employed. Since we do not consider the radial electric
field, the drift velocity is in the Z direction and then there
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Fig. 5 Radial profiles of plasma parameters of the experimental
data used in the calculation.

is no change in R or in B due to the drift velocity, Thus we

find
d d By d v d
—=V\|—=V||—6—=—” -, (13)
dr dl rBy d6 gRo de

in the right hand side of eq. (11). Substituting eq. (13) into
eq. (11), we obtain

d dB drR
V||ﬂ = —i ﬁ— —QzR— .
dr qRy \m do de
Hered dR/d# = —rsin 8 while dB/d# is obtained by differ-
entiating eq. (2),
dB _ BoRo
o R
Then, substituting them into eq. (14) we finally find
dvj  rsiné (uB o R?
dt~ grR®> \m, "Ry}

(14)

rsin6. (15)

(16)

When there is no rotation (2, = 0), eq. (16) agrees with
eq. (3). The orbit of tungsten ion is calculated with egs. (5)
and (6), using the v4 and v obtained by eqs. (10) and (16).
The subsequent procedure is the same as that described in
section 3.

4.2 Conditions

The plasma parameters are as follows: the plasma ma-
jor radius Ry = 3.35 m, the magnetic field By = 3.5T, the
plasma current = 1.6 MA, the neutral beam (NB) heating
power = 15SMW. T, T;, n. and ¢ are taken from experi-
mental data, shot E049537 (¢t = 7.5s) as shown in Fig. 5.
Other parameters are shown in Table 2. The ionization rate
vk and the recombination rate ax of the tungsten ions are
taken from [7], and Ct and C7 are calculated with experi-
mental density and temperature profiles.

4.3 Results

Figure 6 shows Vpyy as a function of £ and (Vpyz) and
Sieap at v/a = 0.76 as a function of V;. The Vpyz becomes
larger with increase in the rotation velocity. The fraction
of trapped particles also becomes larger with increase in
the rotating velocity, which results in increase in (Vpyyz).
When the rotation velocity is doubled, (Vpyz) is also al-
most doubled.

Table 2 Plasma parameters in the JT-60U experiment used for
the analysis.

r/a 0.76 0.4
Vihw 458X 10* m/s  6.25x 10* m/s
Zy 30 41
Cyr -2217eVm? -6770 eV m™
Cr 2.78 eV'ls! 16.1eV's!
C, —1494 5™ -5125"
0 (a)
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Fig. 6 (a) Vpyz as a function of & and (b) (Vpuz) and firap as
functions of V, for r/a = 0.76.

£=-07

\\
—— Vi=1.0e5 /
7/

R (m)

Fig. 7 The particle orbit for particle with & = 0.7. Particles are
concentrated on the low field side by the centrifugal force
with increase in the toroidal rotation velocity.

As shown in Fig.7, passing particles have become
trapped particles by the effect of centrifugal force with in-
crease in the toroidal rotation velocity.

The asymmetry in Vpyz with respect to &, as seen in
Fig. 6 (a) for the large rotation velocity, is caused by the
Coriolis force. As shown in Fig.8, Vpyy is symmetrical
for the CTR rotation and for the CO rotation. Note that
the particles with & = 1 rotate with a higher speed than the
plasma in the CO rotating plasma while it rotates with a
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Fig. 8 Comparison with CTR rotation and CO rotation at V; =
0.7 x 10° m/s for example.
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Fig. 9 (a) Vpuz as a function of & and (b) (Vpuz) and fi,p as
functions of V| for r/a = 0.4.

smaller speed or towards the opposite direction in the CTR
rotating plasma.

Figure 9 shows the results for r/a = 0.4. It represents
the same characteristics as those for r/a = 0.76. Because
of difference in the coefficient such as Ct and Cy, the value
of (Vpyz) is smaller than that for r/a = 0.76.

5. Summary

We developed a revised PHZ pinch model taking into
account of the distribution of the particle pitch angle and
the effect of bulk plasma rotation on the particle orbit. The
PHZ pinch is large for the barely trapped particles. It was
found that Vpyz increased with increase in the rotation ve-
locity as in the original model.

In this study we did not consider the radial electric
field E;. In future work, we plan to extend the newly de-
veloped PHZ pinch model to include E;.
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