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ABSTRACT

We present numerical results of a 1-D (poloidal), time dependent code for the description of
ion impurity transport on a given tokamak magnetic surface, in the presence of momentum
sources such that, as observed in neutral beam injection experiments, the toroidal rotation
velocities be comparable to or larger than the impurity thermal speed. We show that the
densities, the velocities and the ambipolar potential reach a quasi steady state characterized
by significant poloidal gradients, on a time scale of the order of the collision time, i.e. faster
than the radial diffusion scale. To obtain this steady state a phenomenological drag force
needs be introduced; we find that a purely classical, gyroviscous force alone is apparently
insufficient to obtain a steady state, within the framework of the present model which
retains only the zero-th order, in the Larmor radius expansion, ion-impurity friction.



1.Introduction

We consider here a two ion components tokamak plasma (index j=i,Z), where ”i” indicates
the main ion species and ”Z” an impurity; impurities are heavier and have a charge Z
higher than the charge of the main ions. The relative concentration of the two species is

taken as
a=nzZ%/n; ~ Oo(1)

according to the situation in present day experiments, where Z. s ~ 1+ a > 2 is frequently

observed . The plasma is toroidally rotating with velocities

Vth,Z < Vgi ~ Vpz < Vth,i

which are typical for NBI experiments ).

We are, for the moment, interested in phenomena which happen on a time scale faster than
the time scale for radial diffusion, so that no radial transport is considered here. However,
we check a posteriori the extent to which this assumption is consistent and justifiable (see
Section 2.1).

Due to the high toroidal velocities, the inertial (centrifugal and other) forces need be
retained in the analysis; these forces act differently on ions and impurities due to the
mass difference between the two, and must be balanced by pressure and electric potential
polotdal gradients arising on every magnetic surface. These surfaces are then no more
equipotential.

Also the viscous forces play an important role in this problem: parallel viscosity is needed
to damp flows in poloidal direction, but cannot balance any source of toroidal angular
momentum; to this purpose a number of different mechanisms has been suggested , among
which classical gvroviscosity (4).

The purpose of the present study is to determine the equilibrium resulting from the fast
time scale evolution, i.e. the poloidal distributions, for both ion species, of the densities
n; and of the the parallel velocities V);, together with the self consistent evaluation of the
radial electric field Ey. (The coupling with the radial transport problem on the slower

radial diffusion time scale will be the object of a subsequent paper.)

We have given elsewhere (1) the detailed derivation of a neoclassical fluid model of the

problem at hand. The model consists of the continuity equations and the parallel (to B)
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momentum balances for each of the two ion species, together with the total, flux surface
averaged, momentum balance in the diamagnetic (B x Vi) direction. This last equation
becomes, using the radial momentum balances, the equation for E, - a flux surface quantity
to this order. The electrons enter the description of the system in the determination of the
parallel electric field, by imposing the quasi-neutrality condition. The temperatures are
taken as equal and constant on the surface. For the purpose of simplicity a set of circular,
concentric magnetic surfaces is assumed given. The geometrical toroidicity effects, and the
nonlinearities arising from the inertial forces m;n;v; - Vv; have been fully retained.

The Braginskii (® prescription for the parallel viscous force is used; we extend here our
previous model (), which was limited to the 7o contributions, by including also the gyro-
viscous piece of the viscous tensor.

Numerical results we presented earlier (2) were limited to the Pfirsch-Schlueter (PS) regime
of collisionality (appropriate for the impurities), whereas we now implemented a parallel
viscosity coefficient (8) which is independent of the collisionality regime; this is required
if any comparison with present day experiments is to be done, where the main ions are
typically in the Banana-Plateau (BP) regime. We emphasize however that a form of the
viscous force that is valid for compressible flows in the low collisionality regime is not
yet known. We thus used the general viscosity coefficient together with the Braginskii

functional form, which is rigourously valid only in the PS regime.

In Section 2 the numerical results are presented: in Section 2.1 we consider the case when
the momentum sources are balanced by a simplified, drag-like sink term, required to reach
a steady state on every given magnetic surface; in Section 2.2 the classical, gyroviscous
force is included, and no phenomenological sink term is present any more.

In Appendix A details are given on a semi-analytical, simplified computation of NBI-like
parallel momentum sources. In Appendix B, finally, we give the non dimensional form of

the set of equations solved.

2.Results

We present in the following a set of typical results, obtained by numerically solving the set

of equations given in Appendix B.



We used a pseudo-spectral (collocation) approximation in the poloidal angle, and the NAG
routine DO2EAF for the integration to steady state of the resulting set of time dependent
ODE’s.

The geometry and the system of coordinates we are using are shown in Fig.1.

The parallel momentum source arising from neutral beam injection can be approximately
determined in a semi-analytical fashion (7), as discussed in Appendix A.

The specific input parameters chosen refer to a certain extent to the ASDEX tokamak
data. We took a magnetic surface with minor radius 0.3 m and major radius 1.64 m,
(resulting inverse aspect ratio ¢ ~ 0.18), toroidal field 2.5 T and poloidal field 0.25 T,
(both at § = £7), average electron density 4 x10'®m ™3, average electron temperature
500 eV; when not explicitely stated otherwise, the NB injected power is taken as 1.33
MW, corresponding to half of the maximum power from NBI on ASDEX. Only the case
of injection parallel to the magnetic field has been considered, but the model (at least
formally) also contains the possibility of describing the effect of a momentum source in
diamagnetic direction.

The impurity is FeXV!

, which adequately represents the average charged state for the
range of temperatures, corresponding to the range of beam input powers we are interested
in. With the previous choices the i-Z collision time is approximately 600 us, the main ions
are in the BP regime (v,; = 0.4), and the impurities are in the PS regime (v, zeg/ ’x 4.2).
All the results refer to the same initial condition of the system, and to the same total time

of observation (tror =~ 5 ms).

2.1 Sources balanced by a phenomenological drag

The drag frequencies v4; are taken for both species equal to the inverse of a (characteristic)
measured total momentum confinement time ; unless explicitely stated otherwise, we take
Vdj =50 s7!.

Since we are not considering radial transport, we cannot of course follow the transient from
zero flow and flat densities to fully developed profiles, because this occurs on the time scale
of Vd_jl ~ 10 + 100 ms, and not on the fast (collision) time scale (~ 100us) that we are
considering. We can nevertheless pick an initial condition as in Fig.5a, with flat density

profiles but (large) toroidal flows such as to balance the source on the average, for a given
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drag. The result is shown in Figs.2 to 7. (Two general remarks about the plots: whenever
ambigous the solid line refers to the impurity species, and the dash-dot line to the main
ions; there are always 64 (equispaced) points in the space co-ordinate and 9 (quadratically
dense near the origin) in time. These nine points are only used for diagnostic purposes,
and the number of time steps required for reaching a steady state is much larger - see
Fig.8c.) |

In Fig.2 the time evolution of the impurity density poloidal profile is given: large sin 8
components develop in the initial stage of the transient due to the strong ion-impurity
friction ; then a steady state is reached with large cosine components due to the inertial
(centrifugal) forces.

The time evolution of the time derivatives of the i and Z densities and parallel velocities
at two given poloidal locations (6 = 7/2 UP and§ = # OUTBOARD) is shown in Fig.3;
one sees that a steady state is reached on a time scale of a few collision times.

The corresponding logarithmic plots for the absolute value of the time derivatives are given
in Fig.4a; it is interesting to compare them with Fig.4b which refers to the same initial
condition but without source and drag. In the presence of sources the quasi equilibrium
resulting from the fast transient successively evolves on the slower time scale of the drag.
Figs.5 show the initial and steady state profiles of the (normalized) densities and of the
parallel flow velocities: one can notice that the deviation from uniform density on a given
magnetic surface is large for the impurities (solid line), and that some friction between the
two ion species still survives at steady state.

The evolution to steady state of the radial electric field and of the absolute value of the
poloidal flow velocities for the two species is shown in Fig.6, together with the poloidal
distribution of the (dimensionless) electric potential 5;;0. Counterstreaming poloidal flows

! are seen to obtain at steady state.

of afew 10 m s~
For a decomposition of the impurity density (obtained at t = tpo7 as a result of the fast

transient) of the form

N
nz =ao(1+ Y _(arcos(k8) + bysin(k6))

k=1

the Fourier amplitudes b, and a; are shown in Figs.7a (bx/ao) and 7b (ax/ao). The exis-
tence of (small) sine components - i.e. up — down asymmetries - as in Fig.7a, constitutes
a substantial difference with respect to the case without sources, which is purely up-down

2)‘

symmetric ( From Fig.7b one sees that already at intermediate injection powers co-

sine modes develop with amplitudes comparable to the zero-th mode amplitude. This fact
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clearly makes an analytical approach, which can afford only a few, at most O(ep) amplitude

modes (¥, rather unreliable.

The accuracy of the code in the case without sources has already been reported (2). Now, in
the presence of sources, the total, flux surface averaged (< >), toroidal angular momentum
is obviously no more a conserved quantity, but the total number of particles for each species
still is; this is actually conserved, with 64 points on the poloidal circumference, within a
relative error shown in Fig.8a.

As a further check for the case at hand, we take the solution obtained with 64 points on the
poloidal circumference as a reference, and we give in Fig.8b the convergence of the absolute
value of the relative error in the first cosine (solid line) and sine Fourier amplitudes of the
impurity density, as a function of the number of points. The remarkable feature of the
exponential convergence of spectral methods is apparently verified. The corresponding
computing cost 1s given in Fig.8c: the solid line gives the CPU time in seconds, required
to reach a steady state, on a CRAY-XMP/24; the dashed line gives the total number (in
thousands) of calls of the subroutine internal to DO2EAF, which computes the right hand
side of the ODE system solved. (The time step used in the integration is controlled by the

routine so as to satisfy prescribed accuracy requirements.)

Two important questions still need be discussed: 1) how can one justify neglecting radial
flows ? and 2) does the model satisfy ambipolarity?
Let us consider the total <toroidal angular momentum> balance, and solve for the <radial
particle flow> I';. Neglecting radial convection of toroidal angular momentum (which gives
a correction of order 2% (MACH);, even if not intrinsically ambipolar), one gets

1 1 .0

'y = —— —=—{% < Rmjn;Vy; >+ < Rm;nviz(Voz — Vi) >
J |Z; RBy ‘0t MinjVe; iniviz(Voz $i)
By
~g < R(M); —mjn;v;Vy;) >}

Here the minus sign in the friction term applies to the main ions (j=i), the plus sign to
the impurities.

As a measure of the inaccuracy introduced by neglecting the radial flows , one can compare
the term (that we neglected) containing the radial flow velocity V; in the continuity equa-
tion, with the term depending on the poloidal flow (that we kept). Assuming comparable

scale lengths for the radial and poleoidal derivatives, one sees that neglecting the radial
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flows is correct (at least in this equation !) as far as V; << Vp;. In Fig.9a the radial flow
velocity of the impurities V¢ z =T'z/ <nz > is given as a function of time; comparison
with Fig.6 shows that neglecting the radial flows is at least not inconsistent with the results
of the model. (We emphasize that both the poloidal flow velocities of Fig.6 and the radial
flow velocity of Fig.9a are not, however, local quantities, but averages on # in some sense.)
As to the second point raised above, one knows (see Ref.1 equation (13b)) that in the ab-
sence of momentum sources in the diamagnetic direction, the main ions and the impurities
need to satisfy ambipolarity at steady state, while the (classical) radial electron particle
flux is negligible. We are however following a transient, so that one can still get deviations
from ambipolarity AA until the time derivatives are large (see e.g. the first term in the
previous formula). Using the previous formula, we build from the results of the code the

quantity
IT; + ZT'gz|

IT;]

which obviously gives an indication of the relative deviation from ambipolarity. One sees

AA=

from Fig.9b, where A4 is plotted vs. time, that the results of the code reproduce the

qualitative arguments mentioned above.

2.2 Sources balanced by classical gyroviscosity

In this second part we set v4; = 0 and we try to obtain a steady state in the presence of
momentum sources, introducing classical gyroviscous forces.

We emphasize however that the structure of gyroviscosity in the BP regime is not rigorously
known; we will thus use expressions valid in PS, and heuristically assume that, unlike
the no contributions, the gyroviscous contributions (73 4) be basically independent of the
collisionality regime.

Within a simplified framework it has been shown () that provided suf ficiently large
up — down asymmetries in the poloidal density variations can be obtained, it is possible
to balance the toroidal torque introduced by the NBI source by means of a purely classical
gyroviscous drag.

Our result in Fig.10 (cfr. Fig.2) shows that no steady state is apparently obtained using
as a drag classical gyroviscosity alone; this is basically related to the fact that the sine

components of the densities obtained as a result of time evolution of the present set of
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equations are not those ones required for gyroviscosity to be effective. The reason for
the small sine-amplitudes becomes apparent in Fig.11a showing that the parallel ion and
impurity velocities are practically equal, thus almost annihilating the parallel friction. But
it is this friction term which generates a finite sinusoidal density variation. If the friction
were calculated through first order in the (poloidal) gyroradius expansion, one would expect
a finite amplitude for the sin 6 density amplitude (1°). The present equations contain only
the zero-th order expression for the friction.

Within the present formalism one can compare Fig.11a, which gives the final parallel
velocity profiles, with Fig.11b, which gives the profiles for the case when the source is the
same but neither drag nor gyroviscosity are present. ‘The two plots are the same, so that
classical gyroviscosity is completely ineffective as slowing down torque against the parallel
momentum input.

To be sure that no saturation appeared observing the system for a longer time, we have

run the code until the main jons parallel velocity reaches the ion thermal speed.

Acknowledgements

The author wishes to thank C.T.Hsu for discussions , K.Lackner and D.J.Sigmar for expert
guidance and a critical reading of the manuscript, and the Plasma Fusion Center at MIT
for its kind hospitality during the last phase of this work.

All the computations were performed on the CRAY computer at the Max-Planck-Institut
fuer Plasma Physik, in Garching, W.Germany.



Appendix A. Semi-analytical, simplified computation of the

parallel momentum source due to NB injection

Following Ref.10 we compute here the parallel momentum input due to NBI, on both the
main ions and the impurities, for several NBI powers. (We remark that Ref.10 strictly
speaking considers the case of toroidal injection, therefore not exactly coincident with the
parallel one.)

Taking a@ = 1, and observing that this source term actually comes from a friction process
with a third species - the fast beam ions - that we do not consider separately in our model,
it is clear that the input on both ion species will be the same.

Part of the momentum input goes directly to the electrons; however we do not take into
account sources in the electron parallel momentum balance, assuming they are balanced
exactly by e-i and e-Z friction, which are also consistently neglected. In the present cal-
culation this source on the electrons is assumed transferred directly to the ions, equally
divided between the two species.

With the notation of Ref.10 we thus have, for arbitrary o

() _ a .
M|| =(1- a+1)(Mlle +M||;)

and

z
M® = (Mje + My;).

a
a+1
The two sources are given by

My; =nsPrK;  j=ei;
here

I I,/e
T (2rRo)(ma?)

where I, = Ninjloo, Nin; is the (variable) number of NB injector channels, H(p) is the

H(p)

spatial shape factor, which should come from a slowing down code (e.g. FREYA (®), and
Py is the initial fast ion toroidal momentum, depending on the average energy of the
sourc'e'Eo. (For ASDEX Njp; can be varied between 1 and 8, I,, = 15.76 A, and Ey = 25
keV.)

The K's are plotted in Ref.10 vs. (Ey/E.), where E. is the critical energy, dependent on

the electron temperature T, the ion and beam masses and on a; these plots are given for
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various ratios of the i-e scattering time 7, (dependent also on the electron density n.) and

the charge exchange time

1
Tex = Ve
N NeutrOcz Y0

where 0., is tabulated (?) and depends only on FEj.

To compute the parallel source on any given magnetic surface (p = constant) one then
needs in principle, for different NB powers P, (corresponding to different N;y,;’s) the radial
profiles of T, ne, nNewtr and H.

We now assume that ne(p), nnNeuir(p) and H(p) remain constant as P, varies.(We use in

the following H(p = 0.3m) = 0.87.) Only T, is allowed to vary following

P,

T.(0) = T°H
(0) =T, (0)+C<ne>

where P, is given in MW and n. in 10*® ¢m~3, and the temperature radial profiles are
taken as simple parabolas without pedestal (in the absence of information on how the
temperature at the boundary varies with P,). In the previous formulas we set T°¥ = 400
eV and C = 4.

We consider the case of deuterium injection into a (mainly) hydrogen plasma. For the
foreseen range of T., and taking nyeutr(p = 0.3m) = 10'® m~3, the average impurity
ionization state, computed assuming corona equilibrium , grows monotonically with T,
from 15 to 17. We then take, for all P,, Z = 16.

Table 1 collects, for several injection powers, the different values of T, (0), T.(p= 0.3 m),
K., K;, and finally the parallel momentum sources MIY) and lez in N m~3.
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Appendix B. Non-dimensional set of equations

We give here the non-dimensional form of the set of equations presented in Ref.1, as it is

implemented in the code.

The time coordinate has been non-dimensionalized through the transit time

t
t— 1= ——— = wit
p/(Bve) ~
where
_ B _ Bs T
Wy = P B = B Ve = \/ mg
The dependent functions (unknowns) have been non-dimensionalized according to
n;(6,t vi;(6,t wlt
Nj(e,T)ElOg( J( “‘2) Vj(g,T)E L—) VE(T)E—ﬂQ
Njg Vi Vi
The momentum sources become
My;(0,t) M, ;(6,1)
S'OTE—‘——————J S'oaT: 9
"J( ’ ) nj(O, t)T/p —L]( ) nj(O,t)T/p
and the collision and drag frequencies
(1)
(N = ) ) Ve
wij(N;) = ws Wi =T,

The (local) major radius is

R(0) = Ry — pcosb
and consequently the magnetic field components vary with 8 as

BaORO

B,(0) = R(6)

where B, =Bg,By and B?=Bj+ B}

The set of equation is thus given by

Continuity:
'{%\7,_1 -(V; - ‘YHVE)% - —abl — esinfV; + 2vepsinfVg j=4,27



Main ions parallel momentum:

oV; 4 0%V 4 OV
57 = 35 ~ (Vi —vHVEg — éniesznO) 50

1 )aNi_ 1 ONg
1+a/Z’ 06 le1—{—Z/a 66

—pai(l+

1
—|wg; — YeosinbVE + n;( -éezsinze + -Z—ecosO)]V;

. . 2
+B8%Hegsin0ViE — veon;(esin6 + gcoso)VE +wiz(Vz - Vi) + %msu,—

a7 (g -+ tesind) = = (L~ cinVi)

Impurities parallel momentum:

BVZ 4 32"’2 4 oV VA

‘vz 2 —AHVe — -

5 372 52 —(Vz —yHVg 3772631n9) 56
Z )BNZ 3 Z ON;

1+Z/a” 00 1+af/Z 08

—(1+

—[wdz — veosin8VE + nz(%ezsinzﬂ + gecosa)]Vz
9 2

~cosf)Vg + '_Z"‘wiZ(Vi -Vz)+
3 pia

—Naz|[=— (?& + 4esinf) — L(B_V_ — esinfVz)]
byg o6

1
251z

+B8%HepsinBVE — vyeonz(esin?6 + 3

Total <diamagnetic momentum> :

W
dr

i

AVE —24,VE + Ap

1 m; . ‘
Ay = B'yeo zj: gj < eNJszn0/62 >

1m, . 14~
A1 = = E {-— <e JI/}sin9/6>+§Z——i <€Njw,i}/€2 > +6@A < sin®0 >}
2 1 . ov;
Ap = Be 52{2 {- ')— <e J\'j sm9>+§‘7‘)\j < sinf(2

— esinfV;) >
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+(1+2)M: 202 g

- < eNJ'SLJ-/e >4 yp; < [26

60
1 caiyo m; N2
(eo 2 ) Jr_;m¢<e i/ >

D

Definitions

If
Bl

- B —_
y=8  HO=E2 =gy e
[0

Ng 72 _ ceNz > 72
:a(Ni,Nz)E ———eefqiz a = eeiif
wiz =wiz(Nz) = \/2"-’1(?)0‘ N
_ _N, <ng> N,
1 =1/ i /2)F(vay)e M =222 Xy = Taely, ;=22
F(v,;) = Y Vej = 3§ :‘:M €’

(1+u*_,)(1+u,,163 )
0 (o)
vt =1+ ay2) vt =v @+ VI(2/m) 2% Vs

— P —_
M4j = —°‘\/ B e =ThpE
p—1 __ 8A
b = ﬁa—p
2
- (S X (8)R(0)do
< X(9) >= TIh
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Figure captions

1) Geometry and co-ordinate system

2) Time evolution of the poloidal impurity density profile

8) Time derivatives of the impurity (solid lines) and main ion densities
and parallel flow velocities vs. time, at two poloidal
locations (0yp = 7/2, bouTBOARD = T).

4a) Same as 3) but logarithmic scale on the ordinates

4b) Same as 4a) but M|; =v; =0

5a) Initial poloidal profiles of the (normalized) densities and of the parallel
flow velocities of the impurities (solid lines) and of the main ions

5b) Final (t = tror) poloidal profiles of the (normalized) densities and of
the parallel flow velocities of the impurities (solid lines)
and of the main ions

6) From upper left clockwise: time derivative of the radial electric
field vs. time; radial electric field vs. time;
|K;(¥) = ﬁj%’ﬂ <f,~> vs. time, j = i, Z (solid line); lﬂﬁ vs. time

7a) Sine Fourier amplitudes of n; and of nz (solid line) vs. mode number
at t =tror

7b) Cosine Fourier amplitudes of n; and of nz (solid line) vs. mode number

at t =tror
8a) [<n; (o’tT<°n’;)(Z::o';;(0’t:0)>l vs. time, j = i, Z (solid line)

|a. =NP_aN=641 . . 'bN=NP——bN=“|
8b) & |a{"=641| (solid line), and —nggl—— vs. the number

of points NP on the poloidal circumference

8c) CPU time on a CRAY-XMP/24 to reach steady state (solid line)
and number of calls (in thousands) of the subroutine
internal to DO2EAF vs. NP

9a) Average radial flow velocity of the impurities vs. time

9b) Relative deviation from ambipolarity vs. time

10) Time evolution of the poloidal impurity density profile, using as a drag
against parallel momentum sources gyroviscosity alone

11a) Final parallel flow velocity poloidal profiles, using as a drag against
parallel momentum sources gyroviscosity alone

11b) Final parallel flow velocity poloidal profiles (no drag, no gyroviscosity)
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(MW] [eV] V] [Nm=3]
0.333 663 290 0.28 0.48 0.046
0.666 930 407 0.22 0.52 0.089
1.333 1463 640 0.16 0.48 0.154
2.000 1993 872 0.10 0.54 0.230
2.666 2526 1105 0.06 0.50 0.269

Table 1



