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First Measurements of the Toroidal Rotation of the Bulk Ions at TEXTOR by Rutherford Scattering
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The Rutherford scattering diagnostic at TEXTOR was used to determine the central toroidal rotation
speed of the hydrogenic bulk ions in the plasma. During neutral beam injection speeds of the order of
10° ms ™! were found. With balanced injection no rotation was observed. A first comparison with
charge exchange recombination spectroscopy showed, within the accuracy of the methods, no difference
in the derived speeds, in agreement with neoclassical theory. The momentum confinement time of the
central hydrogenic ions was found to decrease with the neutral beam power as approximately 1//Pngi.

PACS numbers: 52.50.Gj, 52.55.Fa

The toroidal rotation speed (vy) of a tokamak plasma
is associated with a number of interesting aspects of
tokamak physics. Especially impurity transport is gen-
erally believed to be strongly correlated with toroidal
plasma rotation. It has, e.g., been observed at various
tokamaks where the injection of fast, neutral particles
(NBI) parallel to the plasma current (coinjection) sup-
presses the accumulation of impurities in the center of the
plasma, while in the case of counterinjection the impur-
ity buildup is enhanced [1,2]. Usually, v, is measured
by active charge exchange recombination spectroscopy
(CXRS) [3-5]. With this technique the rotation is in-
ferred from the spectral shift of impurity line emission,
i.e., the Doppler shift. The impurities involved are main-
ly C or O, but heavier elements are also used. Typical
speeds measured during NBI are of the order of 10°
ms ~'. With (near) balanced injection hardly any or no
rotation is observed.

To be able to compare experimental results with pre-
dictions from various theoretical models, it is often as-
sumed that the rotation speed of the hydrogenic bulk ions
(vy.;) equals that of the impurity ions (vg;). There are,
however, results from neoclassical theory which indicate
that this need not always be the case [6,7]. Therefore,
measurements of v, ;, alongside vy, are desirable. As is
shown below, these can be performed by the Rutherford
scattering diagnostic (RUSC) at TEXTOR.

The differential cross section for Rutherford scattering
on a Maxwellian ion velocity distribution with a tempera-
ture T; and shifted to a drift velocity vg is given by
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where Z, and Z, are the charge numbers and m, and m,
the masses of the beam and plasma particles, respectively
[8]. The velocities of the beam particles before and after

scattering are represented by v, and ug, and vpy is the ve-
locity component of the plasma particle before scattering
in the direction parallel to u, —v,. Several conclusions
can be drawn from Eq. (1). First, the information con-
tained in the energy distribution of the observed scattered
particles relates to the velocity distribution in one well-
defined direction. Second, bulk motion of the plasma ions
in the direction of observation shows up as a shift of the
complete spectrum of the scattered particles. And third,
the width of the energy distribution of the scattered parti-
cles is strongly correlated with the temperature of the
plasma ions.

This principle is used by the Rutherford scattering di-
agnostic [9,10] at TEXTOR [11] to perform spatially
and temporally resolved measurements on the ion velocity
distribution of the thermonuclear plasma (see Fig. 1). A
narrow beam of monoenergetic, neutral He particles (10
mA, 30 keV) is injected vertically into the plasma. A
small part of the beam particles collides elastically with
the moving plasma ions and is scattered in the forward
direction. The energies of the scattered particles are
determined by means of a time-of-flight analyzer at a cer-
tain, adjustable angle (3°-8°) and their distribution car-
ries information about the ion velocity distribution inside
the scattering volume, which is defined by the intersection
of the He beam and the line of sight of the analyzer. The
present geometry of RUSC is such that the scattered par-
ticles carry information about the ion velocity distribution
parallel to the toroidal magnetic field, so voi can be
identified with vys;. A typical example of a recorded
time-of-flight spectrum during an Ohmic discharge is
given in Fig. 2, together with the instrumental function,
to illustrate the broadening which occurs due to the
thermal movement of the plasma ions. Function parame-
trization techniques are used for data analysis [12].

It should be noted that in spite of the dependence of
do/d Q on Z,,2 (the dependences on T; and m, disappear
when calculating the total scattering yield by integrating
do/dQ), the effect of impurities in the plasma on the
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FIG. 1. Schematic view of the experimental setup of the
Rutherford scattering diagnostic at TEXTOR.

measurements is negligibly small. This is due to two
effects. First, the scattering yield is proportional to the
ion density in the scattering volume, which is much small-
er for impurities than for the bulk ions. Second, a num-
ber of beam particles becomes ionized during the scatter-
ing process. These ionized particles are trapped in the
magnetically confined plasma and are thus not observed
by the analyzer. As the probability for ionization of the
probing beam particles is much larger for scattering on
impurities than for scattering on H or D [13], an upper
limit of only 5% can be deduced as the percentage of the
spectrum which is composed of particles that have been
scattered on impurities.

Simulations using the parameters of RUSC indicated
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FIG. 2. Typical ¢xample showing the broadening of the
time-of-flight spectrum as compared to the instrumental
broadening. The bearmn energy was 30.1 keV and the scattering
angle 7°. For this discharge a central ion temperature of
1.0 £ 0.1 keV was deduced.

that toroidal rotation speeds > 10* ms ™' should be ob-
servable at TEXTOR. First attempts to observe vy; in
this way were made during the latest measuring cam-
paign at TEXTOR. Several discharges with NBI were
monitored. The time evolutions of plasma current, line-
averaged electron density, electron temperature at r
= —7 cm (the center of the plasma was at r =6 cm), and
NBI power of one of these discharges are shown in Fig. 3.
For experimental reasons not discussed here, the toroidal
field was 1.8 T instead of the usual 2.25 T. Hence, no
electron cyclotron emission channel could be set at the
center of the plasma. The central electron temperature
(T.) is estimated to be 20%-25% higher than the
displayed one, based on similar shots with “normal”
toroidal field. The scattering angle of RUSC was 7° and
the scattering volume was positioned at the center of the
plasma.

Several characteristics of the data, collected during the
same discharge as in Fig. 3, are given in Fig. 4. They are
(a) the number of detected counts in a spectrum, (b) the
position of the center of a spectrum, and (c) the width of
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FIG. 3. Time evolution of plasma current (a), line-averaged
electron density (b), electron temperature at r=—7 cm (c),
NBI-co power (d), and NBI-counter power (e).

357



VOLUME 72, NUMBER 3

PHYSICAL REVIEW LETTERS

17 JANUARY 1994

600 T T T T T T T T
w 500 -
2
5
o 400 - -
0
300} (a) -
200 I L 1 L L ! 1 1
214
2 o12f
c 210 +
-]
=
8 2081
a
206 L L 1 1 | | L1
m T T T T T T T T
- 10| .
2
c 9l 4
8r -
£
h-] 7 n
3
6 counter b
NN /772772277207
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

time (s)
FIG. 4. Number of detected counts (a), position of the
center (b), and width (c) of spectra collected during the same
discharge as displayed in Fig. 3.

a spectrum. The total integration time per spectrum was
15 ms. A number of observations can be made. First, a
change in the counting rate of the diagnostic can be seen
after NBI is switched on/off. This is caused by enhanced
losses of the diagnostic beam due to the changing edge
layer of the plasma during the NBI. Second, the com-
plete time-of-flight spectrum shifts to smaller values when
the NBI-counter is switched on. This is caused by the
toroidal rotation of the plasma. With balanced injection,
only a small shift remains, which disappears once both
beams are switched off. Third, the use of NBI leads to a
substantial increase in the width of the spectrum,
reflecting a higher ion temperature of the plasma.

Having established qualitatively that toroidal rotation
can indeed be observed, a quantitative estimate of vy; can
now be made. Rotation during Ohmic heating alone ap-
pears to be very small at TEXTOR (=< 10* ms™"), as
can be concluded from n=1 MHD mode frequencies.
Consequently, the average position of spectra obtained
during the Ohmic phase of a discharge can be used as a
reference zero level, as it is below the detection threshold
of RUSC. It should also be noted that the spectral posi-
tion is a (weak) function of T;: The efficiency of the
RUSC analyzer is better for higher energies, so the spec-
trum for a high T; will be weighted towards shorter flight
times, compared to a low 7;. The shift of the spectrum
which occurs after the onset of NBI, taking this effect
into account, can now be used to deduce vy, as compared
to the Ohmic phase. In this way a speed of 1.4(+0.2)
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FIG. 5. lon temperature (a) and toroidal rotation speed (b)
obtained with the Rutherford scattering diagnostic for the same
discharge as displayed in Fig. 3.

x10° ms ™! has been deduced during NBI-counter for
this discharge. During balanced injection the spectrum is
slightly shifted (= 0.6 ns) with respect to the Ohmic
phase, but this shift can be attributed to the dependence
on T;. It can therefore be concluded that v, ; during bal-
anced injection equals vy; during Ohmic heating. The
time evolutions of both vy; and T; are presented in Fig. 5.
It should be noted that three spectra were added to im-
prove the statistics, so the integration time of a spectrum
was artificially increased to 45 ms. T7; varies from about
0.7 keV in the Ohmic phases of the discharge to 1.4 keV
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FIG. 6. Central toroidal rotation speed of the bulk ions by
Rutherford scattering (closed circles) and that of carbon by
charge exchange recombination spectroscopy (open circles)
during an NBI-power scan. Both ion species have, within the
accuracy of the methods, the same speed. The fit shown is pro-
portional to (Pnp) 8.
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during the NBI-counter and 2.0 keV during balanced in-
jection. The values obtained in the Ohmic phases are
close to the (estimated) T,, but during NBI T; is some-
what higher than ..

Finally, a first investigation into the dependence of v, ;
on the injected NBI power (Pnpg;), using the NBI-co in-
jector, and a comparison with v, ; were made. One of the
ten horizontal sight lines of the CXRS diagnostic was
used to infer vy; of C by measuring the Doppler shift of
the C V1 529.05 nm line. The main plasma and diagnostic
parameters were similar to the ones mentioned above.
Pnpr was not varied by changing the injection energy of
the particles, but by reducing the number of injected par-
ticles. In this way the penetration depth of the beam was
kept constant for all discharges. The results of the scan
are given in Fig. 6, where vy; and v, are plotted versus
Pnpr. The rotation is clearly seen to increase in a non-
linear way with Png;. Within the error bars both speeds
display a similar behavior. A simple power fit revealed
that v, is, within statistical uncertainties, almost propor-

tional to ~/Pngi for the limited data set under considera-
tion: An exponent of 0.58 was found. This implies that
the momentum confinement time for the hydrogenic ions
in the interior of the plasma (t,,), which can be defined
as the average central particle momentum divided by the
toroidal momentum deposited from the beams, decreases

approximately as 1//Pnp1. This scaling of 7, with Pnpi
is similar to the one for the energy confinement time in
the L mode. Similar observations were reported at ISX-B
[4] and JT60 [14]. Expansion of the data set will allow a
statistically more reliable statement about the exact
dependence.

The similarity of vy; and vy ; has been compared with
theoretical predictions by Kim, Diamond, and Groebner
[7). In their article, they derive from neoclassical theory
expressions for the toroidal speed of both species. For the
experimental conditions under consideration, the toroidal
rotation of both ion species is driven by the radial electric
field, but the rotation of the hydrogenic ions is dampened
by ion density (n;) and T; gradients. The difference in
central toroidal speed (Av,) is given by

T,' d(ll’l T,)
a) +
ZieB, dr

d(lnn;)

B 6))

Al"= a)
where Z; is the charge number of the main ion species, e
is the elementary charge, and B, is the poloidal magnetic
field. @,(=0.80) and a,(=0.57) are two constants which
depend on the aspect ratio of the tokamak and on an im-

purity strength parameter which is a measure for the
amount of impurities present in the plasma. Substituting
all parameters, assuming n; =n,, a maximum value of
Avy=1.0x10* ms ~! has been derived. Therefore, as a
possible difference in rotation speed will be lost in the
measurement noise, the experimental observations do not
contradict the neoclassical results.

In conclusion, the results of measurements reported
here show that it is possible to determine the toroidal ro-
tation speed of the TEXTOR hydrogenic ions in a rather
straightforward way by using the Rutherford scattering
diagnostic. Detailed measurements on, e.g., the radial
dependence of the toroidal speed and simultaneous mea-
surements of the toroidal rotation of the hydrogenic and
impurity ions are now possible. This enables comparison
of the toroidal rotation speed of the various plasma ions
with predictions from theoretic models.
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FIG. 1. Schematic view of the experimental setup of the
Rutherford scattering diagnostic at TEXTOR.



