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Resonant Coupling of Ion-Cyclotron Waves to Energetic Helium Ions
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First measurements were performed to test a model prediction which states that the off-axis coupling
of ion-cyclotron waves to energetic helium ions can generate either an inward or an outward drift of
these particles. lon-cyclotron waves with a power of up to | MW are coupled to energetic particles at
the high field side, the low field side, or in the center by varying the toroidal magnetic field. When
changing the heating power or the resonance location, the variation of the concentration of the energetic
helium in the plasma agrees qualitatively with the model predictions.

PACS numbers: 52.55.Pi, 28.52.Cx

In recent years, fusion research on tokamaks has made
substantial progress on plasma confinement under condi-
tions with strong auxiliary heating power. The scaling
laws achieved in present-day machines promise ignition in
a next step device like ITER. An open problem for the
ignition remains the exhaust of the helium ash, which has
to be removed on a time scale of at most 10 energy
confinement times [1-5]. Experiments have been per-
formed on the helium distribution in the plasma, the heli-
um transport, and accumulation of helium in the divertor
chamber [5-14]. Investigations with full pumping capa-
bilities have been executed by the toroidal pump limiter
ALT-II on TEXTOR [15-20]. Also, proposals were car-
ried out to remove the helium by implantation in nickel
[21]. Finally, it is also proposed to interact resonantly
with the helium ions inside the plasma. First experiments
on this last concept will be described in the following.

According to a proposal of Chang and co-workers
[22-24] it is possible to use resonant ion-cyclotron (IC)
waves interacting with the a particles to expel them when
they have already transferred more than 90% of their en-
ergy to the background plasma. The energy of these He
ions is in the 100 keV range. A coupling of IC waves to
this particle group is promising, because on one hand the
requirement in heating power is not dramatic and on the
other hand the resonance frequency is still sufficiently
separated from that of deuterium.

The radial transport of energetic ions is a consequence
of vertical drift motions induced by the gradient of the
magnetic field [24]. If gradB drift is upwards directed, it
leads to an inward movement of the ions in the lower half
of the tokamak and to an outward motion in the upper
part. Under normal plasma conditions these drifts can-
cel, but a net effect persists if the symmetry is broken.
The symmetry can be broken by off-axis, directional cou-
pling of an IC wave to particles moving in a specified
direction (here antiparallel) to the magnetic field lines

(e.g., heating on the low field side with phased antennae),
as sketched in Fig. 1. If the wave couples at the peri-
phery to the particle group moving downwards on the low
field side along the magnetic field lines (vo), these parti-
cles gain energy; the particle group moving into the oppo-
site direction is not influenced by the wave. At the bot-
tom, the particle number with lower energy has decreased
and the number with higher energy increased. Further
on its path the heated particle group loses energy because
of collisions and the lower energy group increases, leading
to a top-bottom imbalance of the particle population. To-
gether with the curvature drift (vp) acting on the parti-
cles this imbalance leads to the above mentioned overall
drift.

The small up-down asymmetries caused by weak col-
lisions can lead to large fluxes due to the large drift veloc-
ity of the fast particles. In a thermonuclear plasma, fast
ions are fairly noncollisional; i.e., v./wr, the ratio of the
collision frequency (v, = 1/75, with 7, the slowing down
time) to the bounce or transit frequency wr, is a small

FIG. 1. Sketch of the flows inducing the helium drift.
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quantity. In order to create a significant asymmetry, the
RF ‘‘heating frequency” vrr= (dE/dtrg)/E (E is the
energy of the fast particle population) has to be of the
same order as the collision frequency vrp= .. Then the
velocity perturbation Av/v and the up-down asymmetry
An/n are of the same order v./wr. It is shown by Chang,
Lee, and Weitzner [24] that in the case of ITER for
Pre=20 MW such a collisionality is sufficient to pro-
duce radial flows I', = Anvp == nv.vp/wr = nererp/ o1
of the correct order of magnitude (102 m ~2s~1).

In TEXTOR, the amount of power needed to have
vRF == U is readily estimated using the fact that g is the
ratio of the RF power density and beam energy density
RE = (PRF/VRF)/(E veam/Vbeam) With VRr and Vpeam the
volumes into which the RF and the beam power are de-
posited. The energy in the beam component Epeam is the
product of the average energy of a beam ion during its
slowing down phase E,, by the number of fast ions
(dn/dt)t; with the number of neutrals injected per
second (dn/dt =Pn)/Eo where Eg is the energy of a neu-
tral beam particle). This leads to vRre/ve = (Vpeam/
VRE) (Pre/PN1) (Eo/E ), showing that vgE is a few times
v. when the RF power is chosen close to Pnj. A simple
computation using Eq. (14) of Ref. [23] shows also that
the total RF induced flux is of the same order as the total
particle input flux by the beam, i.c., a few times 10'8
particlesm ~%s ', Finally, the total RF power cannot be
much larger than the Coulomb cooling power (NVE . /75
with N the density of the energetic ions [23]); otherwise
the RF causes trapping of the fast ions and the efficiency
of the RF pumping is reduced. In the TEXTOR case this
power is of the order of | MW. These very simple esti-
mates indicate that the mechanism proposed by Chang
should be of the correct order of magnitude in TEXTOR
for Pni= 1 MW (40 keV neutrals) and PrRp< 1 MW.

This basic idea has been tested on TEXTOR for the
first time. TEXTOR is a medium sized tokamak with the
characteristic parameters R=1.75 m, a=046 m,
I, =500 kA, and Br=28 T. The device is equipped
with two neutral beam injectors and an ion-cyclotron
heating system (ICRH) using two pairs of antennas with
a maximum total power of 4 MW. The neutral beams in-
ject nearly tangentially into the plasma; one of the beams
shoots in the codirection (i.e., parallel to the plasma
current) and the other one in the counterdirection.
Charge exchange light (P, line of *He) from beam line
number I (counterinjection) is observed on ten radially
distributed spectroscopic channels. The line spectrum is
measured on these channels and provides a picture of the
toroidal velocity distribution of the helium ions.

The coinjector (NI-II) is equipped with a cryopump.
A processing of the pump with argon frost allows a
pumping of helium and the generation of an energetic
neutral beam [14,25]. In order to couple the IC waves to
the helium only and not to the deuterium majority, the
3He isotope is chosen. The counterinjector (NI-I) pro-
vides at reduced intensity the deuterium neutrals needed

for charge exchange. NI-II produces 40 keV *He neu-
trals and is switched on from | to 2 s after the start of the
discharge. NI-I (D) operates at 50 kV and is activated
between 1.5 and 2 s.

The toroidal asymmetry in the wave-particle interac-
tion is provided by the directionality of the fast He-ion
source and no asymmetric wave launch is necessary, in
agreement with Chang’s proposal [24]. In the experi-
ments r phasing between adjacent antennas is used. To
induce the drift, off-axis ICR heating is essential. The
drift direction can be modified by two means: (a) invert-
ing the plasma current and the toroidal magnetic field
(VBxB is inverted) or (b) positioning the resonance lay-
er either to the high field side or to the low field side of
the plasma (variation of B7). Both schemes have been
investigated, but case (b) is simpler and therefore is the
only one described here. For the following experiments /,
and Br were inverted as compared to the normal opera-
tion of TEXTOR. The drifts in the actual experimental
situation are those of Fig. 1.

Figure 2, curve a, shows the spectral output from a
central horizontal channel for the *He beam alone and
curve b shows that from both beams. Only the long
wavelength wing of the spectral line is represented; the
thermal part of the spectrum is not recorded, because its
intensity is too large as compared to the high energy con-
tribution so that it would saturate the detector. The spec-
tral range considered corresponds to 15-50 keV comoving
ions (large Doppler redshift). Because the fast He ions
are injected in the codirection only, there is no corre-
sponding blueshifted light wing at small wavelengths.
The signal a is peaked towards the high energy end of the
spectrum; i.e., one sees predominantly the high energy
particles (40 keV). This is the spontaneous He* emis-
sion light resulting from the finite lifetime of the just ion-
ized He ions before they undergo a second ionization.
The lifetime of the He* ions amounts to 0.5-1 turn
around the plasma before further ionization. During this
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FIG. 2. Curve q, emission (t=1.1 s), and curve b, emission
plus charge exchange (1 =1.6 s) of the high energy part of the
helium spectrum. The emission occurs due to the finite ioniza-
tion length of the singly ionized helium after injection by the
beam. The spectra are recorded by one of the horizontal optical
multichannel array (OMA) channels.
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time they emit the P, line, which is used for the charge
exchange spectroscopy. These particles do not have
enough time to slow down before they are fully ionized;
the most prominent spectral feature is a peak near the in-
jection energy, which is spreading due to the finite width
of the beam and geometrical effects. Spectrum b of Fig.
2 is a superposition of the previous spontaneous emission
signal a and of the charge exchange signal resulting from
the emission by excited He™ ions created by charge ex-
change (He**+D%—He*+D™") with the slowing-
down He*™* population. The magnitude of the two sig-
nals @ and b cannot directly be compared because they
correspond to different densities and therefore to a dif-
ferent number of fast ions in the discharge [e (dn/
dt)t,l. The flat part of spectrum b is reminiscent of
a distribution function of well-confined fast ions (con-
finement time = 7). At low energy the wing of the
Maxwellian distribution corresponding to the thermalized
He™** is apparent.

Figure 3 shows the time dependence of the light, mea-
sured along a chord localized at 8 cm outboard from the
toroidal axis, together with the timing of the NBI and RF
pulses. The bottom curve shows a sequence of spectra of
the type shown in Fig. 2, recorded by an optical mul-
tichannel array. Taking the Shafranov shift into account,
this CXS channel is central. During the first part of the
pulse (1-1.5 s) the diagnostic D beam is not operated and
only the spontaneous emission light (curve a) of He* is
measured. The intensity decreases with time, because the
He injection causes a strong density rise and therefore an
increase in the ionization rate that decreases the He™
lifetime. During the second part of the pulse (1.5-1.9 s)
the D beam is activated and there is a strong increase in
the light corresponding to the CXS signal. As the density
continues to increase during the second part, the relative
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FIG. 3. Shot number 54856 with Br=1.9 T. Bottom curve:
Temporal sequence of spectra recorded by an OMA system
(channel 6, line of sight 8 cm outboard of the magnetic axis).
Each spectrum is sampled over a time interval of 100 ms. Top
curves: Sequence of NBI and RF pulses.
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contribution of the spontaneous light emission becomes
smaller and smaller. It is important to note that in the
absence of RF this part of the signal is independent of the
value of By. Keeping everything else constant, the CXS
signal can be varied by adding ICRH and changing the
resonance position in a B7 scan. For the given TEXTOR
configuration (Br counterclockwise when seen from the
top) the VBxB drift for the ions is directed upwards.
The coinjected He ions move downwards at the low field
side and upwards at the high field side. An IC wave cou-
pling to the plasma high field side (Br < 1.9 T, frp=38
MHz, 2w,.; heating) therefore should lead to an outward
drift of the energetic helium and a coupling at the low
field side (B7 > 1.9 T) to an inward drift.

The dependence of the CXS signal intensity on Br in
the presence of RF is exhibited in Fig. 4, which shows the
ratio of the spectral light intensity at different Br’s to
that in Fig. 3 (bottom). For the latter shot, the cyclotron
resonance is centrally located and no pump-in/out of fast
He should occur. This is actually what happens as shown
by the circles (discharge without RF; ratio nearly equal
to 1). With RF and different B7’s Fig. 4 also shows the
trends expected from theory. When the cyclotron layer is
located at the LFS, the fast He ions are driven inward by
the RF and their number increases in the center (tri-
angles). If the cyclotron layer is moved to the HFS the
converse occurs (crosses and inverted triangles). The Br
dependence of the CXS signal is in reality stronger than
shown in Fig. 4 as the contribution of the spontaneous
emission of the He ™ was not subtracted from the signal.
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FIG. 4. Ratio of signals, similar to that of Fig. 3 (bottom),
for the shots listed below, to the signal of Fig. 3. The highest
energy part of the signals (sharp rise of signal in the range
31-40 keV) is not taken into account, because signal noise at
small values increases the scatter of the ratio. O: shot number
54861, no RF, Br=2.0 T; A: shot number 54858 with RF,
Br=2.1 T, x: shot number 54855 with RF, Br=18 T; V:
shot number 54854 with RF, Br=1.7 T. The dashed lines pro-
vide a guide for the eye.
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Note that the spontaneous emission signal (t <1 s) is in-
dependent of the magnetic field, indicating that the shots
are similar.

Because of the strong recycling of the He, the pumping
effect by the RF is hard to detect (at least in an unambi-
guous way) in the standard diagnostics. For example, the
line averaged density is nearly identical for all shots ex-
cept the lowest Br(=1.8 T), for which it becomes
significantly larger mainly due to a broadening of the
profile [the increase of the central density is 5% for shot
54855 and (15-20)% for shot number 54854]. This
might be due to a stronger recycling resulting from the
expulsion of the fast He by RF, but this interpretation
remains speculative. Another interesting observation is
that the diamagnetic energy increases with the RF; the
maximum increase is observed at the lowest By (< 1.8
T). This larger increase might be attributed to the cen-
tral absorption of RF by the D beam at the third harmon-
ic. The absorption at the third harmonic is predicted to
be rather weak (=< 10%) and does not prevent the in-
teraction with the energetic helium ions [26].

The CXS signal behavior indicates without any doubt
that the variation in the light intensity is a pure RF effect
and a consequence of the variation of the *He cyclotron
layer location. Looking for an alternative explanation,
the only one could be that we are observing a pure heat-
ing effect rather than a transport effect. Although the
RF heating increases the perpendicular energy while the
light observation is made in parallel direction, this ex-
planation might marginally fit at higher By (2.1 T) where
the increase in the number of fast He ™% ions could be at-
tributed to off-axis heating by RF. The presence of the
third harmonic D layer at x = 13 cm might then explain
some reduction of the effect at 1.9 T. However, this
mechanism (with only = 10% absorption per transit)
cannot explain the total disappearance of the effect.
Similarly no explanation based on D and/or *He heating
can explain the reduction of light intensity at Br=1.8
and 1.7 T, especially as the heating effect is stronger in
this condition (larger energy). Some reduction in the sig-
nal intensity (= 5% at 1.8 T and maximum 20% at 1.7
T) results from the somewhat larger central density. But
this effect cannot explain the reductions shown in Fig. 4.

Even though an active helium ash expulsion according
to Chang’s model seems attractive, a severe difficulty
should be mentioned which is connected with this con-
cept, if applied to a fusion reactor: If the concept works
as expected, particles with energies of 100 keV leave the
plasma and hit the wall. This is only possible if the parti-
cles leave the plasma at predictable, well defined posi-
tions, which can be armored. If this cannot be guar-
anteed, the high energy particles are more harmful than
helpful. Nevertheless possible scenarios for helium remo-
val should be studied thoroughly, because this problem is
critical for a fusion reactor.
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