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ABSTRACT Direct electron damping of low frequency fast magnetosonic
waves has been observed in the centre of high beta hydrogenic JET
plasmas where transit time magnetic pumping is a significant
component in the electron-wave interaction mechanism. The electron
heating power profile was peaked. on axis, extended across almost
half the minor radius and accounted for 22+5% of the total
radiofrequency power coupled to the plasma. Qutside this region
the fast wave was abscorbed by hydrogen ions at the second harmonic
cyclotron resonance which was situated 0.4m inboard of the magnetic

axis.

Tokamak fusion reactors will almost certainly require some form of non-
inductive current drive, either for complete steady state operation or
for current profile control to maintain plasma stabilfty. Direct electron
damping of low frequency (~ 20 MHz) fast magnetosonic waves could provide the
most effective method of driving such currents. Theoretical work by Fisch
and Karney [1] first showed that such a scheme has an even greater efficiency
than lower hybrid current drive whiech, so far, has achieved 2 MA of plasma
current in the JT-60 Tokamak [2]. The efficiency enhancement depends on the
parallel energy of the resonant electrons and is 70 % for thermal electrons
reducing to 15 % at ten times the thermal energy. Furthermore, the fast wave
can propagate to the centre of high temperature, high density reactor

plasmas, a region forbidden to lower hybrid waves according to the



Stix-Golant accessibility criterion [3, N]. The disadvantage of the fast
wave method in present size experiments, and the reason for its slow
experimental development, is the weak electron damping relative to other
p0551ble absorption mechanisms, notably ion eyclotron damping.

The interaction between the fast wave and electrons is a coherent combination

of transit time magnetic pumping (TTMP) and electron Landau damping (ELD)-

[5]. Both components accelerate electrons along the magnetic field 1ines and
The

absorption takes place at the Landau résonance for which p = k”
quantities k” and v" respectively, are the components of the wave vector and

electron velocity parallel to the magnetic field and w is the angular
frequency. Recently, detailed. theoretical treatments of the absorption have
been given by Moreau et al. [6] and by Chiu et al. [7]- for frequencies
ranging from below the ion c¢yclotron frequency up to the lower hybrid
frequency. These authors find that the parameter ¢ = T wpl/m c?w? plays a
key role In determining the relative strength of the TTMP and ELD

interactions. In the above egquation, Te is the electron temperature, wpi is
the ion plasma frequency and mec2 is the electron rest energy. For example,

the force F”, acting on an electron with v" > Ve is given by

F”(El) = ie¢k”w2(wcewci)-1.[1 +a - aEl/<El>] (1)
where Ve is the electron thermal velocity, El is the electron énergy
perpendicular to the magnetic field, ¢ is the RF electric potential, Wop is
the eiectron cyeclotron frequency, Wog is the ion e¢yclotron frequency and <El>
is the perpendicular energy averaged over the electron distribution function.
Thé terms 1 + ¢ and aEl/<El> are due t£to ELD and TTMP respectively. Thus, fgr
an electron whose magnetic moment (u) is thermal, o is the ratio of the uaAB
force to the total force produced by the combined ELD and TTMP components
acting in opposite directions. For >>1 (low frequency waves and high beta
plasma), the interaction takes place prineipally by TIMP in the case of
electrons with El greater than <El>. Conversely? ELD is the stronger
component for electrons with El less than <El>' Also In the limit a>>1 the

current drive efficiency has the enhanced value found by Fisch and Karney and

2klf J _Eg

where kl is the wavevector perpendiéular to the magnetic field, kli is the

the damping [6,7] is given by

imaginary part of kl’ Be'is the electron beta and g(= m/k"ve) is the phase
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velocity normalised to the electron thermal velocity. As can be seen from
equation 2, the strongest absorption occurs at maximum Be and at a phase

veloeity of ve/JE.

In the regime «<<1 (high frequency waves and low beta plasma), ELD dominates
the interaction for all values of El’ and the current drive efficiency is the
same as for lower hybrid waves. This regime contains all the fast wave
~ current drive experiments carried out so far [6], on ACT-1 {8], JIPP T-IIU
[9, 10], JFT-2M [11] and PLT [12]. In all cases the value of & was less than
G.1 and for each experiment the frequency was at least an order of magnitude
greater than the ion cyclotron frequency. In reactor .plasmas such high
frequency schemes could suffer .from harmonic ecyclotron. damping by alpha
particles. A more attractive alternative [13, 14] would be to use a

frequency just below the lowest cyclotron frequency, w in a D-T reactor,

‘thereby avoiding all cyeclotron damping and benefitingCT}rom the improved
current drive efficiency. Such a scenario is typicaliy characterised by o ~
50. Clearly there is a need to establish an experimental basis for these
high beta schemes at the low frequency end of the ion cyelotron spectrum.
JET parameters provide an opportunity for such experiments and evidence for
combined TTMP + ELD absorption has been found in the centre of “He discharges
with on-axis *He minority ICRH [?5]. The present 1letter deseribes
experiments in JET hydrogen plasmas where the hydrogen second harmonic
cyclotron resonance was placed well inboard of the magnetic axis so that no
cyeclotron rescnance or.mode conversion layer existed inside a minor radius of
0.4m. Direct electron damping has been observed in this central region and
is in good agreement with the theoretically_predicted absorption of the fast
wave by TIMP+ELD., Furthermore, these discharges gave a value of o = 3 80
that TTMP was a significant component in the acceleration of the resonant

electrons.

The experiments were carried out in JET double null X-point discharges with a
plasma current of 2 MA. A poloidal cross section of this type of discharge is
shown in Fig. 1. The last closed flux surface closely follows the RF antenna
curvature allowing optimal coupling to the fast wave. The hydrogen target
plasma was heated simultaneously by both RF and neutral beam injection (NBI)
for a period of 2 sec. The NBI heating consisted of 4 MW of 8C keV deuterium
atoms. The RF power was launched using the ion cyeclotron resonant heating
(ICRH) antennae and was square wave modulated at 8 Hz between 3 MW and 9 Mw.

The frequency was 48 MHz and each antenna operated with dipole phasing. In
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this mode, the launched power spectrum in k”has a maximum at k“ = Tm=! with a
full width at half maximum, Ak“ = Tm™?t,

For a central toroidal magnetic field (BT) in vacuum of 1.34T the hydrogen
~second harmonic ion cyclotron rescnance in the plasma is calculated to be at
a major radius of 2.68m when paramagnetic and diamagnetic effects are taken
into account. The position of this reSonance layer is shown in Fig. 1. The
flux surface wcwhich just touches the resonance encloses a substantial
central plasma volume that is free from 1ion cyclotron and mode conversion

layers. in this situation central damping of the fast wave c¢an only occur

through the TTMP/ELD process. Studies of the direct electron heating in this

region were carried out using a multi-channel heterodyne electiron cyclotiron
emission (ECE) radiometer [16] to observe the response of the electron
temperature to the RF power modulation. This instrument views the plasma
horizontally along the mid-plane and was tuned to detect second harmonic
E-mode radiation. The spatial resolution due to the receiver spot size is
about 0.0am. At BT = 1.34T the range of operation covers the plasma core
region between maior radii of 3.07m and 3.32m. In order %o increase this
range, data were also taken at BT = 1.44T for which the w = 2wcH resonance
occurs at 2.87m and the ECE diagnostic scans from R = 3.30m to R = 3.58m. In
this case the 'resonance intersects the flux surfaces covered by the ECE
radiometer so that mode conversion at the second harmonie, as well as TTMP +
ELD, ecan contribute to the prompt electron heating signal. However, with
dipole antenna phasing the mode conversion component is small and, according
te full wave calculations, accounts for only 1% of the total power

absorption.

Typical plasma parameters obtained during the combined heating are shown in
fig. 2. The electron density (ne) and the temperature profiles were measured
with the LIDAR Thomson scattering system [17]. Ion temperatures (T ) were
deduced from the Doppler broadening of charge exchange recombination
radiation emitted by carbon impurity ions [18]. Both the Te and Ti profiles
are strongly peaked with on-axis values of 3.9 keV and 2.9 keV respectively.
The density profile is much broader and has a central value of 2.2 x 10'°m~%,
The volume averaged, total beta for this discharge is 1.4% which is
approximately 30% of the Troyon limit for kink modes [19].

An. estimate of the single pass power absorption in the central plasma
enclosed by wé_can be made using egqn. (2) and the parameters in fig. 2. The

average electron temperature inside wc is 2.8 keV giving an electron beta of
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1.5%. A launched k; of Tm~! becomes 9m™' in the plasma centre (since
k”R ~ constant) so that £ = 1.1. Taking kl = m/VA, where v, is the Alfvén
speed, we obtain 2§<li = 0.22m~! which suggests that about 17% of the
incident power wiil be absorbed on the first pass by TTMP/ELD inside a minor

radius of 0.4m.

The response of Te on axis to the RF power modulation can be seen in fig. 3
which shows the ECE radiometer signal together with the RF power trace. The
presence of direct electron damping of thé wave is revealed by a change in
the sicpe (Te}'of the sawtooth ramp at the time of the RF power is switched
up or switched down. The step in the power per unit volume absorbed by the
electrons is related to the disco?tinuity (ATE) in the temperature slope
through the expression APe = % neATe, provided the heat transporit remains
continuous during the RF power transition and An, = 0. There is no
detectable discontinuity in ng and we can set an upper limit of 0.0'MW/m® on
the error introduced by neglecting this component in the determination of the

power density.

Values of APe cbhtained from Aie are plbtted against major radius in fig. 4.

The solid points show data for B, = 1.34T and the open points for

T
B, = 1.44T. The centrally peaked power deposition is as expected from the

sggilar form of the Be profile and the maximum power density is ~ C.11 MW/m®.
When the data in fig. 4 is fitted with a gaussian shape, we find that the
total modulated power absorbed within wc is about 1.3+0.3 MW. This
corresponds to 22+5% of the modulated input power which is somewhat larger

than the above estimate based on eqn. (2).

Further profile information is obtained from soft X-ray measurements using
imaging cameras which view the JET plasma from two orthogonal directions
[20]. The data is tomographically inverted to produce emissivity profiles,
e(R) in the mid-plane such as those shown in fig. 5. The change in slope A
is eclearly seen in the plasma centre as the RF power is switched down at
52.12s. A profile of Ae averaged ovef several RF power transitions is shown
in fig. 6 and confirms the centrally peaked power deposition profile deduced
from the ECE measurements. The error bars represent rms deviations, The
maximum value of Ae appears to be slightly displaced (0.07m) from the
magnetic axis although this is within the uncertainties of the tomographic
and equilibrium calculations. The profile of Aé also shows subsidiary peaks

outside the sawtooth inversion radius which could be due to electron heating



by mode conversion in the vicinity of the w = chH resonance, However, the
asymmetry in Aé between the high and low field sides is difficult to explain
especially as the emisivity, e, has a symmetiric profile.

The total power deposited in the plasma can be calculated from the modulated

components of W and wm q the plasma energy content measurements given by

dia h
the diamagnetic 1loop and Shafranov shift, respectively [21]. These
diagnostics have different sensitivities to the parallel and perpendicular
energies such that the total energy content is given by

W =1/3 (W + 2W

tot dia mhd) (3)

where the tilde denotes the modulated component. For the present
experiments the global energy confinement time, [TE] is 0.18s so-fhat
WnTE ~9, where Wy is the fundamental angular frequency of the modulation. In
this case the square wave amplitude of the absorbed power can be obtained

from ﬁtot = meﬁtot/ﬂ. The waveforms of ﬁdia and wmhd are shown in fig. 7
for the experiments with BT = 1.34T. Both signals have a peak/peak variation
of 0.14MJ which gives Ptot = 4.4 MW compared with 5.8 MW of modulated input.
Thus 77+10% of the coupled power is deposited in the bulk plasma where the
energy éonfinement time exceeds wﬁl by almost an order of maghitude. This
result, 1in conjunction with the direct electron heating measurements,
suggests that a) most of the power absorption takes place at the hydrogen
second harmonic rescnance and b} a small amount of power is deposited in the
plasma periphery where the sensitivity of the method is reduced by the poor

energy confinement in the edge region.

The pbwer density profile for direct electron damping is compared in fig. 8
with theoretibal profiles based on ray tracing [22] and a self-consistent
treatment of power deposition and velocity distribution using the PION code
[23}. In addition to TIMP and ELD, both models take account of second
harmonic cyclotron absorption. The PION code also includes mode conversion,
although the latter is negligible in the present case with dipole antennae
phasing. The theoretical direct electron heating profiles in fig. 8
correspond to a modulated input power of 4.4 MW which is the observed power
deposited in the bulk plasma. The PION code predicts that 70+5% of the power
is absorbed by the ions and 30+5% by direct electron damping. Inside wc the
predicted power absorbed by the electrons is 1.2+40.2 MW and this is in good
agreement with the measured value of 1.330.3 MW. Also, the calculated

self-consistent hydrogen ion distribution function has at least 90% of the
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ions below the critical energy and this is consistent with the observed lack
of velocity space anisotropy as shown by the equality of ﬁdia and ﬁmhd:
anisotropy begins to develop when the tail temperature exceeds the critical
energy (~25keV in the present case) and ion-ion pitch-angle scattering is
reduced. However, the predicted profile is much more peaked than the
‘measured profile with a central power density of 0.3 MW/m?® compared with the
observed value of 0.11 MW/m®. However it should be noted that the PION code
assumes an idealized antenna current and does not take into account the gap
in the central conductor on the equatorial plane which depletes the electric
field near the axis. The ray tracing calculations predict that 38% of the
input power is absorbed by electrons and 62% by ions. In this case, the
second harmonic damping was obtained by using an average ion energy of 10keV
as given by Fokker-Planck calculations. The electron heating profile 1is
shown in fig. 8 and has a maximum slightly off-axis at a minor radius of
0.2m. This effect is due to the convergence of the rays towards a focus
which is 0.2m on the high field side of the magnetic axis. The calculated
power absorbed by the eiectrons inside wc is 1.2MW in agreement with both the

experiment and PION calculations.

In summary, we have observed collisionless electron damping of fast
magnetosonic waves in the centre of JET hydrogen discharges when there is no
competing mode conversion or ion cyclotron absorption within a minor radius
of 0.4m. Outside this region, power was absorbed by the bulk ions at the
2mcH.resonance. The experimental conditions of high beta plasmas and a low
frequency wave ensured that TTMP was a significant component 1in the wave
electron interaction. The electron heating profile was determined from
measurements of the ECE and soft X-ray response to RF power modulation. The
maximum power density occurred on-axis but the profile was less peaked than
that predicted by eitherrray tracing or the PION code calculations. The
discrepancy is greatest in the latter case and could be due to the simplified
antenna geometry assumed in the code. However, the total power absorbed by

the electrons agrees well with theory.
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