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ABSTRACT

Ion cyclotron emission (ICE) has been observed during
D-T discharges in the Tokamak Fusion Test Reactor (TFTR),
using rf probes located near the top and bottom of the vacuum
vessel. Harmonics of the alpha cyclotron frequency (Q¢)
evaluated at the outer midplane plasma edge are observed at the
onset of the beam injection phase of TFTR supershots, and
persist for approximately 100-250 ms. These results are in
contrast with observations of ICE in JET, in which harmonics of
Qq evolve with the alpha population in the plasma edge. Such
differences are believed to be due to the fact that newly-born
fusion alpha particles are super-Alfvénic near the edge of JET
plasmas, while they are sub-Alfvénic near the edge of TFTIR
supershot plasmas. In TFIR discharges with edge densities such
that newly-born alpha particles are super-Alfvénic, alpha
cyclotron harmonics are observed to persist. These results are in
qualitative agreement with numerical calculations of growth
rates due to the magnetoacoustic cyclotron instability.
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INTRODUCTION

Cyclotronic emission has been observed during deuterium-tritium
operation in both JET! and TFTR.23 In both cases, multiple harmonics of Qg
(the alpha cyclotron frequency evaluated near the outer midplane edge of the
plasma) are observed. On JET, the evolution of these harmonics follows that
of the edge alpha particle population, and shows clear correlations with MHD
events. On TFTR, emission at harmonics of Qg is also observed, but its
temporal evolution is very different. In a typical TFTR supershot, Qg
harmonics are observed within 50 ms of beam injection, but then disappear
within 100-250 ms. These mod?s are then replaced by a new, distinct set of
harmonics of Qp and Qr, the cyclotron frequencies of the injected species.
Like the Qg emission, these frequencie,% correspond to a locus of emission
near the outer midplane plasma edge, bﬁt at a slightly smaller major radius.
While the magnetic field inferred from Qg (neglecting the Doppler shift)
corresponds to a location slightly beyond the plasma edge (in the vacuum
region), the field inferred from Qp and Qt corresponds to a location just
inside the plasma edge. Typical early;;(Qa) and late (Qp and Qr) spectra, as
well as the locations of cyclotron resonances within the plasma, are presented
in figure 1. For comparison, ICE observations during DD plasmas in TFTR
are described elsewhere.234

Before discussing measurements of alpha particle driven ICE in TFTR
in further detail, we present a brief description of the magnetoacoustic (or
Alfvén) cyclotron instability (MCI), and its implications for expected emission
in TFIR and in JET.




THE MAGNETOACOUSTIC CYCLOTRON INSTABILITY

The MCI has been identified as the probable mechanism behind fusion
product driven ICE in both JET and TFTR.S67 While ICE can be modelled
with varying degrees of sophistication, much of the relevant physics is
captured by simply solving the local dispersion relation for a uniform plasma
with conditions comparable to those in the plasma edge. Such a treatment
verifies that ICE can, under the right conditions, be excited by fusion
products56 or by beam ions.8 We limit the present discussion to the issue of
alpha particle driven ICE. At the onset of neutral beam injection, the alpha
particle population in the plasma edge is initially dominated by barely trapped
particles born near the core on very wide banana orbits. Figure 2 depicts such
an orbit in TFTR, while figure 3 presents the pitch angle distribution of alpha
particles at the TFTR plasma edge, as calculated by the ORBIT particle-
following code,® which integrates fusion source profiles (calculated by
TRANSP10) over particle orbits. A simple but reasonable model for the
distribution of birth alpha particles at the plasma edge is thus
fo o< exp{-(v - va)2/vn? - (v} - w)2/vr, 2}, where vg? + u2 = vgo? (Voo is the alpha
particle birth velocity) and u/v4 = tan(8,) (6o is a pitch angle lying close to the
trapped/passing boundary). Local dispersion relations for such distributions
can be solved numerically, and in certain limits, énalyﬁcaﬂy.5r6 In particular,
as was shown in references 5 and 6, if one lets fo o exp{-(v; - va)2/v/2}8(v, - u),
takes the electrostatic limit, ignores Landau damping (appropriate if kj « k),
and assumes ng « n;, one recovers, to lowest order, the fast Alfvén wave

dispersion relation:
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with the first order correction yielding the growth rate:
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and where Ny =kca/o,N, =k ca/ @, Mn= (0 - kvd - nQq)/ kyvr, Jn is the Bessel
function of order n with argument z; = k,u/Qq, and n is the integer for which
nQq lies closest to . These equations can be expressed in terms of the
following dimensionless parameters: the ratio of the alpha particle density to
the background ion density (§ = ng/n;), the mean alpha particle pitch angle
(6o), the propagation angle (tan(6x) = k, / k), the ratio of the alpha birth velocity
to the Alfvén speed ({ =vgo/va), and the narrowness of fo (6 = v,/ u).
Numerical calculations indicate that wﬁﬂe the growth rate is proportional to
€, the value of ¢ required for instability is strongly dependent on { (see figures
4 and 5). If the alpha particles are super-Alfvénic (e.g. { = 1.5), the second
alpha particle harmonic, for example, can be destabilized for values of 6 below
0.14; if the alpha particles are sub-Alfvénic (e.g. { = 0.5), the same harmonic is
stabilized for values of ¢ above 0.06.6 One would expect, therefore, that while
the initial edge alpha particle population is narrow enough, ICE would be
observed as § increases, but that as the distribution widens, the ICE would
eventually be stabilized. Furthermore, this stabilization would be more easily

achieired for smaller values of .




IMPLICATIONS FOR JET AND TFTR |

Due to the flatness of JET density profiles, 3.5 MeV alpha particles are
super-Alfvénic even near the plasma edge.ll TFIR supershots, on the other
hand, are characterized by highly peaked density profiles, such as the one in
figure 6. So while alpha particles are born super-Alfvénic in the core, they are
sub-Alfvénic near the plasma edge. MCI theory would thus suggest that
alpha partiéle driven ICE harmonics would be more easily excited in JET than
in TFIR (which, indeed, is the case). In addition, the excitation of the MCI in
TFIR depends on two competing processes: the rapid growth of the alpha
particle population once beam heating commences, and the gradual widening
of the alpha particle distribution function due to collisions. When alpha
particle production begins, the distribution function at the plasma edge is
very narrow, because the alpha particles have not yet slowed down and
because only those with a narrow range of pitch angles (i.e. those that are
barely trapped) will follow orbits carrying them through the plasma edge. As
the alpha particle population continues to grow, however, the distribution
function widens, eventually reaching the point at which the instability can no
longer be excited. A simple analytic model of the evolution of the alpha
particle distribution function (see reference 6 for a detailed description)
predicts that for parameters appropriate for the edge plasma in TFTR
supershots, alpha particle driven ICE should be observed during
approximately the first 100 ms of beam injection, with the growth rate

peaking near 40 ms. This prediction is qualitatively consistent with

experimental observations.




ICEIN TFIR L-MODES

Recently, ICE data were obtained during several TFTR discharges with
edge densities high enough to ensure that 3.5 MeV alpha particles were super-
Alfvénic even near the plasma edge. MCI theory suggests that alpha particle
driven ICE should be more easily excited under such conditions, and, in fact,
this turns out to be the case. We present in figures 7, 8, and 9 a comparison of
data from three different discharges. The first is a typical supershot, in which
edge alpha particles are sub-Alfvénic throughout the discharge. In this case,
élpha particle driveﬁ ICE is observed only at the onset of beams. The second
is a supershot in which an L-mode transition is induced by means of a large
He puff. In this case, alpha particle driven ICE is observed briefly at the onset
of beams, but also reappears after the puff, when the density is high enough
that £ > 1. The final case is an L-mode discharge for which the alpha particle
birth speed is greater than the edge Alfvén speed throughout the beam phase.
In this case, alpha particle driven ICE is observed immediately after the onset
of beams, but persists until the beams are turned off. In all three cases, alpha
particle driven ICE is observed only when the edge alpha particles have a very

narrow distribution function, or when they are super-Alfvénic.

DISCUSSION

The data presented above provide valuable support for the MCI theory
of ion cyclotron emission. While the local treatment described above is
simplistic by construction, it nevertheless is qualitatively consistent with
empirical observation. More elaborate models (such as the global eigenmode
calculation presented in reference 7) should lead to further improvements in
our understanding. At present, several aspects of ICE in TFIR remain poorly

understood. First, spatial localization to one region of the plasma seems
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insufficient, by itself, to account for the extreme narrowness of the observed
modes. The alpha particle distribution function is described by a narrow
drifting ring over a larger range of radii than the spectral line widths would
indicate. We should also note, however, that a small fraction of alpha
particle orbits extend beyond the outer midplane plasma edge. It may be that
the least damped eigenmode is that with the lowest frequency accessible to the
energetic species. (Recall that the locus of emission, neglecting any Doppler
shift, is consistent with magnetic fields in the vacuum region beyond the
plasma edge.) Second, the way in which the amplitude of alpha particle
driven ICE in TFIR depends on global plasma parameters (e.g. fusion rate,
beam power, plasma current) remains poorly understood. The ICE signal in
JET, for example, has been demonstrated to be linearly proportional to the
fusion rate over six orders of magnitude.! On TFTR, while a comparison of
the peak Qg power with the peak D-T neutron rate also yields a regression
coefficient close to unity, a large amount of scatter is also apparent.3 Given
that the excitation of ICE is much more sensitive to the shape of the alpha
particle distribution function in TFTR than it is in JET, its dependence on
plasma conditions might be more complex as well. Finally, alpha particle
driven ICE in TFTR exhibits an extremely rapid turn off at the end of the
beam phase during the L-mode discharge (figure 6) presented earlier.

Additional measurements of ICE during L-mode plasmas are planned.

SUMMARY
Emission at multiples of Qq is observed during D-T discharges in

TFTR. While this emission is highly transient when vgo < v4, it reappears (or

persists) when vgo > va. These observations provide evidence for the




Alfvénic nature of ICE, and are consistent with predictions based on local

growth rate calculations for the Magnetoacoustic Cyclotron Instability.
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FIGURE CAPTIONS

FIG. 1. Early and late ICE spectra from a DT supershot. The apparent
locus of emission (a) and the spectral structure at 66 ms (b) is distinct from
that at 243 ms (c) after the onset of neutral beam injection.

FIG. 2. Barely trapped alpha orbit passing through the plasma edge.
Orbits near the plasma edge will sample a significant fraction of the plasma
core if they are barely trapped.

FIG. 3. Alpha pitch angle distribution at the plasma edge. Because
most alpha particles are born near the core, their population near the edge
will be dominated by those that are barely trapped.

FIG. 4. MCI growth rates for super-Alfvénic alpha particles. Shown
here are growth rates for n=2, £=104, 6;=80°, 8,=135°, {=1.5, and three values
of 6: 0.12, 0.13, and 0.14.

FIG. 5. MCI growth rates for sub-Alfvénic alpha particles. Shown here
are growth rates for the same parameters as in figure 4, except {=0.5, and
0=0.050, 0.055, and 0.060.

FIG. 6. Supershot density profile. The electron density, as well as the
critical value above which 3.5 MeV alpha particles will be super-Alfvénic, is
plotted as a function of major radius. Near the edge, alpha particles are sub-
Alfvénic.

FIG. 7. Alpha particle driven ICE during a typical supershot. The
neutron source rate (a), edge electron density (b), and ICE power in the Qg
fundamental (c) are plotted as functions of time. Birth alpha particles are sub-
Alfvénic in the plasma edge, and the Qg fundamental is only excited briefly at

the onset of neutral beam injection.
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FIG. 8. Alpha particle driven ICE during a supershot-to-L-mode
transition. The same quantities are shown as in figﬁre 7. The Qg
fundamental is excited briefly at the onset of neutral beam injection, but
reappears after a He puff raises the edge density so that vgo>va.

FIG. 9. Alpha particle driven ICE during an L-mode shot. The same
quantities are shown as in ﬁgures 7and 8. In this case, vgo>vA throughout the
beam injection phase. The Qg fundamental is excited at the onset of neutral

beam injection, and persists untii the beams are turned off.
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