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Abstract

Properties of the instability of Compressional Alfvén Eigenmodes
(CAE) in tokamak plasmas are studied in the cold plasma approxima-
tion with an emphasis on the instability driven by the energetic minor-
ity Ton Cyclotron Resonance Heating (ICRH) ions. We apply earlier
developed theory [N.N. Gorelenkov and C.Z. Cheng, Nuclear Fusion,
35 (1995) 1743] to compare two cases: Ion Cyclotron Emission (ICE)
driven by charged fusion products and ICRH Minority driven ICE
(MICE) [J. Cottrell, Phys. Rev. Lett. (2000)] recently observed on
JET. Particularly in MICE spectrum, only instabilities with even har-
monics of deuterium-cyclotron frequency at the low-field-side plasma
edge were reported. Odd deuterium-cyclotron frequency harmonics
of ICE spectrum between the cyclotron harmonics of protons can be
driven only via the Doppler shifted cyclotron wave-particle resonance

of CAEs with fusion products, but are shown to be damped due to the



electron Landau damping in experiments on MICE. Excitation of odd
harmonics of MICE with high-field-side heating is predicted. Depen-
dencies of the instability on the electron temperature is studied and
is shown to be strong. Low electron temperature is required to excite
odd harmonics in MICE.

1 INTRODUCTION

The theory of thermonuclear cyclotron instability of Compressional Alfvén
Eigenmodes (CAE, also called fast Alfvén or magnetosonic eigenmodes), i.e.,
driven by products of thermonuclear reactions, has significantly progressed
in recent years (see Refs. [1, 2, 3, 4, 5, 6] and references therein). It is
considered primary in explaining Ion Cyclotron Emission (ICE) in tokamaks.
ICE was reported in several experimental papers [7, 8, 9, 10, 11]. In recent
experiments on NSTX, CAEs were responsible for sub-cyclotron instabilities
driven by Neutral Beam Injection (NBI) ions [12, 13]. Within the concept of
thermonuclear CAE instability, two approaches were proposed: perturbative,
or weak instability, and nonperturbative (originally in Ref.|[14]), or strong
instability. In the case of weak instability, the growth rate was considered to

be smaller than fast particle bounce period:

Yoar K Tp, (1)

and is proportional to fast (“hot”) particle density nj. Since hot ion den-
sity increases gradually in experimental conditions, one would expect that
weak instability would be excited first, at least in those discharges where the
density of hot particles is really small. Moreover, in Joint European Torus
(JET) experiments [9], ICE amplitude was changing for six orders of magni-
tude in different discharges and was shown to correlate with the density of
fusion products for several orders of magnitude ny/n, = 107 — 107%. The

growth rate of strong instability as was presented in Refs.|3, 4, 6] is based



on the local homogeneous plasma dielectric properties and was shown to be
selfconsistent at the upper limit of this density range. We will show in Ap-
pendix A that the strong instability requires a much stronger condition than
just reversed Eq.(1) to be selfconsistent. Applied to JET plasma, a strong

instability condition reads:

Jeas ATt WeD (2)
w w w
where At is the characteristic time of wave-particle interaction. Since parti-
cle interactions with the eigenmode occur only in the vicinity of the Doppler
shifted cyclotron resonance, A7 is much shorter then 7.

Recently, a new observations from JET of ICRH hydrogen minority-driven
ICE (MICE) |15] showed different properties than ICE driven by fusion pro-
tons. Most importantly, in MICE, only instabilities with even harmonics of
background deuterium (D) cyclotron frequency at the low-field-side (LFS)
edge of the plasma were reported w = 2lw¢pedge, | = 1,2, 3..., which are equal
to integer harmonics of proton (p) cyclotron frequency, since w.p = wWep/2.
Reconciling ICE and MICE spectra, which have a similar drive source com-
ing from MeV energy protons, presents a challenge to a theory of strong
instability. As we will see, the weak instability theory can describe general
properties of MICE in JET, which was preliminarily reported in Ref.[16]. In
another recent report [17], local theory was applied to describe MICE where
the Doppler shift to a local resonance cyclotron condition was assumed to
come from the drift velocity only. Such shift may not be sufficient to account
for odd D-harmonics of ICE spectra if the drift frequency is smaller than
Alfvén velocity v4. In addition, proton drift velocity is about the same for
MICE and ICE, which challenges the local theory to explain the existence of
odd harmonics ICE and their absence in MICE spectra.

As was shown in Ref.|2], odd D-harmonics of ICE spectrum can be driven

by fusion products via Doppler shifted cyclotron wave-particle resonance, and



will be shown to be damped due to the electron Landau damping in experi-
ments on MICE. To excite even harmonics of MICE, high field side heating
is proposed. Dependencies of the instability on the electron temperature is
studied.

2 MODEL OUTLINE

We are applying a perturbation theory described in detail in our previous
works |1, 2|. To understand the observable properties of cyclotron instability,
one should take into account the poloidally and radially localized structure
of CAEs. It is assumed in the perturbation theory that the CAE mode
structure is not affected by hot particles, whose population is small near the

edge. The localized CAE solutions have the eigenfrequency [18, 19, 2|:

. m2v?(ro) 1+ 1+0; (25 +1)A?

r3 o; r3

) (3)

and the eigenfunction of the perturbed poloidal electric field:

~ 2 — . . )
Ey = qusk (g) ¢5 (\/i(TA TO)) e—zwt-}—zm(a—{—eo s1n9)—m<p‘ (4)

where 6 and ¢ are the poloidal and toroidal angles,

A?/a® = \/20;/(1 + &;)/[m(1 + 0;)(1 + )], O = \/4(1 +€)/(25+ 1)egA/rg, (5)
7 is the minor radius, € = ro/Ro, ¢s(z) = e ¥ /2H,(x)/\/n!25/7 and

H, are the s — th order Chebyshev-Hermit functions and polynomials, re-
spectively, m > 1 is poloidal mode number, v4(rg) is the Alfvén velocity

evaluated at mode location r = rq, 72/a* = 1/(1 + 0;) — (25 + 1)A%/a?,

A?/a* = /20;/(1 + 0;)/[m(1 + 0;)], and s is an integer representing radial

wavenumber, assumed to be 1 in this paper. Here the plasma density profile
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is chosen in the form:
n(r) =no(1 —r?/a®)%, (6)

where ng is the plasma density at the magnetic axis. Rapid variation of the
plasma density profile is required near the plasma edge for the eigenmode to
be radially localized near the edge, o; < 1.

Fast particles drive the instability of CAEs at those parts of their drift

orbits, where the local resonance condition is satisfied:
W — lwch - k”’l)”h — kJ_Udrh = 0, (7)

where v, and vg,p, are the parallel and drift particle velocities, k) and k, are
parallel and perpendicular components of wavevector, respectively. Approx-

imately, the growth rate of such instability due to fast particles is:

Yh ™~ @ <mIres> 3

ne \Olnwv |

where f;, is the fast particle distribution function, I,.s is the resonance term
responsible for the “effectiveness” of wave-particle interaction at the position
of local cyclotron resonance Eq.(7), and (...) means averaging over the phase

space (see Ref.[1] for details).

3 ICE SPECTRUM

Several factors contributing to the instability of CAE are responsible for
the shape of ICE spectra. Since the instability is excited if the damping is
smaller than the drive, the most important effect on the spectrum is from
the thermal ion cyclotron damping, which damps almost all modes if the
resonance layer intersects the mode location [2|. Thus, the instability in a

deuterium plasma can be excited with w ~ lwepedge, W < (Wepedge, 1.€., the



ion cyclotron resonance layer is required to be outside of the plasma. Hot
particles, however, still can be in resonance due to a larger Doppler shift in
local cyclotron resonance Eq.(7). In the instability of odd ICE harmonics,
the main contribution to the Doppler shift in Eq.(7) comes from the term
containing k. However, k), is restricted in absolute value by the requirement
of the electron Landau damping to be small.

Electrons contribute to CAE damping through the transit resonance, i.e.,
condition similar to Eq.(7), but with / = 0. In the limit w? > w?,, the

electron Landau damping rate is estimated as|2]:
Ye = _wﬁegee_cga (8)

where (. = w/|ky|vre ~ (ki/kj)\/me/mife, Be = 8mn.T,/B? kj ~ m(1 +
€0)/qRo —n/ Ry, and q is the safety factor. Typically, n ~ m, which provides
enough Doppler shift at the edge for the fusion protons with birth velocity
v = 2.4 x 10%m/sec to excite the instability at odd deuterium edge cy-
clotron harmonics. It requires that & > Wepedge/Vpo 3.5m~! for JET [2].
Effects of finite k)| on the mode structure and eigenfrequency were considered
in Ref.[20] and should not change properties of CAE instabilities presented
here, since k) < k.

First, consider an example of ICE spectrum in JET plasma [15]. We will
use the following plasma parameters: major radius Ry = 2.95m, minor radius
a = 0.95m, magnetic field By = 2.5T, ellipticity k = 1.8, density profile given
by Eq.(6) with ng = 2.5 x 103cm ™3, and o; = 0.5, ion and electron tempera-
tures T; = T, = (1 —r/a)keV, safety factor ¢ = 0.8 (1 +4 (r/a)3), hot fusion
proton particle density nj, = 2. x 10~ 2n, (1 + (r/ a)2)3. Fusion products are
assumed to have a slowing down velocity distribution function with energy
cutoff at &, = 3MeV, and single pitch angle distribution represented by
barely trapped particles.

The numerical calculations outlined above reproduce major features of



experimentally observed ICE [9] as shown in example Fig.1 (see also [2]).
Plotted are the most unstable modes at each frequency. One can see that
odd, 3rd deuterium cyclotron harmonic has a smaller growth rate and, hence,
is expected to be excited with lower amplitude. The instability is restricted to

the frequency domain without thermal ion damping, i.e., w ~ lwepedge, W <

lchedge .

4 MICE SPECTRUM

To avoid electron damping in the presence of a rather small drive from hot
particles, one should look for the instability with (, > 1, i.e., at w/vpe >>
|ky|. It is clear from Eq.(7), that low v, would require large k to ex-
cite CAE instability at odd harmonics of deuterium cyclotron frequency:
V|nk|| = Wepedge- In the case of ICRH minority driven instability, v, is fixed
and small since the resonant layer is typically located at the plasma cen-
ter and all particles are well trapped vy, = /€ —puB ~ v/e = k| =
WeDedge/Vny/€. Thus, it is harder to excite odd harmonics of MICE. This is
in contrast with ICE odd harmonics driven by fusion products represented
mostly by barely trapped particles with larger v, ~ V2, i.e., it requires
smaller k| = chedge/th\/%. Eq.(8) shows that electron damping should be
stronger (exponentially in kﬁ) for CAE instability to be responsible for MICE
odd harmonics. Here we will assume the same characteristic velocity for hot
particles in both cases, MICE and ICE. This is justified for MICE by the
requirements that hot particles are present at the mode location, which re-
quires large particle radial excursion from the center consistent with particle
energy £ = 3MeV [15].

To study CAE properties, we perform calculations using the same per-
turbative formulation used above and reported previously [2] for typical JET
plasma parameters. The velocity distribution of hot particles is Maxwellian

in energy with temperature 7, = 1MeV, having a single pitch angle corre-



sponding to the resonance layer at R = R,, A = uBy/€ = R./R,. Note that
there is a natural energy cutoff when the particle orbit becomes wide enough
and reaches plasma edge. The cutoff energy is a function of the plasma mi-
nor radius at the particle bounce point and is on order of 3MeV [15]. In our
simulations, it is calculated based on particle drift orbit trajectory.

Unlike our previous study, the spectrum is derived by summing up the
growth rates of unstable CAE modes for a given frequency. Each frequency
determines the poloidal mode number Eq.(3) so that a few modes with dif-
ferent toroidal mode numbers can be unstable. This presents a stronger
dependence on the electron temperature and is probably similar to the ex-
perimentally observed conditions of multi mode excitation. In the experi-
ment, one would have a small frequency splitting due to finite k), which not
always can be seen since nonlinear mode evolution can easily broaden the
eigenfrequency of CAEs.

For simplicity, we look for the odd [ = 3 harmonic instability. It is unsta-
ble if v becomes large enough, i.e., at pitch angle A < 1, which corresponds
to the case of high field side heating. Fig. 2 gives a dependence of odd | = 3
MICE and even | = 4 peaks on the minority “thermal” velocity at A = 0.95,
at which the major radius of the resonance layer is R, = RgA = 2.8. Both
peaks have threshold in wvyo velocity, which agrees with observations of the
even peaks [15]. This is required for protons to reach the edge from the
center.

Since electron damping plays a crucial role in forming MICE, we changed
the electron temperature to simulate this dependence in Fig.3. It can be
seen that the growth rate of the odd harmonic peak is very sensitive to
both electron temperature and hot particle velocity. Thus conditions for the
unstable CAEs are low electron temperature and low A, which means high
field side ICRH.



5 SUMMARY

Weak instability theory is shown to be selfconsistent in describing both ICE
and MICE spectra, driven by fusion products and ICRH hydrogen minor-
ity ions, respectively. Strong dependence of MICE spectra on the electron
temperature is demonstrated to explain the disappearance of odd deuterium
cyclotron harmonics. Low electron temperature and high field side ICRH
are required to excite odd harmonics. The excitation of MICE seems to have
a threshold in fast particle velocity. Large particle velocity is required for
particles to reach the low field side of the plasma, where CAEs are localized.

This is in agreement with JET observations.
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A STRONG VERSUS WEAK INSTABILITY

Weak instability, which contrasts with the strong instability (basis for the
local theory) approach adopted in Refs.[3, 4] (and references therein) is ap-
plicable if

YCAE < AT_la (9)

where At is the characteristic time of wave-particle interaction, A7 = min (Tres, OqR/ UH).
Here 7,.5 is the time of particle interaction with the perturbation near the
local resonance and ©¢R /v is the time a particle spends in the mode localiza-
tion region. Typically, the resonance interaction is happening in the vicinity
of the local resonance determined by the condition Eq.(7). The upper esti-
mate for A7 (and the lower estimate for ycag) in JET is AT = O¢R/vy) =
0.5 x 107%sec for © = 1, R = 3m, vy = 10%m/sec, ¢ = 2, x = 0.5. This



gives the validity condition for the weak instability theory:

JcAE _ () WeD (10)

)
w w

which is typically never violated within the weak instability theory.

References

[1] Gorelenkov, N.N., Cheng, C.Z., Phys. Plasmas 2 (1995) 1961.
[2] Gorelenkov, N.N.; Cheng, C.Z., Nucl. Fusion 35 (1995) 1743.
|3] Fulop, T., Lisak, M., Nucl. Fusion 37 (1997) 1281.

[4] Fulop, T., Lisak, M., Nucl. Fusion 38 (1998) 761.

|5] Belikov, V.S.; et.al., Nucl.Fusion, 35 (1995) 1603.

|6] Kolesnichenko, Ya.l., Lisak, M., Anderson, D., Nucl. Fusion 40 (2000)
1419.

[7] Greene, G. J., et.al., in Proceedings of 17th European Conference on
Controlled Fusion and Plasma Heating, Amsterdam, Netherlands, 1990,
edited by G. Briffod, Adri Nijsen-Vis, and F. C. Shiiller (European Phys-
ical Society, Petit-Lancy, Switzerland, 1990), Part IV, Vol. 14B, p.1540.

[8] Cottrell, G.A., Dendy, R.O., Phys. Rev. Lett. 60 (1988) 33 .
[9] Cottrell, G.A., et.al., Nucl. Fusion 33 (1993) 1365.
[10] Cauffman, S., Majeski, R., Rev. Sci. Instrum 66 (1995) 817.

[11] Cauffman, S., Majeski, R., McClements, K.G., et.al. Nucl.Fusion, 35
(1995) 1597.

10



[12| Fredrickson, E., Gorelenkov, N.N., C.Z.Cheng, et.al., Phys. Rev. Lett.
87 (2001) 145001.

[13] Gorelenkov, N.N., et.al., submitted to Nuclear Fusion.

[14] Mikhailovskii, A.B., in Reviews of Plasma Physics, edited by M. A.
Leontovich (Consultants Bureau, New York, 1986), Vol.9, p.103.

[15] Cottrell, G.A., Phys. Rev. Lett. 84 (2000) 2397.

[16] Gorelenkov, N.N., Cheng, C.Z., Nazikian, R., Proc. of International
Sherwood Fusion Theory Meeting (2000) 1D35.

[17] Mcclements, K.G., Dendy, R..O., Cottrell, G.A., in Proceedings of 27th
FEuropean Conference on Controlled Fusion and Plasma Physics. Bu-
dapest, 12-16 June 2000 ECA Vol. 24B (2000) 1517 -1520.

[18] Mahajan S.M., Ross, D.W., Phys. Fluids 26 (1983) 2561.
[19] Coppi, B., et.al., Phys. Fluids 29 (1986) 4060.

[20] Fulop, T., Lisak, M., Kolesnichenko, Ya. I., et.al., Phys. Plasmas 7
(2000) 1479.

11



10

107

y(‘AE/ ch

5 ‘
10 2 25 wf 3.5
w
cD

Figure 1: ICE spectrum driven by fusion protons
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Figure 2: MICE odd | = 3 and even [ = 4 deuterium cyclotron frequency
harmonic growth rate as a function of minority ion velocity vpg = 1/27}/myp,.

The cutoff energy is fixed at &, = 3MeV'.
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Figure 3: MICE odd [ = 3 harmonic growth rate dependence on the electron
temperature, where Ty, is the electron temperature at the center, for two
values of hot minority velocity vy = 1.4 x 10%m/sec (u = 0.85, 0.90, 0.95)
and vpe = 1.8 x 10%m/sec (u = 0.90) .
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