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A correlation between the measured alpha particle loss and high frequen0{200 kHz)
magnetohydrodynamic (MHD) modes has been observed in somesh{ghplasma pressuyenagnetic
pressure) DT plasmas in TFTR. These modes are localized around the peak plasma pressure gradient
and have ballooning characteristics. Particle simulation shows that the loss is due to wave-particle
resonances. Linear instability analysis indicates that the plasma is unstable to the kinetic MHD
ballooning modes driven by strong local pressure gradients.

PACS numbers: 52.55.Pi, 52.35.Py, 52.65.Cc, 52.65.K]

Study of MHD effects on alpha particle confinementchromator arrays [5] and by the external magnetic probes
is one of the most important subjects in the recen{6]. According to their different characteristics, the high
deuterium-tritium (DT) fusion research in the Tokamakfrequency modes can be further divided into two different
Fusion Test Reactor (TFTR). It has been theoretimodes in this discharge. One is the multifrequency
cally predicted [1] that energetic alpha particlgg, =  quasicontinuous mode observed during the burst of alpha
3.5 MeV) can either drive or resonate with plasma MHD loss, e.g., the; window in Fig. 1. The other one is the
fluctuations. This kind of wave-particle interaction canbursting (or intermittent) mode observed between the
induce direct alpha particle loss and therefore has an imalpha bursts, e.g., the window in Fig. 1.
portant impact on tokamak fusion devices. (1) Multifrequency  quasicontinuous  modes.—

In a recent highB, high power DT experiment [2], Figure 2(a) shows the contour plot of the frequency
good correlation was found between high frequency MHDspectrum of 67, measured from an ECE channel
modes and the measured alpha losses. A detailed stu@® = 300 cm orr/a = 0.34).  Multifrequency quasi-
of the high frequency MHD modes in normal TFTR continuous modes with frequency up to 250 kHz are
supershot plasmas can be found in Ref. [3]. This papeobserved. The toroidal mode numberss 7 are mea-
will focus on the first observation of the alpha particle sured from the magnetic coils. The rest are extrapolated
losses correlated with these modes. based on the frequency spacing of the modes. The burst

Figure 1 shows one of the highest performance disef these modes correlates with an enhancement of a factor
charges achieved using intensive lithium wall condition-
ing [2]. Some measured parameters are (in conventional

notation) I, = 2.1 MA, B, =51T, P=21MW, 5!L BT Fuslén Péwg_ﬁr%""%‘ﬂu.___ ) {a}'ﬁ
R=252m, a=087Tm, g, =46, 7 =0.28sec, wi P § g ]
T;(0) = 38 keV, T.(0) = 12keV, n.(0) = 8.2 X 10" _ s ‘&\;—N_W‘Q N
M3, Piuion = 5.5 MW, By = 1.7. Large bursts of ot L—"f' Pa = 20MWL, —
alpha loss as well as large fluctuations in the lost-alpha 005! : - .
i - o) — (b}
signal are observed around the peak performance phase [ ~B0 - I
. . . - l‘ rth :I —— e
as shown in Fig. 1(c). The alpha loss is measured by a l[ e I ;
detector located at the bottom of the limiter chamber’ (90 | e e | e _
detector) [4]. It is found that these bursts {at 4.3, 4.4, LI [Nﬂha Particle Loss 1 %fz ~Minor '@
and 4.46 sec) correspond to bursts of the high frequency ™= o.55190% detectar] wni,__disruptio
MHD modes and lead to a performance degradation | :\:;'“"\N____j
(for details, see Ref.[2]). This discharge suffered a e A 7 i e oty

high-8 minor disruption at 4.55 sec, which terminated high frequency modes observed

the enhanced confinement phase. This indicates that

. ; FIG. 1. A high DT discharge. (a) DT fusion power; (b)
the plasma was near the beta limit. The high frequenc%entral total plasma bets,(0) and the central alph#: and

MHD modes are observed at the peak performanc%c) measured alpha particle loss rate. The high frequency

phase (r = 4.20-4.55 seg. They are detected by the modes developed in the time window are indicated. Different
multichannel electron cyclotron emission (ECE) poly-characteristics observed at different time (etgandz,).
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FIG. 2. Multifrequency quasicontinuous modes observed at e RPN B SR PR PR Bt

the timez, in Fig. 1. (a) Frequency spectrum contour plot of 444 . 445 4.46

8T,/T, (at R = 300 cm). (b) Alpha-loss signal from the 90 ime (sec)

detector. FIG. 3. The high frequency modes at the timein Fig. 1.

(a) Same contour plot as Fig. 2(a). A bursting= 6 mode is
observed. (b) A very good correlation is observed between the
enhanced alpha loss and the= 6 mode. Then = 3 mode
shows a negative correlation.

of 2 above the background level in the lastsignal,
Fig. 2(b). Here, the background loss is mainly from the
first orbit loss [4], which is about 3% of the total alpha
production rate. The measured escaping alpha particles The n = 6 mode is bursting in time. A drop of
have energy close to 3.5 MeV. Detailed correlation~14% in mode frequency is also seen on each burst. It
analysis shows that the enhaneedbss correlates mainly is somewhat analogous to the beam-ion-driven fishbone
with then = 6 andn = 8 modes. In another discharge mode (m = 1,n = 1) routinely observed in TFTR neu-
where all then = 1-9 modes are present, the enhancedral beam—heated supershots [7], except for having much
loss only correlates with = 6 modes. This seems to higher mode numbers and frequency. Figure 3(b) shows
indicate that not all the MHD modes play the same role inthe time evolution of the lost- signal and the MHD
the wave-particle interaction process even when they hawaodes. A very good correlation is observed between this
the same location and comparable fluctuation amplitudedurstingr = 6 mode and the alpha loss. Each burst cor-
Among the four alpha loss detectors located at differentesponds to a-30% enhancement in the-loss signal
poloidal angles, 20 45°, 60°, and 90 below the outer at the 90 detector, or about 1% of the alpha birth rate.
midplane, the loss bursts can be seen in the bottom thrda contrast, the lower frequency = 3 mode shows a
detectors, but only the 9@etector shows the correlation negative correlation with the alpha loss. Since both of
described above. This correlation becomes much clearéhe modes appear at the same spatial location, this selec-
in the following bursting mode case. tive correlation is evidence of frequency-dependent wave-
(2) Bursting mode.-Between the large loss bursts, the particle resonance.
90° detector also shows some lower level intermittent loss The radial mode structure measured by the ECE system
enhancement. It is found that these oscillations correlatis shown in Fig. 4(a) for the = 6 andrn = 3 modes. A
very well with a bursting mode. Figure 3(a) shows theballooning character is clearly seen in the= 6 mode,
samedT, frequency spectrum contour plot. Only two i.e., the mode amplitude is stronger in the I®&vfield
modes are observed with= 3 and 6 (plus a very weak side(R > R;) than the highs field side. The maximum
mode at ~200 kHz). Thesen numbers measured by 67./T, is ~2%. It corresponds to a local magnetic
the magnetic coils are verified by the phase correlatioperturbation &B,/By ~ (1/gR)|86T,/VT,| ~ ©(107%)
analysis between the two ECE grating arrays located 12Qsince B - V ~ B/gR for the ballooning mode). The
apart toroidally. In addition, the phase symmetry of theburstingn = 6 mode is observed in three ECE channels.
modes measured on the inner and outer mode locatiorhe channel-to-channel separation is about 5—-6 cm, so
indicates that both the = 6 andn = 3 modes have even the mode width is abouér < 12 cm or 8r/a ~ 0.14.
poloidal mode numbergn). It coversg = 1.1-1.5. In the multifrequency case the
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Ricm) the 90 detector arrive on barely trapped banana orbits.
FIG. 4. (a) Radial profiles ofsT,/T, for the n =6 and  The location of the high frequency mode is around the
n =3 modes. (b) Profiles of thex parameter defined in inner excursion of the banana orbit, which supports the

Eqg. (1) and the safety factog. The a, is for the alpha physical assumption that the alpha particles are expelled
particles. The MHD is located at the peak pressure gradlquy the MHD modes.

whereg = 1.3. A guiding center code [9] was used to simulate the

mode-induced particle loss. We use the experimen-
o . : N tally observed parametersa = 8, n = 6, f = 80 kHz
high-» modes have a narrower width, i.é ~ 8 cm or and usedB,/By = 2 X 107*. The particle distribution

8r/a ~ 0.09. Using a transport analysis coderANSP : .
[8]) we found that these modes are located at the peak a_lg/lo_nte (_Zarlo g_en_erat_edhalph? par.tlﬁle (s}lowmg-down
value of ao; see Fig. 4(b). Hereg,y is a measure of d::” Utf'.(l)n’ |T<otrop|c In pitch ang ﬁ’ with & aussllan rg_—
the plasma pressure gradient defined as lial profile taken to approximate the experimental condi-
5 tions. An example of induced loss of the type seen by
ot = ~Rog"dBiai/dr, (1) the detector is shown in Fig. 5(b). The lost particles are
wherep, is the total plasma toroidal beta (thermal plasmacountermoving (opposite to the plasma current direction)
plus beam ions) an#l, is the magnetic axis location. The passing particles initially located at a smaller minor ra-
safety factor profile is from arANsp calculation. They  dius. The wave-particle resonance condition in the plasma
value at the mode location is1.3. Therefore, the best frame can be written ag¢ — my0 — wyupt = CONSt,
helical mode numbers that match the even parity fronwhere my; = m,m * 1. For a countermoving passing
the ECE measurement discussed above are, respectiveparticle, ¢ = —w,1, § = —w,t/q, where w, ~ |v||/R
m/n = 8/6 andm/n = 4/3. This TRANSP ¢ profile is is the toroidal transit frequency. The resonant condition
also partly justified by the agreement betweenghe 1  becomes
surface and the measured inversion radius of the minor
disruption at 4.55 sec.
The mode frequency in the plasma frame can be cal
culated by subtracting out the toroidal rotation frequency
ie.,

omup = (mq/q — nw; . 3)
IThe case shown in Fig. 5(b) has a resonance with=
7. The simulation shows that the particle spends only a
small fraction of each poloidal transit in resonance when
the orbit passes through the outer midplane. During each
WMHD = @lab — @V, (2 resonant period, it can gain or lose energy to the wave in
where vy, = (n/R)V4, n is the toroidal mode number, a random walk process iny until it eventually diffuses
and R is the mode location. Using th&,(R) profile into a trapped orbit. The total simulated alpha loss for a
measured from a charge-exchange spectroscopy systefnmsec burst of the mode is1% of the alpha particle
we find thatwy, (n = 6) = 27(47 = 5 kHz). Therefore, population (WithE ~ 1.5-3.5 MeV). On the other hand,
the mode frequency in the plasma frame égup = a similar simulation shows that the= 3 mode has less
27 (88 = 5 kHz). than half this effect due to lack of efficient wave-particle
(3) Particle loss simulation.—An alpha particle orbit resonance. All these results are basically consistent with
lost to a detector can be traced back into the plasmthe observations. We have also simulated the effect of the
by using the measured particle energy, pitch angle, anchode on the beam population, but observe no losses. (No
equilibrium parameters such as therofile. Figure 5(@) beam-ion loss measurement is available in routine TFTR
shows such an orbit. We see that particles that escape &xperiments.)
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(4) Linear stability analysis.-An MHD stability calcu- 4 | ; ; g
lation for this discharge has also been carried out. First of
all, we conclude that the observed high frequency modes
are not the TAE (toroidicity-induced Alfvén eigenmodes) -~
[10], because the TAE frequency is more than a factor of  §

2 higher. o 27 +
e
=

Due to the strong local peaking of the pressure profile,
it is found that the plasma af/a ~ 0.34 has reached and
even exceeded the highideal ballooning limit atr = |
4.2-4.55 sec. This suggests that the mode we observed h
should be related to the ballooning modes, especially to 0 0 0’2 0‘4 0:6 018 ]
the kinetic MHD ballooning mode (KBM) [11]. (Note ' “r/a '
that these modes are different from the ideal ballooning}:IG 6. Linear growth rate, versusr/a for the kineticall
modes observed in TFTR before higheisruptions [12], ., uiated higmg MHD ba?lyooning mode at: = 4.40 Seg
which are toroidally localized and have larger radia'Here,kng ~ 0.2-0.3, the value which maximizes at r/a =
extent.) The basic characteristic of the KBM is that theo.34.
mode frequency is close to the ion-diamagnetic frequency,
ie.,

w*pi/2 < wr < Wipis 4)

where w.,; = (ng/r) (v?/Q;)dInp;/dr. The high fre- the n =6 mode). Linear stability analysis shows that
quency modes we observed are within this range [3]the plasma is locally unstable to the KBM driven by the
For example, the: = 6 ion-diamagnetic frequency (us- Strong plgsma pressure gradient. _Although_these modes
ing only the thermal ions) is-110 kHz, which is about seem unlikely to be driven by particles (similar MHD
1.20MHD. activity is observed in D-only plasmas [3]), our observa-

A comprehensive kinetic calculation described in de-tion indicates that the high frequency KBM modes can

tail in Ref. [13] is employed to study the linear stabil- have significant effects on the fusion ion confinement in
ity properties of the high- MHD ballooning mode, using the high$ regime. Therefore, attention needs to be paid
the so-called ballooning representation for higimodes.  to the impact of these modes on future tokamak reactors.
This calculation is fully electromagnetic. Itincludes mul- The authors would like to acknowledge useful dis-
tiple ion species and kinetic effects from trapped andeussions with J.D. Callen, C.Z. Cheng, R.J. Hawlyruk,
untrapped partic|es1 finite Larmor radiu51 Landau damp.] Manickam, S. Sesnic, S.-T. Tsai, and L. Zakharov. This
ing, etc. Maxwellian equilibrium distribution functions are research is sponsored by the U.S. Department of Energy
used for each of the eight plasma specie$i background under Contract No. DE-AC02-76-CHO-3073.
D and T, impurity C, hot beam D and T, and he}, ex-
cept the hot alpha particles for which a slowing-down dis-
tribution is used. A finite8 numerically calculated MHD
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