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ABSTRACT

Hot a-particles and thermalized helium ash particles in tokamaks can have

significant effects on high toroidal mode number instabilities such as the trapped-

electron drift mode and the kinetically caleulated magnetohydrodynamic ballooning

mode. In particular, the effects can be stabilizing, destabilizing, or negligible,

depending on the parameters involved. In high-temperature tokamaks capable of

producing significant numbers of hot a-particles, the predominant interaction of the

mode with the a-particles is through resonances of various sorts. In turn, the modes

can cause significant anomalous transport of the a-particles and the helium ash.

Here, results of comprehensive linear eigenfrequency—eigenfunction calculations are

presented for relevant realistic cases to show these effects.
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. INTRODUCTION

Application of a comprehensive kinetic linear cigenfrequency eigenfunction calculation!
for high-n (toroidal mode number) instabilities in tokamaks to look at the effects of hot
a-particles {a’s) and thermalized helium ash particles { He) on preexisting instabilities vields
a number of interesting results. These are the trapped-electron drift mode in the drift
branch and the kinetically calculated magnetohydrodynamic (MHD) ballooning mode in
the shear-Alfvén branch. Application is made to two tokamaks which have the potential
for producing significant populations of a-particles, namely the proposed Compact Ignition
Tokamak? (CIT} and the Tokamak Fusion Test Reactor® (TFTR). The linear and quasi-
linear calculation is fully electromagnetic and includes all of the relevant kinetic effects for
the magnetically trapped and untrapped (circulating, passing) particles for each species, in-
cluding bounce-frequency resonances for the trapped particles, transit-frequency resonances
(Landau damping) for the untrapped particles, magnetic {gradient and curvature) drift fre-
quency resonances, and full finite Larmor radius effects. None of these effects, except for
the trapped-a time-average magnetic drift {frequency resonances, are included in previous
calculations*? of a-particle effects on high-n instabilities, so the present calculation repre-
sents an extension. There are also related calcnlations concentrating on the effects of hot
beam ions, rather than a-particles, without’® and with'’ transit-frequency resonances for
untrapped beam ions. The present calculation employs the so-called ballooning formalism'
for high-n toroidal modes, to lowest order in 1/n, and accordingly the calculation is local to
a chosen magaetic sutface and involves a system of three one-dimensional integrodifferential
equations along the unperturbed magnetic field lines.

For the two modes considered, which can be unstable even in the absence of a-particles,
the effects of the a-particles and the helium ash particles can be stabilizing, destabilizing,
or negligible, depending on the parameters involved. For the CIT case considered here, the
trapped-electron drift mode interacts only weakly with the a-particles and the helium ash

Sk partldes For the same case, the kinetically calculated MHD ballooning mode is strongly
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destabilized by the a-particles. which lower the critical value of 3 = (plasma pressure /
magnetic pressure) for instability substantially, but is only weakly affected by the helium
ash particles. Both modes cause significant quasilinear transport of the helium ash particles
and energy, but only the MHD balloonring mode causes significant quasilinear transport of
the hot-a particles and enetgy. For the TFTR case, the effects of the a-particles and helium
on the two modes are similar, except that the critical 2 value for the MHD ballooning mode
is not lowered significantly, and the quasilinear transport of the a-particles and helium is
negligible.

The eigenmode equations solved and the solution methods are described in detail in
Ref. 1, so this information will not be repeated here. The input data for the calculation
come from results of runs of the BALDUR tokamak transport code,’? which provides radial
profiles of particle number density n;(r) and temperature T;(r) for each species labeled by
j and also of the safety factor g(r). In general, up to four particle species are included:
J = e for background electrons, j = i for background hydrogenic ions of mass m; = 2.5 amu,
tepresenting an equal mixture of deuterium and tritium, j = He for the thermalized helium
ash, and j = o for the hot a-particles which are still in the process of slowing down from
their birth energy, £, = 3.52 MeV, to the background ion temperature. Of course, j = a
and j = He refer to the same kind of particles, but it clarifies their eflects and is numerically
convenient to treat them as two separate populations. The equilibrium distribution function
F; for each species except the a's is taken to be Maxwellian,

F; = Fpj Eﬁ%ﬁexﬂ-’;/n(ﬂ]s

which is a very good approximation. For the a-particles, two different equilibrium distribu-

tion functions are employed, F, = F,,, and

n4(r) 3/4m
v® 4+ v3 In(1 + v3/2)

F._-. = Fsp = H(‘v,_., - v),



the so-called slowing-down distribution,'® where v is the magnitude of the particle velocity,
Vo = (2E4/ma)V?, vo = (2T./m. )2, v, = (37'?m, 2, /4m,)"/?v, is the so-called critical
velocity, Z; = 3., (r;maZ} [nem;), Z; is the charge number, and H(z) is the usual Heav-
iside step function. The actual a-particle equilibrium distribution is probably close to Fsp,
but comparing results for F, = Fsp and F, = F,, gives an estimate of the sensitivity of
the results to this choice. The MHD equilibrium is then calculated numerically using the
PEST equilibrium code'® with pressure and g profiles obtained from the BALDUR results
at a chosen time in the discharge. This approach is useful, in particular, for the CIT device,
which has a strongly shaped cross section, with a vertical elongation factor of about two and
significant triangularity.

The previous work most relevant to the present calculation is that of Spong et al., in
Refs. 5 to 9. In Ref. 5, the equation employed is the usual n — oo ideal-MHD ballooning
mode equation including the diamagnetic drift frequency w,p, generalized to allow for a hot
species that is anisotropic in pitch angle, and including an additional term corresponding to
the trapped-a-particle time-average magnetic drift frequency resonance term. It is assumed
in this reference that all of the a-particles are deeply trapped in pitch angle, so that there
are no untrapped a's, and that the a’s are Maxwellian in energy. The so-called “s-a”
mode] MHD equilibrium®® is employed. In Ref. 6, the equation is modified to replace the
Maxwellian energy distribution by the slowing-down energy distribution. In Ref. 7, the
trapped-a distribution is cha.néed from all deeply trapped to uniform in pitch-angle, but
still without untrapped a’s. In Refs. 8 and 9, a more general model MHD equilibrium is
emploved which allows for vertical elongation and triangularity. The conclusion in these
papers is that the o-particles can be significantly stabilizing or destabilizing for the ideal
MHD ballooning mode, depending on the parameters considered.

In the present calculation, there are a number of significant extensions to the physics
contained in Refs. 3 to 9. Results are given for the trapped-electron drift mode, which

is expected to be dominant at lower values of 3, as well as for the kinetically calculated



MHD ballooning mode, which may be dominant at higher values of 3. Relative values of the
quasilinear particle and energy diffusion coeflicients for the different species are given. along
with the linear growth rates and real frequencies. Untrapped a-particles as well as trapped a-
particles are retained (as with the other species), along with the transit-frequency resonances
(Landau damping) for untrapped particles and the bounce-frequency resonances for trapped
particles. This also allows the possibility of “hybrid” resonances, where both the magnetic
drift frequency and some multiple of the bounce or transit frequency are involved. Full finite
Larmor radius effects are retained. Thermalized helium ash as well as the hot a-particles are
included. Quantitative results showing the importance of some of these additional physical
effects will be given in the next section.

In Sec. I, parameters and results are given in detail for a CIT case. In Sec. III, they

are given more briefly for a TFTR case. Conclusions and discussion are given in Sec. IV.

nar

The design for the proposed CIT device has been modified several times. The revised
design? considered here has (vacuum) major radius Ry = 1.75 m, toroidal magnetic field
By = 10 T, and plasma current I, = 9 MA. For this revised design, trapped-a-particle
orbit losses due to magnetic ripple are negligible,'® so the a-particle distribution in pitch
angle is isotropic to a good approximation, and both trapped and untrapped a-particles will
be present. la 2 BALDUR transport code run'? for this revised design, a time in the flat
top period for plasma quantities is chosen that is between sawtooth crashes. The magnetic
surfaces for the MHD equilibrium are shown in Fig. 1. A magnetic surface with (average)
minor radius » =~ a/2 is chosen, which is somewhat outside the ¢ = 1 surface, where q is
the plasma edge radius. On this surface, the local parameters are: 8 = Berr = 6. + 6; +
B = 5.82%, B; = 8wn;T;/B:, q = 1.17, 3 = r(dq/dr)/q = 0.456, & = r/Ro = 0.154,
Ro = 180 cm, rpe/r = 1.62, 7 = —(dIlnn;/dr)™}, 4; = (dInT;/dr)/(dlnn;/dr), vi =

effective electron collision frequency/average trapped electron bounce frequency = 0.0035,



and n, = 3.71 x 10'¥e¢m™3. Other local parameters for the four species are given in Ta-

ble L. To put the e-particle and helium effects in perspective. note that

Mg - .Bo rt\
M o 0.5%, 22~ 12%, Lo ~ 25%,
ne Berr /o

while

3
Mhe . qu Pt ~ 4%, e gy,
R, Berr ,Bcn'

where 8] = dB;/dr and g = B, + O] + Bg- In addition to mode frequencies computed
for this standard set of parameturs, results will also be presented as the local 3 is varied
artificially from Bcrr. Specifically, for each different 3 value, the entire BALDUR pres-
sure profile is multiplied by 3/8c1r and the numerical MHD equilibrium is recomputed.
Also, g{) is held fixed, so this constitutes a flux-conserving sequence. As f is varied,
the Shafranov shift and the magnetic curvature change correspondingly. It is this varia-
tion which is responsibie for the so-called “second stability region” for the MHD ballooning
mode. When {3 is varied, the rg = —(dInB/dr)™", T}, nj/ne, By, and n are normally held
fixed, so that all of the n; vary proportional to 3. However, the n; enter the calculation
directly only through the collision frequencies, and collisions are essentially negligible for this
case (and are normally not included). Thus, the main effect of the 3 vanation is through
the MHD equilibrium, as has been described, and indirectly through the Alfvén frequency,
wa = vafqlo = [By/(dm Y ; n;m;)/?]/qRo. If a different choice had been made, for instance
if By were to vary proportional to 371/ with the n; and T; held fixed, the effect of the 2
variation would be somewhat different, but the final results would not differ greatly from
those with the present choice, as .was seen in Ref. 18. Alternatively, T; could be chosen to
vary with T; o« 3, holding rg, nj, By, and n fixed. More complicated forms of variation
could aiso be considered. In addition, the torcidal mode number n o kgp;, where kg is the
poloidal wave number and p; is the gyroradius, is varied to find values at or near those which

maximize the growth rate. Other parameters are varied to explore their effects also.



Linear frequencies for the trapped-eleciron drift mode (TEM) and the kinetically cal-
culated MHD ballooning mode (kMHDBM) for the eigenmodes with the fewest (zero) nodes
along the magnetic field line are given in Table II in units of w.., the electron diamagnetic
drift frequency, for several § = n; and = values. The results show the effects of turning on
and off the contributions of the hot a-particle and the thermalized helium ash species. In
doing this, the requirements of (equilibrium) charge neutrality and of its radial derivative
must always be satisfied; this is accomplished by the arbitrary choice of adjusting n;/n. and
Tni/Tne s each species is turned on or off. Results are given for the TEM and the ktMHDBM
for @ = Berr = 5.80%, which is below the simplest ideal MHD ballooning mode critical 3,
BMHD ~ 8.25%, the boundary of the so-called first stability region, and for the kMHDBM
for 8 = 11.3%, which is above gMHD,

Comparing the different rows of Table II, it can be seen that turning on the a-particles
with F, = Fj, and n, = 0.118 has onlv a slight effect on the TEM, is strongly destabilizing
for the kMHDBM for 3 < B¥HP and is somewhat stabilizing for 3 > BMHP. Changing from
fla = 0.118 to 7, = 0 has little effect on the results, implying that the a-particle density gra-
dient is dominant over the a-particle temperature gradient. Changing from the Maxwellian
distribution function F,., with n, = 0 to the slowing-down distribution function Fsp with
7o = 0 for the a’s has little effect on the TEM, increases the a-particle destabilization for the
kMHDBM somewhat for 8 < MHD and destabilizes the kXMHDBM for 8 > AMHD_ Including
the helium ash as well as the a-particles has very little effect on the TEM, destabilizes the
kMHDBM slightly for 8 < SMHP, and stabilizes it very slightly for 8 > gNHP,

Thus, the most important effect in this case is the strong a-particle destabilization of
the kMHDBM for 3 < B0, The causes for this destabilization are explored in more detai!
in Tz;ble 111, which shows the change in the growth rate ~ and the real frequency w, coming
from each of the a-particle terms or effects, for @ = Bt = 5.82%, n = 19, kep; = 0.12,

kopa = 0.31, F, = Fsp, and n, = 0, with no helium. The top three rows in Table III are



of most interest. All three of these a-particle terms are destabilizing, but the untrapped-
a-particle term is the biggest. being about twice as large as the total (time-average plus
non-time-average) trapped-a term. For the trapped-a terms, also, the non-tirne-average
term is about twice as large as the time-average term. This trapped-a time-average term
is the only one of these three a-particle terms included in Refs. 4 to 9. Thus, the results
in these references for a-particle effects on the MHD ballooning mode would have the right
sign, but be considerably too small, for cases like this CIT case.

To understand better physically why such a small fraction of a-particles, ns/n. ~ 0.5%,
can have an order unity effect on the growth rate, it is necessary to understand the nature
of the resonances between the mode and the a-particles. For the case considered in Table

I11, the relevant orderings for the a-particles are:
Weg 3> Wia = |wr| > Tpa > Wia 2 7, (1)

kepa = O(1), and kL. = O(1), where w,, is the a-particle diamagnetic drift frequency,
@en is the average untrapped-a-particle transit frequency, w;, is the mode real frequency,
@he is the average trapped-a-particle bounce frequency, @y, = (Tna/Ro)w.. is 2 measure of
the average trapped-c-particle time-average magnetic drift frequency, 7 is the growth rate,
ky is the wave number along the equilibrium magnetic field line, and L. = O(qRy) is the

connection length. The form of the resonant denominator for untrapped particles is!
Gy = (w+ vy — ww)™, (2)

where w = w, + %y, vy is an effective collision frequency (negligible in this case), & is a
continuous (Fourier-transform-type) dimensionless variable going from —oo to oo, and w; is
the transit frequency. Keeping only the resonant part, G; > —iwiwy| '§(s — w/w,). The
local magnetic drift frequency w,(f) enters in determining the weighting of the different
x values for untrapped particles.! For purposes of illustration only, making many unjus-

tified approximations, the simplest ideal MHD ballooning mode equation,’ including an
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untrapped-a-particle transit frequency resonance contribution, assuming ne < n; = n. and
A<« is:

i;’l + (36 — asin 9)""]5‘is + afcos @ + (36 — asinf)sinb|o
dg' g (3)

L Uy (3 - asind)]é - iRw = 0,

“a
for the “s-o” model MHD equilibrium,'® where w. = w.(l ~ 7). In fact, the results
presented in this paper are obtained by solving much more comprehensive and accurate
equations, presented in detail in Ref. 1. From the equations of Ref. 1, after some alge-

bra, it can be shown that the untrapped-a-particle transit-frequency resonance term Ry, is

approximately
WieolOda T T;

Ro™ it w 1. @
where C is a dimensionless function which can have either sign and which is of order unity
for w ~ @y FOr w # &G, when F, = Fo,, |C| is of order (w/@p,)? exp{—(w/@a)?];
and when F, = Fsp, IC| is of order (w/@o)?H (Vo — /W) [(W/@a)? + (vc/Viha)®], where
Viha = (2Ta/m.)"/?. Balancing the R, term with the w(w —w.p;) term, the R, contribution
to the growth rate is of order:

'r_ra.,&;&-_(Ta:n_a)"’(E)a’z e o )

Wee @y kgpf e E m; T, Tna R ’

which is of order unity for the parameters of Table III, where w ~ &4, consistent with the nu-
merical results of solving the more complete equations. The smal! value of n,/n. = 0(107%)
is compensated by the small value of (kpp;)? = O(107%). The trapped-a-particle bounce fre-
quency resonance term would make a similar contribution, with @ resonant denrominater of
the form! Gy = (w+iv; —w&o) +puy)~!, where u&u) is the trapped-particle-orbit time-average
of the magnetic drift frequency wy, wy is the bounce frequency, and p is summed over integer

values. However, for the parameters of Table III, this trapped-a resonant contribution is

smaller than that for untrapped a’s, because of the greater mismatch between |w.| and @,.
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In contrast to the kMHDBM, the TEM has @y, = &g > @oa > 7 = i, | for the parameters
in Table I, so the mode-a-particle resonances are very weak.

A useful way of thinking about this a-particle effect on the kMHDBM is as foliows:
It is well known that the addition of resistivity, i.e., collisional dissipation, can cause small
positive growth rates for the MHD ballooning mode even for 3 < 8¥HP. In the present case,
collisions are negligible, but there is a much larger amount of a-particle resonant dissipation
which has the same effect.

The results of varying B oc n; for fixed T; and By, in the manner already described
for the TEM and the kMHDBM, are shown in Fig. 2 for the growth rate 4. Also shown
in Fig. 2 is the growth rate curve for the simplest ideal MHD ballooning mode equation,
without w.,; and without a-particles or helium, for the same magnetic surface in the same
sequence of numerical MHD equilibria. Including w.,s and the many other kinetic effects,
but with no‘a-pa.rticlcs or helium, lowers the growth rate curves substantially to those for
the kMHDBM, as has been seen before for various tokamaks in Refs. 20 and 18. The
corresponding kinetic G-critical, 5™, can be either raised, as for n = 19, or lowered, as for
n = 58, from the simple ideal MHD 8¥HP, due to ion magnetic drift resonances and other
kinetic effects. Including the a-particles with F, = Fsp and 7, = 0 for n = 19 raises the
growth rate substantially for 3 < AMHD and, in fact, lowers 85" to below 2%! This is a very
substantial reduction whose implications will be discussed in Sec. IV. The addition of the
helium ash for 3 = Berr = 5.80% has only a small additional destabilizing effect.

For the TEM, the growth rate curve without the a-particles or helium is fairly insensitive
to S-variation, at least out to 8 = 11.3%. Adding the a-particles or helium ash has only
a slight stabilizing or destabilizing effect, respectively, for 3 = B¢t = 5.80%. The TEM is
unstable down to 8 = 0 (electrostatic limit), and has a growth rate larger than that of the

kMHDBM over this entire range of 3.
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The corresponding real frequencies w, are shown in Fig. 3. They are all in the ion
diamagnetic direction. The real frequency for the simple ideal MHD ballooning mode with-
out w.py; is just w, = 0. For the kMHDBM for n = 19, adding the a-particles is seen to
substantially increase jw,i. Various characteristic frequencies are shown on the vertical axis.
For 3 = Jcir = 5.80% and n = 19, the a-particle frequencies are seen to obey the ordering
given in Fq.(1). The curves for the kMHDBM for n = 19 correspond to jw,/wa]| = 0.5-0.7
with the a-particles and to |we/w,| =~ 0.2 without them, where w, o n;llz x 3712,

The particular way in which 8 = 8 3, n,T;/B} varies can make a difference. Tiu: re-
sults shown in Figs. 2 and 3 for 4 and w, assumed that n., n;, and n, all varied proportional
to 3, with T., T;, Ta, and By fixed. In Figs. 4 and 5, this variation for the XMHDBM for
n = 18 is compared with that for the situstion in which T., T;, and n, vary proportional
to 8, with n., n;, Ta, and B; fixed, This latter type of variation has some rough, qual-
tative correspondence to the way in which the parameters vary in time within the ignition
simulation'” with BALDUR for CIT. In Fig. 4 for -, the two curves with a-particles cross
at 3 = Gcir, where all of the parameters are the same. For 8 # fcrr, the variation of « is
somewhat different, but the critical (local) 3 values with the a-particles are both about 2%.
The two corresponding curves without a-particles are also shown. In Fig. 5, the results for
w, are shown, and again, for 8 # Bcrr, the two w, curves are somewhat different. For tbe
case with n,,n;, g x 3, where wy o 8712, w, /w,| stays in the relatively narrow range from
0.5 to 0.7, while in the case with T,,T},n, o 0, where w, is essentially ;:onstant, |wp few g
varies over a wider range from 0.5 to 0.9.

The variations of ¥ and w, with kep; & n are shown in Figs. 6 and 7, respectively. The
growth rate curve for the TEM is broad, while those for the XMHDBM can be either broad
or narrow, depending on the 8-values and the particle species included. The n values chosen
for use in Figs. 2 and 3 are indicated in Fig. 6; they are at or near the growth rate maxima

in =, In Fig. 7, the real frequencies are again all in the ion diamagnetic direction.
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The variation of « and w. with n,/n, is shown in Fig. 8 for 8 = Bcir = 5.82%.n = 19.
F, = Fsp, and 1o = 0, with no helium ash. The dependence of v and w. on n./n. is seen
to be almost linear, with a threshold at n,/n, >~ 0.18%. For higher 3 values, the threshold
in ne/n. would be lower, reaching zero at # = 35,

The variation of v with T, for the kMHDBM is shown in Fig. 9. Here, T, and T; are held
fixed, with F, = Fnas M == 0, 8 = Ocir = 5.82%, and n = 22, with no helium ash. Thisis a
somewhat artificial quantity to vary, in that F,,, is used mainly as an approximation to the
real F,, which should be close to :F_;D. The T, for F, = Fsp is determined mainly by the o-
particle birth energy, £, = 3.52 MeV, and also by v. g ? and should not vary greatly in
realistic situations. However, this variation of T, is of interest with regard to understanding
the a-particle resonance mechanisms discussed previously. As T, varies, different values
of k¥ and p, for untrapped and trapped a-particles, respectively, will come into strongest
resonance, since xwy,pwy x B2 and w&o) « E, and the average energy (F) = (3/2)T.,.
Some rather complicated, muitipeaked structure of v with T, is possible in this situation,
and is seen in the numerical results in Fig. 9. Thus, this variation is consistent with the
explanation of the destabilization of the XMHDBM by the a-particle resonances.

Quasilinear transport coefficients for each species for particles, D;, and for energy,
Kj, calculated as described in Ref. 18, are shown in Table IV. Since a stricﬂy quasilinear
calculation does not predict the saturation level for the mode and thus does not predict
‘he absolute level of anomalous transport, but only the relative levels for particles and
for energy and for the different plasma species, the results are given normalized to the
energy diffusion coefficient for the electrons for each mode, x., since i* is experimentally
the best known of the coefficienii. The particle diffusion coefficients for each mode are
automatically ambipolar, i.e., no net electric charge is transported, since the modes satisfy

the quasineutrality cuadition.



For both modes, electron, ions, and thermalized helium ash particles are transported at
comparable rates, within a factor of five or so, that is, all of them are transported anoma-
lously, relative to neoclassical diffusion rates. The anomalous transport of helium ash, in
particular, can be of benefit in a tokamak reactor. However, with respect to the transport
of the hot a-particles, there are major differences in the results for the two modes. The
trapped-electron drift mode does not transport a-particles, at any significant level, while the
kinetically calculated MHD ballooning mode does. This is a result of the very weak resonant
interaction of the a-particles with the TEM, duc to the large difference in magnitude between
the TEM mode frequency and the a-particle byunce, transit, and magnetic drift frequen-
cies. Thus, if the tokamak were to operate at a low en.ugh 3 value that the xMHDBM was
stable, but the TEM was unstable, then the thermalized helium ash would be transported
out anomalcusly, while the a-particles would he transported out only neoclassically, which

is a desirable situation.

. TFTR

The TFTR device should also be capable of producing significant numbers of a-particles.
A BALDUR transport code run for a situation designed to maximize the number of a-
particles, using a transport model that has reproduced experimental results relatively wel
in some cases, is described in Ref. 21. Choosing a time when the plasma parameters are
not changing significantly, at the end of the neutral beam pulse, and evaluating the local
parameters on a magnetic surface with r/a ~ 1/2, the parameters that will be used for the
TFTR case are: B = Brrra = Be + i + B = 1.44%, 9 = 1.13, § = 0.727, ¢ = 0.185,
Tne/T =0.749, Bo =273 cm, Be =5 T, L, = 3 MA, ¢ = 0.0027, and n, = 2.27 x 10%cm 3.
Other local parameters for the four species are given in Table V. To put the parameters into
perspective, note that

Ba . 0.3%, Ba . g5, Do

~ 13%,
7, Brrre [ A— ’
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while

e .BHe ﬁ;{:
—= =~ 0.4%, ~ 0.3%, —— >~ 0.2%.
ne "B Biern ’

The results for 4 for varying 8 « nj, for fixed T; and B, are shown in Fig. 10,
corresponding to Fig. 2 for the CIT case. For the TEM, the growth rate drops gradually
with 4 from its maximum at 8 = 0, but is still unstable at 3 = 8.89%. The a-particles
with F, = Fsp and the helium ash have only a very slight stabilizing effect on this mode,
again because the mode frequency is so much smaller than the a-particle characteristic
frequencies. The critical 8 value from the simplest ideal MHD ballooning meode calculation
is GMHD — 2.98%. With the kinetic corrections, but without a-particles or helium, the
kMHDBM for n = 16 is unstable for 3 > G5" = 3.38%. Including the a-particles with
F, = Fsp is destabilizing for 8 < 4% and stabilizing for 8 = 4%. The amount of stabilization
for 3 = 4.42%, say, is consistent with the estimate of Eq. (5) for {C| < 1, which is the
expected magnitude of [C] since jw,| < @, in this case. The a-particle destabilization is
sufficient to decrease the critical 4 to 2.92%, but the amount of damping from the background
species is too great for the a-particles to push the critical 8 much below ,Bﬁfﬂo, as occurred
in the CIT case in Sec. II, so the kMHDBM is stable for 8 = Byprr = 1.44%. This is due in
part to the low value of 7,/T; for the TFTR case, T,./T; = 0.201, compared to T./T; = 0.974
for the CIT case. For instance, if T, and d7,/dr are artificially increased so that T,/T; = 1
for the TFTR case (at fixed 8 and d3/dr, so that the »; and dn;/dr decrease), the critical
B o n; value with the a-particles decreases from 2.92% to 2.07%. The effect of the helium
ash is very slightly stabilizing for this mode.

The corresponding :.ea.l frequencies for the TEM and the kMHDBM are shown in Fig. 11.
They are all in the ion diamagnetic direction. The real frequency for the simple ideal MHD
ballooning mode without w.y is just w, = 0. For the kMHDBM for n = 16, adding the
a-particles increases Jw,] somewhat. Various characteristic frequencies are shown on the

vertical axis. For 4> BMHD and n = 16, the a-particle frequencies again obey the ordering
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given in Eq. {1). The results for w, for the kMHDBM for n = 16 give jwn/w4| = 0.7 with or
without the a-particles, where wy o nj_m o 3-Y2,

The variation of v with kgp; o n is shown in Fig. 12 for the TEM at 8 = B¢prg = 1.44%
and for the kMHDBM at = 4.42% without a-particles or helium ash. The growth rate
curve for the TEM is very broad around the maximum at n = 50 or kgp; = 0.63, while the
curve for the kMHDBM is narrower around the maximum at » = 16 or kgp; = 0.16. The n
values chosen for use in Figs. 10 and 11 are indicated in Fig. 12. They are at or near the
growth rate maxima in n. The corresponding real frequencies are all in the ion diamagnetic
direction,

Quasilinear transport coefficients are given in Table VI, corresponding to those in Table
IV for the CIT case. In this TFTR case, for both the TEM at 8 = Brrrr = 1.44% and the
kMHDBM at 3 = 4.42%, the diffusion coefficients for ions and electrons are comparable, but
those for a-particles and helium ash are negligible. This is in contrast to the CIT case, where
both modes trans];orted helium ash at a significant level, and the kMHDBM transpoited

a-particles at a significant level.

IV. CONCLUSIONS

Results have been presented for the trapped-electron drift mode and the kinetically
calculated MHD ballooning mode for cases representative of CIT and TFTR, from a relatively
complete high-n linearized kinetic calculation. In particular, this calculation retains the
resonances of the mode with the trapped-particle bounce frequency, the untrapped-particle
transit frequency, and the magnetic drift frequency for each species. The effects of the hot
a-particles and the thermalized helium ash particles on the mode growth rates and real
frequencies, and the relative quasilinear particle and energy transport coeflicients for the
different plasma species have been investigated.

For both the CIT and TFTR cases, the effect of the hot a-particles and the thermalized

helium ash particles on the tcapped-electron drift mode is weak, due to the large difference
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in magnitude between the mode real frequency and the single-a-particle characteristic fre-
quencies. Also, the effect of the helium ash particles on the kinetically calculated MHD
ballooning mode is weak. On the other hand, the hot a-particles can have an important
effect on this mode. Their effect is destabilizing for (local) @ below a “crossover” value
3. and stabilizing for 3 above 3, where 87 is somewhat larger than the simplest ideal
MHD critical 4, 3¥FP. For the CIT case, where the damping of the background electrons
and lons is not too strong, the a-particle destabilization is sufficient to lower the critical 8
value for the kineticallv calculated MHD ballooning mode to about 2%, substantially below
GMHD ~ 8%,

This a-particle destabilization in the CIT case is mainly due to the transit-frequency res-
onances of the untrapped a-particies, with smaller contributions from the bounce-frequency
resonances and the magnetic drift frequency resonances of the trapped a-particles. The
transit-frequency resonances are strong because of the near coincidence of the mode real
frequency and the average transit frequency of the untrapped a-particles in the CIT case.
In the TFTR case, the amount of a-particle destabilization is roughly comparable to that in
the CIT case, but the damping from the background electrons and ions is stronger, so that
the critical # with th-e a-particles, %, is not much below the simplest ideal MHD critical 3,
GMHD ~ 3%,

The relative quasilinear transport coefficients for particles and energy for each plasma
species have also been calculated. For the CIT case, the thermalized helium ash is tllans-
ported by both the TEM and the kMHDBM at a level roughly comparable to those of the
background electrons and ions, while the hot a-particles are transported at a significant level
only by the kMHDBM, not by the TEM. For the TFTR case, on the other hand, the trans-
port of both the helium ash and the hot a-particles is negligible for both the TEM and the
kMHDEM. Thus, the results for anomalous transport turn out to be quite case dependent.

Anomalous transport of the thermalized helium ash, if it occurs, is a desirable thing,

limiting accumulation of helium ash in the center of the discharge. Conversely, anomalous
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transport of the hot a-particles, which can remove them from the center of the discharge be-
fore they transfer all of their energy to heat the background species, is undesirable. However,
the hot a-particle slowing-down time in CIT is still expected to be considerably shorter than
the anomalous a-particle loss time,? so that the change in the power balance is not major. A
more serious potential effect is O-saturation at a lower value than that needed to sustain ig-
nition in this specific design for CIT, due to the substantial reduction in the critical 3 for the
MHD ballooning mode from the a-particle destabilization. It should be pointed out, though,
that the trapped-electron drift mode has a higher linear growth rate than the MHD balloon-
ing mode, even with the a-particle destabilization, throughout the range 0 < 4 < ,BffHD, and
that the nonlinear consequences in this situation for the MHD ballooning mode are not well
understood. The relative quasilinear diffusion coeflicients presented earlier assumed that the
two modes acted independently, and this may be too pessimistic an assumption.

A number of interesting possibilities arise for future work i:1 the area of a-particle effects
on tokamak instabilities. The present work has looked exclusively at the effects of a-particles
on preexisting modes, i.e., those which can be unstable even without the a-particles. There
is also the possibility that the a-particles could give rise to additional roots of the dispersion
equations, above some threshold in n, or 3,. The present work has also looked exclusively
at cases where F, ic uniform in pitch angle. In the presence of loss regions in pitch angle,'®
however, F, would become nonuniform in pitch angle, leading to additional terms in the
mode equations.?3?* The nonuniformity could have interesting effects on the low frequency
modes considered here, but it could also destabilize ion and «-particle cyclotron frequency
modes. Also, while the present calculation includes full finite Larmor radius effects for all
species, it does not include full finite banana width effects, which could have an additional

stabilizing effect.
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TABLE L. Local parameters for plasma species for the CIT case.

J Z; mj(emu)  nj/n. Ti{keV') 5 Tl Tre
e 21 1183 1 18.9 1.28 1

1 1 2.5 0.817 19.4 1.56 1.165
a 2 4 0.00532 904.% 0.118 0.340
He 2 4 0.0860 19.4 0.903 0.671

*These values for T, and 7, are from the BALDUR results and are used for F, = F,,. For
F, = Fsp, the values T, = 942 keV, calculated from the slowing-down distribution, and
i = 0 are emnployed.

TABLE IL a-particle and helium effects on linear eigenfrequencies w for the trapped-electron
drift mode (TEM) and the kinetically calculated MHD ballooning mode (kMHDBM) in units
of w,. for the CIT parameters.

mode TEM kMHDBM kMHDBM

3 5.82% 5.82% 11.3%

n 58 22 22

kgpl' 0.36 0.14 0.13

j Fa Mo W/U-: w/w-e A L‘)/‘-'-'-»c

e, — — —0.249 + 0.358: (damped) ~2.52 + 0.726:
€., F,a 0.118 —0.215 +0.3334 —9.50 + 0.401: —5.76 + 0.377¢
e.i,a F.. 0 —0.218 +0.336: -9.21 + 0.361: —5.40 + 0.605:
e, Fsp 0 —~0.218 + 0.3362 —-0.27 + 0.597: ~5.48 + 0.793:
e, He — — —-0.211 + 0.373: (damped) —2.35 + 0.615¢
e.i,a, He Fsp 0 —0.169 + 0.340:¢ -11.6 + 0.638; —-5.62 + 0.7814
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TABLE I11. Changes in growth rate 4 and real {requency w, from different a-particle terms
and eflects, for 8 = Bcir = 5.82%, n = 19, kep; = 0.12, kep, = 0.51, F, = Fsp, and n, = 0,
with no helium.

term A/ wee Aw, [Wae
trapped-a p = 0 (time-average) term +0.071 ~0.83
trapped-a p # 0 {non-time-average) term  +0.122 +0.03
untrapped-oa term +0.363 +0.94
adiabatic term -0.011 +0.17
n,/n. and r,;/rn. changes* —0.108 —1.62
B changes from a’s +0.004 +0.48

*To preserve (bulk) charge neutrality and its radial derivative.

TABLE IV. Relative quasilinear transport coefficients for 8 = B = 5.82% for the
trapped-electron drift mode (TEM) and the kinetically calculated MHD ballooning mode
(kMHDBM).

TEM(n = 58) kMHDBM(n = 19)
j DJ‘/K., K_.,‘/Ne D_,'/H.e ﬁj/ﬂg
e 0.33 1 0.33 1
z 0.11 0.47 0.097 0.48
a 0.002 —0.001 0.25 0.54

He 0.15 0.46 0.064 0.22




TABLE V. Local parameters for plasma species for the TFTR case.

i Z; mjlamu)  n;/n. T;(keV)  n; Tni/Tre
e -1 1/1836 1 5.25 0.922 1

i 1 2.5 0.985 26.1 0.766 1.0026
a 2 4 0.00322 814.° 0.123* 0.411
He 2 4 0.00413 26.1 3.92 5.13

*These values for T, and 7, are from the BALDUR results and are used for F, = F.,. For
F, = Fsp, the values T, = 698 keV, calculated from the slowing-down distributior, and
7a = 0 are emploved.

TABLE V1. Relative quasilinear transport coefficients for 8 = Byprr = 1.44% for the
trapped-electron drift mode (TEM) and for 8 = 4.42% for the kinetically calculated MHD
ballooning mode (kMHDBM).

TEM(n = 47) XMHDBM(n = 16)
J D;/x. Kj/Re D;/x, 55/ ke
€ 0.40 1 0.31 1
2 0.40 0.73 0.30 1.1
a 0.004 0.0004 0.01 0.01
He -0.0002 0.0001 —0.00001 0.0001
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FIGURE CAPTIONS

FIG. 1.
FIG. 2.

FIG. 3.

FIG. 4.

FIG. 5.

FIG. 6.

FIG. 7.
FIG. 8.

FIG. 9.

FIG. 10.

Magnetic surfaces for the MHD equilibrium for the CIT case.

Linear growth rates 4 versus (local) 8 o n;, for fixed T; and B, for the CIT
parameters, in units of 10% sec™?, for the trapped-electron drift mode (TEM) and
the kinetically calculated MHD ballooning mode (kMHDBM). Results from the
simplest ideal MHD ballooning mode equation with w., = 0 are also shown for
reference.

Real frequencies w, corresponding to Fig. 2. Characteristic single-particle frequen-
cies are indicated on the vertical axis. All real frequencies here are in the jon
diamagnetic direction.

Growth rates + versus {local} 3 for the KMHDBM for n = 19 for the CIT parameters.
Results are shown for cases with a-particles where n,,n;,n, x 3, at fixed T,, T, Ta,
and where T.,T;,n, = 3 at fixed n.,%;,T,. The corresponding curves without
a-particles are also shown.

Real frequencies w, corresponding to Fig. 4. All real frequencies here are in the ion
diamagnetic direction.

Variation of v with k¢p; oc n for the TEM and the kMHDBM for the CIT parameters.
The 7 values used in Figs. 2 and 3 are indicated in parentheses.

Variation of w. with kep; & n corresponding to Fig. 4.

Variation of v and w,. with n,/n, for the CIT parameters for 8 = Bcr = 5.82%,
n=19, F, = Fsp, and 7, = 0, with no helium ash.

Variation of v with T, for the kMHDBM for the CIT parameters with 7, and T;
held fixed, F, = Fp., 7. = 0, 8 = Berr = 5.82%, and n = 22, with no helium ash.
Varijation of 7y with (local} 8 o ny, for fixed T; and By, corresponding to Fig. 2, for

the TFTR parameters,
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FIG. 11. Real frequencies w. corresponding to Fig. 10. Characteristic single-particle fre-

quencies are indicated on the vertical axis. All real frequencies here are in the ion

diamagnetic direction.

FIG. 12. Variation of 4 with ksp;  n for the TEM and the kMHDbM for the TFTR param-

eters. The n values used in Figs. 10 and 11 are indicated in parentheses.
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