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ABSTRACT. Alpha particle parameters in sub-ignited D-T
tokamaks such as TFTR can be optimized in a high temperature
‘alpha storage regime’ in which the alpha particle thermalization
time 7, is long (1.0 s) and in which the alpha particle source
rate S, is enhanced because of beam-target and beam~beam
reactions (by a factor of &2-4). Near reactor-level alpha insta-
bility parameters, §8,(0) ~ n,(0)/n (0) & 1%, are predicted by
simulation codes when Q 2 0.5; present TFTR ‘supershots’
already have §,(0) ~ n,(0)/n (0) ~ 0.1-0.2%. This alpha
storage regime can be used for the first time to test theories
of collective alpha instabilities and can also be used to provide
a strong (but transient) alpha heating pulse. An experimental
scenario to exploit this regime is described.

1. INTRODUCTION

This letter describes how sub-ignited D-T fuelled
tokamaks such as TFTR or JET can be used to study
reactor relevant alpha particle physics. This physics is
important for future ignited plasmas since it could
affect the alpha heating efficiency, the plasma confine-
ment or the plasma beta limits.

Most of these new effects concern the influence of
a high energy alpha particle component on plasma
instabilities and so involve dimensionless parameters
such as ny/ne (the alpha particle density over the
electron density) and g, (the ratio of perpendicular
alpha energy to magnetic field energy), where both
these parameters refer only to alpha particles with
energies above 3kT,;/2. These parameters depend on
the product of the alpha source rate S, and the alpha
thermalization time 7,; thus they are only indirectly

related to the thermal nlaema confinement time and
IS:ated 10 e frmas paasing conimemeont tume ana

energy balance parameters such as Q (fusion power
multiplication factor) or the ignition margin.

Since Sy, & Py, Q and 7, « T, /n, (see Section 3.1),
the local alpha density scales roughly as ny <Py ., Q T, /n,,.
Thus the alpha instability parameters tend to be maxi-
mized in high temperature, low density plasmas such as
the TFTR ‘supershots’ [1], in which both S, and 7,
tend to be high. Therefore, if the alpha particles are
confined classically, 7, can be very long (7, = 1 s> 7g),
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allowing reactor level alpha parameters to be obtained
even in sub-ignited Q & 1 machines such as TFTR and
JET.

The other main aspect of reactor relevant alpha
physics concerns the effect of alpha heating on the
plasma. Although the alpha heating averaged over
space and time is only Py /Ppeat? ~ 0.2 at Q = 1, we
show here how plasmas with (P, /Pye.t) = 0.5 and
P, (0)/Pye,t(0) ~ 0.8 can be transiently produced by
thermalizing the stored alphas after auxiliary heating
is turned off.

We call this high 7, mode of operation the ‘alpha
storage regime’; this terms is intended to include the
alpha ‘storing’ phase during auxiliary heating, the alpha
‘coasting’ phase just after auxiliary heating and the
transient alpha ‘heating’ phase. The ‘storage’ aspect
refers to the expected very long confinement time of
alphas (somewhat analogous to a high energy particle
storage ring).

This letter describes various estimates and simulations
for this regime, with particular application to TFTR.
Section 2 gives a brief summary of the alpha physics
issues. Section 3 presents simplified analytic estimates
of expected alpha parameters. More self-consistent
code calculations for TFTR are given in Section 4.
The present capabilities of TFTR with respect to
these parameters are described in Section 5, and the
conclusions are given in Section 6.

2. ALPHA PHYSICS ISSUES

A summary of the alpha instabilities and their
possible effects is given in Table I, which is adapted
from recent reviews [2]. For the purpose of this table,
the instabilities are ordered in terms of their frequency,
which ranges from ~10! to 10° Hz for TFTR.

Note that the instabilities in Table I are all
‘collective’ alpha effects, which means that the free
energy of the D-T generated high energy alpha particle
population either creates or modifies these instabilities.
In addition to these D-T collective effects, alpha

. . s SO
particles can also be influenced as ‘single particles’ by

toroidal field ripple or by plasma instabilities that are
not modified by alphas. However, single-particle
physics is not discussed here since experiments on
these effects can be done with D-D or D-*He
discharges [3].

At present, it is not easy to assess the eventual
importance of these instabilities for ignited plasmas,
partly because the theories are incomplete, but mostly
because experimental conditions under which these
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TABLE I. COLLECTIVE ALPHA INSTABILITIES*

LETTERS

Instability TFTR frequency Physical mechanism(s) Important parameters Possible effects
PN Eliad ey S e 210 Hz Central electron heating P, {0) Modification of q{(r) profile;
by alphas = sawtooth P—‘(;— expulsion of alphas from centre
crash heat(0)
Alpha driven fishbones 210% Hz Resonance of alpha B,(0), Expulsion of trapped alphas
precession and internal Bn(0), (1/4-1/3 of all alphas)
m = 1 mode Wyealwa
Alpha driven drift wave 210% Hz Resonance with Ny /g, By Effect on beta limits; effects on
or ballooning modes m > 1 modes By, and plasma transport coefficients
gradients
Alpha driven 105-1 077 Hz Vo =V, excites Ve, /VA, Anomalous alpha transport;
Alfvén waves (W< wy,) Alfvén modes Waglwy, electron heating
VB,
Alpha loss cone driven ~10% Hz Electromagnetic ion TF ripple, Anomalous loss of both trapped
Alfvén waves (w~ Weg) cyclotron wave n,/ng and circulating alphas; ion heating
generation
Alpha population 10%-10° Hz of,/ov> 1 1 9 (S,7,) Anomalously slows alphas;
inversion driven (w~10 w,,) —> alpha cyclotron ; a emits electromagnetic waves;
Alfvén wave emission “« heats bulk ions

Symbols: w,, = alpha precession frequency; w, = Alfvén frequency, W, = alpha cyclotron frequency.

W, = alpha diamagnetic frequency.

* This table was prepared with the help of L. Chen, C.Z. Cheng, G. Rewoldt, D. Sigmar and R. White.

effects might be observed have yet to be created. The
main purpose of this letter is to show that at least some
of this new physics might be tested in present sub-
ignited devices.

The basic parameters used to characterize collective
alpha effects are ny/n,, By, Vo /V s (the alpha speed
relative to the Alfvén speed) and, in one case,

P, (0)/Pis(0). The calculations of these parameters
are presented in Sections 3-5. Here, we briefly
summarize the main physics of these phenomena.

The alpha driven (or modified), very low frequency
sawtooth mode is the only one of these instabilities
which depends on P, (through the reheating process).
In general, the positive feedback between increased
central temperature and increased central heating may
cause large sawteeth in the thermonuclear regime [2].
However, if 7, is longer than typical sawtooth periods,
the feedback effect should be relatively weak (as might
be the case in TFTR or JET). One interesting physics
issue which might be observed on sub-ignited plasmas
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is the rapid expulsion of alpha particles from inside
q = 1 during sawtooth crashes [4]. Stabilization of
sawteeth by alphas is also possible at high g, [5].

Alpha driven fishbones involve a resonance between
the precession frequency of trapped alphas and the
internal m = 1 mode. White [6] predicted that roughly
Ba(0) ~ 1% (with B,,;(0) > 0.3) is necessary for this
instability. In analogy to neutral beam injection (NBI)
driven fishbones, excitation of large MHD waves and
expulsion of banana trapped alphas might be expected;
however, the instability frequency for alpha driven
fishbones would be approximately ten times higher
than for NBI driven fishbones.

Alpha modified drift waves and/or ballooning
modes involve the resonance between alphas and pre-
existing electrostatic drift or magnetic ballooning
modes. Modification of these modes by alphas is
potentially important since they are thought to
determine tokamak transport and beta limits. The
influence of alphas on stability increases with §, and
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the background B4;,. Existing calculations of such
effects for TFTR [7, 8] indicate that alphas decrease
the threshold for ballooning instability (i.e. they lower
the theoretical beta limit) by >15% but do not signifi-
canily affect the drift wave induced transport.

Alpha driven Alfvén waves are the most unfamiliar
of these instabilities. Their growth generally requires
that energetic particle speeds be greater than the Alfvén
speed — a condition that is ordinarily not met by ions
created by auxiliary heating but which is met by alphas
in TFTR or JET. These instabilities can increase alpha
transport, decrease the alpha thermalization time (which
may be beneficial if the energy is transferred to back-
ground ions) or possibly increase the background
plasma transport (through the wave’s fields).

Table I'shows three different types of destabiliza-
tion effects for Alfvén waves. A strong enough alpha
pressure gradient can excite low-m global Alfvén
eigenmodes in plasmas similar to TFTR [9], and both
low-m and high-m toroidicity induced Alfvén modes
exist when V,/V, > 0.5 [10]. An alpha loss cone [11]
created by toroidal field or MHD induced ripple can
potentially create waves which (quasi-linearly) limit
the confined alpha population to n,/n, ~107%. An
alpha population inversion {12] caused by a fast
turn-on of the alpha source can also create waves
which increase the alpha transport.

Alpha heating physics mainly concerns the slow
readjustment of the plasma temperature and current
profiles to the new alpha heating source function [2].

o

AUXILIARY HEATING

The classical alpha heating will mainly be central
electron heating and so, in some sense, it should be
similar to Ohmic heating. Alpha heating will also
depend on the confinement of high energy alphas;
in this sense, it should be similar to NBI or ICRF
heating. The plasma energy confinement time with
alpha heating should depend on the plasma instabilities,
as usual, including any new alpha instability effects.
These general expectations about alpha heating can
be tested to some extent on sub-ignition machines
using a strong (but transient) alpha heating pulse, as
described below. However, the slow profile changes
produced by a dominant alpha heating source can
probably not be simulated in sub-ignition machines.

3. ALPHA STORAGE REGIME

An ‘alpha storage regime’ discharge would consist
of three distinct time periods, as shown schematically
in Fig. 1. Note that the time-scale in this figure is
drawn for a typical TFTR case.

In the ‘storing’ phase (= 2 s) the alphas are created
and confined in a high temperature, low density, auxi-
liary heated D-T plasma similar to a TFTR ‘supershot’
f1] (but with >1.5 MA for good alpha confinement).
By the end of this storing phase, n, and f, are
maximized, so that any alpha effects on sawteeth,
fishbones, ballooning modes or Alfvén waves should
be most apparent.
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FIG. 1. Schematic time history of an alpha storage regime plasma, with a time-scale appropriate to TFTR.
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In the ‘coasting’ phase (= 1 s), just after auxiliary
heating ends, the stored alpha energy decreases slowly
while the plasma re-establishes a low density Ohmic
equilibrium. During this phase, ny/n, and f,/By, are
maximized, so that any alpha instabilities persisting
at relatively low By, can be studied in the absence of
neutral beam ions. In this phase, the stored alpha
energy content can also be measured with alpha and
possibly with magnetic diagnostics, and compared
with the expected classical alpha energy storage.

In the final alpha ‘heating’ phase (= 200 ms) the
remaining stored alpha energy is transferred to the
background plasma by suddenly decreasing the
classical alpha thermalization time. This can be
done by increasing the plasma density, as shown (or
possibly by decreasing the temperature using impurity
injection). In this phase, a dominantly alpha heated
plasma is produced, but only for a short time.

In this section the expected alpha parameters for
these three phases are estimated using assumed
temperatures and densities, while more self-consistent
computer simulations for TFTR are presented in
Section 4. Note that the simplified estimates given
below assume perfect alpha confinement, which may
not occur if the plasma current is too low, if the
toroidal field ripple is too high, or if instabilities
cause anomalous alpha transport.

3.1. ny/ne and B, /By, in the alpha storing phase

Here we use a simple, local steady-state model,
applicable to the end of the alpha storing phase, to
show that these two alpha instability parameters
depend mainly on the plasma temperature and not
simply on the fusion power gain Q [13]. The thermo-
nuclear reaction rate for producing alphas is (in the

range T; = 20 keV):
Sy ~ CinpngTi? (D

where C;~ 1.5 X 10722 m3.s™! when T is in units of
10 keV [14]. The resulting local steady-state alpha
populations (assuming perfect alpha confinement) are:

ng = STy (2)

where S, is the local D-T reaction rate, and
7o & C, Te/n, is the alpha thermalization time [15],
where C, # 4.5 X 10" m~3-s at T, ~ 10 keV. Note
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that this 7, has a slightly weaker temperature depen-
dence than the T3/2 dependence of the alpha slowing-
down time on electrons [16], since for an alpha energy
above & 35 T, the alphas slow down primarily on ions
independently of T,. Thus,

na/ne ~ C1C2 (nDnT/ng)Til’STe (3)

When alphas are also produced by non-thermonuclear
(beam-target and beam-beam) reactions, there is an
additional alpha source rate for any givenn and T.
This effect can be included simply by defining a new
parameter, £2, to be the total fusion reaction rate
divided by the thermonuclear (Maxwellian) fusion
reaction rate. Of course, the numerical value of
depends upon the shape of the ion distribution func-
tion and is difficult to express simply in terms of n
and T; however, we know that 1 < £ < 4 is the typical
range for neutral beam driven tokamaks [15]. Thus,

ng/ne ~ C;C, (npnp/n2) T T,Q 4

Thus, for possible TFTR D-T central parameters
(see Section 4), T;(0) &~ 25-30 keV, To(0) ~ 10-12 keV,
n,(0) ~ (7-10) X 10 m™® and (0) ~ 2.5, the central
n,(0)/n.(0) is comparable to that of an ignited reactor
grade plasma at T;(0) = T,(0) = 20 keV and Q(0) = 1,
assuming that the fuel dilution factor (npny/n2) is the
same for both.

Similarly, the relative alpha beta is

BB = (2/3)ng (B [no(T; + T,))

~ (g /ng) [(T; + Te) (5

where the average alpha energy, (E,) =~ 1.3 MeV, is
only weakly dependent on temperature or density [17].
Thus the relative alpha beta for TFTR is comparable to
that of a reactor level ignited plasma, given the param-

etare ahove
Ciers as0Vve.

These formulas can be used to estimate alpha
parameters for the central region of a high tempera-
ture TFTR D-T plasma at the end of the alpha storing
phase shown in Fig. 1. Near T; = 20 keV and
T, ~ 10 keV, we obtain from Eq. (4):

ng/ne = 0.7% (npny/n2) (T;/10 keV)** (T, /10 ke V)2
(6)
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TABLE II. ALPHA PARTICLE PLASMA PARAMETERS

TFTR TFTR ‘Marginal CIT ¢
LT now* objective ignition’® high-T? LS
Alpha-particle plasma physics
1n,(0)/n,(0) 0.1-0.2% 1% 0.1% 0.9% 0.7%
B, (0 0.1-0.2% 1% 0.2% 2.5% 2.3%
Va!Vairvén 1.5-2.0 1.7 2.5 2.6 2.8
Heat flow from a fusion power source
P,(0)/P;(0) 0.05-0.1 0.4 )| il |
(Py/Pioss) 0.03-0.07 0.2 0.8 ~1 ~1

*Best results obtained in individual TFTR deuterium plasma supershots (e.g. Nos. 22553, 22984 [1], 26151 and 30969 [23].

2 T(0)=10keV, n(0)=10" m™3, B=125T.
b T(0)=23keV, n(0)=6X 10®m™, B=10T.
¢ T(0)=20keV, n(0)=2X 10 m™3, B=5T.

Thus, for the possible TFTR central parameters cited
above, assuming a possible fuel dilution factor
np ~ ny ~ 0.35 n, (i.e. npnp/n; = 0.12), we find
1n4(0)/n,(0) = 1%. Note that for this case the alpha
thermalization time is 7,(0) & 0.6 s, so that a typical
TFTR alpha storing time of ~ 2 s is sufficient for the
alpha population to reach this steady state value.
Using (E,) ~ 1.3 MeV, we obtain from Eq. (5):

Ba/Bin ~ (ng/n) 90/([T, + T;)/10 keV) ™

Thus, for the possible TFTR central parameters cited
above, we get $,(0)/841,(0) = 0.2, so at B = 52 kG we
have B41,(0) = 5% and $,(0) ~ 1%.

Alternative global scaling forms for these alpha
parameters follow directly from the definitions of
T and Sy

Ny /Mg & PpeatQTe /(n? X plasma volume) (8)

By = Ppeat Q T /(n, X plasma volume X B?) ®

Evaluation of the central alpha parameters for TFTR
using these forms requires knowledge of the alpha
source radial profile. A typical ‘supershot’ neutron
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source profile has S,(0)/{Sa)~ 7-11, corresponding
t0 8,(0)/<S,) = (1 — [r/a]z)s, where § = 6-10. Thus,
with Q &~ 0.5, Py, &~ 30 MW and central TFTR
parameters as above (i.e. 7,(0) ~ 0.6 s), we get
n4(0)/ng(0) ~ B,(0) ~ 1-1.5%, in rough agreement
with the local estimates above.

Table II is a summary of the estimated TFTR alpha
parameter ‘objectives’ for this steady-state alpha
storing phase and of the estimated alpha parameters
for various proposed ignition devices. TFTR can have
14,(0)/n¢(0) comparable to, and B,(0) close to, these
machines.

3.2. Coasting phase

After auxiliary heating is turned off, the stored
alpha population decays over a thermalization time
of ~ 1, in a plasma which returns to a low density
Ohmic equilibrium over ~ 27 (= 21p), mainly through
a decrease in density, as shown schematically in Fig. 1.
If 7, > 75 during this phase, then the alpha parameters
ng/n, and B, /By, will increase (compared to the end of
the storing phase) owing to these decreases in n, and
B, typically by factors of two to three. Time depen-
dent simulations of the coasting phase for TFTR are
described in Section 4.3.
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3.3. Alpha heating phase

Alpha heating at the end of the storing phase is
limited globally to (P /Pyt ~ 0.2 Q, i.e. typically
20% tor Q =~ 1. Such heating should be a measurable
but not a dominant effect in TEFTR or JET. This alpha
heating is normally concentrated in the centre of the
plasma [18], where

P,(0) = S((OE, = C;np(0) np(0) T{*(0) E,,£2(0)
(10)
Pioss = {1.5[(np (0) + np(0) + n(0)) T;(0)

+ 1 (0)T(0)]}/ 75 (0)

where E, = 3.5 MeV and n (0) is the central impurity
(carbon) density. Typically, Py(0)/Pe(0) = 0.3-0.4
for Q ~ 1 plasmas (see Section 4.2). This level of
central alpha heating is probably measurable,

but again not at the reactor relevant level
Pa(o)/Pheat(O) ~ Pa(o)/Ploss(O) ~ 1.

One way to further increase alpha heating at Q =~ 1
is to concentrate it in time by using previously stored
alpha energy to supply a transient alpha heating pulse
after auxiliary heating is turned off, as shown schema-
tically in Fig. 1. Here we estimate the maximum
available P (0)/Pye,:(0) and (P, /Py, ? for such a
heating pulse.

To obtain a large alpha heating pulse in the way
indicated schematically in Fig. 1, several time-scales
must be considered. First, the beam heating power
should decay before the alpha heating phase begins.
This happens automatically since the thermalization
time for ~100 keV deuterium beam ions is 7, =~ 0.3 7,
[4]. Next, the alpha thermalization time just after
beam injection should be longer than the plasma
energy confinement time after beam injection, in
order to allow the plasma to re-establish an Ohmic
equilibrium before the alpha heating begins (to simplify
the alpha heating analysis). This is possible if the
density is allowed to decay rapidly after beam turn-off,
since 7, > 1 s while 7g ~ 200-300 ms in low density
Ohmic TFTR discharges [18]. Finally, the time-scale
for alpha thermalization after re-densification, 7§,
should be as small as possible to obtain the maximum
alpha heating effect, but large enough to avoid compli-
cated profile changes, i.e. 75 ~ 100-300 ms. This time-
scale determines the required density rise.

Assuming that all these time-scales are optimized,
we can estimate the local and global alpha heating

NUCLEAR FUSION, Vol.28, No.12 (1988)
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parameters in this scenario. For the local central TFTR
parameters used above, we had n,(0) ~ 10®* m™ and
(Ey? =~ 1.3 MeV. Thus, if Aalf (see Section 4.4) of the
stored alpha energy is retained until it is re-thermalized
over 7 ~ 200 ms during the aipha heating phase, we
have

P,(0) ~ ny(0)Ey)/7% ~ 106 W-m™ (11)

locally. Since the central Ohmic heating power in
TFTR forq(O)~ land I~ 2 MA is
Pheat =~ 0.2 X 10 W-m™3, we have roughly

P (0)/Ppent(0) ~ 0.8 (12)

at the centre during this transient alpha heating
phase, i.e. alpha heating would be dominant locally.

The global alpha heating can be related to the
total stored alpha energy just before re-densification,
Wk, which in turn is related to the total stored
alpha energy W, at the end of the alpha storing
phase. W, can be related to Q through an average
alpha thermalization time

Wo & 0.2Q Ppegt 7o) [<Eg)/3.5 MeV] (13)

For TFTR, Q = 1, Ppeat = 30 MW, (70 ~ 0.5 s
and (E,) ~ 1.3 MeV, so we have W, ~ 1 MJ. If

half of this energy remains to be thermalized by
re-densification over 7% ~ 200 ms (as assumed above),
we obtain (P,) = 2.5 MW, while (Pgp ;) = 2 MW, so
that

(P /Pheat) ~ 0.5 (14)

Therefore, global alpha heating would be larger than in
the beam heated alpha storing phase.
The effect of this alpha heating should be to raise

he stored energy of the thermal background plasma,

Wy, at the expense of the stored alpha energy. Since,
for a typical low density ohmically heated plasma,
Win <0.5MJ [19], the increase due to the above value
of W§ should ideally more than double the thermal
stored energy.

The following section presents more detailed simula-
tions of these scenarios for TFTR.

1
L8
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4. ALPHA STORAGE
SIMULATION RESULTS FOR TFTR

Two different plasma simulation codes were used
to calculate the alpha particle parameters expected for
full-power TFTR D-T plasmas. Section 4.1 presents
the results from a relatively simple time-independent
code, SURVEY, which was used to calculate alpha
parameters for the steady state ‘storing’ phase of a
wide range of TFTR plasmas. Sections 4.2-4.4 give
results from a time-dependent code, BALDUR, which
created detailed simulations for all three phases for a
few TFTR scenarios. In general, the results of these
two codes are consistent with each other and with the
simplified estimates given in Section 3.

4.1. SURVEY simulation results

The time-independent code SURVEY was developed
to survey the parameter space n, versus r to find
regimes of Q & 1. The code assumes density and
temperature profile shapes and calculates the tempera-
tures, Q-values and other parameters versus i, from
an assumed 7g and input power. Several realistic
features are taken into account, such as the input
power profile, the fuel density dilution due to beam
and impurity ions, beam-target and beam-beam reac-
tions, electron-ion coupling and alpha particle heating.

Typical alpha particle results from this code versus
ne are shown in Figs 2 and 3. In these examples, the
input plasma density and temperature profile shapes
profile peaking factor n.(0)/n, = 2.3, while the input
power was 27 MW of NBI (50% in D and 50% in T),
and an optimistic Z = 1.5 (from carbon) was assumed.

The basic result as shown in Fig. 2 was that for a
fixed 7g the central alpha instability parameters
increased rapidly with decreasing n,, reaching
n,(0)/n(0)~ B, (0) =~ 1% at n, ~ 4.5 X 10 m™3
(i.e. ng(0) ~ 10** m™) for g ~ 0.2 s and Q ~ 0.75.
This trend is mainly due to the increasing temperature
at low density implicit in the assumption that g is
independent of density, which causes the alpha therma-
lization time, 7, < T¢/ng, to increase rapidly at low n,.
The increased alpha population at low density is also
caused in part by the increased £ due to beam-target
and beam-beam reactions (see Eq. (4)). For example,
£ varies between 1.6 and 4.4 as n is varied between
1.2 X 10%°m™3 and 4.5 X 10 m™3 along the Q = 0.5
curves in Fig. 2.
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TABLE III. SIMULATIONS OF THE ALPHA STORAGE REGIME IN D-T TOKAMAKS

TFTR Simulated storing phase Simulated coasting phase

results? (A) (B) © (D)
Time (s) 4.5 4.7 4.7 5.3 5.3
Q 0.25 0.47 0.38 -~ -
Pyp (MW) 15 30 30 -~ -
Prp (MW) 0 0 7.5 - -
n, (10 m™3) 2.3 3.4 3.0 1.3 1.2
n(0) (10" m™3) 6.5 6.7 5.6 2.1 2.0
T(0) (keV) 7.5 12.0 16.4 13 15.2
T;(0) (keV) 22 28.0 44.0 13 16.5
Z 5 3 1.3 1.3 1.3 1.3
T (5) 0.17 0.19 0.19 0.28 0.21
B(T) 5.2 5.0 5.0 5.0 5.0
I, (MA) 1.0 3.0 3.0 3.0 3.0
Brroyon (%) 0.7 2.2 2.2 2.2 22
(B> (%) 0.5 1.3 1.5 0.32 0.41
B4 (0) (%) 2.0 33 4.2 0.8 0.9
7,(0) (s) 0.5 0.76 1.2 2.5 3.1
(B, (%) 0.02 0.13 0.19 0.09 0.15
8,,(0) (%) 0.15 1.0 1.4 0.65 1.0
n,(0)/n,(0) (%) 0.15 1.0 1.7 24 4.0
W, (MI) 0.15 0.92 1.3 0.64 1.0
(Py/Ppear? 0.05 0.10 0.08 0.48 0.51
P, (a/4)/Py g, (af4) 0.07 0.11 0.05 0.66 0.67
(Py/Ploss’ 0.05 0.10 0.08 0.11 0.10
P, (a/4)/Pys(af4) 0.07 0.11 0.05 0.17 0.18
Q 4 2.5 2.3 - —

@ Present plasma parameters from Ref. [1] (‘storing’ phase).

Also shown in Fig. 2 is the central P,(0)/Py,;(0)
versus ng, which peaks at higher density than the other
two alpha parameters. This variation is mainly due to
decreased central NBI heating power at higher density
and not to increased central alpha heating power, A
central P (0)/Py,.,(0) = 0.3-0.4 can be obtained in
steady state because of the spatial concentration of
alpha heating.

Figure 3 shows the radial profiles of alpha parameters
and other relevant quantities for a case at the low
density limit, with Q ~ 0.5, 7g &~ 0.10 s and
n, ~ 4.5 X 10 m™3. The alpha density and beta
are strongly centrally peaked, as expected, with § ~ 7
(in the notation of Section 3.1).
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The general conclusion from this code is that opera-
tion at the lowest possible density maximizes the alpha
instability parameters n,/n, and B, given the usual
trend that 7g is independent of density in strongly
heated plasmas 101

uvalCU prasiiias 17 j.

4.2. BALDUR results for the alpha storing phase

The 1-D time-dependent code BALDUR [20] was
used to simulate several different alpha storage
scenarios in more detail than was possible with the
SURVEY code. BALDUR calculates the density and
temperature profiles self-consistently, given the auxi-
liary heating power, the recycling coefficient, assumed
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forms for the electron and ion heat and particle trans-
port coefficients, etc. BALDUR also includes a finite
banana width classical alpha confinement (without
ripple losses) and a classical slowing-down model in
calculating alpha particle densities and heating.
Typical results for the steady state alpha storing
phase at the end of a 2 s long auxiliary heating pulse
are shown in columns (A) and (B) of Table III. Of
course, since these transport coefficients and Zg are
not yet known for anticipated Q ~ 1 conditions, these
simulations should be considered as idealized rather
than realistic predictions of TFTR D-T performance.
Column (A) of Table III shows results for a nearly
optimal TFTR D-T alpha ‘storing’ plasma with high

power (30 MW of NBI), low density (ng(0) ~ 7 X 10'* m™?),
relatively good confinement time (7g ~ 0.19 s), moderate

Q (0.47), high current (3 MA) and low Z (1.3).
This simulation resulted in the following central alpha
parameters: ny(0)/ng(0) = 1%, B, ~ 1%,

B, (0)/Bin(0) = 0.3 and P, (0)/P1,,(0) ~ 0.1.

These results can be compared with the simplified
estimates given in Section 3. Application of Egs (6)
and (7), using BALDUR’s central parameters, gives
1,(0)/ne(0) = 1% and ,(0)/84,(0) = 0.25, which
agrees with BALDUR’s estimates to well within a
factor of two. The central alpha heating parameter
P, (0)/P54(0) as calculated through the simplified
estimate of Eq. (8) also agrees to within a factor of
two with BALDUR’s estimate of P(0)/P,s(0) ~ 0.1.
The global alpha heating was ®/Pyo) ~ 0.1, as
expected for Q = 0.5. )

Column (B) of Table III gives the results of an
identical BALDUR run, except for an added 7.5 MW
of central ICRF heating. The central temperatures
increase by about 40% and the central n,(0)/n.(0)
and £,(0) values increase by about 50%. This example
shows that central plasma heating is very effective in
increasing the central alpha parameters if, as assumed
here, the plasma confinement does not degrade
substantially with added power. Note also that in
this simulation it was assumed that ICRF heating does
not introduce additional fuelling, which is not always
the case experimentally because of ICRF induced
impurity influx.

The predicted n,(0)/n,(0) and $,(0) values from
these BALDUR simulations are also roughly consistent
with the SURVEY code results for the same assumed
heating power, confinement time, impurity level and
plasma density (and with a previous low density
BALDUR simulation [3]). Of course, both these
results depend on the degree to which the assumptions
in these codes match the reality of such discharges,
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which have yet to be produced. A comparison with
the present experimental results is presented in
Table II1 and discussed in Section 5.

4.3. BALDUR results for the coasting phase

Columns (C) and (D) of Table III give results of the
same simulations as used for columns (A) and (B),
respectively, but for a time 500 ms after the end of
the NBI heating phase, at which time the beam ion
density is negligible. It is interesting to note that the
central alpha instability parameters n,(0)/n,(0) and
B,(0)/B8(0) actually increase by a factor of two to
three after beam turn-off, as anticipated in Section 3.2,
mainly because of the rapid decrease of n,(0) to its
pre-NBI level of &2 X 10'® m™3 at the end of beam
fuelling. This coasting phase can be used to look for
alpha instabilities and to check the classical modelling
of alpha confinement and thermalization without the
(possibly) competing effect of NBI-driven instabilities.
The alpha beta during this phase may be directly
measurable through the difference between the
magnetic (total) and kinetic (thermal) betas.

Also interesting is the relatively high central and
global alpha heating, ®g,/Ppeat) = Py(0)/Ppeyy(0) = 0.5,
after beam turn-off, due mainly to the rapid decay of
beam heating. However, even though the alpha
heating in these cases is relatively strong compared
to other heating sources, the decay of thermal
energy after NBI still dominates the power balance
at this time, such that /P> = P (0)/Py4(0) ~ 0.1
at 500 ms after NBI. Thus the net thermal stored
energy during this phase is still decreasing despite the
alpha heating (since Py > Ppeqs until Ohmic equili-
brium is completely re-established).

4.4. BALDUR results for the alpha heating phase

Figure 4 presents the results of a BALDUR run
similar to that used to obtain the values given in
column (B) (and column (D)) of Table III, but with
a pellet injected 0.9 s after beam turn-off to thermalize
the stored alpha energy, as shown schematically in
Fig. 1. Pellet injection was timed to be late enough
so that the plasma had nearly re-established an Ohmic
equilibrium, but early enough so that a significant
fraction of the original stored alpha energy (=~50%)
remained in the plasma. This run used a relatively
small pellet, which increased 71, from 1.2 X 10" m~
to 2.2 X 10 m™3 (and increased the volume averaged
density (n,) by about a factor of two).

3
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FIG. 4. BALDUR code results for the alpha coasting and alpha heating phases of a Q ~ 0.5 TFTR case: (a) Volume averaged tempera-
tures and densities; (b) volume averaged betas for alphas, beams and the thermal plasma; (c) total powers for alpha, beam and Ohmic

heating and the total power loss rate.

Starting with the pellet densification at 5.6 s, about
50% of the stored alpha energy was thermalized in
~200 ms, as shown by the drop in B, in Fig. 4. ..
Thus the average alpha heating over this time (Pg)
was =~ 1.5 MW, while the average Ohmic heating
(Pop) was ~ 0.7 MW. As a result of this heating, the
average thermal stored energy {By,) increased by about
25% above the value it would have had with pellet
injection but without alpha heating. The increase in
global thermal energy content due to alpha heating
could be measured by the standard thermal plasma
kinetic and/or magnetic diagnostics.

Another run was made with a larger pellet; in this
run, {n,) was increased by a factor of five instead of
a factor of two, in an attempt to increase the alpha
heating pulse. In that case, the average alpha heating
over 200 ms was increased from =~ 1.5 MW (previous
run) to & 3 MW, and the increase in thermal stored
energy at 5.8 s was about 50% instead of 25%. On the
other hand, the large changes in (1) and {n.’ and their
profiles that would be induced by the pellet would
make an interpretation of alpha heating effects difficult.
Perhaps the use of a more gentle neutral gas ‘puff’ rather
than a pellet would be more appropriate.

5. PRESENT TFTR CAPABILITIES

In this section we consider the alpha particle param-
eters which would be obtained if the existing TFTR
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plasmas were run with D-T fuel. The fuelling is assumed
to be from a 50%/50% mixture of nominal 120 keV
deuterium and tritium neutral beams.

The present TFTR central alpha parameters can be
estimated by using the simplified analysis of Section 3.
For the original ‘supershot’ central plasma parameters
[1], as summarized in Table III, we find, using Eqs (6)
and (7) (with np(0) n(0)/n(0)*) = 0.062 and Q(0)=4,
that n, (0)/n,(0) = 0.3% and ,,(0) ~ 0.3%, both with about
*+50% uncertainty. The same result can be obtained
by using the global forms in Eqs (8) and (9) with
74(0) = 0.5 s, Ppege = 15 MW, Q¢ = 0.25 and
S4(0)/(8y> = 9 (consistent with the calculated neutron
source profile for this shot).

An independent estimate was made, using a SURVEY
code model of a more recent TFTR supershot, with
T;(0) = 26.2 keV, T(0) = 7.8 keV, n (0) =6 X 10¥ms, .
npnr/nZ = 0.085,B = 52 kG,1= 0.9 MA,Q =0.22,
Ppeat = 13 MW and 7 = 0.11 s. The results were:
1,(0)/n,(0) ~ 0.28% and B,(0) ~ 0.17%, which is
roughly consistent with the other two estimates.

Global alpha heating levels for present TFTR
plasmas in the steady state near the end of the storing
phase would be (P, /Py ) = 0.05, since Q =~ 0.25.

At present, the central alpha heating according to the
estimate of Eq. (10) is P(0)/P1 ,4(0) = 0.1 (with

P,(0) ~ 0.2 X 108 W-m™ and Py,(0) ~2 X 10° W-m™),
which is roughly consistent with the SURVEY run for

a similar plasma, as mentioned above.
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The preceding estimates for present TFTR results
must be corrected for the imperfect neoclassical alpha
confinement for the original ‘supershot’ plasma currents
of only ~#1 MA. The prompt-loss fraction for alphas
inside r/fa = 0.3 is ®25% (from a 1 MA BALDUR run),
and the finite banana width of centrally born alphas
further reduces the central alpha density by ~20%.
Thus the above estimates should be divided by ~2
to give the present TFTR central alpha parameter
range, i.e. ny,(0)/n.(0) ~ ,(0) ~ 0.1-0.2% and
P,(0)/Py,(0) = 0.05-0.1 (recently, 1.4-1.6 MA
supershots have been achieved for which this correc-
tion would be almost negligible).

It should also be noted that any additional ‘single-
particle’ alpha losses, such as those due to toroidal
field ripple or interactions with MHD instabilities, will
further reduce these alpha parameters. Of course, the
main objective of these experiments is to determine
whether any additional ‘collective’ alpha losses also exist.

For the coasting phase, the main concern is the
density and temperature evolution after auxiliary
heating. For the 1 MA ‘supershot’ referred to above [1],
the existing plasmas are roughly similar to the simula-
tions with respect to the expected two- to threefold
increases in ny/n, and /By, in the coasting phase
relative to the storing phase.

Recent TFTR experiments on the burnup of 1 MeV
tritons have analysed this coasting phase in some
detail [21]. It was shown that these tritons, which
are created in D-D reactions during the storing phase
and which should have slowing-down times and
confinement properties similar to alphas, were confined

v i 3 hace Thicic vary lono ag
for ~1 s during the coasting phase. This is very long, as

expected, but still somewhat less than the simulation
result of 7, & 2-3 s for this phase (Table III) because
of the lower T, in the present experiments.

Densification of TFTR plasmas during the coasting
phase has also been tried recently by injecting 3.5 mm
diameter deuterium pellets into the low density
plasmas 0.25-1.5 s after NBI {22]. For pellet injection
at 0.75 s after NBI, n, increased tenfold and n(0)
increased sevenfold, i.e. far more than is necessary to
realize the simulation of Fig. 4. In this case, the alpha
thermalization time was reduced to 7, &~ 10 ms near
the centre, and a corresponding transient increase in
the triton burnup similar to transient alpha heating
was observed. However, the density and temperature
profiles were very distorted and a large sawtooth-like
event was observed just after pellet injection. Thus,
for practical purposes, either a much smaller pellet
(which would not penetrate to the centre) or gas
puffing should be used for densification.
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6. CONCLUSIONS

We have described a high temperature ‘alpha storage
regime’ in which reactor relevant alpha instability
parameters, ny/n. and B, can be obtained even in the
present generation of sub-ignited D-T tokamaks such
as TFTR or JET. These plasmas can be used to test
theoretical models of potential alpha instabilities,
such as alpha fishbones, alpha-modified ballooning
modes and/or alpha-driven Alfvén waves.

The experimental scenario used to exploit this
regime in TFTR consists of an alpha ‘storing’ phase
during auxiliary heating, an alpha ‘coasting’ phase in
which the alphas remain after the beam heating ends,
and an alpha ‘heating’ phase during which the remain-
ing alpha energy is collisionally transferred to the
background plasma. Simple estimates and computer
simulations were used to find the expected alpha
parameters for present and anticipated TFTR
conditions.

A comparison between the alpha parameters for
TFTR and those expected for various ignition machines
is given in Table II. The relative alpha densities in
TFTR could be comparable to or higher than those in
ignited plasmas. The alpha betas in TFTR could be
higher than those in low temperature ignition devices,
and within about a factor of 2.5 of those in high
temperature ignition devices (which run at higher
thermal beta than TFTR). The parameter V,/Vajsen
is lower in TFTR than in higher density ignition devices,
but it is still high enough to potentially excite Alfvén
wave instabilities. The alpha power source in TFTR is,
of course, less dominant than in ignition devices, but
its heating effects should be measurable both in steady-
state and transient experiments.

It can be concluded that TFTR or JET can explore
reactor-relevant alpha instability and confinement
physics, and can be useful for a preliminary study of
alpha heating physics.
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ICRF WAVE ABSORPTION
BY ALPHA PARTICLES

M. YAMAGIWA, T. TAKIZUKA (Department of
Thermonuclear Fusion Research, Japan Atomic Energy
Research Institute, Naka, Ibaraki, Japan)

ABSTRACT. Absorption of ICRF waves by alpha particles is
investigated. Higher harmonic cyclotron damping of the waves is
examined not only for the slowing-down distribution of alpha particles
but also for the distribution given by the Fokker-Planck calcula-
tion. The right and left hand circularly polarized amplitudes of the
RF electric field are taken into account in the RF diffusion coeffi-
cient. The linear absorption rate for the alpha slowing-down distri-
bution increases with decreasing ratio of electron plasma to
electron cyclotron frequency and increasing cyclotron harmonic
number. Unless this absorption rate is nearly unity, the bulk forma-
tion of alpha particles results in a further increase of the rate of
absorption by alphas. Fusion reactivity enhancement due to the
ICRF induced ion tail and fusion energy multiplication in the
presence of alpha particles are also discussed.
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Radiofrequency (RF) waves are considered useful for
current drive and plasma heating in tokamak plasmas.
Alpha particles in a reactor plasma can affect propaga-
tion and absorption of the RF waves. Wong and Ono
showed that energetic alpha particles tend to absorb
both slow and fast waves in the lower hybrid frequency
range, which may be a serious obstacle to tokamak
reactor current drive [1]. According to Bonoli and
Porkolab [2], however, significant alpha particle
damping of the slow wave may be avoided because

wava nronasatinn ig ractriatad ta tha 1tas mnlocman
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region by the conditions for wave accessibility and
electron Landau damping and the alpha particle density
profile is peaked near the plasma centre. The same
drawback of wave absorption by alpha particles may
be expected from current drive by fast waves in the
ion cyclotron range of frequencies (ICRF). Provided
that the ICRF waves used to heat the plasma up to
ignition temperature are wasted by the alpha particles
produced, the heating efficiency of the fuel ions could
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