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Abstract

CrossMark

Effects of the spatial chanelling (SC) of the energy of fusion-produced alpha particles—

the spatial transfer of the energy of fast ions by destabilized eigenmodes and delivering

this energy to bulk plasma particles (Kolesnichenko et al 2010 Phys. Rev. Lett. 104
075001)—on the plasma performance is studied. Analysis is carried out in the assumption
that alpha particles located in the peripheral region of the plasma destabilize multiple fast
magnetoacoustic modes (FMM) having global radial structure. The FMM with the frequencies
close to cyclotron harmonics of alpha particles are considered. It is found that these FMM
can be in resonance with the bulk plasma ions and electrons located in the central region

of the plasma, delivering the alpha energy to this region. This improves the overall plasma
confinement. In addition, it leads to anomalous ion heating when the ion damping of FMM
exceeds the electron one. The damping rates of the considered waves are calculated. It is
shown that reasonably small amplitude waves can receive and transfer across the flux surfaces
as large power density as that required for spatial channelling of a considerable part of fusion
energy. The developed theory of the inward spatial channelling is applied to JET experiments
carried out during the deuterium—tritium-experiment campaign (DTE1), where presumably
anomalous ion heating and improvement of the plasma confinement took place.

Keywords: tokamaks, energetic ions, alpha particles, waves, eigenmodes, instabilities

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma heating is often accompanied by degradation of its
energy confinement time. However, it seems that the overall
confinement time was not less but slightly higher at the largest
fusion power in deuterium—tritium (DT) experiments on JET
during the deuterium—tritium-experiment campaign (DTE1),
see [1-3] and appendix A.

2See the author list of [40].

1741-4326/18/076012+16$33.00

The same experiments have shown, in addition, that the
central ion temperature in DT discharges was higher than that
in deuterium (D) discharges where the ion cyclotron reso-
nance heating (ICRH) was applied with the heating power
equal to the power of alpha particles (fusion products) in DT
discharges. This fact indicates the presence of some anoma-
lous heating mechanism because mainly electrons are heated
during slowing down of 3.5 MeV alpha particles by Coulomb
collisions.

The improvement of the plasma confinement due to ther-
monuclear reaction would be of practical importance in a

© EURATOM 2018 Printed in the UK
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future DT experiment on JET [4] and for ITER. The scenarios
with T; > T, (T; and T, are the ion temperature and electron
temperature, respectively) may be also of importance because
they provide the maximum fusion reactivity for given plasma
density and (3 (the ratio of the plasma pressure to the magnetic
field pressure).

This motivated us to carry out this work. Its purpose is to
see whether the spatial channelling (SC) of the energy and
momentum of fast ions—the phenomenon predicted in [5],
see also [6]—can improve the plasma performance and, in
particular, explain the mentioned observations in JET.

The SC is the transfer of the energy and momentum of fast
ions by the modes destabilized by these ions from one region
to another one. It takes place when the region where fast ions
transfer their energy to the modes and the region where these
modes are damped due to interaction with the bulk plasma do
not coincide.

According to [5], the SC can explain experiments in the
NSTX spherical torus, where a strong increase (by a factor
of three) of the neutral beam injection (NBI) heating power
resulted in broadening of the temperature profile, but not in
growth of the temperature in the plasma core. In these experi-
ments described in [7], an Alfvénic activity with multiple
frequencies in the range (0.2—0.5)wp; (wp; is the ion gyrofre-
quency, with the second symbol in the subscript indicating the
species to which the gyrofrequency wp refers) was observed.
Taking this into account, it was assumed in [5] that the fast
ions located in the core region (at r ~ ry, where ryis aradius in
the plasma core, ry < a, a is the plasma radius) were respon-
sible for the destabilization of Alfvén eigenmodes, which
were damped at the plasma periphery (at r ~ rgamp, With
Fdamp > 1r). This explained the negative effect of the SC on
the plasma heating.

Note that an alternative explanation of the mentioned
NSTX experiments was that destabilized multiple Alfvén
modes resulted in the stochastization of electron drift orbits
and concomitant anomalous electron thermal diffusivity, &,
[8]. However, recently it was concluded that neither global
Alfvén eigenmodes (GAE) nor compressional Alfvén eigen-
modes (CAE, another name of the CAE is fast magnetoa-
coustic modes, FMM) have visible effects on k,: it was found
that the measured wave amplitudes were not sufficient to pro-
duce stochasticity, although they were not small (with density
fluctuation amplitudes of the order of 10~*~10~3 for CAEs
and 107°-10~* for GAEs) [9].

The effect of the SC would be positive if the modes were
damped in the near-axis region while an instability were driven
at larger radii, r ~ rgamp < a@ and rgamp < 17 < a. This is our
basic idea which will be verified in the work. We will consider
whether FMM destabilized by fusion-produced alpha parti-
cles can lead to improvement of the plasma confinement by
transferring the fusion energy to the near-axis region. In other
words, we will consider inward spatial channelling.

Our basic idea is illustrated in figure 1.

The structure of the work is the following. Section 2 is
aimed to give an answer to the question whether FMM can
interact resonantly with fusion produced alpha particles in
the peripheral plasma region and bulk plasma particles in the

Energy flux
transferred by FMM
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Figure 1. Sketch demonstrating inward SC of alpha energy: lower
panel, radial distributions of the a-particle density and the number
of alphas on flux surfaces (N, (r) = rnq(r)). Upper panel, the
energy transferred from the resonance a-particles located in the
peripheral region to the bulk plasma ions and electrons via FMM.
Arrows show directions of energy fluxes.

plasma core, which is a necessary condition for the inward
SC based on FMM. Section 3 considers two other principal
issues of the spatial energy transfer: first, the wave amplitudes
required for the SC of a considerable part of fusion energy and,
second, the efficiency of the transfer of this energy by FMM
across the magnetic field; in addition, conditions required for
persistence of the eigenmode structure during instabilities are
considered. The effect of the SC on the plasma central temper-
ature is studied in a one-fluid model in section 4. In the subse-
quent two sections we consider possibilities to obtain the ion
temperature exceeding the electron one: At the beginning, in
section 5, a general analysis is carried out. In section 6, spe-
cific numerical calculations employing JET parameters are
carried out. In section 7 the results obtained are summarized
and open questions are discussed. Appendix A contains an
analysis of JET discharges with DT plasmas, where presum-
ably the anomalous ion heating was observed and improve-
ment of the plasma confinement took place. These discharges
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are compared with deuterium plasma discharges in the pres-
ence and in the absence of ICRH. The fraction of alpha parti-
cles with the birth energy in the peripheral part of the plasma
is investigated in appendix B; the analysis carried out includes
effects of finite orbit width of the particles. The damping rates
of fast magnetoacoustic waves due to their resonance interac-
tion with the bulk plasma ions and electrons are calculated in
appendix C.

2. Resonances of FMM with alpha particles
and thermal particles

Fast magnetoacoustic modes were destabilized in many exper-
iments on tokamaks. It seems, FMM instabilities were respon-
sible for superthermal ion cyclotron emission (ICE) observed
in JET [10], TFTR [11], JT-60 [12], LHD [13], DIII-D [14],
ASDEX Upgrade [15] and other devices. In particular, in the
JET Preliminary Tritium Experiment (PTE) the ICE power
spectrum had sharp peaks at the frequencies w = lwii, with
[ < 7; at higher frequencies, w > 7wg,, the spectrum was
continuous, 98% of the emitted power being associated with
this part of the spectrum [16]. Here and below the subscript
‘a’ labels alpha particles, the superscript ‘min’ means that the
value is taken in a point near the outer circumference of the
torus, where the magnetic field (B) is minimum and where
presumably the source of the ICE detected was located, and
[ is an integer. The ICE associated with the energetic ions
arising during ICRH (accelerated H-minority in D-plasma)
was also observed in JET [17], see a more recent paper [18].

Theoreticians explain the ICE observed in the most experi-
ments by the resonance excitation of FMM by energetic ions,
see e.g. [19-22, 24] and overview [23]. Fast FMM instabili-
ties (with the growth rates exceeding inverse bounce/transit
time of the energetic ions, 7 > (74,) ') and slow instabilities
(with v < (7p) ") are considered. The cyclotron resonance
is responsible for the instabilities in all the ICE theories. Only
local resonances take place during fast instabilities, whereas
both local resonances and global resonances (the resonances
containing bounce averaged magnitudes) are present in slow
instabilities.

Below we consider local resonances between the FMM and
particles (alpha particles, bulk plasma ions, and electrons).

The local ion cyclotron resonance is given by

w — lwp(x) — wp(r,9) = ky(r)v), (D

where w is the mode frequency, wg = wg(l —x/R),
wg = wp(r = 0), Ris the major radius of the torus, x = rcos 1,
rand ) are the radial coordinate and poloidal coordinate, respec-
tively, wp is the toroidal drift frequency, v| is the particle
velocity along the magnetic field, kj = (m — ngq)/(gR) is the
longitudinal wavenumber, m and n are the mode numbers
(poloidal and toroidal).

In the region close to the outer edge of the torus (where
the ICE source is located) the FMM instability growth rate
is maximum when k0o < wpa [21, 22]. The instability is
driven by the velocity anisotropy of the alpha distribution
function, which arises because of large orbit width of alphas.

The question we want to clarify is whether FMM with
w > wpq can transfer the alpha energy to the bulk plasma ions
located close to the magnetic axis.

We assume that multiple high frequency FMM occupy a
considerable part of the plasma cross section, rather than being
localized at the plasma periphery where the source of ICE is
located. Recent measurements of the FMM with w < wg; in
the NSTX spherical torus [25] and a numerical calculation
[26] support this assumption (see also [27]). However, till now
there were no experimental measurements of the radial struc-
ture of high-frequency FMM in JET and, to our knowledge, in
other tokamaks. Hopefully, forthcoming experiments on JET
will give an answer on the structure of FMM with the frequen-
cies above 20 MHz (the gyrofrequency of alpha particles and
deuterons at B = 3.5 T is 26.7 MHz).

Different locations of the modes with various mode num-
bers, as well as finite width of their resonances with energetic
ions, lead to a continuous frequency spectrum of the FMM
instabilities, although the mode numbers are discrete. As we
already mentioned, this kind of the frequency spectrum con-
tained almost all the total integrated ICE emission power in
the JET PTE [16]. Therefore, we will not restrict our consider-
ation to FMM with the frequencies lwj". Instead, when ana-
lyzing the resonances, we will assume that lwg‘;“ < w < lgg
(with gy = wpa (r = 0)) and take

w = lawpa (1 — ri/R), @)

with r; a certain radius, 0 < r; < a.

2.1 The case of Ko V|o > wpa

Applying the resonance equation (1) to alphas and plasma
ions, we obtain:

o 3)

where (r;,x;) is a point where a plasma ion with the velocity
vﬂel.s is in the resonance with the wave. In this subsection, we
consider the case of k0| > wpa for alpha particles and
a similar assumption is made for thermal ions, in order to
neglect drift terms.

We assume first that /; = [,,. In this case the largest terms
(~lwp) in equation (3) compensate each other for deuterons
(because wp; = wp,,). Due to this, equation (3) is reduced to

ﬁ — M 4)
Ve Kifa”
where 7o, =xo — 11 #0, 1, =x; — r; # 0. We observe that
vﬁ’f < U)o When 7; < 7o, unless k|, /ky; is large. Thus, this
simple relation demonstrates that, in principle, the same
FMM can simultaneously be in the resonance with both the
peripheral high-energy alpha particles and near-axis thermal
deuterons.
However, a more detailed analysis is required to see
whether vﬂeis satisfies certain requirements. The matter is that
the SC from the periphery to the plasma center can be efficient

when two conditions are satisfied: (i) in the plasma periphery,
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the wave damping should be negligible, (ii) in the plasma core,
it should be considerable but not too large, not preventing an
FMM instability (the instability growth rate v = 4 — 72 = 0,
with 7, and 7y, are the instability drive caused by alphas and
the wave damping, respectively). This implies that the ratio
vﬁs Jori (vn = \/2T; /M, is the ion thermal Veloci.ty) should
be very large in the periphery but moderately large in the core.
1eS

In order to find v)i» We use the resonance equation for the
ions:

_ Xi
w — liwp; (1 — ﬁ) = k)07 5)

where the cyclotron harmonic number /; can differ from .
We take [; = I, —j, with j = 0,+1, ..., || < I,: Eliminating
w from (5) by means of (2), we obtain for deuterons:

labpi (. ]
res
i T 5 i 7R s

)i kHiR (r + L, ) (6)

where kjj; is to be specified. One can see that the resonance
velocity of tritons is considerably larger than that given by (6)
(because the main terms in the numerator of equation (3) do
not compensate each other for tritons, Wg, # Wa;).
The longitudinal wavenumber of unstable waves is deter-
mined by the alpha resonance condition. It is given by
logaFa
Mo =20 R @)

Knowing k)|, we can calculate k|; by means of the following
general relationship:
ki _
kija

m(Li — te)
TR ®

It is clear that kj, # kj; because of the magnetic shear.
However, when the second term in (8) is small, kHa =~ kHi.
This is the case for

?a OAx k*

AL = |t — o] € — 77—,
i = ol re |9)al kol

C))

where r, is defined by the relation w = k,U4., and
lkg| = |m|/r. < ki |m| = (row/vas)(lko|/ks). The second
term in (8), if not small, considerably increases the ratio of
kyi/k|jo or decreases it, depending on the sign of m.
An estimate of the ion damping rate made in appendix
C shows that the required magnitude of the ion resonance
velocity in JET lies in the range vﬂel.s Juri = 1.5—2. Waves with
lower vﬂeis /g will not be excited, waves with higher velocities
will not interact with the ions.
1es

The requirement )i /v = 1.5—2 does not contradict to
equation (6) with r; < r,,. To see it, we write (6) in the form:

X, r X; r iA
0‘:1+W<’_1_J>’ (10)
a a

where w = xa (Vo /0n) (0ni/O7) (kjja/kyi), X =) /v, w>0
orw < 0, x; = r;cos ¥; and x, = ro cos ¥,. For instance, when

T ~ 20 keV, ‘Xa| =0.5, |UT|eis|/UTi = 1.5, kHi = kua, j=0

we obtain |w| =33, rq:r:r;=53:2:1 for w=—-3.3.
Moreover, due to j # O resonance, there is a solution with
X; < 11 & Xq at any ratio of k);/kj,. The condition for this
is ri/a~jA/l,, where A =R/a is the aspect ratio of the
torus. For instance, when A = 3.3, j = 1, this condition yields
ri/la=0.82 for I, =4 ([;=3) and ri/a =0.66 for I, =5
l;=4).

The SC delivers the alpha energy not only to the ions but
also to electrons. The condition of small electron damping is

2 Rv k 2
W ( lo_ Kja ) > 1
kﬁ (r)v, FaUre(r) Ky (r) ’

where vy, = 1/2T,/M, is the electron thermal velocity. This
can be written as

(11)

ko
ki (r)
For the parameters used above (A =33, x,=0.5,
ro/r1 = 2.65) and T,(0) = 10 keV, equation (11) reduces
to ro/a < 0.6kjo/kj(r). This means that only waves with
kjjo/k(r) > 1, which selects a certain sign of m, are weakly
damped when r,/a > 0.6. On the other hand, equation (12)
is easily satisfied at given ratio kHa/k”,» for r| &~ r,, i.e. when
the mode frequency is close to a harmonic of the ion gyrofre-
quency in the region where the instability source is located.
However, (rj —r,) cannot be arbitrarily small because
kjjo o< (r1 — ra), Whereas we are considering the case of neg-
ligible drift, k||o 0| > Wpa.- This inequality yields:

Fo < A|XOL|UO¢

a (1—r1/ra)UTe

12)

kya O)la Pa
e k* Oax T

Fo — 1

(13)

To obtain this equation, we assumed w = k,v4, and used
equation (7).

2.2. The case of Ko Vjjo < Wpa

Neglecting longitudinal wavenumber in the resonance
between alpha particles and the waves, we write the following
resonance equation:

w — l,Wpa (1 - %) = wpa(r, ). (14)

The ratio wpg /I, is small. Therefore, it follows from (2)
and (14) that | ~ x, (i.e. w is close to [,wiM for ¥ < 1)
when o, /a ~ 1.

For thermal ions we use equation (5). Eliminating w from
(5) and (14), we obtain:

ores
I

oo |:xi —Xa | J (

= + ~
o kyion

Xi WDa
et 1——)+ ] (15)

R léog;

Here kj; is determined by (8), from which it follows
that ky; = mA¢/R in the considered case of very small
k|- Then the factor before the brackets is very large,
lowsi/ (kjivn) ~ Rvax/(ropAe) > 1. Therefore, the ion
damping is very small, unless dominant terms in brackets
compensate each other, i.e.
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Xov Xi J
— =+ A,
a a + o, (16)
in which case
,Ure_s
||i Wha
_ = 17
Ot kyivn 1n

Equation (16) shows that x, > x; when I, < jR/r;. In
particular, x,/a lies in the range 0.5-0.9 when [, =4 —9
(i=3-8A=33x/a=0.1,j=1.

The ion resonance velocity given by equation (17) can be
written as

Ui paval+X2

v rouUn 200

Taking po/ro = 0.1, v4 /v = 10, xo = 1/2, and 2AL =1,

we obtain v} /vy = 1.25. This magnitude leads to vifw =

10~2 — 10—4 for the modes with [, =/[;+1=4-5 (see

appendix C). Thus, the ion damping can be favourable for the
SC to the near-axis region.

The condition of small electron damping, w > k)| (r)vr, is

R’()A*k*
r O (r)Atky

(18)

(19)

The inequality in (19) is well satisfied near the plasma edge
due to low electron temperature. It can also be well satisfied in
the core region. In order to see it, let us take again A¢r = 0.5,
R = 300cm, and assume that r, = 50 cm and vz, /v4. = 6 (for
instance, T, = 10 keV and v4, = 10° cm s~ '), we obtain
w/|ky|vre = 2k« /]kg| > 1. In this case the role of electron
damping is small.

3. Spatial energy transfer by FMM

A necessary condition of the effective SC of the fast ion
energy is that the waves should receive and radially transfer
a large fraction of the energy of fast ions. Let us see whether
this can be the case.

The power density received by the waves due to an insta-
bility driven by a-particles is P}, = 27, W, where 7, is the
fast ion drive (partial growth rate) and W is the wave energy
density. One can show that W = B/ (4x) (B is the perturbed
magnetic field) for FMM with w? >> w3, when the longitu-
dinal wave number is sufficiently small, kﬁ [k < w Jw?.
Taking this into account and assuming w ~ lwp;, it is conven-
ient to write P as follows:

(20)

For instance, taking B = 3.5 T, [ =5 (which corresponds to
fw =133 MHz when wp,, is the gyrofrequency of alpha par-
ticles), 7a/w = 1073, we obtain P¥ = 1.63 x 107(B/B)>
W cm™>. On the other hand, the fusion alpha power is
PPT = &, npny{ov), with &, = 3.5 MeV. For T; = 10 keV
(at r/a ~ 1/2) and n; = np + ny = 4 x 10" ecm ™3, np = nr
we have POT =2.5x 1072 W c¢m . It follows from these

relations that rather low wave amplitudes are sufficient for the
wave to extract from alphas the power density as large as the
fusion produced power density. In the considered example,
P® = PPT when B/B = 3.9 x 107, Because in reality only
a part of the alpha energy can be transferred to the waves, the
required wave amplitudes are considerably less.

It is clear that the total power received by the waves is
P = fvim d3rP¥, where the integral is taken over the region
where the instability is located, Vi, is the volume of this
region.

For the required SC the FMM should provide the energy
transfer from the periphery region where the instability is
located to the near-axis region. Therefore, below we consider
this issue.

The eigenmodes in toroidal systems are actually waves
standing in the radial direction. Therefore, an eigenmode can
be treated as a superposition of two traveling waves, one of
them moving outwards the plasma and another one moving
inwards. In the absence of local sources and sinks (s&s)
the energy fluxes of the traveling waves in the steady state
exactly compensate each other, so that the eigenmode energy
flux §¥ =S +S_ =0, where the subscripts ‘+’ and ‘—’
label the waves traveling outwards and inwards, respectively.
The presence of local s&s breaks the flux balance, leading
to $* # 0 and affecting the radial profile of the wave energy
density. However, when s&s are weak, the radial structure of
the mode changes weakly. One can say that in this case the
mode survives, although the energy is transferred from source
regions to sink regions.

In order to obtain restrictions providing the persis-
tence of the mode in the presence of s&s, we have to write
an equation for the mode energy density. Assuming that
S4+ = £|v,| W we can write it as follows:

ow 190 , L

ar + ;ErS =2v"W,
where W =W, +W_, §¥ = [v}|[6W, OW =W, — W_, o}
is the group velocity of the traveling waves that produce the
standing wave, the term proportional to ~y describes local s&s,
b =~k +~L, with 4% > 0 representing the local drive of
the instability by the fast ions and 4 < O representing the
mode local damping; the instability growth rate is given by
v = [dry*W/ [ &3rW where the integral is taken over the
plasma volume. Note that the energy flux in equation (21)
can be written in the form of the flux for the traveling wave
(8" = v, W) with v, defined by

2n

[ 5W

A steady state solution of equation (21) is S = 0 (which

implies that W = 0) in a particular case when the driving

region coincides with the region where the mode is damped

and v, (r) = —74(r). Then the SC is absent. In general, how-
ever, W # 0, even when the system is in steady state:

(22)

2 r
8 (r) = [vg|oW(r) = ;/0 driry (r)W(r).  (23)
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The integrand in this equation coincides with that in the
numerator of 7y, and v = 0 in the steady state. Therefore,
the energy flux (23) vanishes when the region of integration
includes the whole region of the mode location (or r is less
than radii where the mode is located, in which case W = 0 in
the integrand). On the other hand, $*(r) # 0, inside the mode
and depends of the distribution of sources and sinks. When
sinks dominate at small radii, whereas sources dominate at
larger radii, $"(r) < O within the mode location. This implies
that the energy flux is directed inwards.

The mode survives, i.e. its radial shape [W(r)] is approx-
imately the same as in the absence of the instability, when
OW <« W. Using this inequality and equation (23), we can
obtain a simple condition of eigenmode persistence for the
case when the region where fast ions drive the instability does
not overlap with the region of damping. Assuming that the
alpha drive dominates in the region with the width A, and the
wave damping dominates in the region with the width A, we
write the inequality 0W < W in the form:

Yald = Yala K V. (24)

When this condition is not satisfied, the eigenmode becomes
an energetic-particle mode (EPM).

For w = kv4, we can evaluate the wave group velocity as
vg, = k,va/k = 2wvs/(Lyk), with k = w/v4. Then, taking
w = lywp,, we obtain from equation (24) the following
restriction on the damping rate:

Yd L v\’

= <2z :

w WAd (lawBaLm>
As an example, let us take /, = 5, Ay /L, = 1/4,L,, = 40cm.
Then we obtain that the eigenmode survives for vy, /w < 1072,

It is of interest to see whether the energy flux of the mode

(5") can exceed the thermal flux of the bulk ion plasma (S7).
For §" = v,W and ST = ktn;T;/L, we obtain that S¥ > ST
provided that

(25)

w Iy
> M

nT = v,L’

(26)

In the steady state v, = 7, A, as follows from equation (23).
Taking this into account and that W = 2(B/B)?/3;, we can
write equation (26) as follows:

B B w KT 12
B 2 Yo lawBaAaLm '
In particular, when §; =0.01, k= 10* cm? s L, =4,

Yo/w=1073 Ay =10 cm, L, =40cm, B=35 T, we
obtain B/B > 4.2 x 1074,
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4. Inward spatial channelling in a one-fluid model

In section 2 we have shown that the waves with frequen-
cies close to harmonics of the ion gyrofrequency can simul-
taneously be in resonance with energetic ions at the plasma
periphery and with thermal ions in the plasma core. However,

the analysis carried out does not give an answer to the ques-
tion whether this SC can improve the energy confinement time
and increase the plasma temperature considerably. Below we
consider this issue by employing a simple 1D model.
Assuming that the SC takes place, we proceed from the fol-
lowing steady state equation of the energy balance in a fully
ignited reactor (i.e. reactor without auxiliary heating):
%%HC(:TY; + Q0“4+ 0" =0,
where 7 is the plasma temperature (assume 7; =T,),
K = krn, is the plasma thermal conduction coefficient, Q¢
describes the collisional plasma heating by alpha particles, Q"
is the plasma heating by the waves which transfer the alpha

(28)

energy to the plasma near-axis region, [ d&*rQ¥ = vP, and

J &*roc = (1 — v)P,, the integral is taken over the plasma

volume, P, is the total fusion power associated with alpha

particles, v is the fraction of this power received by the waves.

The energy losses associated with the radiation are neglected.
A formal solution of equation (28) is

/
a dr/ r

T(r) = T(a) +/, |
To calculate integrals in this equation, we assume that
Q" = QY exp(—o,r?/a?), Q° = Q§exp(—o.r*/a*), o, and
o. are profile peaking factors, and IC = const. One can see
that Qf = vo,Puo/(JwV,) and Qf = (1 —v)oPa/(J:Vp),
where J; = 1 — exp(—o;) with j = (c,w), V, is the plasma
volume. Taking this into account we obtain:

dr//r//(Qc =+ Qw) (29)

2P, I I,
T(r) = T(a) + ZICV (1-v) }5) v J(g) . (30)
p c w
where  &=r/a, (€)= [T,(1—e )" 'dr. At the

magnetic axis (r=0), I(¢) reduces to the Ein function
Ein(c) = [, (1 —e™")r~'dz, which can be approximated as
Ein(o) =~ o for 0 < 1 and Ein(c) ~ Ino + 0.577 for o > 2.
In particular, when o, < 1, equation (30) reads:

7 oo (420

4KV,
where Ty = T(0). Here the first term describes the temperature
in the absence of SC. Hence, the SC plays a considerable role
when the second term is not small. It follows from (31) that in
the case of 0,, > 1 the SC doubles the plasma temperature in
the near-axis region when

Ty €1y

v(Ino,, — 0.42) = 1. (32)

For instance, equation (32) requires v = 0.53 for ¢, = 10.
This satisfies the evident restriction of v < 1. The influence of
the SC on the central temperature is demonstrated in figure 2.

Thus, a strong influence of the SC on the energy balance
seems possible. The magnitudes of v, Q°(§) and Q"(&) depend
on experimental conditions. Therefore, in order to know
whether equation (32) is satisfied in a particular experiment, a
dedicated analysis is required.
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Figure 2. Dependence of the central plasma temperature in an
ignited reactor on the profile peaking factor for the wave power
deposition, o,,, for various magnitudes of the fraction of the
alpha energy (v) transferred to the waves: 1, v = 0; 2, v = 0.2; 3,
v=0.54,v=009.

5. Conditions for a hot-ion mode

The fusion power density is P o< n?{ov) o< B25%(1+
T,/T:)%(0v)/T? Intherange of 10-20keV, (0v) /T? = const.
Therefore, for given (3 and the magnetic field, the fusion reac-
tion rate is maximum when the ion temperature, 7;, exceeds
the electron one, 7,. Therefore, it is of interest to find the con-
ditions that should be satisfied to provide T; > T,.

We restrict ourselves to an analysis based on 0D equa-
tions for the energy balance of the ions and electrons. For a
steady state plasma we can write:

3, (T, AT,
i\ o o) =2 (33)
2”1 . br = 2”1 7_5 es (34)

where AT = T; — T, > 0, 7 is the energy confinement time,
7& is the collisional time of the energy exchange between
the plasma components (ions and electrons), Q; and Q, are
the heating terms, Qy, describes bremsstrahlung, and n, = n;
was assumed. We assume that the fusion power well exceeds
the power loss caused by bremsstrahlung. The LHS of equa-
tions (33) and (34) represent the loss of the energy, whereas
the RHS are the energy gain. We can conclude that when
0= 7'5 /Tee < 1 and 7, < 7, there is no solution with
AT ~ T; (ie. T; > T,) of (33) and (34). To see it, we note
that, according to (33), m;, AT ~ QiTj for AT ~T;, © < 1;
therefore, bremsstrahlung in equation (34) is negligible. Then
it follows from (34) that the energy exchange between the
plasma components is so strong that it makes T, ~ T; even
when Q, = 0. This implies that even an unrealistically strong
energy channelling to the ions will lead to the ion temperature

which only sightly exceeds the electron temperature. The

situation changes when © is not small, then 7; > T, is pos-
sible. Thus, © is a key parameter which determines possible
difference between 7, and 7;. Because Tj x TS /2 /he, one
can expect that a hot-ion regime can be achieved in experi-
ments with high electron temperature and low plasma density.
However, in a self-sustained fusion reactor there is a require-
ment n;7g > 1020 m 3 s; therefore, when 75, ~ 7, © does not
depend on the plasma density. In this case

(35)

where T, in keV. We conclude that condition © > 1, in which
case T; can, in principle, exceed T, considerably due to the
energy channelling, is satisfied for 7, > 20 keV.

0 < 102732,

6. Effects of the SC in non-isothermic JET plasmas
with NBI

The foregoing indicates that the SC can, in principle, affect the
plasma energy balance and provide considerable enlargement
of the central temperature. However, the model used in sec-
tion 4 does not show the difference between the temperatures
of electrons and ions. Moreover, no specific JET parameters
were included to the model. The presence of neutral beam
injection was not taken into account.

In this section, our analysis will be carried within a more
realistic model describing both 7; and T,, with prescribed
other quantities (such as densities of electrons and ions, NBI
heating, etc) taken from JET data base.

In order to observe effects of the SC, we will make calcul-
ations for three cases. First, for a pure deuterium plasma
with prescribed plasma density and NBI heating. This will
enable us to find thermal conductivity coefficients for the
electrons and ions, which are required to provide the desired
electron temperature and ion temperature. Second, using
these conductivity coefficients we will make calculations
for a DT plasma with the same NBI heating. Comparing the
results of calculations for the first and second cases, we will
observe effects of the alpha heating. The third case will differ
from the second one only by adding the SC. The SC will be
modeled as in section 4, but with the additional assumption
that the waves are damped due to the interaction with bulk
plasma ions.

The following equations will be used:

3 0T, 10 aT, . . .

Eneﬁ - ;Emeﬁeﬁ =0, + Oxp1 + 9 — Qors (36)
3 0T, 10 oT; . ; . ,

Moy T rar i, T Qi + Onpr + 0i + 07, (37)
where the terms Qf; = —Qf, describe the energy exchange

between the electrons and ions through Coulomb collisions,
Qg and Q% describe the NBI heating of the ions and elec-
trons, respectively, QS and Qf represent the collisional alpha
heating of the electrons and ions, respectively, the subscript
eli labels electrons / ions. As above, the term Q" describes the
SC. These equations are written on the assumption that the
temperatures of deuterium and tritium are equal.
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The terms Qf; and Oy, are well know. We take them in the
form:

. 3M, n (T, — T;)
ooy WerdlB)
i=D,T
Ov: = constneniy/T,, (39

where 7, TS /2 /n; is the electron-ion collision time.

The NBI heating terms, Q%p; and Qkg;, will be obtained
from TRANSP calculations in the JET data base.

As in section 4, we assume that the fraction of alpha power
received by the waves is characterized by the v parameter,
[ d*rQ"(r) = vP,, and that the radial profile of the plasma
heating by the waves is given by 0" (r) = Q exp(—o,,r*/a?),
with Qf defined in section 4. In addition, we assume that the
waves are damped due to the interaction with the bulk plasma
ions; therefore, the wave term is attributed to equation (37).

The collisional plasma heating by alpha particles will be
calculated in two ways. First, by relying on the results of
TRANSP calculations in JET database. Second, by using
analytical expressions. The first way depends on particular
shots. That is why it is of interest to test simple analytical
formulas which clearly show dependence of Q¢ and Qf on
plasma parameters.

(i) Let us describe first a way based on TRANSP calcul-
ations.

We proceed from the following obvious relationship:
(1 —v)P, = [ d*r[QS + Qf], which can be written as

l ~ ~
(1= 0P, = 2,0 [ ace [Gi(€)ae+ 0:(6)] . @0

where Q5(€) = Q5/ 0%, 05(€) = 05/Q%, qie = Qio/ Qo
and Qf = 0°(0). This equation will enable us to find 05,
provided that g;, and the profile functions Q<(€), Q¢(€)
are known. The former is determined by the following
equation:

fo dg €0:(¢)
Gie = Oie~ 7=~ 41
fo dg£05(¢)”

where ;. is the ratio of the total fusion energy received
by ions to that received by electrons due to collisions,
it describes collisional distribution of the alpha energy
between electron and ions.

Equations (36)—(41) will be solved with neglecting the
influence of the SC on gy, Q%(€), Q¢(€), and &;,. These
quantities and some others will be taken from TRANSP
calculations in the absence of SC.

(i1) Equations for QF and Q¢ were derived in [28] for a plasma
with one ion species. They can be easily generalized for a
DT plasma. As a result, we have:

ch = (1 - V)Saga<ai,

QZ = (1 - V>Sago¢(1 - Cai)’

(42)

(43)

4x10"
—_—
1 / L —— e ———]
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Figure 3. Profiles of electron density, thermal ion densities
(deuterium, tritium and carbon), beam ions and total ion density
(np + nt + Zing + Npeam) in discharge #42856, t = 54 s.

where S, is the alpha source function (both its thermonu-
clear part, npnr{ov), and the beam-plasma contribution
are important), £, = 3.5 MeV, and [28]

2, T 1. (1+n)?
Gai = 371 [\/g<amg\fn+ >_2ln 1+n3}’
44)

1/3
B ENTAETA AL
= 8 MDT Me ga '

Mpr = MpMrt/(Mp + Mt), M is the particle mass.

Using these equations, we analyzed the effect of the SC
as follows.

We selected discharges #42856 and #42847 with DT
plasmas, see table Al. Taking into account that the
electron densities in these discharges and deuterium dis-
charge #41069 were rather similar, with the intermediate
magnitude in discharge #42856, we used the particle
density of discharge #42856 in our calculations.

To begin with, we found &, and &; required to get the cen-
tral electron temperature and the ion temperature close
to those observed in the deuterium discharge #41069.
This was done by solving equations (36) and (37) with
prescribed particle densities n;(r) and n.(r), Qkp; and
Ofg1» wWhich were taken from JET data base and shown
in figures 3 and 4. In calculations we took &;(r) = const
and k. (r) = const. It was found that a satisfactory agree-
ment with the experimental data (shown in table Al
in appendix B) is reached for x; = 5000 cm’s~!' and
ke = 2700 cm? s~!, which yielded Tj) = 13.35 keV and
T,0=9.90 keV. These transport coefficients are actually
some averages of the coefficients calculated by TRANSP.
The modelling thermal conductivity by ,/;(r) = const
was made not only for simplicity. This choice enabled
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Figure 4. Sources Qkp; and Q%g; for the shot #42856, 1 = 54 s.

us to single out effects of the SC. We mean that plasma
transport coefficients, first of all, their radial structure, in
DT plasmas may differ from those in deuterium plasma
because of isotope effects, alpha heating, dependence
of the threshold of the ion temperature gradient (ITG)
instability on T;/T,, and the SC. In the presence of the
SC, it is meaningless to use transport coefficients x,/;(r)
calculated by TRANSP.

Therefore, our next step was to proceed to calculations for
a DT plasma with the same x;(r) = const and &, (r) = const
and different v. The results are shown in figure 5 and table 1.
Comparing the first and second rows in table 1 we see that
proceeding from deuterium plasma to a DT plasma with
unchanged transport coefficients decreases the difference
T; — T, by increasing mainly the electron temperature. This
is a natural result because the alpha-electron collisional time
is less than the alpha-ion collisional time. The presence of the
SC changes the situation, as seen from the third and fourth
lines in table 1: The ion temperature increases but the electron
temperature decreases; the SC with v = 0.2 is sufficient to
provide a noticeable effect. This effect grows approximately
linearly, as follows from figure 5.

We remind that the alpha power in the considered experi-
ments was much less than the NBI power, being about 15%
of Pnpr. This implies that the SC will have much stronger
influence on the central temperatures of ions and electrons
and cause stronger improvement of the plasma confinement
in experiments with larger ratio P, /Pngr. On the other hand,
it is clear that the predominant ion heating will not necessary
take place because the electron damping can be considerable,
see appendix C.

The calculations with the use of Qf and Qf determined
by equations (40) and (41) (which are relied on TRANSP)
resulted in approximately the same results. This indicates that
the approximation of these magnitudes by simple analytical
expressions (42) and (43) is justified.

0 0.1

0.2

0.3

0.4

0.5

v

Figure 5. Dependence of the central ion and electron temperatures
on the fraction of alpha energy (v) transferred to the waves, which
was obtained by solving the system of equations (36) and (37) for
Xi = 5000 cm? s~!, x, = 2700 cm? s, o, = 10, and Q¢, Q¢ in the
form of (42) and (43).

Table 1. Calculated steady-state central temperatures of the

ions and electrons in the absence of the SC (two first rows) and

in the presence of the SC (two last rows) during NBI injection
with P = 10 MW. The first row reproduces the temperatures in
deuterium discharge #41069. Two last rows demonstrate possible
effects of the SC in DT discharges #42856 and #42847. In
calculations we took x; = 5000 cm?s~ !, y, = 2700 cm®s !,
oy, = 10, and the particle densities and NBI heating shown in
figures 3 and 4. These discharges were described in [1-3], see also
our analysis in appendix A.

Heating To, keV T, keV  Tig— Ty
NBI 13.35 9.90 3.45
NBI + « 15.71 12.96 2.75
NBI+ a + SC(v¥ =0.2) 16.01 12.53 3.48
NBI + a + SC(v = 0.3) 16.15 12.32 3.83

According to [1-3] and table Al in appendix A, alpha
heating in JET results in the increase of both the electron
temperature and ion temperature. Our calculations in the
absence and in the presence of the SC agree with this fact
T;o = 13.35keV and T,y = 9.9 keV in the first row of table 1
are less than the ion and electron temperatures shown in
other rows of this table and in figure 5. However, comparing
the results shown in tables 1 and A1 we observe that in the
absence of the SC (v = 0) the ion heating is underestimated
but the electron heating is overestimated in our calculations
based on the assumption that transport coefficients are the
same in deuterium plasma and deuterium—tritium plasma.
This overheating of electrons cannot be avoided without
introducing additional degradation of the electron energy
confinement time in DT plasmas, whereas better con-
finement of the ion energy is required to increase the ion
temperature when v = 0. The SC in DT plasmas increases
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the difference (7; — T,) by providing an additional heating
of the ions (which increases 7;) and decreasing the electron
heating (which decreases T,). Nevertheless, our calculations
with v = 0.2 and v = 0.3 still lead to smaller 7; and larger
T, than those observed in the experiments. Increasing v, we
obtain a better agreement with experiment (7; > 16.2 keV
and T, < 12 keV), as follows from figure 5. However, it
seems that v > 0.3 is not realistic: calculations in straight
magnetic field predict that 15-20% of the energy stored in
a-particles can be transferred to FMM [29]; a larger value
(50%) was obtained in [30], but it was actually an estimate
made for another type of waves (GAE) with rather large
amplitudes; to make a reliable prediction of the magnitude
of v for JET, a special research is required, which is beyond
the scope of this work. In addition, some fraction of the
FMM energy is to be absorbed by electrons, which was
ignored in our calculations. Therefore, it seems probable
that other factors, not only the SC, may contribute to the
increase of (T; — T,), in particular, ion transport reduction
due to ITG turbulence stabilization [31-33]. We also wish
to point out that the interpretation of the experiments was
hampered by the non-stationary nature of the plasma dis-
charges [34] (this issue is discussed in appendix A).

A more definite conclusion on the role of different physical
mechanisms, in particular, the SC, in the improvement of the
plasma performance should rely on a quantitative consid-
eration. At present, this is not possible because the available
theory and experimental database are not sufficient.

7. Summary and conclusions

Our analysis suggests that the SC may have played a role in
the improved confinement and increased ion temperature in
JET experiments with alpha particle heating. This conclusion
is supported by the following:

(i) The fraction of the 3.5 MeV alpha particles born in the
peripheral region, r/a > 0.5, is considerable. In the
discharge #42856 this fraction is ~30%. Due to orbital
motion, the fraction of alphas in the periphery increases.
In particular, the fraction of trapped alphas having ryax
at r/a > 0.5 reaches 50% for A =1 in the mentioned
discharge.

(ii) A necessary condition for the SC—the resonance interac-
tion between FMM destabilized in the peripheral region
and the bulk plasma in the near-axis region (7; <K 74)—
can be satisfied for FMM with the frequencies close to
cyclotron harmonics of alpha particles.

(iii) The wave damping rate in the plasma central region can
be in the range v, = (1072 — 10™*)w. This is comparable
to the magnitude of the instability growth rate expected
due to velocity anisotropy of the distribution function of
peripheral alpha particles. Note that the ICE observed in
JET and other tokamaks was associated with peripheral
FMM instabilities having 7y, /w in this range.

(iv) The wave damping in the near-axis region is associated
with both ions and electrons. This means that the SC can
deliver the alpha energy not only to bulk plasma ions
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but also to electrons. Conditions providing dominant ion
damping are found.

(v) Reasonably small amplitude waves can receive and
transfer across the flux surfaces as large power density as
that required for spatial channelling of a considerable part
of fusion energy.

(vi) There is a qualitative agreement between the exper-
imentally measured electron and ion temperatures in
JET DT discharges and the temperatures calculated
numerically with the assumptions that, first, transport
coefficients in DT plasmas are the same as those in a
deuterium discharge and, second, the inward SC leading
to the heating of the ions in the plasma core takes place in
DT discharges.

When points (i)—(iii) are true, the plasma energy confine-
ment time increases. When the ion damping dominates over
the electron one, the SC leads mainly to the increase of the ion
temperature in the plasma core.

An analysis of JET experimental data was carried out,
which confirmed the conclusion of [1-4] that the energy con-
tent in DT discharges exceeds that in deuterium discharges
with alpha power substituted by ICRH power. In addition, it
was shown that the plasma energy confinement time in the
considered ICRH discharges is minimum at the highest ICRH
power.

A number of issues are to be clarified in order to make a
reliable conclusion on the role of the SC in JET. First of all,
experimental and theoretical studies are required to investigate
the existence of FMM with a considerable radial extent, as
well as the destabilization of multiple FMM by alpha particles
and other energetic ions. At present, to our knowledge, the
radial structure of FMM was measured only in NSTX experi-
ments, which supports our assumption on the mode structure.
However, in NSTX the FMM were driven by NBI with the
beam particle energies well below the fusion alpha energy and
the wave frequencies were below the ion gyrofrequency.

A necessary condition of the efficient SC is transferring
of a large fraction of the fast-ion energy to the waves, i.e.
anomalous slowing down of fast ions. This issue was con-
sidered in [30] for GAE modes. It was found that five GAE
modes with the frequencies of ~wg;/3 and the amplitudes
about B,/B =5 x 1073 are sufficient to make the motion of
injected ions in NSTX stochastic in the energy range from
50 keV to 90 keV. This meant that these GAESs are expected to
extract about a half of the energy of the 90 keV ions driving
the instability. The fraction of the energy transfer from ener-
getic ions to FMM with w > wp; is to be studied.

We should also not forget that the improved confinement in
the JET DT plasmas may be due to other effects, such as ITG
stabilization by fast ions [32] and to a favourable scaling of
confinement with ion mass, as seen in JET [35, 36] and JT-60U
[37]. Additionally, the interpretation of these discharges is
difficult due to their transient nature and due to changes in
sawtooth behavior with the isotope mass [34]. To conclude,
our analysis shows that the SC of alpha particle power can
play an important role in fusion plasmas. Although it may not
be possible to ascertain that the SC played a role in the JET
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experiments described here, the inward SC has the potential
of significantly enhancing the performance of a fusion reactor,
by channeling alpha power from the periphery to the core.
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Appendix A. Experimental data base

Analysis of experimental data obtained during the DTEI
campaign on JET indicates the improvement of the plasma
confinement time in discharges with DT plasmas in com-
parison to those with deuterium plasmas where the plasma
heating by alpha particles was substituted with ICRH heating.
Figure Al employing the parameters given in table Al dem-
onstrates this. It shows that maximum Wy, in a DT plasma
with P, = 1.3—1.4 MW exceeds that in deuterium plasma
with the ICRH heating power in the range (0—2.1) MW by a
factor of ~1.6. All the considered discharges contained fast
ions produced by NBI. In addition, DT discharges contained
fusion produced alpha particles, and deuterium discharges
#41067 and #41068 contained ions accelerated by ICRH.
This implies that thermal energy in both DT and D discharges
was less than the magnitudes shown in figure A1. However, the
magnitude of the W21 /W2 ratio for thermal plasma is hardly
less considerably than that determined by figure Al. Note that
[me0(Tio + Te0)]PT /[0 (Tio + Too)]"RH = 1.3, where the sub-
script ‘0’ labels magnitudes at the magnetic axis. This ratio is
in a qualitative agreement with the magnitude of W2T /W2 .
It also follows from figure Al that the plasma heating by
ICRH with up to Picrg = 2.1 MW only slightly increases
Waia- This implies that the ICRH leads to the degradation of
the plasma confinement time (7g), which confirms the known
fact that the auxiliary heating tends to deteriorate the plasma
energy confinement time. To evaluate the rate of degrada-
tion of 7z, we have to take into account that the NBI with
Pngr = 10 MW took place in all the considered discharges,
which means that the ICRH increased the heating power by
< 21%, while Wy, increased by <10% only (as follows from
figure A1). One can see that the degradation of 7 agrees with
the law 7z o< 1/v/Protar: Te/Teo = \/Pngi/Pxsi + 1cru = 0.9.
Other observations documented in table Al: First, the
ion temperature always exceeds the electron one, which
was expected because both NBI and ICRH heated mainly
ions. Second, substituting the ICRH power with the fusion
alpha power increases the difference between the central
ion temperature and electron temperature (Tjp — T,9). This
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means that, in addition to Coulomb collisions leading to
preferable electron heating by alphas, there exists another
heating mechanism which, in contrast to Coulomb col-
lisions, heats the ions. Moreover, this mechanism is more
powerful, as follows from the fact that the ion temperature
in DT plasmas exceeds the temperature in deuterium dis-
charges with ICRH.

Note that in the considered discharges sawtooth oscillations
took place. Therefore, a question arises whether they affect
the conclusions drawn. Below we discuss relevant issues.

(i) Time between sawtooth crashes (7gw) 1S quite consider-
able, Tsaw = 1 — 1.5 s, which exceeds the crash duration
by several orders. The maximum temperature takes place
before the crash. Just these magnitudes are shown in
table 1.

(1) Tsaw before maximum of Tj is reached in DT discharges
is smaller than that in deuterium discharges. Therefore,
one can expect that the effect of the ion heating in DT
plasmas would be even stronger if crashes were absent.

(iii) Collisional slowing down time of alphas is 75 ~ 0.6 s
[(0.4 —0.8) s for T, = (10 — 15) keV, n, = 4 x 10 m3].
This time is less than 7y, but not negligible. Therefore,
effects of finite 75 on the plasma heating can be notice-
able. However, the orbit width of near-axis alphas is
comparable to the ¢ =1 radius, which minimizes the
influence of sawteeth on alpha heating.

(iv) The sawtooth mixing radius in the considered discharges
can be evaluated as 1/4-1/3 of the plasma radius, so
that only ~1/10 part of the plasma volume is affected.
As plasma pressure profiles are decreasing (mainly, due
to the temperature profiles because the particle density
profiles are flat or even slightly hollow), the fraction of
the plasma energy in this region is higher, but it hardly
can considerably exceed 10%. The sawtooth crashes
change the plasma central temperature by 30% and,
therefore, not more than 3% of the plasma energy is
redistributed. For this reason, the influence of sawtooth
crashes on the ratio WRT/WE for thermal particles is
rather small.

Appendix B. Fraction of alpha particles with
the birth energy at the plasma periphery

The SC providing the transfer of the alpha energy from the
periphery to the near-axis region can be efficient provided
that the number of alpha particles with the energy about
3.5 MeV is considerable at the periphery. Therefore, we have
to evaluate the number of alphas in this region. First of all, let
us consider the radial dependence of the rate of the produc-
tion of alpha particles due to both thermonuclear reaction and
beam-plasma reaction, S, (r). This magnitude and the func-
tion S, (r) are shown for discharges #42856 and #42847 in
figure B1. The function rS, (r) enables us to see directly the
rate of production of 3.5 MeV alpha particles on each flux
surface. We observe that a maximum of rS, (r) is located close
to the flux surface r/a =~ 0.3 in the discharge #42856 and
r/a = 0.4 in the discharge #42847, most of alphas are born in
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Table A1. Plasma parameters in deuterium discharges and deuterium—tritium discharges at the moments of time when temperatures of ions

and electrons were maximum (before a sawtooth crash), see [1, 2].

Discharge Heating T;o, keV T.0, keV To—Tp Mep,m > t,s
#41069 Deuterium 10 MW NBI 13.3 9.9 3.4 3.8 % 1019 53.5
#41067 Deuterium 10 MW NBI 0.9 MW ICRH 14.5 10.4 4.1 3.6 x 1019 53.5
#41068 Deuterium 10 MW NBI 2.0 MW ICRH 14.5 10.3 42 3.6 x 10'° 53.5
442856 Deuterium (50%) + tritium (50%) 10 MW NBI 1.34 MW P,  16.5 11.5 5.0 3.9 % 1019 54.0
#42847 Deuterium (25%) + tritium (75%) 10 MW NBI 1.4 MW P, 17.5 12.0 5.5 4.1 x 10" 54.0
1.6x10" — L4x10"
i \\ 12x10"
1.4x107 #42847 —— #42856, t=54.0sec
#42856 0 - - - #42847, t=54.0sec
1 |= = #41068 1077~
Lox10' o | =+ = #41067 i .
- — .« #41069 5 8x107
=3 1 p
107 - - 5 6x10" -
_ - ~ ~
g A s i
_. f - . - . ~ ~ 4X1010 1
8x10°4_ .+ — ~
i 2x10"
6
xI0"—— 7 71 " 1 T T ot+———— 77T
53.6 53.8 54 54.2 54.4 54.6 0 02 0.4 0.6 0.8 1
time, sec a

Figure A1. Measured diamagnetic energy in three discharges with
DD-plasmas (#41069, #41067, #41068) and two discharges
with DT-plasma (#42847, #42856): the upper curves, discharge
#42847 (50% D and 50% T) with P, = 1.4 MW, Picrg = 0 and
discharge #42856 (50% D and 50% T) with P, = 1.34 MW,
Picru = 0; the lowest curve, discharge #41069 with Pjcry = 0;
two curves above the lowest one correspond to discharges #41067
with Picry = 0.9 MW and #41068 with Picrg = 2.5 MW. In all
these discharges Pnpr = 10 MW.

the region 0.1 < r/a < 0.6. So, the number of alpha particles
born at r/a > 1/2 is considerable.

For a more definite conclusion we have to calculate the
function F(r) describing the fraction of alpha particles with
&, = 3.5 MeV born in the region outside a certain radius r.
This function is given by

_ fra dl"()r()Sa (l"())
foa dr()l"()Sa (r()) ’

where r < a, the superscript ‘0’ means that no orbit effects
are included, the integrand contains alpha birth profile.
Calculating integrals in (B.1), we obtain the result shown in
figure B2. It follows from this figure that about 30% of alphas
are born outside the flux surface with r/a > 0.5.

After the birth, alpha particles move along various orbits.
During this motion, they deflect outwards and inwards from
flux surfaces. Because S, (r) is a monotonic decreasing func-
tion, the main effect of the orbital motion on the 3.5 MeV alpha
density is the broadening of its radial profile. This implies that

FO(r) (B.1)
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Figure B1. Fusion reaction rate, S, (r), versus r and its distribution
over flux surfaces, 1S, (r), in JET discharges #42847 and #42856.

1

0.8
0.6
U\ ]
0.4 \
0.2 \\
0 T T T T \I
0 0.2 0.4 0.6 0.8 1

r/a

Figure B2. Fraction of alpha particles with the birth energy outside
a certain flux surface with the radius r in the discharge #42856,
calculated neglecting the orbit width.

the number of peripheral alphas increases, although some
of them are lost to the wall. One more factor increasing the
number of peripheral 3.5 MeV alpha particles is the stochastic
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(collisionless and weakly collisional) diffusion, see, e.g. [38,
39]. Below we consider the profile broadening by taking into
account the orbital motion only.

Because the alpha particle transit/bounce time (73,) is much
less than the slowing down time (75), we can introduce the
bounce/transit averaged distribution function of the popula-
tion of the alphas with £ ~ 3.5 MeV:

At

Fo=——
“ T 4ol

5(0 = va)(Sa), (B.2)
where (S,) = § d1Sq[r(¢)] /7, At is a characteristic life time
of alphas w1th the energy Ear To K At K T, Vo, = \/2E0 /Mo,
the integral is taken along particle orbits, so that F, is deter-
mined by the drift constants of motion (COM). Usually one
uses the particle canonical angular momentum (Pg), the
energy (€), the magnetic moment (11,), and direction of the
longitudinal motion of passing particles (¢ = sgnv)) in order
to describe the motion of particle guiding center. It is more
convenient, however, to use another set of COMs for the
description of distribution of confined particles. Namely, the
maximum radial displacement during the orbital motion (7,x)
instead of Py and the pitch parameter A = y,B/E (B is the
magnetic field at the magnetic axis). It is clear that confined
are those particles which have r,x < a, toroidally trapped are

the particles with bl < X\ < bl (b = B(r,9)/B, b and
bmin are maximum and minimum b on the orbit) and passing
are the particles with 0 < A < b}

With these COMs, we can write:

o= (5§
r(9) = rlrmaxs A 0o, 9], v = ivm Here the

integrals are taken over the whole ) region, (0,2r), for
passing particles and between the turning points for trapped
particles (with taking into account that the sign of v changes
after passing the turning points).

In the peripheral region, which we are interested in, the
approximation of narrow orbit width (A < r, with A the
orbit half width) is justified. The corresponding condi-
tion reads: r > R(gp/reR)*/?
P = Uq/wpa), which for alphas in JET yields » > 20cm.

The majority of passing particles have v| = const. Due to
this, we can describe their orbits as follows:

rpas(,&) = Fmax — Ap + O'Ap cos v, (B.4)

A, =q(ro)pv'1 — A/kg, the subscript ‘p’ labels passing

orbits. In this approximation, when calculating integrals in

equation (B.3), we have to put b(r,¥) = 1 and 0 < 9 < 2.
The orbits of trapped particles are given by

[_UO

+

(kg 1s the plasma elongation,

1—

€0

A + A cos vy

qap
_|_
FEE\/Q
1—

€0

A + Acos 19] , (B.5)

where € = r/R, the subscript ‘0’ labels a point on the
orbit, the particle turning points (J;) are determined by
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Figure B3. The safety factor in discharge #42856.
cost¥; = (1 —A\71)/eg. When calculating integrals in

(B.3), both branches given by (B.5) should be taken into
account. It is convenient to proceed to the angle 3 defined by
sin®(9/2) = kZsin’ B, with k2 = [0.5 + (A~ = 1)/(269)] > 0
is the particle trapping parameter [/<;2 < Ifor trapped particles,
which implies A > (1 +¢€)~'], sin 8y = &, " sin(d/2). Then

15 (B) = rmax — Ar + 04 cos B,

Ay = q(F)p(kp/KE)\ 2N/ E, T = Fmax —
/2 dBS,[r
SN

j=12

/71'/2 dﬁ

0 /1 —kK sin® 8
If the alpha source function is approximated as

Sa [r(q?)] =Sn+ S:n(r - rmax)[Sm = Sa(rmax)’s;/n = S;(rmax)»

and prime denotes the radial derivative] we obtain for passing
particles:

(B.6)

A;. In these variables

dBSalrf ()]
/12 sin’® 8
—1

(B.7)

<So¢>(rmax) = Sm (B.8)

A similar equation is true for deeply trapped particles (particles
with x, < 1). Equation (B.8) shows that (Sy)(fmax = a) # 0
even when the birth source vanishes at the plasma edge,
S = 0. On the other hand, (S,) = 0 in the near-axis region
[r < R(gp/keR)?3 for A ~ 1 and r < 2qp for well passing
particles] because there are no particles with smaller rp,. This
implies that the distribution of (S,,) (rmax) is shifted outwards
with respect to S, (r), increasing the number of alpha particles
which can interact with the waves in the peripheral region.
To be more specific, we carried out numerical calcul-
ations for trapped and passing alphas in discharge #42856.

_SA,.
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Figure B4. Bounce/transit averaged source function

(Sa) (Fmax»> A, €a ) versus r for various \ in discharge #42856. This
picture demonstrates that the radial distribution of the density

of alpha particles with given riax [ (Fmax) X (Sa)(Fmax)] is
considerably shifted outwards in comparison with the alpha birth
profile (shown by dashed line).
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Figure B5. Fraction of passing alpha particles (A = 0.2, 0 = 1
or o = —1) and trapped particles (A = 1) that have ry, outside a
certain radius r in discharge #42856.

The results obtained with using the safety factor ¢(r) given by
figure B3 are shown in figure B4.

The fraction of 3.5 MeV alpha particles with given A and
Fmax Outside a certain radius r is described by

]:)\(r) = frz drmaxrmax<Sa>(rmam )\)
fO drmaxrmax <Sa>(rmax’ )\)
and presented in figure BS. We observe that at the periphery

F exceeds F© given by (B.2), the effect being considerable
even for passing particles.

(B.9)
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Appendix C. Damping of high-frequency fast
magnetoacoustic waves

In this appendix we study the electron and ion damping of the
high-frequency fast magnetoacoustic waves (FMW) for which
both the electrons and thermal ions can be treated as cold par-
ticles. The purpose of this consideration is to see whether the
bulk plasma particles can lead to the damping rate which is
comparable to the FMW drive produced by alpha particles.
This implies that we are interested in the FMW which satisfy
the following conditions:

w =~ lwg; > wg;, (C.1)

(w — lwgi)* > (kjor)*, w* > (kjor)®, kipi <1, (C.2)

where p; = v /wg;, ki is the wavenumber across the magn-
etic field.

Assuming that the perturbations of the electromagnetic field
are proportional to exp(—iw? + ikyx + ik,z), with the z-axis
directed along the magnetic field, we proceed from the Maxwell
equations B = (c/w)k x E and k x B = —(w/c)e - E, with
€ = ¢;; the dielectric tensor. Then, taking into account equa-
tion (C.2), we can obtain the following equations:

N2
o — Il
1-N/n

—igE + (g2 — N*) E, = 0,

> E, +igE, = 0. (C3)
(C4)
where €| =€y, €2 =¢, N =¢z, and g is defined by
ey =1g, N? = &k /u?, Nj = &kj /w?, and N = kg [w’.
These equations lead to the dlspersmn relation given by

2
Aw) = (81 - 1_N]\|l2/77> (52 *Nz) —-¢=0.

When Ime; < Regy, equation (C.5) can be solved per-
turbatively. Taking w =wp+iy, with wp mode fre-
quency and v < wp the damping rate, we can write

(C.5)

A(w) = Ag(wo) + ivdA/dwy 4 iA(wo) = 0. Then wy is a solu-
tion of the equation Ay = 0 and the damping rate is given by
__
Ly Jdw| (C.6)

To calculate v by means of this equation we have to specify
components of the dielectric tensor.

Proceeding from the well-known general expressions for
the dielectric tensor of a Maxwellian plasma and using (C.2)
with w < wg,., we obtain:

2

w
=--=Z —"n— L. (C.
. wk”vn Ze © €D

e =¢;+iV/T

wk”vT,

Ze N2z (I, — 1)
X

1fpkj_pexe < (C.8)
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Figure C1. Ion damping rate. The hatched region is of main interest
because the instability drive is expected to be vy, /w = 107* — 1072,
Li=1,—1
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Figure C2. Electron damping rate. The hatched region is of
main interest because the instability drive is expected to be
Yo /w = 1074 = 1072,
2 2
Wy ws: 2
pi : pi —x) =2 /
g=— +iv7 e e tn(l, - I)). C9
o o Z (I = 1,) (C.9)
2
=—— + 2i 26—, + = Y],
\/_ <wk||vT, Z kﬁ 2Te
(C.10)
where wpe, = 4mn? i/Mei, I, =1I(z) is the modi-
fied Bessel function on the nth order, z =k} 3 07/2,

Xy = (w — nwgi)/ (kjjog), Xe = w/(k”vTe)
As aresult, we have w? = k*v; (1 + kjvj /wp;) and
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Figure C3. Ratio of the ion damping rate to the electron damping
rate. Hatched is the region with dominant electron damping.

Vi \/7_T kva —-2n .

- = T4 " Im

5 2 Toon Zn:e Ze (C.11)
Ye _ —x? Me kik2vi Uf\ kJ_ Te
o TXL M, < wf;,- U%e WD (C.12)

Here the subscript ‘0’ at w is omitted.

The ion damping rate and the electron damping rate
are shown in figures C1-C3 for the following parameters:
T;=15keV, T, = 10keV,n, =4 x 108 cm™3, B=35T.
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