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ABSTRACT

It is shown that the heating of a plasma by energetic ions can dis-
tort the background ion distribution. Examples of distortions caused

by the neutral injection heating of tokamak plasmas and the alpha

particle heating of reactors are given.
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I. INTRODUCTION

The understanding of the heating of a plasma by energetic ions is an
essential step towards a fusion reactor since the temperature in a reactor
will be maintained by the reaction product alpha particles, and one method of
heating a plasma to ignition temperature is by injecting energetic ioms. It
has been tacitly assumed that during heating the background ion distribution
remains Maxwellian. However, since the energetic ions interact more strongly
with the large velocity ions in the tail of the ion distribution than the

thermal ions, the distribution will be distorted at high energies.

This type of distortion is important for two reasons. First, in recent
experiments(l’z)in which energetic neutral atoms were injected for plasma heat-
ing, the increase in temperature was determined by examining the charge-
exchanged neutrals at energies from thermal up to ten or twenty times thermal.
It is in this energy range that the distortion of the plasma ion distribution
will be significant with this form of heating. Second, in a reactor
heating of the D and T ions by the 3.5 MeV alpha particles will lead to
enhanced high energy tails on the D and T ion distributions. The thermo-
nuclear reaction rate of these distorted distributions is found to be slightly

greater than the undistorted distribution.
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Perhaps at this point it should be clearly stated that the energetic ions
themselves (either injected or reaction products) also could be thought of as
a distortion upon the total ion distribution; however in this paper the ener-
getic ions will be regarded as a separate distribution, and the distortions
of the background ion distribution considered here will be solely due to the
collisional interaction of the background ions with the energetic ions. An
experimental measurement of this distortion would almost certainly require
that the injected energetic ion specie be different from the plasma ions, so
that by using mass analysis the ions in the tail of the background distri-

bution may be distinguished from the injected particles.



Another possible source of ion distribution distortion is due to the
heating of the ions by the electrons. In present tokamak plasmas in which
the background electron temperature is greater than the ion temperature, a

small distortion in the ion distribution is produced.
The structure of the remainder of the paper is as follows. In Section II
the Fokker-Planck equation for the background ions is solved. Then in

Section III examples of distortions in present tokamaks and reactors are

given.

I1. THE ION DISTRIBUTION

Our starting point is the Fokker-Planck equation for the background ions
and the form of this equation derived by Rosenbluth et a1(3) will be used. In
this equation there will be contributions to the Rosenbluth potentials g andh
from the background ions themselves, the electrons and the energetic ioms.

The equation is considerably simplified by taking g and h to be isotropic,
that is independent of angle; this assumption may be justified as follows:
For the background ions and electrons it can be shown that the small depar-
tures from isotropy due to the geometry (trapped particle effects) or the
electric field have only a negligible effect on g and h. For the energetic

(4,5)

ions it has been demonstrated by several authors chat for velocities
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v<v, (=(.75m m_ /mi)" v the energetic ion distribution is isotropic,
even if the injection is anisotropic; this is due to strong ion-ion scatter-
ing for v < V.- Thus if the range of velocities is restricted to vi<\r<vc

(vi thermal velocity) all the distributions (plasma ions and electrons and

energetic ions) may be assumed to be isotropic and hence the potentials g

and h will be funections of v only.

The equilibrium Fokker-Planck equation for the background ion distri-

bution fi with isotropic potentials may be written in the form
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The first term of equation (1) is the velocity diffusion term and the second
term is the friction term; the summation j in equations (2) and (3) is

over the three species (plasma ions and electrons and energetic ions).

The form of the distribution functions which is substituted in equations
(2) and (3) is as follows: for plasma ions and electrons, f; is taken to

3
be the Maxwellian <fj =I5 < o, VE?’ exp(-va/vja) for the energetic ions

(subscript h ) fh = S’rs/{lm(v3+vé3)}, where S is the number of particles
injected per unit volume per second, Tg is the Spitzer slowing-down time.
The latter expression for the energetic ion distribution was derived in
references (4) and (5) and for simplicity charge exchange has been

. ignored (Tcx >> 'TS). For velocities v in the range vy <v < v,

equations (2) and (3) become
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Where the subscript i refers to the particular background ion species whose

distortion is being calculated, the subscript h is for the energetic ions,

= 8, =



the summation k is over the background ion species and enables impurities
to be taken into account. Here it will be assumed that all the background
ion species have the same temperature and then the two summations can be set

equal to, say, Z_ as follows

_—k = 7z e (6)

The integral in the first term of equation (5) may be readily evaluated,

and defining

(o]
K(vo/vc) = l dd & (7)

a plot of K(volvc) is given in Figure 1.
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In equilibrium (g; = 0) equation (1) may be trivially integrated to

give
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Substituting in the above equation the functions for g and h given by

equations (4) and (5) and the subsidiary equations (6) and (7) and then

integrating, gives
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Note that in equation (10) part of the second term was originally in the
numerator, for v < v, the numerator may be expanded and the term incorporated

in the denominator.

The first term on the righthand side of equation (10) is the contri-
bution from the energetic ions and the remainder is the contribution from the

electrons. The parameter p determines the extent of the distortion and in



Figure 2 the distribution function 'fi is shown as a function of v® for

different values of p

ITI. EXAMPLES OF DISTORTIONS

(a) The heating of ions by the electrons

The first example we consider is the distortion of the ion distribution
by electron heating alone. For Ehis case p is small, the maximum value occur-
ring for Te/Ti = 3 (not untypical of present Tokamaks) with me=l and
n, =n the value of Prax is 0.008. As the reader can see from Figure 2,
this is rather a small distortion.

(b) Neutral injection heating of Tokamaks

The next eﬁample we consider is the neutral injection heating of the
Cleo tokamak, the parameters of the background hydrogen plasma are Ti==200 eV,
T, =280 eV, n = 2x 10-° /et , n, = 8x 10"%/cn®, z =1.56 and T_=0.009 sec,
the effective plasma volume occupied by the energetic ions is 10° em®. The
injection of 1 amp of 22.5 keV hydrogen ions into this plasma gives p =0.0Ll.

This is a fairly small distortion and did not affect the determination of the

ion temperature increase.

For the injection of 26 keV helium ions (1 amp) into the same hydrogen
plasma p = 0.02. Thus with helium injection the distortion is larger (due
to th= 2 in Equation (10)) and was taken into account when determining the

temperature increase.

In future tokamak experiments designed to take large current sources
(such as DITE) the distortion will be stronger since S (injected current/cm®)
will be increased by a factor of 4 and s by a factor of 3 giving a p

for hydrogen injection into a hydrogen plasma of 0.12.



(¢) Alpha particle heating of a DT reactor

In the following the distortion of the deuterium distribution by
collisions with the 3.5 MeV alpha particles is calculated. The production
rate of alphas S = % n:Er; and since Te is inversely proportional to

n, the parameter p is independent of n,. It does however depend on

]

the temperature T through ov and two cases T 20 and 40 keV are con-

17
8.75x 10 n°/em® /sec,

-8
sidered (for T = 20 keV, p = 2.36 x 10 with §

-2
40 kev, p = 2.7 x 10

Z =1.66 , v /v_=2.089, K= .75 and for T
m o ¢
-16

with § = 2 x 10 n®/cm®/sec, VO/VC = 1.477, K = 0.6). The resulting
distorted distributions are shown in Figure 3 along with the undistorted
distribution for comparison.

The distortion at 20 keV is small; however, for the 40 keV case there
is a more significant distortion which results in a small increase in the

thermonuclear reaction rate.

Acknowledgement

I would like to acknowledge a suggestion made by Dr R J Bickerton

which led to the development of this work.

References
1. Bol, K et al; Phys.Rev.Lett. 32 661 (1974).

2. Cordey J G, Hugill J, Paul J W M, Sheffield J, Speth E, Stott P E, and
Tereshin V I; 'Injection of a Neutral Particle Beam into a Tokamak:

Experiment and Theory', to be published in Nuclear Fusion.
3 Rosenbluth M N, Macdonald W and Judd D; Phys.Rev.107, 1 (1957).
4. Rome J A and Callen J D; Bull.Am.Phys.Soc.18, 1271 (1973).

5. Cordey J G and Core W G F; 'The Energetic Particle Distribution in a

Toroidal Plasma with Neutral Injection Heating', CLM-P381.



0 . ; . ,
0 1.0 20 3.0 40

Vo Ve

Fig 1. The constant K against vo/vc )

-1
-2
log,.f

-3

-4

viv?

log,f

-4

-5 i 1
300 400 500

€ (keV)

0 100 200

Fig 3. The distorted deuterium distribution (continuous line) as a function
of energy for reactor temperatures of 20 and 40 keV. The broken lines are
the corresponding undistorted distributions which are shown for comparison.
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