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A ne. idea to produce the distribution function similar to
that of alpha-particles in an ignited plasma has been proposed.
This concept is attributed to the acceleration of the injected
beam up to about 1 MeV/nucleon hy the ICRF wave with cyclotron
higher harmonics. This new method makes it possible to perform
the simulation experiments for alpha-particles under the
condition of moderate plasma parameters (e.g.. T. = 4 keV, n, =
3.5x109 > and By = 3 T). And it is found that 3w., ICRF wave
is preferable compared with other cyclotron harmonics, from the
viewpoints of the effective tail formation with smaller bulk ion
heating and lower amplitude of the applied electric field. The
formula for the maximum energy of the extended beam is also

derived.



(i) Introduction

Alpha-particles produced by DT reactions play an important
role in an ignited plasma to sustain the bulk plasma
temperature. To study behaviors of alpha-particles. experiments
with a DT reacting plasma are necessary. but the number of DT
discharges will be severely restricted because of the activation
of the device by 14-MeV neutrons due to DT reactions. It has,
therefore. a great advantage to simulate the behaviors of
alpha-particles without using DT reacting plasmas. Some ideas
to produce the distribution function similar to that of
alpha-particles have been proposed by D. Post!! and A.
liyoshi? , where ICRF (Ion Cyclotron Range of Frequency) wave
has been applied for D-He plasma. The basic concept of these
ideas is attributed to the acceleration of the Maxwellian-like
tail of 3He minority ions up to about 1 MeV.nucleon by the ICRF
vave® |, but the experimental parameters for this method should
be very restricted within the range of relatively high plasma
temperature, low plasma density and high toroidal field (e.g..
T. = 10 keV. n, = 2x10%m> and By = 5 T in TFIR device)" .

In this paper a new idea to produce the distribution
function of the alpha-particles is proposed. where the injected
beam is directly accelerated up to about 1 MeV /nucleon by the
ICRF wave with cyclotron higher harmonics. It is expected that
the energetic ions will couple more effectively with the ICRF
wvave of cyclotron higher harmonics. The distribution function
of the injected beam has been calculated with a
two-dimensional (2-D) linear Fokker-Planck code including the

quasi-linear diffusion term due to the ICRF wave. The maximum



beam energy extended by the ICRF wave has been examined, and the

formula for it has been also derived.

(ii) Basic equations and its computer code

The Fokker -Planck equation for the injected beam is given

by
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vwhere the first and second terms of the right -hand side denote
the Coulomb collision only with bulk Maxwellian plasmas (ions
and electrons) and the quasi-linear diffusion., respectively. and
the last one is the source of the injected beam. The Coulomb

collision term is given by ref.(4) in detail. and the

quasi- linear diffusion term is written down as follows®3® ;
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o cyclotron frequency at R =R
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and
Ep = E, - iE,. E, = E + IE, ‘ (6)

The above equation has been derived after averaging the
quasi-linear diffusion coefficient on the magnetic surface
between the minor radii a; and ag& . as shown in Fig. V. The
major radius of the plasma is denoted by Ry. and the mass and
charge number of the injected beam are m, and Z,. respectively,
Three components of the electric field E, . E; and E, denote the
left- and right-hand polarized ones and the parallel one.
respectively. but the parallel electric field E;, is neglected in
the following calculations because of its relative smallness.
The frequency of the applied ICRF wave is denoted by w, and ky
and k, are parallel and perpendicular wave numbers.
respectively, and ], (b) is the n-th Bessel function.

The dispersion relation of the fast wave has been solved
for the cold plasma in order to determine the perpendicular wave
number and the ratio of F to Ey. The amplitude of the electric
field itself has been determined from the power absorption rate

of the ICRF wave calculated by the following equation;
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In the computer code. 2-D velocity space is divided by
(v.0) mesh. where v is a velocity and 8 is a pitch angle. The
minimum energy E,;, is chosen to be ZT;. To verify the computer
code concerning to the quasi-linear diffusion term, the power
absorption rates for the Maxwellian ion distribution function
have been evaluated for the cases of 2w, and 3w, cyclotron
harmonics. By usiqg the quasi-linear diffusion term given by
eq.:2). the power absorption rates in the cases of w = 2, and

%!, are derived as follows:
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where a * aj+a» -2 ) is a minor radius, vy, , is the thermal
velocity of the ion ¢ v%n. = 2T /m, ). and ¢ and v; are the

light and Alfven velocities. respectively. Here the power
absorption rate due to Eg field is neglected, because it becomes
very small by a factor of (kyVin /@i )} << 1, compared with that
due to F field.

The power absorption rates in the cases of 2w, and 3uw.,
have been also calculated with the computer code for the
Maxwellian ion distribution function, and found to be consistent
with those evaluated by egs. (8) and (9) within about 10 %

accuracy.



(i) High-energy tail formation of 120-keV D-beam due to 3,
ICRF wave

Calculations have been performed by using parameters of

R-tokamak” : that is, the major Ry and minor ay radii of the
plasma are 2.09 m and 0.76 m, respectively. the toroidal field
Br is 3 T. and the plasma current Ip is 3 MA. The minor radius
of the calculational magnetic surface is chosen to'be (ay +an» )2
= 0.3tay. The parareters of the bulk plasma assumed in the
Fokker-Planck calculations are as follows;, T, = 4 keV, T, = 5
keV. n, = 3.5x10' m3, Zy; =1 and the mass number of bulk ion
is 2.5. A 120-keV D-bcam of 15 MW is injected into the plasma,
vhich gives the input power density of 0.6 w/om'. This input
power is. eventually. consumed by the bulk plasma heating. since
the loss cone in the velocity space is not taken into account.
The parallel wave number of the applied ICRF wave is assumed to
be 3.3 m' .

Figure 2 shows the contour of the deuterium distribution
function in (vy.v, ) space, in the case that 3. ICRF wave has
been imposed on the injected D-beam. The high-energy tail much
larger than the initial beam energy (120 keV) has been produced
toward the perpendicular direction. Then, the relatively
anisotropic distribution function has been formed. because the
pitch angle scattering due to the bulk ions decreases as the
energy of tailed D-beam increases.

The time evolution of the distribution function for the
injected D-beam is given in Fig. 3. after integrating the 2-D
distribution function with respect to the pitch angle. At i.2

sec the beam energy extends up to 1.8 MeV. which corresponds to



the velocity of alpha-particles (3.5 MeV) produced by DT
reactions. Another remarkable point is that the distribution
function does not run away. but becomes steady state after a few
seconds. because, as the energy increases. the Coulomb drag due
to bulk electrons is enhanced and the power input of the ICRF
wave to the high energy ions reaches the maximum value in
accordance with the.Fharacteristics of the Bessel function in
eq.{4). Here, we should notice that the argument of the Bessel
function becomes greater than unity at E, > 60 keV for 3., ICRF
wave.

The time evolutions of the beam density. the total beam
energy and the power absorption rate due to the ICRF wave are
shown in Fig. 4, where 15-MW D-beam is continuously injected and
Bu:, ICRF wave is switched on at 0.4 sec. According to the
growth of the high-energy tail by applying the ICRF wave. the
moderate increase of the beam density and the strong enhancement
of the power ahsorption rate can be seen. The power absorption
rate is about 0.2 w/cm® just after the onset of the ICRF wave.
and increases up to about 1 w/om® after a fev seconds. Since
the increase of the beam density is not so large, it is
considered that the ICRF power is selectively absorpted in the
extended high-energy tail, because of the 1arge Larmor radius
comparable or larger than the perpendicular wave length. It has
been also reported in the present experiments of 2u.; heating®
that the quasi-linear damping is much stronger than the linear
damping. because of the formation of the high energy tail.

In Fig. 5, the stearly-state distribution functions are

shown for different power absorption rates, where the amplitudes



of the applied Ey field are 4.67. 6.44, 7.05 and 7.61 kV-m for
Pps = 0.1. 0.43, 0.72 and 1.09 w/cu’ . respectively. The power
absorption rate is roughly proportional to 4th - 5th power of
the applied electric field strength. When the absorption power
becomes greater than 0.4 w/cm®. the beam tail can be extended up
to 1.8 MeV, and the amount of this high energy tail is roughly

proportional to the absorpted power.

(iv) Comparison_of the high-energy tail formations by _the ICRF

vave for various cyclotron harmonics

In the previous discussion. it is shown that 3w., ICRF wave
is applicable to extend 120-keV D-beam up to the velocity of
3.5-MeV alpha particles. Here, the possibility of the Ligh
energy tail production with other cyclotron harmonics has been
examined. In Fig. 6, the steady-state distribution functions
are presented in the cases of Zu.; . 3w, and 4w, ICRF waves,
comparing that of alpha-particles corresponding to the fusion
output of 200 MW. For these cyclotron harmonics Table 1
summarizes the perpendicular wave number k:. the ratio of K
field to E; one calculated with the dispersion relation. the
amplitude of Ep electric field itself, and the power rates
absorpted by the Maxwellian bulk ions and the injected D beam.
The power absorption rates in the veloz:ity space are shown in
Fig. 7 in the cases of 2u.; and 3y, ICRF waves. where the value
of Y-axis is the power absorption rate integrated from the
minimum cnergy (E,,, = 10 keV) to the beam energy (&, .

In the case of 2u. ICRF wave, 40% of the total wave power

is consumed by the bulk ion heating. From the viewpoint of the



effective high-energy tail formation with smaller ICRF wave
pover, the direct heating of the bulk ions by the applied ICRF
wave is not preferable. In addition, the large fraction of the
power absorpted by the D-beam deposites in the relatively lower
energy range ( E, < 0.6 MeV ), as shown in Fig. 7:a).
Accordingly. the high-energy particles larger than 1.2 MeV can
not be produced effectively. Therefore, 2w., ICRF wave seems to
be inapplicable for the high-energy tail formation up to the
alpha-particle’s velocity.

In the case of 3w. ICRF wave. the power absorpted by the
bulk ions is negligibly small compared with that by the D-beam.
and the ICRF wave power deposites up to the energy range of 1.8
MeV in the velocity space. It is. then, confirmed in Fig. 6
that the D-beam distribution function is extended up to 1.8 MeV
by 3w.; ICRF wave. and becomes similar to that of the
alpha-particles for 200-MW fusion output. Therefore. it seems
that 3u., ICRF wave is applicable for this simulation
experiment .

When 4w, ICRF wave is applied, the distribution function
similar to that of the alpha-particles can be also produced, as
shown in Fig. €. because 4w.; ICRF wave couples strongly with
higher energy ions. But we should notice that.the applied
electric field becomes very large ( E > 10 kV'm ). Then. this

might restrict the usage of 4w, ICRF wave for this study.

(v)_Discussion for the maximum energy of the extended beam

With moderate plasma parameters( e.g.. T, - 4 keV, n, =

3.5x10% m? and By = 8T ). the injected beam is gradually



extended up to 1.8 MeV or more by 3w., ICRF wave. This
extension. however. does not occur. when the toroidal field is
reduced from 3 T to 2 T. or when the bulk plasma density is
increased from 3.5x10'9 m™> to 7.0x10'%m3 . Figure 8 shows the
distribution functions for a! a lower toroidal field case By =
2 T)and b a higher density one \n. = 7.0x10" m™>® 1, comparing
with ¢} the standard one By - 3T and n, = 3.5x107w? 1. The
distribution functions in the cases of lower B and higher n.
decrease abruptly at the beam energy of 1.5 MeV and 1.6 MeV.
respectively. The maximum energy of this extended beam may be
explained by the characteristics of the Bessel function included
in the quas: linear diffusion coefficient.

The Bessel function itself is plotted in Fig. 9(a). and the
term ! 0,.. 1% in the quasi-linear diffusion coefficient. defined
by eq. 4. is also plotted for 2u., . 3w, and 4« , ICRF waves in
Fig. 9.b:. When the ion energy is so small that the argument of
the Bessel function is less than unity. the term {@,. (<
increases according to (n-1)-th Bessel function stems from the
left-hand polarized electric field. Then the term | 0., 12
reaches the peak and begins to decrease to the minimum point.
which is roughly corresponding to the zero-point of (n+l)-th
Bessel functiun comes from the right -hand one. because the
right-hand polarized electric field is much larger than the
left-hand one. Taking into account the increase of the Coulomb
drag due to bulk electrons according to the increase of the beam
energy. it is expected that the extension of the beam energ
stops at the energy corresponding to the minimum value of the

term ' 0,., - at most. This is why the distribution function
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does not run avay and becomes steady state.

The above consideration is supported by the the results
shown in Fig. 8. because the first zero-point of 4-th Bessel
function in the case of 3w, ICRF wave is 7.99 and‘corresponding
energies for this argument are 1.57 MeV, 1.74 MeV and 3.53 MeV
for thesec three cases (a)Bf =2 T, b)n, = 7.0x10" w3 and ¢)
stangard case ). respectively.

Then we say that by using the argument of the Bessel
function the maximum energy of the extended beam can be

expressed as follows.

[
Emn - %"'b( _[.fllbuo-l )2 (10
vhere b,.; 1is the argument of the first zero-point of (n+l)-th
Bessel function. This formula suggests that the experiment with
higher toroidal field and-/or the lower plasma density is

appropriate to produce a high-energy beam.

(v)_Summary

1n conclusion. it is shown that 120-keV D-beam is extended
up to the velocity of 3.5-MeV alpha-particles by applying ICRF
wave with cyclotron higher harmonics. and the similar
distribution function of alpha-particles in an ignited DT plasma
can be produced effectively. This new method makes it possible
to perform the simuiation experiment with moderate plasma
parameters :relatively lower plasma temperature, higher plasma
density and lower toroidal field), e.g., T, = 4 keV, n, =

3.5x10"m? B; = 3 T. Some physical problems related to
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alpha-particles may be examined by using this extended
distribution function. although the beam distribution function
1s very anisotropic toward the perpendicular direction. and it
is not possible to produce the inversion of the distributién
function which occurs at the initial stage of DT burning
plasma. It is found that the injected beam accelerated by the
ICRF wave doqs not run away. but stops at the energy
corresponding to the first zero-point of (n:1)-th Bessel
function included in the quasi-linear diffusion coefficient.
And the formula for the maximum energy of the extended beam is
also derived. In comparison with various cyclotron harmonics of
the ICRF wave from the viewpoints of the effective beam tail
formation with a smaller bulk ion heating and a lower amplitude
of the RF field, it is concluded that 3w.; ICRF wave will be
most applicable for the simulation experiment of

alpha-particles.
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Table.

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

i.

The perpendicdlar wave number k;. the ratio of the
left-hand polarized electric field (F, ) to the
right-hand one (Ep ), the amplitude of E; field
itself and the pover rates absorpted by the bulk
ions (P ) and the injected D-beam (Py.w ) for 2w .

3u., and 4w.; I[CRF waves.

Toroidal geometry The cyclotron resonance layer
locates at the position of © = nw., . The quasi-linear
diffusion coefficient has been averaged on the
magnetic surface between the minor radii a; and ax.

Contour of the steady-state distribution function
for the D-beam. when 3w., ICRF wave is applied.
120-keV D-beam is continuously injected at the pitch
angle of 60 ° , and the power absorption rate of 3w
ICRF wave is 1.09 w/cm' .

Time evolution of the 1-D distribution function of
the D-beam integrated with respect to the pitch angle.
when 3u., ICRF wave has been applied.

Time evolutions of the beam density., the total beam
energy and the power absorption rate. The power
density of 120-keV D-beam is 0.6 v‘cm’, and 3w, ICRF
wave has been switched on at 0.4 sec.

The steady-state distribution functions for
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Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

different power absorption rates. The amplitudes of
the applied E; field are 4.67, 6.44, 7.05 and 7.61
kV.m for Pups = 0.1, 0.43, 0.72 and 1.09 w,/cn’,
respectively.

The steady-state distribution functions of the
extended D-beam in the cases of 2u.; , 3w.; and 4w
ICRF waves. and that of alpha-particles for the fusion
output of 200 MW. The energy axis (x-axis) is
assigned by the same particle velocity. The
perpendicular wave number and the applied electric
field strength are summarized in Table 1.

The power absorption rate in the velocity space in
the cases of 2w.; and 3w, ICRF waves. Y-axis denotes
the power absorption rate integrated from the minimum
energy (Eyin = 10 keV) to the beam energy (& ).

The steady-state distribution function in the cases
of a) the lower toroidal field By = 2 T), b) the
higher plasma density (n, = 7.0x10' m3 ) and ¢} the
standard parameters (Br = 3 T and n, = 3.5x10" m?3 ),
when 3w.; ICRF wave has been applied. The energies
corresponding to the first zero-point of 4-th Bessel
function are a) 1.57 MeV, b) 1.74 MeV and c) 3.53 MeV
for these three cases, respectively, and the two
former are shown in this figure.

a) Square of n-th Bessel function ( 2 (b) ) as a
function of the argument, and b) the value |8,,,1%2
defined as J2,; (b) + (B /Eg ¥+J2,; (b). extracted from

the quasi-linear diffusion coefficient [ 8,.!12 .
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neglecting E; term. The ratios of F to E; are 0.383,
0.554 and 0.649 for 2u:; . 3w.; and 4w -

respectively.
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2uci Buei e
Perpendicular T
wave number (k;: 1/m) 3.3 89.3 79.5
E /B 0.393 - 0.554 0.649
Amplitude of Ep (kV/m) 4.76 7.61 11.63
Bulk ions (P :w/cm ) 0.375 0.0245 0.0022
D-beam  (Pocan :¥/c ) 0.610 1.09 1.04
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