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Enhancement of temperature of the beam-induced ion tail due to second
harmonic ICRF (lon cyclotron range of frequency) waves is investigated.
The ion distribution function is calculated analytically by use of a
Fokker-Planck equation combined with the beam source and quasi-linear
RF (radio-frequency) diffusion terms. A simple scaling of the "extended-
tail temperature" with respect to the deposited RF power density is
presented, Comparison is made with numerical results by using a two-
dimensional Fokker-Planck code., 1t is found that the numerical results
for beam injection nearly-perpendicular to the magnetic field are in good
agreement with the analytical ones. Also discussed is comparison with

the experimental data.
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1. INTRODUCTION

The most successful heating methods in magnetically confined plasmas
are neutral;beam injection (NBI) and ion cyclotron range of fregquency
(ICRYF) heating. During the combination of NBI and ICRF heating, high
energy ions induced by NBI are accelerated by ICRF waves. The tail is
extended to the energy region above the injection energy by
radio—frequency{R¥)~induced diffusion. This acceleration by the ICRF waves
was studied in ierms of the ICRF-enhancement of the beam-—driven current
[1,2) and of the fusion reactivity [3-5].

Efficient ion heating was observed in the NBI plus ICRF heating
experiments on PLT [6]. Recent experiments on combined NBI and ICRF
heating in JET [7) and JT-68 {8,9] indicated signilicant beam acceleration
by ICRF: The increase of the "extended-tail temperature” was demonstrated.

It is wuseful to describe this increase of the 7extended-tail
temperature” as a function of the RF power density for the experimental
data analyses and the control of the ion distribution function. In this
paper we analytically and ﬁumerically study effccts of the ICRF waves on
the ion distribution function with the beam-induced tail, and obtain a
scaling of the "extended—tail temperature” with respect to the deposited
RF power density. The analyses are based on a local Fokker-Planck equation.

In Section 2 the angle—averaged distribution function of ions with
the tail for combined NBI and second harmonic ICRF heating is derived
analytically. A scaling of the "extended—tail temperature” with respect
to the deposited RF power density is presented in Section 3. In Section 4
numerical analyses are performed by using a two—dimensional Fokker-Planck
code, and analytical and numerical results are compared. In Section &
comparison with the data of the combined heating experiments in JT-60 is

discussed. Section 6 contains the conclusion.

2. ANGLE-AVERAGED DISTRIBUTION

In this section, we analytically study the ion tail formation during
combined NBI and second harmonic ICRF heating. We wuse a local
Fokker—-Planck equation with the beam source and gquasi-linear RF diffusion
terms. A linearized Fokker—Planck collision operaior is adopted, since
emphasis is placed on RF effects on the high energy tail. Trapped particle
effects on the tail formation are not taken into account in the present

calculation. The time evolution of the ion distribution function, f, during
Vli
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NBiI and seccond harmonic ICRE heating usder the influence of Coulomb

collisions is givean by

af Df af .
BE '{ﬁ)E‘P + (—a'!'t'/!QI, + 5 . (1)

The first term on the right hand side of Eg.(1) 1is the linearized

Fokker—Planck term,

d
G = & & (a0 + B0 Er .6 )

i IR IO START e IO (2)

where v and ¢ are the particle speed and cosine of the pitch-angle in
spherical polar coordinates, respectively, and a{v), B(v), and r(v,£) are
the usuval linearized Fokker-Planck coefficients [5,10]. The second term is

the guasi-linear diffusion term due to ICRF waves,

3
(%)QL - s agl (0. D ‘S%If(v’” ) ©

where v, is the velocity component perpendicular to the magnetic field.
The perpendicular diffusion coefficient due to the second harmonic ICRF

waves, [, is given by

2, ~ N
SR, sifersy (4)
Lig

@i

DJ_=

where @.; is the ion cyclotron frequency and J; the Bessel function of the
first kind of order one. The slowing—down time of an ion for collisions

with electrons is represented as

(5)

where 7, is in unit of sec, the electron temperature, T,, is in keV, the
electron density, n,, is in em™, InA dencies the Coulomb logalithm, A;
the mass number, and Z; the charge number of an ion. The normalized

coefficient, f('z, is proportional to the square of wave amplitude. In the
_2_
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present calculation, however, K; is given as an external parameter. The
perpendicular wave number of the TCRF wave, ky, is determined from the cold

plasma dispersion relation [11],

2,2 2

£ k;_ _ _ Kx

wz‘ K. K. - (6)
where ¢ is the speed of light, @ = Zw.; is the frequency of the RF wave,

and X, and Kx are the well-known components of the cold plasma dielectric
tensor [12].

The source term, &, originates from NBI;

Puri
- B 5 (vy, : 7
SHE, o {v—uvg) pl§) (7)

where Pxg; is the deposited beam power density, the monochromatic injection
energy of E; = mve/2 is assumed, and p(¢) denotes the distribution function
with respect to the injection angle ¢ p{t)¥dé = 1 ). The particle loss
is assumed to occur in the very low energy region.

By averaging Eq.(1) in the stecady state over E and truncating the
Legendre expansion of f at zero order, we obtain the following normalized

equation [4,5],

f;ﬂ(v) + A(v)Fg(v) = B{(v)U(vp—v) , (8)
where
1 3
Fo(v) =-§—f_l dé Flv,6) X 5+, {9)
Alv) = a(v)rs/v% (10)
Bludrs/vl + KyviC(vysklel
Prpits 1
B = - , 11
v 4nnibo  gluyr./ut + KoviC(v)y/kLe ()
1
C(v) = f df (1-£7) JiHRoiva/1-£€7) (12)
0

and U(vy—v) is the step function. In the above equations, v, = /T;/m; is
the ion thermal speed ( 7; is the bulk ion temperature and m; the ion

mass ), v = v/v; is the normalized speed, n, is the ion density, and
“fSi



JAERI-M 87127

P; = v;/w.; is the Larivor radius of the thermal ion. The solution to

Eq.{8) is expresscd as

Folvave) = exp (=] dv’ A(v7))

x { Fo(o) + fo dv’' B{v’) exp (fo dv'’ A(v ) ), (13a)
Folvzvy) = exp(—j: dv' A(v'))

X { Fe(0) + fuvc dv' B(v') exp(jl:l dv’ ' A(v' )} (13b)

where the value of Fy(0} is determined from the constraint of pariicle
conservation.
The deposited power density, P, is normalized by n;7T;/t; and 1is

expressed as

1.25x10° A /Te nT
}) — - r-I. e 2 € P , 14
- 107% 0 Zitna 0l ()

where T is in keV, n is in em™, and P is in W/cm®. The normalized RF

power density is given by

- 4rK = : dFg(v)
Pre = - kipf"z"fu A (15)

Figure 1 shows the angle-averaged energy distribution function of ions,
Fa(v*/2), for combinced NBI and second harmonic ICRF heating. The ratio
of the electron temperature to the ion temperature is chosen as 7T./7; = 1.1,
The NBI parameters are Ey/7T; = 20 and PNBI = 4, The RF parameter, f{g, is
varied as (a) 0, (b) 6.5, (c) 1.0, and (d) 3.5, and the wave number is set
kig; = 0.064 « 1. The figure shows the beam—tnduced tail in the region, 8
< v¥/2 < .20, and the extension of this tail to the high energy region,
v?/2 > 20, by the ICRF wave. The ordinate is the natural logarithm of
Fy. The extension of the beam—induced tail is measured by the
"extended-tail temperature”, T,,., which is defined as the e—folding energy

from the injection energy;

2
1 Vo

2
5’9(12(’—+T1,,E) =+ Fo(5) (16)
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where T,,, is normalized by T, as f’l/,, = T1,/T;. When the ICRF wave is

absent, the beam-induced tail is spread beyond the injeciion energy by

Coulomb collisions. We represent the e folding energy from E; for this
case as 759%™, We also introduce the increment of the "extended—tail

temperature”, 4AT,,., defined as
ATy e = Ty — T, (17)

which characterizes the effect of RF-induced diffusion on the beam-induced
tail. From the figure, we get the following results; (a) 7% = 1.08,
(b) 47y,, = 1.62, (c) #7,,. = 3.44, and (d) 471, = 5.50. The deposited RF
power density, Prp, is (b) 1.55, {(c) 3.61, and (d) 7.28.

Figure 2 shows the dependence of JBRF on f{z. Parameters are the same
as those for Fig.l except values of fi'g. The tine {(a) denotes <PRF>M { =2
K, ) for the fixed Maxwellian distribution, the linc (b) denotes <'f’Rg->B
for the fixed distribution with only beam-induced tail ( Fig.1{a) ), and
the line (c) is PRF for the exact distribution given by Eg.{13). Deviation

of Pxr from <f’Rp>B becomes appreciable with the increasc of K,.

3. SCALING OF EXTENDED-TAIL TEMPERATURE

In this section we derive a scaling of 47°;,, with respect to Ppp. At
first, the relation between K, and A’flje is derived. The angle-averaged

distribution function, Fy{v), for v Zv,, given by Eq.(13b) is rewritfen as

Folv) = Fy{vy) exp( —f dv’' A{v’) ) . . (18)

1

Under the approximation, J/T,/m; <« v <« J/T./m. and Ji(kw./w.) =
(kwy/2w,.;)%, the functions A(v) and C{v) can be reduced to

+
Alv) > 5 (v P Ve) oy gey . (19)
£vd + ¢34+ —2_— Kt
TL' J
Clv) = 2 pipty? (20)
15 I+ »
where ¢ = v*/2 is the normalized energy, and a funciion, G(¢), is introduced

for simplicity. The critical eoergy of an ion, E. = m,;u2/2 = viT./2, below

_5_
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3. SCALING OF EXTENDED-TAIL TEMPERATURE

In this section we derive a scaling of 47;,, with respect to Pgr. At
first, the relation between fi’z and Af"lfe is derived. The angle—averaged

distribution function, Fy(v), for v Zvy, given by Eq.(13b) is rewritten as
Fo(v) = Fo{vy) exp( —f dv' A{v') ) . (18)
vy .

Under the approximation, ~T,/m; <« v <« JT./m, and J (ku./w,;) =
(kivi/2w.)?, the functions A(v) and C(v) can be reduced to

3 3

+
Ay > =5 v - VZC )A = v G(e) , (19)
T,TVS + Vz + E szﬁ
. 2 2 2 2
Clv) = % kiewv” (20)
where ¢ = v?/2 is the normalized encrgy, and a function, G(e), is introduced

for simplicity. The critical energy of an ion, E, = m;52/2 = viT,/2, below

i5__
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which the rate of slowing down by ions exceeds that by electrons, is

represented as

niZt A,
E. = 14.8 T, x AV Y —;e’%- JER (21)
1 1
where the summation is made over all ion species in a plasma. The

argument of exp in Fg.{18) is expressed by the Taylor expansion at the

normalized injection energy, e = vi/2;

fv dv’ A(v’) = f de’ G(e)

¢ 0

2 4G (€9)

vt SRR (22)

= (e=e0)G(eg) + 5 (e—ey)

If we consider the case of 7Ty,./eq « 1, we can easily evaluate the

"extended—tail temperature” from Egs.{16), (18}, and (22} as
Tie Gleg) = 1, (23)

which gives a linear relation between X; and AT,,.;

3 3
~ ¥ + v ~
Roo- 18 B g, (24)
Vo

Next we seek the approximated expression for f’RF given by Eq.{(15).
As is shown in Fig.1, the high energy tail above vi/2 is appreciably
modified by RF-induced diffusion, while the distribution function below
vi/2 is almost unchanged by the ICRF wave, Therefore, the distribution

function is approximated as

1—0¢ui1 oyt PNBI 1
Fo(v) = ﬁexp '\“-2~) Tney 904 g3 U{vo—v)
[4
PNBI 1 VZ_V% :
=== exp { —= U{v—-v R 25
dreg v3+v‘2 p( 2T1/e) ( o) (25)

where ¢,,;; is the density fraction of the tail component,
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Puz: [ )| v%*—v% ‘ Vo
Otail = . = In — + 7'1’/ - —
i £g 3 Vi e %+V§
3/
+ g (T1/¢) p Yo ){ 1 - ¢<——«E341:) 1 ]
k= ) ~ r
vat vy lje N 2T 1.
_AP:-.' VS*V3 LS v f 2
~ ;B‘ [ %*ln 03 < v T, 30 _ o+ { ye)s ’ (28)
0 Ve vt vol{vgtve)
which is subject to particle conservation. Here, ¢{(x) is the error

function. .
By inserting Egs.(20), (24), (23), and (26) into Eqg.(15), we obtain
the deposited RF power density as a function of Af\,e through tedious but

straightforward calculation;

o A‘i—ye J{b + %
PRF=‘12—5 5;/(1+33)|:(1—%—W?$Ilnlki)

+‘:1;15-,\!BI{1+

12 {1 ‘l)3 2{‘2-’ -1 2 A T
A 1 —_ t L 4+ = .
3 n 1 3 &/—\ Ik A/-w g ) }

15 4Tyse 3 2 1 ) TH e + ATy,
B ( 3 £y 280

] (TP + [Tie ) (T + 471,03 :I
+ ( 2— + , 27
( ) ) 45% 455 ( )
where 2 = v, / vg. It must be noted that this equation is applicable for
Ty « E;. When Pys; « 3, Eyg.(27) is simplified as
Z2Eg 2 1 PNBI 1+2%
AT o — 1 - 5 —F > In~~7— , 28
l/e 15{14‘,‘3) RF ( 3 £y n 13 ) ( )

which shows the n.’ dependence of 47,. ( see Eq.(14) for P }. ©On the other

hand, 4T,,. becomes independent of n. for PNEI » 3

2E; ?RF
5(1+4%)  Pupr

(1+0)° 9x?

ATy, = e Ve

1 + ‘% In (tan ' % + £ )11, (29)

where Ty,./Eq « 1 is assumed.

Figure 3 shows ATUe versus ?RF. Parameters are the same as those
for Figs.l and 2; T./T: = 1.1, E¢/T; = 20, and Pnp = 4. The results by
the exact soclution ( Eq.(13) ) in Secfion 2 and approximated ones
{ Eq.(27) ) are plotted by the dashed line and the solid line, respectively.

An excellent agreement is seen between them except in the higher Prr region
..._7_
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or the larger 7T,,./F; region. Deviation of the approximated results from
the exact onss mainly cemes [rom lower estimation of the deposited RF
power density, which is atiributed to the insufficient expression ol Fy{v)

for vzvy in Eg.(25).

4. NUMERICAL ANALYSIS

We study the ion tail formation by using a two-dimensional linearized
Fokker-Planck code. Stationary results are found from the time dependent
calculation. We investigate the Yextended-tail temperature” for the
angle-averaged distribution, Fg(v), and that for the distribution,
f(v,80s), at an azimuthal angle, 8 = 8,,. The plasma parameter and the
NBI parameters are the same as‘those for Figs.l and 2; T./7; = 1.1, E/T;
= 20, and Pup = 4.

In Fig.3 the increment of the "extended-tail temperature”, Afl/e, for
the angle—averaged distribution is plotted as a function of the deposited
RY¥ power density, fJRF. The injection angle, 85, is varied as 8; = +50°
( square ), 8y = *70° ( cross ), and 8, = 90° (triangle ). The result for
the nearly perpendicular injection { 8y = £70° ) is in goed agreement with
the analytical results ( solid and dashed lines ). For the case of 8§, =
90°, 47,,. becomes larger than the analytical ones, and that for 8, = *50°
becomes smaller. The relative difference is about 30%.

Next, we study the dependence of ATA‘UQ on the observation angle, 8gps.
Figure 4{(a) shows contour lines of the distribution function in ( vy, vi )
space. The injection angle is chosen as 8; = £7¢°, and PRF = 3. The
ohservation lines, 6, = 6C¢°, 70°, and 80°, are given by dashed lines. The
distribution has the local maxima at the injection points, v = .32 and 4
= +£70°. A large amount of anisotropy due to RF-induced diffusion is seen
from the figure. The distribution functions, f(v2/2,8,05), for three 8y
values are also demonstrated in Fig.4({(h), where Fy(v’/2) 1is shown for
comparison. The "extended-tail temperature” at 8, = 80° is significantly
enhanced by RF—induced diffusion, while #7,,. at 8., = 50° is lower than
that for the angle—averaged distribution. At the injection angle, 8., =
B, = 70°, A’fug becomes especially low, though the higher energy tail for
8. = 70° is enhanced more significantly than that for 8, = 60°. This
is interpreted as follows: Since the direction of RF-induced diffusion is
perpendicular to the magnetic field, the RF effects on the high epergy tatil
become much appreciable as 8., approaches /2. TFor 8,5 = 8p = 70°,

however, the height of the distribution function ai the injection speed,
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or the larger 7.,./E; region. Deviation of the approximated results from
the exact ones mainly comes from lower estimation of the deposited RY
power density, which is atiributed to the insufficient expression ol Fy{v)

for vzvy in Tg.(25).

4. NUMERICAL ANALYSI!

We study the ion tail formation by using a two—dimensional linearized
Fokker-TPlanck code. Stationary results are found from the time dependent
calculation. We investigate the Mextended-tail temperature” for the
angle—averaged distribution, Fg(vy, and that for the distribution,
f{v,8.s), at an azimuthal angle, 8 = 84,,;. The plasma parameter and the
NBI parameters are the same as those for Figs.l and 2; 7./7; = 1.1, EJ/T;
= 20, and IBNEI = 4,

In Fig.3 the increment of the "extended-tail temperature”, Af'l,;e, for
the angle-averaged distribution is plotted as a function of the deposited
RF power density, Pzv. The injection angle, 6;, is varied as 8; = =350°
( square ), 8y = *70° ( cross ), and 8; = 90° (triangle ). The result for
the nearly perpendicular injection { 8y = £70° ) is in good agreement with
the analytical results ( solid and dashed lines ). For the case of 8, =
90°, Af”l,f,, becomes larger than the analytical ones, and that for 8; = %50
becomes smaller. The relative difference is about 30%.

Next, we study the dependence of Af"l,e on the observation angle, 8gss.
Figure 4{a) shows contour lines of the distribution function in ( vy, v. )
space. The injection angle is chosen as 8, = =70°, and Pgr = 3. The
observation lines, 6, = 60°, 70°, and 80°, are given by dashed lines. The
distribution has the local maxima at the injection points, v = §.32 and 8
= 70", A large amount of anisotropy due to RF-induced diffusion is seen
from the figure. The distribution functions, F(v:/2,8,5s), for three 8,
values are also demonstrated in Fig.4(b), where Fy(v®/2) is shown for
comparison. The "extended—-tail temperature” at 8, — 80° is significantly
enhanced by RF—induced diffusion, while 47, at 8., = 50° is lower than
that for the angle-averaged distribution. At the injection angle, 8,5 =
By = 70°, ATUE becomes especially low, though the higher energy tail for
8.5: = 70° is enhanced more significantly than that for 8, = 60°. This
is interpreted as follows: Since the direction of RF-induced diffusion is
perpendicular to the magnetic field, the RF effects on ihe high energy tail
become much appreciable as 8.; approaches /2. For B8ups = 83 — 70°,

however, the height of the distribution funciion at the injection speed,
_8_
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vy, tends to be raised by the point source of NBI. This leads to the
sharp slope of the distribution at vy, and hence to the smaller
"extended—-tail temperature”. Relations between PRE- and ATU‘, for the
distributions, f(v,8..), al 8.5 = 60° ( ecircle ), 70° { triangle ), and 80°
( square ) are shown in Tig.5. The temperature increment, Af‘l/e, as a
funciion of Pze for flv,B,5) strongly depends upon f.,.. The scaling of
the "extended—tail temperature™ for each f(v,8.5:) should contain the effect
of anisotropy of the distribution. The temperature increment, z]f"l,:e, for

Q

Fy{v) and F(v) averaged over 8 = 50° — 90° are also plotted by crosses and
by asterisks, respectively. Although ﬂﬁ/e for f(v.,8g:) is much different
from that for Fu(v), 47,,. for F(v) agrees fairly well with that for
Fo(v). These numerical results indicate that a averaging disposition of
experimental data over f,,, is necessary for the data analysis by using the
scaling, Ig.{(27). The deposition of NBI and ICRF heating power Iis
spatially spread in a tokamak plasma. A charge—exchange neutral particle
pointing to the direcition of a diagnostic port corresponds to an ion with
a piich angle, 8,;, which is determined by a radial position of the
charge—exchange reaction. Therefore, the averaging disposition 1is

automatically breught about by this spatial effect in usual experiments.

5. DISCUSSTON

Recently, combined NBI and ICRI heating experiments were performed
in JT-60. The significant increase of the "extended—tail temperature” was
observed, and a linear relation of 4T,,, = 7, was found [8]. It was further
confirmed that the beam acceleration by ICRF occurs in the plasma core.
The radial spread of the power deposition region leads to spread in 8., of
the measured spectrum. Then, the angle-averaged distribution may be useful
to estimate the "extended-tail temperature”. Now, we compare these
experimental results with the present scaling, Eq.(27). We consider the
following situation: The hydrogen beam with E; = 60 keV is injected into
a hydrogen plasma with low impurity concentration {( A; =1, Z, = 1, and
n; = n. ). The power densities deposited near the plasma center are Pypr =
0.2 W/em® and Prp = 0.3 W/cm?. Since we take notice of the relation between
v, and 47,,,, we change values of n, and 7, with fixed 7; of 3 keV.

Figure 6 shows {a}) 47,,, versus n, and (b) 47,,. versus r,, which are
obtained {rom FEq.{27). Although 47,,, decreases with n, and increases with
T.,, the dependence of 47;,, on 7y is ‘not unigque. The result in Ref.[8] of

AT ;. = vy may come from special experimental conditions. In JT-60
_9__.
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vp, tends to be raised by the point source of NBI. This leads to the
sharp slope of the distribution at vy, and hence to the smalter
"extended—tail temperature”. Relations between IAJR[.- and AfTUe for the
distributions, f(v,8.,), at 8o = 60° ( circle ), 70° { triangle ), and 8&0°
{ square ) arc shown in Fig.5. The temperature increment, A’f‘ug, as a
function of Pzr for flv,8,,) strongly depends upon f.,.. The scaling of
the "extended—tail temperature” for each f(v,f8.) should contain the effect
of anisotropy of the distribution. The temperature increment, df‘l/e, for

o

Fy{v) and F(v) averagzed over 8 = 80° — 90° are also plotted by crosses and
by asterisks, respoectively. Although d’f’l/e for f(v.0,.) is much different
from that for Fy(v), A’f“lfe for f(v) agrees fairly well with that for
Fo{v). These numerical results indicate that a averaging disposition of
experimental data over 8,,, is necessary for the data analysis by using the
scaling, Eq.(27). The deposition of NBI and ICRF heating power Iis
spatially spread in a tokamak plasma. A charge—exchange neutral particle
pointing to the direction of a diagnostic port corresponds to an ion with
a pitch angle, 8,,, which is determined by a radial position of the
charge—exchange reaction. Therefore, the averaging disposition is

aufomatically brought about by this spatial effect in usual experiments.

2. DISCUSSION

Recently, combined NBI and ICRF heating experiments were performed
in JT-60. The signilicant increase of the "extended—tail temperature” was
observed, and a linear relation of 47,,, = v, was found [8]. It was further
confirmed that the beam acceleration by ICRF occurs in the plasma core.
The radial spread of the power deposition region leads to spread in 8, of

the measured spectrum. Then, the angle—-averaged distribution may be useful

to estimate the "extended—tail temperature”. Now, we compare these
experimental results with the present scaling, Eq.(27). We consider the
following situation: The hydrogen beam with E; = 60 keV is injected into
a hydrogen plasma with low impurity concentration {( A, = 1, Z;, = 1, and

n; = n. ). The power densities deposited near the plasma center are Pypr =
0.2 W/em® and Prp = 0.3 W/em?. Since we take notice of the relation between
r, and 47',., we change values of n, and T, with fixed T; of 3 keV.

Figure 6 shows {(a) 47,,. versus n, and (b) 47T,,, versus r,, which are
obtained from Eq.{(27). Although 47,,, decreases with n, and increases with
T., the dependence of 47,,, on 75 is ‘not unigue.  The result in Ref.[8] of

ATy, = t; may come Irom special experimental conditions. In JT-60
_9_
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/3

heating experiments, the relation of 7. «n.! has been ohtained

empirically, and the experimental results, A7, = r,, reduces to
-3/2

AT, = ng Therefore we adjust the analytical results by using this

relation. The n,—dependence and the r,~dependence of 47,,. given by Eq.(27)
wnder the relation, 7. = n,'’%, are shown by asterisks in the figures. The
reference point is chosen at n, = 2.7x10™ em ® and 7, = 3.4 keV, and Eq.(27)
gives 47y,, = 15.9 keV at this point { the parameters used in the former
sections, 7./7;, = 1.1, E/7;, = 20, and f’NB; = 4, correspond to this reference

32 in Fig.6(a) and a thick straight line,

point ). A thick curve, A7T;, = n,
AT 1,0%t, in Fig.6{(b} are drawn from each reference point, which well fit
the analytical results indicated by asterisks except in the low density
region. This fact is explained as follows: If 7. is proportional to n.”
{ ¢ > 0 )} for fixed values of Pypr, Pzrr, and T, Eqs.{28) and (28) show that

2+1 -1 =
Bai2tl o n,t around Pypr = 3, and

the n.~dependence of 47,,./7r, varies from n.
the linear relation, 47,,, = r,, can he seen in the transient region. Thus,
4Ty, is approximately proportional to ry as was found in Ref.[8], for the

'3 in the density range,

case of fixed Pypr, Pre, and T;, and of T, = n,
2.5x10" em™ < n, < 6.5%x10" em™.

Figure 7 shows the experimenially observed n.—dependence of 4T,,, with
the NBI power of ®yz = 4.9 — 6 MW and the ICRTF power of ®gr = 1.2 — 1.3
MW. The results for {de=n,20=0) phasing are plotied by open circles, where
{4¢,4€) indicates the toroidal and poloidal phase differences of the 2X2 loop
antenna array. The black circle is for {(0,0) phasing. These experimental

= AT, )} in Tig.3(a)

data were rearranged as the r,—dependence of 47T:*' {
of Ref.(8]. The crosses are based on the scaling, Eq.{(27), where values of
n. and T, are chosen as the same as the experimental ones while T; is
fixed 3 keV. The NBI power of ®xg; = 5§ MW and the ICRF power of ®gp =

¥ and

1.2 MW are converted into the beam power density of Pxp = 0.2 W/em
the RF power density of Prr = 0.25 W/cm®, respectively. The values based
on the scaling are consistent with the experimental ones for (#,0) phasing.
From the difference between the experimental result for {(0,0) phasing and
the corresponding theoretical one, the conversion raite of the ICRF power
into the power density will be of the order of one third of that for (x,0)
phasing.r This comes from the fact that the power deposition profile
becomes more centrally-peaked for (x,0) phasing than that for (0,0) phasing
[8].

The dependence of 47, on ®ng was also studied experimentally for
(6,0) phasing with Fgr = 1.7 MW, and the result was shown in Fig.20 of
Ref.18]. In Fig.8, we plot the ®ypi~dependence of 47,,, based on the scaling,

Eq.(27), by crosses with these experimental data ( ecireles ). The values
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of n, and 7, are chosen as tho samme as the exporimental ones while 75 is
fixed 3 keV. The RF power density, Par, is 0.12 W/cen®. The conversion rate
of By into Pyg is the same as in Fig.7. The conversion rate of @rr inte
Pgrr is one third of that for (2,0) phasing. The theorelical values based
on the scaling agreoe fairly well with the exporimental ones, It is
confirmed that AT, i3 almost independent of ®unr.

In this way, the present scaling of the "extended-tail temperature”
given by Eg.(27) is consistent with the data of the combined heating
experiments in JT-80, although the scaling is derived on the basis of the

fairly rough model.

6. CONCLUSION

The enhancement of the beam—induced tail tempsrature by the second
harmonic ICRF waves has been investigated. A simple scaling of the
"exfended—tail temperature” for an angle—averaged distribution with respect
to the deposited RF power density is presented. Numerical results for
nearly—perpendicular beam injection are in good agreesment with 1D analysis.
The simple scaling is also consistent with the dataz of combined heating
experiments in JT-60. The prescent analysis is useful to estimate the
coupled RF power density from the charge-exchange spectra. In the present
calculation the angle—averaged distribution is assumead to correspond to
the charge—exchange spectra. The exact bounce-average aspect including
the trapped particle effect on the "extended-tail temperature” is left for

future study.
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of n, and T, are chosen as thoe sanie as the expoerimcential ones while 7 is
fixed 3 keV. The RF powey density, Par, is 0.12 W/em®. The conversion rate
of ®uyr into Pyey is the same as in Fig.7. The conversion rate of ®rp inte
Pgrr is one third of that for (#,0) phasing. The theoretical values based
on the scaling agreooe fairly well with the expoerimantal ones. It is
confirmed that A1, is almost independent of ®uni.

In this way, ths prescent scaling of the "extended-tail temperature”
given by Eg.(27) is consistent with the data of the combined heating
experiments in JT-60, aithough the scaling is derived on the basis of the

fairly rough model.

6. CONCLUSION

The enhancement of the beam—induced tail temparature by the second
harmonic ICRY waves has been investigated. A simple scaling of the
"extended—tail temperature” for an angle—averaged distribution with respect
to the deposited RF power density is presented. Numerical results for
nearly-perpendicular beam injection are in good agreemment with 1D analysis.
The simple scaling is also consistent with the dataz of combined heating
experiments in JT-606. The present analysis is useful to estimate the
coupled RF power density from the charge-exchange spectra. In the present
calculation the angle—averaged distribution is assumed to correspond to
the charge-exchange spectra. The exact bounce-average aspect including
the trapped particle effect on the extended-tail temperature” is left for

future study.
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of n., and T, ave chosen as the same as the experimental opes while 77 is
fixed 3 keV. The R¥ power density, Pae, is 0.12 W/cin®., The conversion rate
of @y into Prg: is the same as in Fig.7. The conversion rate of Frr into
Prr is one third of that for (z,0) phasing. The theorelical values based
on the scaling agreo fairly well with ihe exporimental ones, It is
confirmed that ATy, is almest independent of ®ump.

In this way, tho prescnt scaling of the 7extended-tail temperature”
given by Eg.{(27) is consistent with the data of the combined heating
experiments in JT-§0, although the scaling is derived on the basis of the

fairly rough model.
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The simple scaling is also consisteni with the data of combined heating
experiments in JT-60. The present analysis is usefu!l to estimate the
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calculation the angle—averaged distribution is assumesd to correspond to
the charge—exchange spectra. The exact bounce-average aspect including
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Fig. 1 Angle-averaged distribution fumction, Fy(v'/2}, for combined NBI
and ICRF heating. Energy is normalized by T;. Parameters are
TJ/T: = 1.1, E/T: = 20, Pusi = 4, and K, is varied as (a) 0, (b)
0.5, (¢) 1.0, and (d} 1.5.

~

Kz

Fig'. 2 Dependence of Par on K;. Parameters are the same as those for
Fig. 1 except values of ;. {a} <Fre>u { =12 K. ) is deposited RF
power density for fixed Maxwellian distribution, (b) <Ppe>s [for
fixed distribution with only heam-induced tail, and {c) Pgpe for

exact distribution given by Eg.{13).
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Fig. 3 Relation between Pge and df"u.. Parameters ars the same as those
for Figs. 1 and 2. Analytical result by exact sclution in Section
2 is shown by dashed line, and approximated relation of Eq.(27) is
shown by solid line. Also shewn are 2D numerical results of d’f‘m
s

for Fy(v}. Injection angles are 8; = %50° ( sguare ), =70

{ cross ), and 907 { triang‘le ).

Bobs = 80 (G)r

Bobs = 70°

Oobs = 60°

-10 -5 0 5 10
Vi

Fig. 4(a) Contour .lines of distribution function in { v, v. ) sprce for
combined NBI and ICRF heating. Parameters are T./Ti = 1.1,
Eo/T; = 20, Pys = 4, 8; = £70°, and Prr = 3. Observation lines

a

for 84, = 60°, 70°, and 80° are given by dashed lines.
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10

7.5

Fig. 5 Relation between Par znd &7, for distributions, f(v,8.s), at
Bies = 60° ( circle ), 70° ( triangle ), 80° ( square ), and for
Fo(v) { cross ) and F(v) ( asterisk ). Parameters are the same

as those for Fig. 4 except value of Pgr.
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30

ATl/e { ke¥ )

Fig. 6{(a} Dependence of 4T,,, on n, for varicus T, values. Parameters are
Ac =1, Zi =1, n; = n,, Ty = 3 keV, E; = G0 keV, Pypr = 0.2
W/em?, and Ppr = 0.3 W/em®. Asterisks show relations urder

~1/3
. .

constraint of T, = n Thick line indicates 4Ty, = ni*'".

(b)

AT e (ke )

I
0 0.5 1.0 1.5 2.0
Tg { sec )

Fig. 6(b) Dependence of 47T,,, on r, for various T, values. Parameters are

the same as those for Fig.6(a). Asterisks show relations under

constraint of T, = r;'?. Thick line indicates 47, = z,.
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Fig. T Dependence of 4T,,, on n,. Experimental vajues with ®ge = 1.2 -

Fig. 8

1.3 MW and ®we: = 4.2 - 6 MW are plotted by open circles for
(x,0) phasing and by black c¢ircle for (0,0) phasing. Crosses are
based on the scaling, Eq.(27), with T; of 3 keV. It is assumed that
®upr = 5 MW and ®gr = 1.2 MW correspond to Py = 0.2 W/em® and

Par = 0.25 W/em®, respectively.

10 T I l l
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®rpp M)
Dependence of #7:,, on ®Pyg. Experimental values for (08,0) phasing

with Page = 1.7 MW are plotted by cireles. Crosses are based on
the secaling, Eg.(27), witﬁ T, of 3 keV and Pgr of 0.12 W/em?.
Conversion rate of ®ge into Pyr for (0,0) phasing is assumed to be
one third of that for (x,0) phasing in Fig.7, while the conversion

rate of ®Pyp; into Pyp is the same as in Fig.7.



