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Mechanism for ion heating by lower hybrid waves

Hirotada Abe

Department of Electronics, Kyoto University, Kyoto 606, Japan

ABSTRACT

The heating mechanism of ions due to lower hybrid waves is

studied computationally. In the usual lower hybrid wave heating

of tokamaks, almost all the wave energy transferred to ions is

consumed in producing the high-energy tail. This occurs even in

the presence of the moderate parametric instability. In most

cases, therefore, the main heating mechanism must be reduced to

collisional relaxations from the high-energy tail of ion to the bulk.
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In experiments of the lower hybrid wave heating, considerable

1-4
increase of the ion temperature has been observed. To the

best of our knowledge, the energy-flow channel to the ions has not

been identified yet. If this energy channel is identified, we can

respond by altering experimental situation to produce more

favourable heating results.

Recently, it has been suggested theoretically and numerically,'

that the direct absorption of the wave energy to the bulk is

small compared with that to the high-energy tail. The result of

a self-consistent particle simulation has also shown that most of

the increase of the ion kinetic energy can be explained by the

formation of the high-energy tail. Furthermore, it is lately

suggested that the high-energy tail of the ions can heat the bulk.

In this simulation, however, a small mass ratio nv̂ /m was used, and

growth of the parametric instability was artifically inhibitted.

In the theory,' only motion of the particle in the given field was

analyzed. In addition, it has not been predicted how much the

stochastic acceleration ' owes to the bulk heating compared with

the other possible mechanisms. For example, the role of the

parametric instability has not been discussed. Therefore, we should

require more work and caution in considering the ion heating

mechanism in the present tokamaks.

In this letter, we will show simulation results concerning

lower hybrid wave heating, analyze these results, predict the most

likely energy-flow channel to the ions, and consider a method of

increasing the heating efficiency of ion.
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We have improved the previous model slightly: a two and

one-half dimensional (x,z,v ,v ,v ) system of the slab geometry is

immersed in a tilting magnetic field B=BQ(cos9z+sin9y); the initial

plasma density increases in the x direction as exp(tcx); when a

particle hits the li.miter in the lower density side, a new particle

is recycled with a random velocity whose standard deviation is the

initial thermal velocity.

Here, we present the results of two runs (called run 1 and

run 2). For run 1, simulation parameters are as follows;

128(x)x256(z) grids; m./m =100; the initial temperature difference

Te0/Ti0=4' V f i i = 7 - 3 ' k"0rLi0=0-087; rLi0 = 1 4 ; V ( k»0 VTe0 ) = 5- 9»

9=75.52°, where m is the pump frequency, knQ the pump parallel

wave number, r ._ and v_ _ are the initial Larmor radius of ion
Liu leu

and thermal velocity of electron, and grid size is taken to unity.

The maximum wave potential amplitude near the plasma surface,

q<j> /T . , is about 1.5. For run 2, we changed 9=86.42°, reduced

the number of the z-directional grids to 64 in order to keep other

quantities such as kllnrT._ the same, and increased the external

current exciting the lower hybrid wave by a factor of 9.

We chose the parallel resonant velocity v,, =(uQ-7n. )/k1IQ as

4.89 V... . In this case, the effects of the resonant stochastic

acceleration can be neglected in spite of the low "0/n• • because

the resonant particle with this v,,r does not exist. Therefore, we can

study the nonresonant stochastic acceleration, which is dominant in

the usual lower hybrid wave heating of the tokamaks (w./fi. = 20 - 40).

The linear dispersion relations of both runs are the same.
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For minimum density (w /Q ) =0.05 located at x=13, kj_r/kII0 is

about 3, where kj_ is a real perpendicular wave number. Up to x=

114, where (o> /Q )2=0.6, k, /k,,n increases to about 20. From this
pe e J-T u

point to a point of the maximum density (uD(S/
n
e) =0-75, the strong wave

damping appears and so kx./k rises rapidly, where kXi is the

imaginary part of the perpendicular wave number.

We observed interferograms of the electrostatic potential

4> with the pumping signal at times u)Qt/27r=6, 18, and 48, for run 1.

At time uot/2TT=6, the wave penetrates with little damping and

damps rapidly after x=100 in accordance with the prediction of the

linear dispersion relation. As the time evolves, the plasma kinetic

energy is increased, as shown later. Therefore, the dispersion

relation changes gradually from that of the initial one and slight

spatial wave damping can been seen in the whole region of the

plasma at w t/2ir=18 and 48. This phenomenon is the same as that

observed in Ref. 7. Because of the smaller k.^r .Q , however, this

damping is weaker than in the previous simulation results. Here, we

should note that the wave is purely monochromatic in the whole region.

In Fig. l(a), we see change of x-dependent densities at times

ci)gt/2TT=24 and 48. This shows that the ion density increases almost

exponentially and slightly deviates from the initial one. figure

l(b) shows that the mean perpendicular kinetic energy increases

in the lower density side than in the higher density side.

However, this rather unfavourite result is presumed to be caused by

very large Larmor radii of the fast ions accelerated by the wave.

Exr sion length of the fast ions is enough large to wander from
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the higher density region to the lower density region, because

the x-directional system size limited from the computational reason

is too small. In order to confirm this presumption, we have

calculated increase of the mean ion kinetic energy on the assumption

that each ion returns to its initial position with its final velocity.

This result is shown by the dotted line in Fig. 1 (b). Compared with

the calculation without assumption (solid line), the point of the

maximum increase shifts to the higher density side, where the wave

damps. Therefore, we can expect that the maximum increase of the

mean perpendicular kinetic energy of ion exists near the deepest

region, if the system size is sufficiently large. This is a

reasonable conclusion and predicts a condition for obtaining favourable

heating results. Namely, the fast ions should be well confined

in the plasma center.

Figure 1(c) shows an x-dependent energy deposit, which indicates

where the wave energy is absorbed. This figure shows that the energy

deposition is maximum near the position where the wave damps rapidly

in the higher density region, although some fast ions escape the

high-density region. In Fig. l(d), we show ion perpendicular

energy distributions. Increase of the temperature of the bulk ion

is small compared with increase of the ion perpendicular kinetic

energy, as is predicted in Ref. 6. Therefore, almost all the

wave energy transferred to ions is absorbed by the high-energy tail.

In run 2, we observed the strong surface damping of the wave

which is not seen in run 1. The wave damps exponentially in space

from the plasma surface to the position of x=20 by a factor of about
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10. After that, the wave damping is moderate. This surface

damping of the wave is originated by too high amplitude of the

wave source, but is not a subject for discussion in this letter.

We have studied the wave spectra in detail. Near the plasma

surface, the wave is monochromatic and its amplitude damps strongly

in accordance with the surface damping of interferogram of <j>.

With further spatial damping of the wave, side-band modes of the

pump wave and a low frequency mode appear. In Fig. 2(a)-{c), we

see the most prominent wave frequency spectra calculated at

x=60, 76, and 84. These show a typical growth of the parametric

instability. In Fig. 3 (a), we show the ion perpendicular energy

distributions. In the region where the parametric instability is

observed, increase of the ion perpendicular kinetic energy is about

400 % and that of the bulk temperature is less than 100 %. Even

in this case, it can be said that the considerable wave energy is

consumed in producing the high-energy tail.

In order to examine the effects of the parametric instability

on the bulk ion heating furthermore, we have carried out numerical

calculations which are extended from the case of the monochromatic

wave to the case of the wave with some modes. As an example, we

calculated the case of the wave composed of a main mode with

w=20.4 ft. and four lower side-band modes with u=16.1, 17.2, 18.5,

and 19.3 n^ , as shown in Fig. 2(d). Here, we chose the wave power

of the side-band modes same as that of the main mode. In this case,

we have observed production of the high-energy tail also, but not

•-'.served increase of the bulk temperature except for a case of the
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extremely high wave power, as shown in Fig. 3(b). Increase of

the perpendicular kinetic energy is clearly larger than in the

single mode, if their wave powers are the same. Next, we replaced

two modes with u=16.1 and 17.2 Q. by the modes with u=1.05 and 1.90 fi.

by way of trial. In this case, we observed increase of the bulk

temperature comparable to that associated with the high-energy tail.

In other words, the low frequency modes play an important role in the

direct bulk heating, while the side-band modes do not contribute to it.

In the presence of the moderate parametric instability in the

plasma center, therefore, the low frequency modes with w/ft,̂  < 3 can heat

the bulk ion directly. If the ratio of the wave energy associated

with the low-frequency modes to that with the high-frequency modes

is the order of lo" 1 or less than 10~ , however, the energy deposited

by ±he high-energy tail of ion exceeds that by the bulk ion.

From these computational results, we can predict the main energy

flow-channel to ion in most cases of the lower hybrid wave heating

of the tokamaks: A large part of the wave energy is absorbed by the

high-energy tail primarily for the waves with frequency uQ/fi. = 2 0 - 4 0 .

2 — 4In tokamaks with enough confinement time of the fast ions, the

high-energy tail can heat the bulk ion due to ion-ion collision

secondarily. In small tokamaks without confinement of the fast

ions, it is not strange that the high-energy tail <̂ an be observed

but the bulk heating cannot be detected, as indicated in Ref. 8.

The multi-modes wave considerably increases the number of the

fast ions, compared with the case of the monochromatic wave. This

fact suggests a method of improving the heating efficiency:
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In the lower hybrid wave, a few or more modes should be launched

into plasma from their own antennas and focused in the plasma

center. This method will produce more fast ions in the plasma

center and less fast ions in the plasma periphery. Furthermore,

it is very interesting to focus the waves of the different types,

for example, the lower hyrbid waves and ion cyclotron waves. This

may increase the heating efficiency of the both waves. Further

studies are needed to be done for quantitative arguments.

This work was partially supported by the Grant-in-Aids for

Scientific Research of the Ministry of Education, Science and

Culture in Japan and carried out under the Collaborating Research

Program at Institute of Plasma Physics, Nagoya University.
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FIGURE CAPTIONS

Fig. 1. Temporal and spatial changes after heating on run 1.

The arrows mean changes from the intermediate time o)t/2Tr=24 and

to final time 48. (a) the x-dependent density distributions; (b)

the x-dependent increases of the mean perpendicular kinetic energy

of ion. The dotted lines shows the calculation suggesting the

result in much larger system than that in this simulation; (c) the

x-dependent energy deposit; (a) Ion perpedicular energy distributions.

The definition of U is given in Eq. (26) in Ref. 6. Each symbol

indicates the area shown in Fig. l(c).

Fig. 2. Frequency spectra of the waves, (a)-(c) on run 2; (d) a

monochromatic frequency spectrum (a slender line) and one of multi-

modes (fat lines) which are used in the numerical calculation.

Fig. 3. Ion perpendicular energy distributions, (a) on run 2.

Each sysmbol indicates the area shown in Fig. l(c); (b) the

results of the numerical calculations. The open symbols concern

2 2

to the monochromatic waves where a=kj_q<t>0/m. Q. and the black symbols

to the waves with the lower side-band modes. Each pair of the

same symbols indicates the waves with the same power. The

parameters for the monochromatic wave are the L,ame as in case 6

presented in Ref. 6 except for the wave power. The dotted line

shows the position of U=u /kx .



ENERGY DEPOSIT
(arbitrary units)

O i-

O
O

O
o

uoi

_

c- v ro

3"

t

no >
Do t>

o »

DO X

D O?
O >

O x O t>
D

a
a o

D o
D o

• o *>
!> y>

>x

> x

x

X

X

» D>
o v£>

x>
«•

o-

CD
• > "

ID
CD"

f O -

0.25

1
1

1

o JO
en " • M

(

1
II

M

e

X»

CD



IV)

o
en

O

1.5

o

f"

•

(arbitrary
—» ro

X
il

00

units)
CO

I

• e
ar
e

rsi

n

(arbitrary units)

P
ui

-»

o

en

2.0

I

-

- £\S
o

—* ro
! _ . . l

X
II

CO

s

p
en

o

(arbitrary units)
ro eo

05

o

cn

2.0

(arbitrary units)
—> N ) CO

' x !

- ~ ~ ^ -J 1

s^ — -
1

o

-e |e
o

(~\

£



I

-5.

10.

5"F
(U

)

k *
PAfC^^A,
ID °1^3DSo°oO<

- \ ^

\5'.
" l *̂*.

1^
la.

lor
' rion 

1

1 ° * A

a

• L

(a)

K

A

° 6
D D o

A

0 100 200

. . ( b )

a = 10.8
a =21.7
a =86.7

U2/V?o
200

Fig.3


