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ABSTRACT

2pplications of Radic Freguency to a tokamak diverter plasma for
improvement of its reactor relevancy is studied and proposed. RF
is applied to a diverter region of a tokamak by use of wave
guide launcherg on comnsideration of a reactor environment. Since
the ponderomotive force is dependent on the charge to massg ratio
of iong, various useful applications are considered. They covers
scme of the recent kKey issues in the developmental research
toward nuclear fusion: the reduction of the heat load on the
diverter plate, improvement of tritium inventory, impurity

contrcl, and heiium ash removal.
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I. INTRCODUCTION

2 1ot of achievements have been made in the area of application
of RF to controlled thermonuclear fusion. Particularly, its
application to plasma heating and current drive were so
successful that they are envisaged as key components in the
International Tcokamak Engineering Reactor( ITER ). Thanks to
the design work done in the CDA({ conceptual design activity ),
one can now conceive of a concept of ITER. EDA ({ Engineering
Design Activity} began since 1992, where a more so0lid design is
required based on the verification of the ideas via Research and
Development (R&D) activities. Notwithstanding the recent
progress shown in the big three tokamaks, it seems that there
are some more problems to be solved before self-consistent
design has been accomplished. They include: 1) reduction of heat
load on the first wall, 2} alpha particle exhaust,
3)improvement of tritium inventory, 3) Impurity control, and 4)
some new ways of current drive with high efficiency. In this
paper, we try to give an assessment for applications of RF for
such problems by use of non-rescnant wave particle interactions.
In section II, the forces acting on charged particles are
classified into four parts. One of them is called pondercmotive
force for which we will review a few integral results as base of
the idea that we propose in this paper. In section III, 2
conceptual design of RF application which may withstand the
reactor like environments is presented. In section IV, discussed

are the possible contributions of such configuration by



clarifyving related physics.

II. CLASSIFICATION OF THE FORCE ACTING ON PARTICLES.

In the discussion of this direction of research, we find it
very convenient to use the formila proposed by PFukuyama and

Itoh et al.[1l]:
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It has been known for long time that dissipative part of plasma
response function to the applied rf is related to the wave
particle interaction which accompanies energy and momentum
transfer from wave to particies. The former has been used in
plasma heating and the latter has been used in current drive.
The first term in Eg.l corresponds to this part of the effect of
RF field onn the plasma.

The second term which is proportional to k is related to wave

refraction. The third therm, refered to as ponderomotive force,




has a form of gradient of a scaler potential. This term,
vanishing when integrated over the plasma volume, does not yield
any net force useful for current drive. However, it has been
long used for suppression of the end loss of an open end
confinement systemi3].

The 4th term, which has a form of divergence of a tensor, was
recently recognized as related to helicity injecticn. Since the
applications of the dissipative part has been so intensively
studied, we put more emphasis on the other three forces.

The 3rd term in Eg.l is called ponderomotive force. With well

known elements of the dielectric tensor given below,
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the well known formula of ponderomctive force is reproduced:
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Since the first term dominates when RF freguency is chosen
close to the cycletron freguency, we will igmore the second term

in the following arguments for simplicity. As obviously seen in



Eg.3, the gradient of wave field creates a force that expels
particles if w 7w ¢.J. On the contrary, particles are attracted

w <

when ®e.j. If the electric field has gradient along the

magnetic field, this force can be used for end plugging of an
open-ended devise. This was the concept that guided RFC-XX
project {3].

Figure 1 shows an experimental setup used in the principle proof
of this idea . RF was applied by use of a pair of parallel plate
electrodes. The end loss flux was measured by so called Faraday
cups, or, in order to separate the species, time of flight type
analyzer was used alternatively.

In Fig.2, shown is the experimental data demonstrating the
reduction of the end loss of respective species. It is clearly
shown that the degree of reduction is dependent on the applied
frequency. End loss of each species is preferentially reduced
with the corresponding ion cyclotron frequency. This is
qualitatively comsistent with the prediction of Eg. 3. With more
close look at Fig.2, one may find the difference of the
experimentally cbtained optimum frequencies from their
correspondent cyclotron freguency. This is explained in terms of
the cellective response of the plasma to the RF fieldls].
However, this is not the subject of this paper and will not be
discussed in this article in any more detail.

As the applied RF field is changed, the loss flux, «, decreases.

Ag shown in Fig.3, the dependence of ¢ on RF field intensity may

2
be cast into a form of A =exp(-Cc-E”) with ¢, a constant.



As an application of the force parallel to the magnetic field
line, We may refer to the work by Ohkawa[5]}. Here, ponderomotive
force on electrons is applied in the diverter region, aiming at
a formation of thermal barrier in order to facilitate an easier
access to E-mode. Our proposal here contrasts to theirs by that
we use the force acting on ions taking advantage of being mass

and charge dependent.

= 2
Equation 1. predicts that there is force proportional to Vthl

- 2
besides tLhe force parallel to V//hL'. The application of this

force has been examined theoretically and experimentally by
several authors: Yasaka et al [6] proposed to use this force for
the stabilization of interchange mode in a Mirror confinement
system by compensating the bad curvature and demonstrated in a
experiment. Successively, application of this force to
stabilization of tokamak plasma against ballooning mode has been
proposed by D'Ippolito et al.[7]. These theory and experiments
dealt with the force acting on ions but, if we trace back
history, we find alsc the work done by Magda et al. [8] which

dealt with the force acting on the electrons.

IIT. A WAY OF APPLICATIONS OF RF TO IMPROVE REACTOR

PERFORMANCE.

Here, in this paper, we propose to use ponderomotive force in
the diverter region of a tokamak reactor. Let us imagine a set

up shown in Fig.4. To make the circumstance clear, it has ITER
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like magnetic configuracion with either single null or double
null diverters, it has large space outside the plasma core from
the engineering requirement of having a blanket. We suppose that
the plasma discharge is in a L-mode with comparatively low edge
electron and ion temperatures.

In the bottom of the Fig.4, drawn are two wave gquides which are
introduced to apply the RF field in order to create the
ponderomotive force. Drawn also are pumping ducts; recently a
pumped diverter is assumed as a key function in reactor designs.

Fig.5 gives an idea about how this proposal locks like 3-

dimensionally. The number of wave guide is typically Ng/2 with

No the number of toroidal ceoils. The same number of pumping

ducts are envisaged next to each other.

a) Electrostatic excitation of the wave (n=0 mode)

We are considering the case in which RF is applied
perpendiculariy to the magnetic field. There may be several
ways in application of rf field. The one shown in Fig.5 is
specified as n=0 mode with, n, the toroidal mode number. The

toroidal trough structure shown in Fig.5 is a kind of resonator.

The horizontal extension £y is around a quarter of the free

space wave length and the height ta is optimize in the folliowing

congideration: for n=0 mode there is no RF magnetic field
leaking out of the rescnator. Only the RF electric field leaks

out to the diverter leg plasma. This fringe effect is stronger

with larger value of £2 . Therefor a large £2 5g favorable in

B




order to cbtain large ponderomotive force. On the other hand the

impedance of the resonator is lower with smaller £ , which is

favored from the technical point of view.

It is noted that the field lines at the mull point direct
toroidal direction. Figure 6{a) shows the way they whirl out
from the null point along the diverter leg. Here, poloidal
component of the static magnetic field is exaggerated for
jllustration; magnetic field lines of force do not deviate much
from the torcidal direction. Since the rf field is in the
poleoidal direction , we are setting a situation to use the first

term in Eg.3.

b} Magnetic excitation of the wave.

The application of RF via magnetic field has been proven its
better quality compared to electro-static one in many ICRF
heating experiments. The better performances of magnetic
coupling have also been shown in the application of RF to cpen-
end confinement system{9]. However, as we noticed in the
previous subsection, we cannot obtain magnetic field extend out
to the plasma as long as we work with n=0 mode. Therefore, we
gser the structure shown in Fig.7 and analyze the consegquences.

The toroidal trough is separated in 2N sections, each extending

for 0 =T/ N ip toroidal angle. Then TE-mode is excited in each

separated troughs with hp=2-9o R along the toroidal

extension. The electric field is mostly perpendicular to the

magnetic field and magnetic field can now leak out to the



plasma. The height of the resonator, 62, will be determined in

the similar way as subsection {a). The depth of it, fl, is now

given by

(= 14« (g -ang?? 7" @

where, A is the wave length in the free space. If there is

not encugh room to implement £y given by Eg.4, a folded

structure shown in Fig.8 will be used. The phase between the
adjacent resonators can basically be either in-phase, opposite-
prhase, or dephased by changing frequencies relatively. Different
from the ordinary case of plasma heating or current drive, the
plan here does not need to heat particles. We need to minimize
the wave absorption by particles, specifically by ions, in order
to reduce the circulating power and impurity generation. This
kind of idea, referred to as adiabaticity condition, was
clarified several years age in the context of RF Plugging of an
open end loss{10]. Aveoiding rigorous argument, this condition is

given by

w—wc’iséwz (@E/GQ)IE‘VT’i . (5)

reverse of which is well known as matching condition in the
field of plasma heating and current drive. Here, / is the length
along the magnetic field line. The hight of the ponderomotive

potential is expressed by



(6}

in terms of the d defined in Eg.5. Therefore, 1/(2d) is regarded
as a potential enhancement factor. We need to take d as small as
possible without violating the inequality (5).

With the instrumental set up shown in Fig.7, the potential
contours and magnetic field lines intersects in the way shown in
Fig.6(b). As it is clear in the comparison between Fig.&6(a) and
Fig.6(b), the scale length of RF field for n=0 and n=N cases are

given respectively by

L = (B-VE’/(B/E®) = (B,/B) + (1/E?) GE* /8¢, (7
and
L = (B-VE?/(B/E%) =N-(xR)'+(B,/B) + ( /E?) ©E’10¢,) (8

Here, Bp, the pclcoidal magnetic field, is small near the null
point making the first term of Eg.8 dominant. Therefore, we

obtain from Eg. 5

0 > vr,j/(Rogw) 9



Rog=R(n/N)

Here, is the toroidal extension of the rescnator

which should be reasonably large in order to minimize &.

It contrast tce the analysis by Ohkawa [5] that a locally applied
ponderomctive potential works well because the magnetic field
points essentially the toroidal directicn. It shcould be
mentioned that ponderomotive force on electrons is treated in

that paper where the inequality ¢ is satisfied more easily due

to its V Me dependence.

IV. VARIOUS PCSSIBLE BFFECTS OF PONDEROMOTIVE FQORCE
(1) Reduction of the heat load

One of the problems to be sclved in successfully launching a
reactor grade devices is the reduction of the heat load on the
diverter plate. Though there may be scme efforts to increase
radiation loss from the edge of the main body of the plasma,
some fraction of the total heat lcad will be conveved by
particles to diverter plate. Since this heat load is estimated
to be so high that any existing material cannot endure, the
remaining things to do is to disperse the width of the diverter
leg so that heat deposition per unit area on the diverter plate
ig small. In the estimation of the diverter heat load, diffusion
of the particles across the magnetic lines of force as they
traveis along the magnetic field. Here, it is customary that

Bohm type ancmalous diffusivity is used in diverter modelings,
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which certainly assumes the presence of turbulence caused by
some types of plasma instability. We propose to apply the
penderomctive force in order to increase the bad curvature. The
plasma in the diverter leg has a sharp density gradient on both
side of the separatrix. wWhen pondero-motive force is applied,

one of the sides satisfying

2
- S 5 v | L % lEiI >

2 _ 2.
Zmy e’ -wg

< 0 (10)

will be subject to interchange type instability and increase the
diffusivity. Subseguently, the thickness of the diverter leg is
increased and dispersion of the heat flux at the first wall is
attained relaxing the reguirement imposed on the material.
Though we may pay attention to any of the ion species specified
by the subscript j in Eg.l10, let us lmagine deuterium for
example with a frequency a little higher than deuterium
cyciotron frequency. Under this circumstance, this scenario is
compatible with the different use of the ponderomotive force
shown in subsection (2) and (3). Finally, we note that the
effect of the ponderomotive force on the plasma stability was
demcnstrated in several experiments as mentioned in the
introduction: Yasaka et al [6] and Magda et al.({8}. The former
used the force acting on ions and the latter used the force on
electrons. Figure 9 shows existing data base showing such

effect [3]. Here, an experimental setup as shown in Fig.l is used
and the spacial spread across the sheet plasma was measured. It

is clearly demonstrated that the maximum heat lcad is reduced by
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a factor larger than 10.
As an alternative set up, one can apply the RF from both side

of the diverter plasma. Then, electric field E may take a
— & 2
parabolic profile across the diverter plasma giving VP*VE

negative definite value across the diverter plasma. In such an
experimental set up, the frequency must be chosen clcse but
slightly lower frequency than the cyclotron frequency of chosen

ion species.

(2} The application of pondercomotive force to improvement of

tritium inventory.

Since there is no plentiful tritium rescurces in the world and
due to its harmfulness teo human bodies, economy of tritium is
listed as one of the important issues in nuclear fusion [12]. We
can take advantage of the fact that the ponderomotive force on
ions is dependent on the charge to mass ratio in the application
to this problem. Fig.l0 show the case where a frequency slightly
higher than tritium cyclotron frequency is applied. In this
case, the potential isg positive for tritium and negative for
deuterium. The tritium ions with energy lower than the potential
barrier is reflected back to the main body of the plasma causing

a reduction of tritium particle flow by a factor of

Rt = exp(-d7/Tt) (1D
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This minimizes the waste tritium feed to

NT-NTpum= Np-Rp/T, 7 12)

As an example we consider following parameters:

TT=TD=T3=2GOCV TH3=6006V BTEST

and ., If we choose

w=Llw. 1 and E=3kV/cm, the peak value of the potentials, ¢T]

¢D, and b He are estimated to be 270V, -70V and -170V,

respectively . Typically, RF field of E=5kV/cm, should creates
the potential barrier of 750ev reducing the tritium loss flux by

factor of 1/40.

{3} The application of ponderomotive force to helium ash

removal.

The scenarioc shown above provides a effective way of tritium

saving, by which He ash is exhausted relatively to tritium. It

is possible as well to apply two frequencies: %1 glightly

higher than tritium cyclotron fregquency and @2 slightly higher

than deuterium cyclotron fregquency . Deuterium inventory, as
well as tritium inventory, is improved in this case. However,
because there are no difference in the Z/M ratio between
deuterium and He ions, Eg. (3) indicates that the ponderomotive

force is positive to He ions. Therefore, the applicaticn of

13



seceond frequency in not always beneficial from He ash removal
point of view.

However, 1t is quite probabkle that peripheral He temperature is
higher than other fuel ions. The edge Helium temperature is
determined in the process that Alpha particles born at the
center cof the plasma, reduces energy in the collisions with
electrons, and diffuses out toward plasma periphery. The
peripheral ion temperature of fuel ions are determined in the
process that it gets energy mostly from electrons at the core
region and lose it in heat diffusion. If there is a difference
between helium icn temperature and fuel ion temperatures, there

is the difference in the recycling rates whose ratio is given by

NMgep "R I Rp=exp{ -y / Tyge + ¢p/ Tp) (13)

NueT=Rpge /RT=exp(~ e / Tge+ &1/ Typ) (14) |

w1=L1wcj: wy=Llwg p, E,;=3kV/cm

With parameters , and

EZ==4}df/un’ the potentials, ¢T’ ¢D, and P He are calculated

to be 320V, 230V, and 460 V, respectively, as shown in Fig. 11.
This yields a modest values of the figure of merits: 7n{He,D}=
1.618 and n(He, T)=2.54. However, if edge He temperatures is
around lkeV, they are enhanced toe nN{He,D)=3.3 and N (He, T)=6.6

with B1=3.9/cm Ep=52kV/em  qqq

and the degree of

improvement depends on the difference of the He ion temperature

and those of fuels. As the degradation of glcbal ion particle
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confinement at high density is reported from many tckamaks. Such
critical density is reached with smallier amount of fuel gas
puffing with the pondercmctive barrier using two frequencies.
The glcbal confinement of the core plasma( including He ash )
will then be degraded in proportion to the amount of gas
puffing.

Throughout this paper, the model was simplified as much as
poessible. The role of the space potential, however, should be
briefly mentioned. The reduction of the end loss will raise the
space potential of the plasma relative to the wall potential in
order to balance the electron and fuel end losses. It is known

that the potential created in such a manner is given by

¢s=(ze!Te+zﬁdide)ﬂ'¢md[de (15)

as He ash and impurity ions are treated as trace amount. This

reduces the potential barrier of the He ash to

Rpge = &P ( (- ®pe *Zye 0s5) /The ). (16)

When the effect of space potential is correctly taken into
consideration, the recycling reduction rate expressed by Egs. 13-

14 is Improved by a factor of

Gs=exp(~(Zpe/Toe ~Z et/ Tne ) ds) {7

Due to the difference of Z between He and fuel ions, Eg.17

135



suggests that the space potential aids in pumping out He ash.
Thus, inclusion of the space potential facilitates the idea of
He ash removal even in the case of absence of tamperature

difference.

4) Impurity control

The same experimental set up as introduced in the previous
subsections are useful also for impurity control which is one of
the key issues in a tokamak reactor design.

In order for ponderomotive potential to be used for impurity
control, potentials for impurity icons must be negative or
sufficiently small while keeping those for fuel ions high.

The effectiveness of this scheme may vary acccording to the
assumed electron temperature and alsc may be dependent on the
chosen fregquency. In order te avoid too many variationg , we
assume the same experimental set up as the previous section and
describe the contribution of the ponderomotive force.

Two frequencies “1°7 Lla ¢.T and W2~ Ll ¢,D a5 described in the

previous section are used. The impurity ion temperature as well
as electron temperature is assumed to be same as those of fuel
ionsg, 1.e., ~200eV.

Attenticn is paild to the fact that the degree of ionization
proceeds as electron temperature increases and with Te~ 200ev
impurity ioms are populated over the varicus ionization stages
Zy

with My ranging mostly from 1/2 to 1/3. The ions with

Zy /My close to 1/2 feels the positive potential caused by the

16



RF field with frequency OJ2:1'1"30,[); thig effect is rather

harmful. However, as Z1 /My decreases from 1/2, the negative

ponderomotive potential due to the RF field with frecquency

wy= Ll®r jncreases rapidly to cancel out the pesitive

potential. The complete cancellation occurs at

Z1=YB3II8(M[/Mp)Zp(w;/w, p)=09Z (18)

That means most impurity particles feels negative potentials so
that impurity ions are pumped out effectively. Inclusion of

space potential intc comnsideration yields the recycling rate,

Ry=exp((~d1+Z1-ds)/Ty) (19)

from the similar calculation as FEg.16. The effect of space

potential is much larger for impurity confinement than for other
species, because Zy is larger compared to those of others.

Therefore, the application of ponderomotive potential to

impurity control is also promissing.

V. DISCUSSIONS

In specifying the hardware in section III, particular attention

has been made to the fact that such equipment is durable against
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the given neutron environment in a reactor use. Particularly,
the use of week component like ceramic feed through was avoided.
The size of the feeder wave guide may not be large enough to
transmit the RF in VHF band. However, recent progress in ridged
wave guide[l4] and folded wave guide[l5] almost get this concern
away. Though this paper does not specifies coupling structure
between the feeder to the resomator, there should be many good
ideas because the cavity-Q of the resonator is expected to be
large. The wave-particle interaction via ponderomotive force is
essentially energy conserving and no power input to particles
are predicted. Since the plasma at the diverter is so thinm that
all the fast waves are evanescent. Therefore, there is no wave
to propagate ocut to the main plasma. The circulating power is
then estimated by the loss in the rescnator. This power is
estimated to be a few MW, which does not increase circulating
power in a significant level as this concept is applied to a
reactor. Throughout this paper, we ignored collective response
of a plasma. However it has been shown in the past experiment
that ponderomotive potential can affect a plasma at a high
density regime arocund 1013 ~1014 cm-3 with ion temperature of 10
eV {9] and at a temperature 100 ev and density around 1012 cm-3
[16]. The parameter range of such experiments are not
necessarily far from our goal. An experiment in a medium size
tokamak is needed in order for this idea to be used in ITER or
reactor like tokamak. We specified the way of RF application to
a wave guide resonater type only from a technological reason. It
does not totally deny possibility of using conventional

antennas. Use of it is rather recommended in a proof of

18



principle experiments. This paper treated the possibility of
improving the tokamak performance by controlling the edge of the
plasma. The possibility of applving various forces involved in
Eg.l to a problems of controlling the plasma at the core will be

published elsewhere.
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FIGURE CAPTIONS

Fig.1l The experimental set up used in the demonstration of end

plugging using ponderomotive force. The RF was applied
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electro statically by use of a parallel plate electrodes.

Fig.2 The reduction of the end loss of respective ion species.
The end loss was measured by a time of flight type iom
analyzer.

Fig.3 The reduction of end loss as the electric field was
increased. The end loss was measured by use of a multi-
grid type electro-static analyzer.

Fig.4 The concept cf application of pondercmotive force to a
diverter plasma of an ITER like large tokamak.

Fig.5 The artists view of a wave guide feeder and a resonator
toc apply RF field.

Fig.6 The magnetic lines of force in front of the
resonator (solid lines) and the contour of the
ponderomotive potential {broken lines); {(a) the electro-
static coupling case{the toroidal mode number, n=0) and
the magnetic coupling cage (the toroidal mode number,
n=N) .

Fig.7 The structure of the resonmator and the feeder in the
magnetic coupling case; the resonator trough is
separated into 2N sections. The RF is fed by use of
ridged wave guides or folded wave guides by which
ceramic insulator is put éway from the reactor core
region.

Fig.8 The structure of the resonator: {(a); high impedance
coupling and (b); low impedance ccupling. The rescnator
is like a wave guide folded in the directicn of

propagation so that the effective length comparable to
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Aol4

the is obtained. The mouth of the resonator shown

in (b) 1is partly short circuited. It resambles to a
current strap antenna suggesting that use of antemmas for
the present purpose is possible as well.

Fig.9 EBxperimentally observed spreading of the diverter like
sheet plasma as ponderomctive force is applied via
parallel plate electrodes like in Fig.l.

Fig.10 The ponderomctive potentials applied for the purpose of
tritium saving.

Following parameters are used in the calculation:

LoD >(;J>(:JC,T’ UJ/(.OC’T=1.1’ BT=5T, and E=3kV/cm.

Fig.ll The ponderomotive potential applied for the purpose of
He-ash removal. Following parameters are used in the

calculation: ®27Wc,D7?W(2We T, wlng*:l-l’ Br=5T

E1=3kV/CITl E2=4kV/CID_

, and
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