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Feasibility experiments for electron ripple injection on current drive
experiment-upgrade

W. Choe,a) M. Ono, Y. S. Hwang,a) and C. S. Changb)

Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543

~Received 29 July 1997; accepted 25 November 1997!

In search of a method to generate a radial electric field in tokamak plasmas, an experimental study
has been performed to investigate the possibility of inducing radial electrical current. An external
coil array has been used to create a local magnetic ripple well and the electron cyclotron resonance
heating~ECH! has been used to trap some electrons that will then be subject to rapid vertical drifts
into the plasma. Using a simplified experimental arrangement with only a toroidal magnetic field, an
ECH-driven radial electrical current has been observed. The ECH-driven elecron temperature
anisotropy, which is necessary for ripple trapping and electron drifts, has been determined by
several different methods. The perpendicular temperature can be shown to be as large as 11 times
the parallel temperature, which should yield a significant amount of ripple trapping and radial
current. © 1998 American Institute of Physics.@S1070-664X~98!01303-2#
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I. INTRODUCTION

Improvement of plasma confinement is an important
search topic for tokamak plasmas, and, if successful, it co
lead to more economical tokamak reactors. According to
present H-mode~high-confinement mode! threshold power
scaling, the required auxiliary power to induce the H mode
future high-density, high-temperature devices such as the
ternational Thermonuclear Experimental Reactor~ITER!,1 is
too high. This problem, however, can be resolved if a way
found to lower the threshold power in a direct and control
fashion. From recent confinement studies, a radial elec
field (Er) is found to play a crucial role in inducing an im
proved confinement regime. This suggests that if a la
enoughEr is generated and controlled by external means,
can then have a versatile ‘‘knob’’ to control plasma tran
port.

Since the discovery of the H-mode, several experime
have demonstrated that the H mode can be triggered by
ternally injecting radial current using various different typ
of material electrodes. Motivated by these results, an em
sive limiter biasing experiment2 was performed on the Con
tinuous Current Tokamak~CCT!.3 The key feature of this
experiment, which made it unique from other plasma bias
experiments, was the use of an emissive cathode as a lim
In this experiment, the H mode was induced at a limiter b
voltage with an emissive limiter that was three times low
than was the case with a cold limiter. The result suggests
the performance of limiter/divertor biasing experiments c
be significantly improved via electron injection. Howeve
direct material contact with high-density and hig
temperature plasmas is undesirable. Therefore, a novel
tron ripple injection~ERI! technique has been proposed. T

a!Permanent address: Korea Advanced Institute of Science and Techno
Taejon, Korea.

b!Also at the Korea Advanced Institute of Science and Technology and N
York University.
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motivation for this work is a development of a nonintrusi
method to produceEr at the plasma edge, without introduc
ing any material electrode, which therefore can be direc
applied to future reactor-grade devices.

As a detailed discussion on the principle of ERI is fou
in Refs. 4 and 5, it is summarized briefly as follows. A pa
of magnets is used to provide local bending of poloidal m
netic fields~referred to as the ‘‘generation of magnetic fie
ripple’’ !, resulting in the creation of a magnetic ‘‘well’’ lo-
calized both toroidally and poloidally~Fig. 1! along the field
line. As they follow magnetic field lines, some electrons
the plasma edge, whose perpendicular energy is larger
parallel energy brought about by electron cyclotron re
nance heating~ECH!, can be trapped in the magnetic we
While being trapped, these electrons will move toward
plasma center via“B and curvature drifts if the ripple region
is placed appropriately. Since the“B and curvature drift
direction depends upon the toroidal field direction, the el
tron injector should be placed either at the top or bottom o
torus in order for the electron drift direction to point towa
the plasma center. The ripple-trapped electrons will even
ally be detrapped due to a combination of collisions and
decreasing ripple field. Since these penetrating electrons
cumulate at the flux surfaces where they are detrapped f
the ripple region, the net effect is to charge the plasma fl
surfaces negatively. This results in a buildup of an elect
static potential, i.e.,Er is created from the edge toward th
plasma interior with a scale length of the penetration d
tance.

To substantiate further the feasibility of the ERI conce
a supporting theoretical study was performed.5 A semiana-
lytic analysis was done to estimate the ECH-induced te
perature anisotropy of the electrons, which is directly rela
to the ripple-trapping fraction. In addition, a numeric
Monte Carlo guiding-center simulation was performed
study the generation ofEr by the“B injection of the ripple-
trapped electrons. The result suggests that about 10 MW
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ECH power in ITER may be able to create a large enou
radial electric field for an H-mode transition.

Concurrent with the theoretical work, experiments we
performed on the Current Drive Experiment-Upgra
~CDX-U!6 device to elucidate the underlying physics of E
~i.e., the creation of a magnetic well; ripple trapping a
ECH; and electron drifts!. In Sec. II, we describe a simpl
experimental setup, using a microwave resonant cavity in
presence of toroidal magnetic field, for the experimental c
firmation of charged particle drifts. In Sec. III, magnetic fie
line bending produced by the application of magnetic rip
fields is studied by monitoring the trajectories of electro
emitted from an electron source. The measured excur
length of a field line is compared with the numerical resu
In Sec. IV we describe the measurement of the electron
rent caused by ripple trapping and ECH. As the elect
temperature anisotropy generated by ECH is important in
ERI concept for providing electron injection, the determin
tion of the electron temperature anisotropy is investiga
with different methods in Sec. V. A summary is given
Sec. VI.

II. ELECTRON DRIFT EXPERIMENT

Since the vertical electron drift motion induced by EC
is the main transport mechanism for energetic electron
generate a radial electric field in ERI, an experimental c
firmation of these ECH-induced drifts would be importa
To demonstrate this, a copper cube with 20 cm sides an
wall thickness 0.3 mm was installed inside the CDX
vacuum chamber, as shown in Fig. 2. The cube had an o
ing to allow the access of pulsed 2.45 GHz microwaves
the ECH production of plasma. This opening was connec
directly to a type WG-283 waveguide, and there was
other plasma source. Two opposite walls of the copper
consisted of 14 copper strips, insulated from one another
from the rest of the box. A toroidal field was the only ma
netic field applied for this experiment, and the mounting
the copper box in relation to the toroidal field and the str
is shown in Fig. 2~b!. The strips constitute faces perpendic

FIG. 1. Schematic of an electron ripple injector.
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lar to the toroidal field, while their long dimension was or
neted in the direction of“uBu, which is in the radial direc-
tion for the toroidal chamber. Thus, the drift direction
parallel to the vectors6B3“uBu, are normal to the face o
the microwave port.

Wire connections to each strip were brought out v
vacuum feedthroughs and grounded~i.e., returned to the
chamber wall! through a resistor. The voltage across the
sistor was measured during the pulse, thus yielding the
rent to each strip.

Figure 2~c! shows the measured strip current distrib
tion. Closed circles indicate strip currents with toroidal fiel
in the counterclockwise sense looking downward at the
oidal plane of the experimental setup. With the toroidal fie
in the counterclockwise sense, vertical drifts generate
charge separation such that electrons move downward
ions move upward. As shown in the figure, the net st
currents are negative~electron dominant! for the lower strips
and positive~ion dominant! for the upper strips, as expecte
As seen in the open circles, the pattern is reversed~or clock-
wise! with a reversed toroidal field, since the drift directio
depends on the toroidal field direction. This simple expe
ment demonstrates the effectiveness of ECH in producin
vertical electron drift.

III. MAGNETIC FIELD LINE BENDING EXPERIMENT

In order to study the effects of ripple fields on the ele
tron behavior with good controllability, a pair of ripple coil

FIG. 2. Experimental arrangement implemented to study charged par
drifts. ~a! Resonant cavity to observe vertical drifts. Fourteen copper st
are aligned horizontally and perpendicularly to the toroidal magnetic fi
~b! Location of the cavity inside the CDX-U vacuum chamber.~c! Measured
strip current distribution showing particle drifts. With a toroidal magne
field counterclockwise in plan view~closed circles!, the electron drift direc-
tion is downward, and vice versa for ions. With a reversed toroidal fi
~open circles!, the behavior is opposite.
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was prepared by winding wires around two rectangu
shaped CDX-U toroidal field coils, as shown in Fig. 3. In th
particular configuration, the field ripple is local in the toro
dal sense, but ‘‘global’’ in the vertical direction. Several fie
lines with ripple strengths for this configuration are depic
in Fig. 4, which shows that field lines are pulled out in ma
radius, creating a toroidally local magnetic well. Hereaft
all of the experiments were performed in the presence
only a toroidal field with and without ripple fields.

In this experiment, a simple setup@Fig. 5~a!# was de-
vised to verify how the addition of a ripple field bends to
oidal field lines. A tungsten filament with a hot spot of 1 m
in diameter and 8 mm in length was installed along the ma
radius, at the center of the ripple region, to generate an e
tron ring in a hydrogen gas. The radial excursion of the el
tron ring was measured using a Langmuir probe placed 1

FIG. 3. A pair of ripple coils with respect to rectangular-shaped CDX
toroidal field coils. The ripple effect is expected global in the vertical dir
tion.

FIG. 4. Magnetic field lines with ripple fields generated by coils as in F
3 added to a toroidal field. HereB050.11 T R050.35 m, I rip55 kA turn.
The numbering is for indicating each field line.
-
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toroidally away from the electron source. The open circles
Fig. 5~b! denote the case with only a toroidal field applie
and closed circles with a ripple field added to the toroid
field. In the case with a ripple field, the ripple strength at t
electron source position wasd.1.6%, whered(%)[(Bmax

2Bmin)/(Bmax1Bmin)3100. As the ripple field is added, th
peak shifts toward a smaller major radius. The role of
added ripple field is to bend a field line such that it bulg
outward in the ripple region, as compared to the case w
only a toroidal field, as shown in Fig. 5~a!. In such a field
line configuration, electrons emitted from the source alo
the field line move inward in major radius as they move o
of the ripple region, to reach the probe tip located where
ripple effect is negligible. The measured radial excursion
about 0.3 cm, which is consistent with the numerically c
culated value, as shown by the arrow in Fig. 5~b! at this
ripple strength.

IV. OBSERVATION OF RADIAL CURRENTS

Figure 6 depicts an experimental setup where a hydro
plasma was generated and heated~ECH! by 2 kW of 2.45
GHz microwaves in the presence of a toroidal field plus
ripple field. Two copper limiters, placed inside and outsi
the ripple region, respectively, were installed in such a w
that they encompass the whole radial extent of the CDX
device@Fig. 6~b!#. The collecting edges of the limiters wer
located at the midplane of the chamber to ensure that
vertical field would be present at the collecting limiter edg
In the absence of a vertical field, the only vertical drift is d

-

.

FIG. 5. ~a! Plan view of the experimental setup for studying field lin
bending. Electrons emitted from a tungsten filament move along field lin
A Langmuir probe is used to detect electrons.~b! Radial profile of the probe
current. The shift of peak indicates major-radial bending of field lines. H
d5(Bmax2Bmin)/(Bmax1Bmin)310051.6% at the electron source position.



ct
a

ar
b
u
pp

on
fo

t
r
n

ze
g
b

Th
b

e
c

de
th

ven
le
y is
y,
of

em-

m-
ined
ent
aly-

ent
the
ion
bu-

the

d

vely,
is

on

y
fi-
e

two
e

be
he
f

of
ce at

969Phys. Plasmas, Vol. 5, No. 4, April 1998 Choe et al.
to the “B and curvature drifts. Since the limiters colle
electrons drifting downward by these drifts, the role of
ripple field and ECH can be investigated by simply comp
ing the two limiter currents. As the electrons are heated
ECH, preferential heating of the perpendicular temperat
T' causes more and more particles to be trapped in the ri
region. The larger number of trapped particles and higherT'

causes more electrons to drift downward in the ripple regi
Thus, one would expect an increased current with ECH
the limiter that is located in the ripple region.

The abscissa of Fig. 6~c! denotes the ripple strength a
the electron cyclotron resonance location, where the mic
waves are introduced. The ordinate denotes the differe
between the inside and outside limiter currents, normali
to the current without the ripple field. As is seen in the fi
ure, the limiter current inside the ripple region increases
as much as 50% as the ripple strength is increased.
enhanced limiter current is the radial current generated
ERI through ripple trapping and ECH. The measured curr
will be compared with a model calculation in the next se
tion. The measured limiter currents will also be used in
termining the electron temperature anisotropy, and thus,
perpendicular temperature of the resonant electrons.

FIG. 6. Arrangement to study ripple trapping and ECH.~a! Plan view with
ripple coil positions depicted, and~b! side view of CDX-U. Copper limiters
implemented on the midplane cover a whole radial extent of the cham
Not drawn to scale.~c! The difference between the limiter currents at t
inside and outside ripple regions.I 0 is the limiter current in the absence o
ripple fields.
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V. DETERMINATION OF ECH-INDUCED,
RIPPLE-TRAPPED ELECTRON TEMPERATURE
ANISOTROPY

The temperature anisotropy of resonant electrons dri
by ECH plays a crucial role in ripple trapping and ripp
transport. The measurement of the temperature anisotrop
difficult with conventional methods due to the low-densit
low-temperature, and very small electron Larmor radius
the plasma. The parallel temperatureTi , however, can be
measured using a Langmuir probe. One can infer some t
perature anisotropy from the probe data~although not accu-
rately!, as we discuss later in this section. The electron te
perature anisotropy described in this section was determ
by several different methods: particle balance, limiter curr
measurement, density measurement, Langmuir probe an
sis, and theoretical modeling.

First, since the main loss mechanism of the experim
described in Fig. 6 is the drift loss, a simple evaluation of
particle balance between the drift loss rate and ionizat
source rate is useful to obtain the electron energy distri
tion. The drift loss rate can be expressed as@nw(vd)w

1nb(vd)b#L, where the first and the second terms are
resonant electron (w) and the background (b) electron con-
tribution, respectively. Here,nw , nb are the resonant an
background electron densities, (vd)w , (vd)b are the drift
speed of the resonant and background electrons, respecti
andL is the vertical plasma scale length. The drift loss rate
linearly proportional to the electron temperature, sincevd

}T. Noting that the plasma source is solely from ionizati
by electrons, the ionization rate can be given by (nw^sv&w

1nb^sv&b)nH , where nH is the hydrogen neutral densit
and ^sv& is the Maxwellian-averaged ionization rate coef
cient. Using thê sv& value from Ref. 7, the loss and sourc
rates are compared in Fig. 7, which indicates that the
terms balance atkT'.85 eV. This simple particle balanc
suggests that the plasma will experience serious ‘‘pump o

r.

FIG. 7. A plot of the ionization source rate versus the drift loss rate
electrons as a function of the electron temperature. The two terms balan
85 eV, givingT' /Ti.11 with kTi.8 eV. This is the upper bound forT' .
The rates are divided by electron density.
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when the electrons are heated abovekT'.85 eV. Since the
experiment was conducted without the ‘‘pump out,’’ the u
per bound forkT' can be set to be 85 eV. This results
T' /Ti<11 using kTi of 8 eV ~measured by a Langmui
probe, which will be described in the following paragraph!.
For the resonant electron fraction,nw /(nb1nw)50.4 was
used, based on density measurements with the third me
described below.

Second, the perpendicular temperature of warm e
trons can also be estimated from the limiter current meas
ment ~Fig. 6!, because the limiter current is due to electr
drifts. All the electrons that drift down would then be co
lected by the limiter, since it covers the whole radial exte
of the vacuum chamber. The limiter current can be expres
as

I lim.@nw~vd!w1nb~vd!b#
eVpl

L
,

whereVpl is the plasma volume in the ripple region, andL is
the scale length of the electron drift. (vd)w is linearly pro-
portional to kT' . Using the measured currentI lim.1 A,
background electron temperaturekTb58 eV, B50.087 T,
R50.35 m,L<0.35 m,Vpl.0.04 m3, kT' is determined to
be 86 eV, with a corresponding temperature anisotropy
<11.

The third method involves electron density measu
ments with the experimental arrangement~Fig. 8! similar to

FIG. 8. Arrangement for the determination of temperature anisotropy
electron density measurements:~a! Plan view and~b! side view of the
CDX-U vacuum chamber.~c! shows the total density ratio in two region
~inside and outside ripple region! at various ripple strengths.
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that for the limiter current measurement~Fig. 6!. For the
sake of simplicity, the volume of the CDX-U chamber
divided into two different regions, withRegion 1andRegion
2 being the unperturbed and perturbed~by the ripple mag-
netic field! regions, respectively. A couple of Langmu
probes~one in each region! were used in this setup instead
limiters. As seen in Fig. 8~c!, there is an electron densit
gradient between the two regions. This is attributed to rip
trapping and the temperature anisotropy driven by EC
With the data points shown in Fig. 8~c! in hand, it is possible
to estimate the warm electron temperature anisotropy in
ripple region~Region 2! by calculating the ratio of particle
densities in the two regions in terms of magnetic well de
and temperature anisotropy.

In a relatively collisionless plasma, where collisions a
not sufficiently frequent to randomize particle motions p
pendicular and parallel to the magnetic field, the press
tensor can be anisotropic. This condition is well satisfied
this experiment. With the total densityn2 , we write the dis-
tribution function inRegion 2as

f 5 f N expF2
me

2kTi
S v'

2

s
1v i

2D G , ~1!

where

f N5n2Y S 2pkTi

me
D 1/2S 2pksTi

me
D .

Ti ands(5T' /Ti) are the parallel temperature and tempe
ture anisotropy in the peturbed~or ripple! region, respec-
tively. In spherical coordinates, it can also be written as

f 5 f N expS 2
me

2kTi

v2

s
@11~s21!cos2 w# D , ~2!

where w5arctan(v' /vi). Now consider the total density in
Region 1, which is the nonripple region. As in a simple mi
ror geometry, the constants of motion in this case are the
adiabatic invariantm(5mev'

2 /B), and the total energyw
(5me(v'

2 1v i
2)/2) of the particle. If the coordinates ar

changed from (v i ,v') to (w,m), the Jacobian isJ

5me
2v i/2B. With this, we can write

E d3v2f 5
2p

me
2 E f

B2

v i2
dmdw, ~3!

where v i25A2(w2mB2)/me. Since the distribution func-
tion is constant along any particle trajectory in a collisionle
plasma according to Liouville’s theorem,8 the total density in
Region 1is

n15E
whole

d3v1f

5
2p

me
2 E

whole
f

B1

v i1
dmdw

5
2p

me
2 E

whole
f S B1

B2
D S v i2

v i1
D S B2

v i2
Ddmdw

y
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5E
passing

d3v2f S B1

B2
D S v i2

v i1
D . ~4!

Equation~3! was used in the last step of obtaining Eq.~4!,
together with the fact that all the particles inRegion 1are
connected with only the passing particles inRegion 2. By
combining energy andm conservation, (v i2 /v i1) is obtained
to be

v i2

v i1

5
cosw

A12S B1

B2
D sin2 w

. ~5!

Evaluation of Eq.~4! is straightforward using the distributio
function @Eq. ~2!# and the trapping condition given with th
magnetic fieldsB1 andB2 in the two regions. The total den
sity in Region 1is then

n15n2

m

11s~m21!
,

where m5B1 /B25(11d)/(12d) with the ripple strength
d, ands5T' /Ti . In other words, the density ratio in the tw
regions can be expressed in terms of the magnetic field r
(m) and the temperature anisotropy inRegion 2(s) as

n2

n1
5

11s~m21!

m
. ~6!

As extreme cases, Eq.~6! showsn25n1 for eitherm51 ~no
ripple! or s51 ~isotropic distribution!.

In practice, the densities observed inRegions 1 and 2
consist of the cold background electron part~Maxwellian!
and the warm electron part~anisotropic bi-Maxwellian!, be-
cause not all the electrons are resonant with electron cy
tron waves. Denoting the subscriptb(w) to stand for the
background~warm! part, we write

n2
tot5n2b1n2w ,

~7!

n2
tot5n1b1n1w .

Since the background part has an isotropic distribution,
background densities in both regions must be same and
independent ofm, following from Eq. ~6!. Letting nb[n1b

5n2b , and using Eq.~6! again for the warm part,nb is
expressed as

nb5n1
tot 1

s21 Fs2
m~n2

tot/n1
tot!21

m21 G . ~8!

Equation~8! suggests that the temperature anisotropys can
be determined by knowing the magnetic field ratiom and the
measured total densities in both regions. Figure 9 show
plot of Eq. ~8! with a few data points from Fig. 8~c!, where
each curve corresponds to each data point with its ownm,
n1

tot , and n2
tot . Each curve crosses ats.11.5, which is the

warm electron temperature anisotropy.
The fourth method for determining the temperature

isotropy is by the analysis of Langmuir probe I-V charact
istics. The parallel temperature of electrons was also de
tio

o-

e
re

a

-
-
r-

mined from the probe data. The analysis shows t
temperatures of 8 and 39 eV, and it indicates the presenc
a warm electron population. Here we consider the para
temperature of electrons to be 8 eV, which is the same as
temperature of the cold isotropic electrons. The fact that
warm electron temperature anisotropy is lower than the va
determined above can be attributed to the cylindrical geo
etry of the probe tip. The Larmor radius of a warm electr
is comparable to the probe radius, so that the measured
perature lies betweenTi andT' .

The final method, based on a semianalytic calculati
follows the procedure discussed in Refs. 5 and 9 for t
experimental configuration. The temperature anisotropy
the resonance surface is plotted in Fig. 10 as a function of
normalized heating power densityde[P' /n2wkTen0 , where
P' is the wave power density andn0 is the electron–ion 90°
scattering frequency. Using the experimental values@P'

FIG. 9. Plot of Eq.~8! with several different data points. Each curve corr
sponds to a data point in Fig. 7~c! with each ripple strength~or m!. The
crossing point of curves indicates the temperature anisotropys of about 11.

FIG. 10. Semianalytically calculated warm electron temperature anisotr
at the resonance layer. In this experimental configuration,de.7, and it
results inT' /Ti.9.
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.1.7 kW/~plasma volume!, Te.8 eV, and ne.331016

m23#, de.7. This results inT' /Ti.9, which is in reason-
ably good agreement with the other values, and lies wit
the experimental uncertainty.

VI. SUMMARY

A novel electron ripple injection technique to genera
Er inside the plasma to trigger the H mode has been repo
recently.5 The ultimate goal of this technique is to lower th
H-mode power threshold for tokamak reactors, and to
velop a versatile knob to control tokamak plasma edge tra
port via an externally generatedEr .

Experimental verification of the underlying physics
ERI was accomplished in the CDX-U device, utilizing m
crowaves for ECH and a ripple magnetic field added to
toroidal field. First, electron drifts~“B and curvature! in-
duced by ECH were experimentally confirmed, showing
expected directionality with respect to the magnetic fie
Second, magnetic field line bending was studied using
electron emitter. Probe measurements of electrons em
from a tungsten source showed a radial shift of the elec
orbits, and thus, of the field lines due to the addition o
ripple field. The measured excursion distance is consis
with numerical calculations. Third, the currents due to el
tron trapping and heating were measured during ECH.
difference in the observed currents in the ripple and n
ripple regions was consistent with theoretical expectatio
Fourth, the resonant electron temperature anisotropy was
termined by a number of different ways, and the results
summarized in Table I. The experimentally determined v
ues agree well with the value calculated semianalytica
within experimental uncertainty.

Since both modeling and preliminary results support
feasibility of the electron ripple injection scenario, furth
n
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experiments to demonstrate H-mode generation in a toka
with this technique are warranted.
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