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esearch
 In

stitu
te, N

ak
a, Ib

arak
i 3

1
1

-0
1

9
3

, Ja
p
a
n

2 G
en

era
l A

to
m

ics, S
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 D
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e-m
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k
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n
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a
k
a
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eri.g
o

.jp

R
ec

en
t p

ro
g

re
ss in

 th
e d

ev
e
lo

p
m

en
t o

f elec
tro

n
 cy

clo
tro

n
 h

eatin
g

/c
u
rren

t

d
riv

e 
sy

stem
s 

in
 
re

g
a
rd

 
to

 
p

o
w

er 
an

d
 
p

u
lse 

d
u
ra

tio
n
 

h
av

e
 
allo

w
e
d
 
th

e

ex
te

n
sio

n
 
o

f 
tw

o
 
n

o
rm

a
liz

ed
 

p
ara

m
e
te

rs 
(to

ro
id

al 
elec

tric
 
field

 
E

 
an

d

w
av

e p
o
w

er d
en

sity
 p

). In
 th

e ex
te

n
d

ed
 re

g
im

e
, th

e co
n
v

en
tio

n
a
l th

eo
ry

re
q
u

ire
s 

co
n
sid

era
tio

n
 

o
f 

a 
d

isto
rted

 
elec

tro
n
 
d

istrib
u
tio

n
 
fu

n
c
tio

n
. T

h
e

first v
alid

atio
n

 o
f th

e E
C

C
D

 th
eo

ry
 in

 th
e ex

te
n
d

ed
 re

g
im

e
 h

av
in

g
 la

rg
e

E
 an

d
 p

 is p
resen

ted
. L

in
e
ar ca

lc
u
la

tio
n
 h

as a te
n
d

en
cy

 to
 o

v
erestim

ate

th
e E

C
 d

riv
en

 cu
rren

t, as n
o
rm

a
liz

ed
 p

ara
m

e
te

rs 
fo

r E
 an

d
 p

 in
crease.

W
h
ile th

e E
C

 d
riv

en
 cu

rren
t I

E
C
 o

b
ta

in
e
d
 b

y
 a lin

ea
rized

 F
o
k

k
e
r-P

la
n
ck

ca
lc

u
la

tio
n
 (1

.1
M

A
) d

id
 n

o
t ag

re
e w

ith
 th

e m
ea

su
red

 E
C

 d
riv

en
 cu

rren
t

(0
.7

4
 
±

 
0

.0
6

M
A

), 
n

o
n

-lin
ea

r 
ca

lc
u
la

tio
n
 

o
f 

th
e 

F
o
k

k
e
r-P

la
n
c
k
 
eq

u
a
tio

n

co
n
sid

erin
g

 
th

e effe
ct 

o
f E

 
(0

.7
6
M

A
) 

sh
o
w

s clo
se 

ag
re

em
en

t w
ith

 
th

e

ex
p
e
rim

e
n
ta

l re
su

lt. C
alc

u
latio

n
s sh

o
w

 th
at th

e d
ecrea

sin
g
 effe

ct o
f E

 o
n

I
E

C
 w

as stro
n
g

er th
an

 th
e in

creasin
g
 effe

ct o
f p

 o
n
 I

E
C
 in

 th
e ex

p
e
rim

e
n
t.

1
 In

tro
d

u
ctio

n

C
u

rren
t d

riv
e b

y
 m

ean
s o

f electro
n
 cy

clo
tro

n
 (E

C
) w

av
e
s h

as b
een

 co
n
sid

ered

effectiv
e
 in

 a sp
a
tia

lly
 lo

calized
 co

n
tro

l o
f cu

rren
t p

ro
file

, b
ecau

se th
e ab

so
rp

tio
n

lo
catio

n
 o

f th
e E

C
 w

av
e
s 

is d
eterm

in
ed

 m
ain

ly
 b

y
 th

e cy
clo

tro
n

 reso
n

an
ce la

y
er

an
d
 
b

y
 
a 

co
n
tro

llab
le 

in
jec

tio
n
 
an

g
le 

o
f 

th
e 

w
av

e
s. 

S
u
c
h
 
sp

a
tia

lly
 
lo

calized
 
E

C

d
riv

en
 cu

rren
t h

as b
een

 m
easu

re
d
 in

 th
e D

III-D
 an

d
 in

 th
e JT

-6
0

U
 [1

]. C
o

n
tro

l o
f

th
e 

electro
n
 

cy
clo

tro
n

 
cu

rren
t 

d
riv

e 
(E

C
C

D
) 

h
as 

b
een

 
u

se
d
 

to
 

ach
iev

e 
a 

h
ig

h

p
erfo

rm
an

ce 
p

lasm
a. 

F
o
r 

ex
am

p
le, 

an
 

in
crease 

o
f 

th
e 

n
o
rm

alized
 

b
eta 

N
 

w
as

o
b
serv

e
d
 

b
y
 

sta
b
ilizin

g
 

n
eo

-cla
ssical 

te
arin

g
 

m
o
d

es 
(N

T
M

), 
w

h
en

 
th

e 
E

C
C

D

co
m

p
en

sate
s 

fo
r 

a 
m

issin
g

 
b

o
o

tstrap
 

cu
rren

t 
p

ro
d
u

ced
 

b
y
 

th
e 

flatten
in

g
 

o
f 

th
e

p
lasm

a p
ressu

re
 p

ro
file in

 m
ag

n
etic islan

d
s [2

]. W
h
ile th

e E
C

C
D

 h
as b

een
 u

se
d
 to

co
n
tro

l 
th

e 
p

lasm
a 

cu
rren

t 
p

ro
file, 

v
alid

atio
n

 
o

f 
E

C
C

D
 

th
eo

ry
 

is 
cu

rren
tly

u
n
d

erw
ay

; 
p

rev
io

u
s 

attem
p

ts 
h

av
e 

b
een

 
m

ad
e 

u
n
d

er 
th

e 
co

n
d

itio
n

 
in

 
w

h
ich

 
th

e

effects o
f th

e d
isto

rtio
n
 o

f th
e electro

n
 d

istrib
u
tio

n
 fu

n
ctio

n
 f

e  is sm
aller th

an
 th

e

effect o
f co

llisio
n
 relax

atio
n

 [1
,3

]. S
u
c
h
 a d

isto
rtio

n
 effect is ex

p
ec

ted
 to

 b
e seen

 in

th
e to

ro
id

al electric
 field

 o
f a to

k
a
m

a
k
 d

isch
arg

e, an
d
 in

 an
 o

sc
illatin

g
 R

F
 electric

field
 b

y
 E

C
 w

av
e
s. In

 a w
eak

 d
isto

rtio
n
 reg

im
e, th

e electro
n
 d

istrib
u
tio

n
 fu

n
ctio

n

w
ill 

b
e 

clo
se 

to
 

th
e 

M
a
x
w

ellian
 

so
 

th
at 

lin
ea

r 
treatm

en
t 

o
f 

th
e 

F
o
k

k
e
r-P

lan
ck

eq
u
atio

n
 w

ith
o
u

t ta
k
in

g
 in

to
 acc

o
u

n
t th

e electric
 field

 can
 b

e su
fficien

t u
n
d

er th
is

co
n
d

itio
n

.

R
e
cen

t p
ro

g
ress in

 th
e d

ev
elo

p
m

en
t o

f E
C

 sy
stem

s in
 JT

-6
0

U
 en

ab
led

 u
s to

 d
o

ex
p
erim

e
n
ts in

 w
h
ich

 th
e reg

im
e w

as ex
ten

d
ed

 u
n
d

er w
ell-d

iag
n
o

sed
 co

n
d

itio
n

s [4
].

A
s w

ill b
e d

escrib
e
d
 la

ter, th
e reg

im
e is rep

resen
ted

 b
y
 tw

o
 p

h
y

sical p
ara

m
e
ters,

th
at is, a n

o
rm

alized
 to

ro
id

al electric
 field

 an
d
 a n

o
rm

alized
 w

av
e
 p

o
w

er d
en

sity.

T
h

e p
ara

m
e
ters in

 th
e JT

-6
0

U
 are ab

o
u

t 8
 (fo

r th
e n

o
rm

alized
 to

ro
id

al electric
 field

)

an
d
 5

 (fo
r th

e n
o
rm

alized
 w

av
e
 p

o
w

er d
en

sity
) tim

es la
rg

er th
an

 th
o
se

 in
 th

e D
III-D

[3
,5

], w
h
ich

 is o
n
e o

f d
ev

ices in
 w

h
ich

 in
ten

siv
e stu

d
y

 o
n
 v

alid
atio

n
 o

f th
e E

C
C

D

th
eo

ry
 
is 

b
ein

g
 
co

n
d

u
cted

. 
T

h
eo

retical 
w

o
rk

s 
h

av
e 

su
g

g
ested

 
th

at 
th

e 
relax

atio
n

effect 
in

d
u

ced
 
in

 an
 
electro

n
 b

y
 
co

llisio
n
 is 

rep
resen

ted
 b

y
 
electro

n
 d

en
sity

 
n

e1
9

ag
ain

st 
h

eatin
g

 
p

o
w

er 
p

er 
an

 
electro

n
 

p
/n

e1
9 , 

an
d
 

b
y
 

th
e 

critical 
electric

 
field

p
ro

d
u

cin
g
 

ru
n

-a
w

ay
 

electro
n
s 

E
cr  

ag
ain

st 
to

ro
id

al 
electric

 
field

 
E

. 
T

h
e 

p
o
w

er

d
en

sity
 p

 is m
easu

re
d
 in

 M
W

m
-3 an

d
 electro

n
 d

en
sity

 in
 1

0
1

9m
-3 u

n
its. T

h
u
s, th

e

n
o
rm

alized
 p

ara
m

e
ters are p

/n
e1

9
2 fo

r w
av

e
 p

o
w

er d
en

sity
 p

, an
d
 E

/E
cr  fo

r to
ro

id
al

electric
 

field
 

E
, 

resp
e
ctiv

ely. 
W

e 
em

p
lo

y
 

a 
fo

rm
alism

 
o

f 
K

n
o

ep
fel 

fo
r 

E
cr  

as

d
efin

ed
 in

 refere
n
ce [6

]. T
h

e fo
rm

alism
 ta

k
es in

to
 acc

o
u

n
t th

e effectiv
e
 ch

arg
e b

y

im
p

u
rity

 io
n
s.

A
n
 in

crease in
 th

e E
C

 h
eatin

g
 p

o
w

er, w
h
ich

 is p
ro

p
o

rtio
n
al to

 sq
u

are o
f th

e R
F

electric
 field

, le
ad

s to
 an

 in
crease in

 ab
so

rp
tio

n
 p

o
w

er, an
d
 h

en
ce

 ab
so

rp
tio

n
 p

o
w

er

d
en

sity
 

p
. 

T
h

is 
ex

ten
d
ed

 
th

e 
p

ara
m

e
ter 

p
/n

e1
9

2, 
alo

n
g
 
w

ith
 
lo

w
 

electro
n
 
d

en
sity

ach
iev

ed
 
b

y
 
co

n
d

itio
n

in
g
 
th

e 
first 

w
all 

in
 
o

rd
er 

to
 
red

u
ce 

recy
clin

g
. T

h
e 

stro
n
g

electro
n
 h

eatin
g

 b
y
 th

e E
C

 w
av

e
s p

ro
d
u

ces an
 in

crease in
 electro

n
 te

m
p

eratu
re T

e

ab
o
v

e 2
0

k
eV

. T
h

e h
ig

h
 T

e  an
d
 th

e lo
w

 n
e  red

u
ce E

cr . A
 la

rg
e E

C
 
d

riv
en

 cu
rren

t

in
d
u

ces 
a 

la
rg

e 
O

h
m

ic
 
to

ro
id

al 
electric

 field
, 

w
h
ich

 
b

eco
m

es 
ev

en
 
n

eg
ativ

e 
ju

st

after th
e sta

rt o
f th

e E
C

C
D

. T
h

e h
ig

h
 T

e , lo
w

 n
e  an

d
 la

rg
e E

C
 d

riv
en

 cu
rren

t ex
ten

d

th
e ab

so
lu

te
 v

alu
e o

f E
/E

cr . T
h

e in
creased

 E
C

 p
o
w

er in
creases b

o
th

 th
e p

ara
m

e
ters

sim
u

ltan
eo

u
sly. 

S
u
fficien

tly
 

lo
n
g

er 
p

u
lse

 
d

u
ratio

n
 

o
f 

E
C

 
w

av
e
s 

th
an

 
d

u
ratio

n

req
u

ired
 fo

r an
aly

sis (ty
p
ic

ally, at le
ast 0

.6
s: 0

.1
-0

.2
s fo

r T
e  raise an

d
 0

.4
s fo

r th
e

an
aly

sis) 
en

ab
led

 
u

s 
to

 
m

easu
re

 
th

e 
E

C
 

d
riv

en
 

cu
rren

t 
p

ro
file 

an
d
 

th
e 

to
ro

id
al

electric
 field

 p
ro

file in
 th

e p
lasm

a, w
h
ich

 are im
p

o
rta

n
t p

h
y

sical q
u
an

tities in
 th

is

stu
d
y.In

 th
e p

rese
n
t stu

d
y, w

e ex
am

in
e E

C
C

D
 th

eo
ry

 in
 th

e ex
ten

d
ed

 E
/E

cr -p
/n

e1
9

2

reg
im

e. W
e co

m
p
are th

e E
C

 d
riv

en
 cu

rren
t m

easu
re

d
 in

 th
e ex

p
erim

e
n
t to

 resu
lts

p
red

icted
 

b
y
 

th
e 

lin
ea

r 
o

r 
th

e 
n

o
n

-lin
e
ar 

th
eo

ry, 
an

d
 

d
iscu

ss 
th

e 
effect 

o
f 

th
e

d
isto

rtio
n
 

o
f 

th
e 

d
istrib

u
tio

n
 

fu
n

ctio
n

 
o

n
 

th
e 

E
C

C
D

. 
S

ectio
n

 
2

 
d

escrib
e
s 

th
e

ex
p
erim

e
n
ta

l m
easu

re
m

e
n
t o

f th
e E

C
 d

riv
en

 cu
rren

t p
ro

file an
d
 th

e to
ro

id
al electric

field
 p

ro
file. C

o
m

p
ariso

n
 o

f th
e ex

p
erim

e
n
ta

l resu
lts w

ith
 th

eo
retica

l calcu
latio

n
s

w
ill b

e m
ad

e in
 sectio

n
 3

. A
 su

m
m

ary
 is p

ro
v
id

ed
 in

 sectio
n
 4

.

2
 E

x
p

erim
en

t

T
h

e E
C

 d
riv

en
 cu

rren
t p

ro
file an

d
 th

e to
ro

id
al electric

 field
 p

ro
file h

av
e b

een

ev
alu

ate
d
 b

y
 th

e an
aly

sis o
f th

e lo
o
p

 v
o
ltag

e
 p

ro
file [1

]. W
e b

riefly
 d

escrib
e
 th

is



an
aly

sis. 
P

o
lo

id
al m

ag
n
etic 

flu
x
 p

ro
files are d

eterm
in

ed
 
b

y
 
th

e reco
n
stru

ctio
n

 o
f

m
ag

n
etic 

eq
u
ilib

riu
m

 
u

sin
g

 
in

tern
al 

m
ag

n
etic 

field
 
m

easu
re

d
 

b
y
 
m

o
tio

n
al 

S
tark

effect 
(M

S
E

) 
p

o
la

rim
etry

 
[7

]. 
T

h
e 

to
ro

id
al 

electric
 

field
 

p
ro

file 
E

(
) 

can
 

b
e

calcu
late

d
 

b
y
 

th
e 

te
m

p
o
ral 

d
eriv

ativ
e 

o
f 

th
e 

p
o
lo

id
al 

m
ag

n
etic 

flu
x
 

p
ro

files

(F
a
ra

d
ay

’s la
w

). H
ere

, 
 is th

e n
o
rm

alized
 m

in
o
r rad

iu
s. T

h
e O

h
m

ic
 cu

rren
t d

en
sity

p
ro

file 
is 

assu
m

ed
 to

 b
e a p

ro
d
u

ct o
f th

e n
eo

-cla
ssical co

n
d

u
ctiv

ity
 

N
C
 an

d
 th

e

to
ro

id
al 

electric
 

field
. 

S
in

ce 
th

e 
to

tal 
to

ro
id

al 
cu

rren
t 

p
ro

file 
h

as 
alrea

d
y

 
b

een

calcu
late

d
 

b
y
 

th
e 

eq
u
ilib

riu
m

 
reco

n
stru

ctio
n

, 
su

b
tractio

n
 

o
f 

th
e 

O
h
m

ic
 

cu
rren

t

p
ro

file 
N

C
E

 fro
m

 th
e to

tal cu
rren

t p
ro

file le
ad

s to
 a n

o
n

-in
d

u
ctiv

e cu
rren

t p
ro

file.

B
y

 su
b

tractin
g

 th
e calcu

late
d
 b

o
o

tstrap
 cu

rren
t an

d
 b

eam
 d

riv
en

 cu
rren

t fro
m

 th
e

n
o
n

-in
d

u
ctiv

e 
cu

rren
t, 

w
e 

o
b
ta

in
 

th
e 

E
C

 
d

riv
en

 
cu

rren
t 

p
ro

file 
jE

C
(

). A
lth

o
u

g
h

b
o
th

 th
e b

o
o

tstrap
 cu

rren
t d

en
sity

 an
d
 th

e b
eam

 d
riv

en
 cu

rren
t d

en
sity

 are sm
all in

th
e fo

llo
w

in
g
 ex

p
erim

en
ts, co

m
p
ared

 to
 th

e O
h
m

ic
 cu

rren
t d

en
sity, th

ey
 h

av
e b

een

n
u
m

erica
lly

 calcu
late

d
. T

h
e E

C
 d

riv
en

 cu
rren

t I
E

C
 is th

e in
teg

ratio
n

 o
f jE

C
 o

v
er th

e

p
lasm

a p
o
lo

id
al cro

ss-sectio
n
.

H
ere

 
w

e 
see 

a 
d

isch
arg

e 
h

av
in

g
 
th

e 
la

rg
est 

E
/E

cr  
an

d
 
p

/n
e1

9
2 

in
 
th

is 
stu

d
y.

F
ig

u
re 1

(a) sh
o

w
s th

e te
m

p
o
ral ev

o
lu

tio
n

 o
f th

e cen
tral electro

n
 te

m
p

eratu
re T

e (0
)

an
d
 th

e lin
e av

erag
ed

 electro
n
 d

en
sity

 n
e . A

fter th
e sta

rt o
f 2

.9
M

W
 o

f E
C

 in
jec

tio
n

at t =
 5

.1
s, T

e (0
) in

creases to
 2

3
k

eV
 an

d
 is su

stain
ed

 fo
r ab

o
u

t 0
.8

s. T
h

e o
p
tical

th
ick

n
e
ss w

as m
o
re th

an
 3

0
 aro

u
n
d

 th
e p

lasm
a’s cen

ter, so
 th

at w
e ex

p
ec

t th
at th

e

rad
iatio

n
 te

m
p

eratu
re rep

resen
ts th

e electro
n
 te

m
p

eratu
re. T

h
e slig

h
t in

crease in
 n

e

F
ig

u
re

 1
: (a

) te
m

p
o
ral ev

o
lu

tio
n

 o
f elec

tro
n
 te

m
p

eratu
re

 at th
e p

lasm
a
 ce

n
ter T

e (0
) an

d
 o

f

lin
e av

erag
ed

 elec
tro

n
 d

en
sity

 n
e . E

C
 in

jec
tio

n
 starts at t=

5
.1

s. (b
) p

o
lo

id
al cro

ss-sec
tio

n
 o

f

th
e p

lasm
a
 w

ith
 E

C
 ra

y
 traje

cto
ries an

d
 w

ith
 th

e ab
so

rb
ed

 lo
ca

tio
n
s o

f E
C

 w
av

es. A
 v

ertica
l

lin
e 

re
p
rese

n
ts 

th
e 

cy
clo

tro
n

 
re

so
n
a
n
ce

 
fo

r 
co

ld
 

elec
tro

n
s. 

T
w

o
 

lo
ca

tio
n
s 

(E
C

H
/E

C
C

D
)

re
sp

ectiv
ely

 re
p
rese

n
t ab

so
rb

ed
 lo

ca
tio

n
s o

f v
ertica

lly
/o

b
liq

u
ely

 in
jec

te
d
 E

C
 
w

av
es 

to
 th

e

to
ro

id
a
l d

ire
ctio

n
. A

b
so

rp
tio

n
 p

o
w

er w
as 0

.6
M

W
fo

r th
e E

C
H

 an
d
 2

.3
M

W
fo

r th
e E

C
C

D
. (c

)

elec
tro

n
 
te

m
p

eratu
re

 p
ro

file
 
m

ea
su

red
 
b

y
 
E

C
E

 an
d
 
b

y
 T

h
o

m
so

n
 
sc

atterin
g

. (d
) 

m
ea

su
red

to
ro

id
a
l elec

tric
 field

 p
ro

file
 E

(
) w

ith
 erro

rs in
 th

e p
erio

d
 sh

o
w

n
 b

y
 th

e h
atc

h
e
d
 re

g
io

n
 in

(a
). (e

) ab
so

rb
ed

 p
o
w

er d
en

sity
 p

ro
file

 p
(

) b
y
 a lin

ea
rize

d
 F

o
k

k
e
r-P

la
n
c
k
 co

d
e
.

is 
d

u
e 

to
 

an
 

in
creased

 
fu

elin
g
 

b
y
 

th
e 

d
iag

n
o

stic
 

n
eu

tral 
b

eam
 

fo
r 

th
e 

M
S

E

d
iag

n
o

stic
. 

T
h

e 
lo

o
p

 
v

o
ltag

e 
p

ro
file 

an
aly

sis 
d

escrib
e
d
 

ab
o
v

e 
w

as 
m

ad
e 

in
 

th
e

p
erio

d
 in

d
icated

 b
y
 th

e h
atch

ed
 reg

io
n

 (t =
5

.5
-5

.9
s) in

 F
ig

. 1
(a). T

h
e p

o
lo

id
al cro

ss-

sectio
n
 o

f th
e p

lasm
a co

n
tain

in
g
 ray

-trajecto
ries o

f E
C

 w
av

e
s is sh

o
w

n
 in

 F
ig

. 1
(b

).

W
e em

p
lo

y
ed

 a co
m

b
in

atio
n

 o
f th

e E
C

H
 an

d
 th

e E
C

C
D

 to
 su

stain
 th

e h
ig

h
 T

e  lo
n
g

en
o
u

g
h

 to
 an

aly
ze th

e lo
o
p

 v
o
ltag

e
 p

ro
file. F

ig
u
re 1

(b
) also

 sh
o

w
s th

e d
ep

o
sitio

n

lo
catio

n
s fo

r th
e E

C
H

 an
d
 th

e E
C

C
D

 calcu
late

d
 u

sin
g

 th
e ray

-tracin
g

 m
eth

o
d

. T
h

e

electro
n
 te

m
p

eratu
re p

ro
file d

u
rin

g
 th

e E
C

C
D

 an
aly

sis is sh
o

w
n
 in

 F
ig

. 1
(c). F

ig
u
re

1
(d

) 
sh

o
w

s 
th

e 
ev

alu
ate

d
 

E
 

p
ro

file 
b

y
 

th
e 

lo
o
p

 
v

o
ltag

e
 

p
ro

file 
an

aly
sis. 

T
h

e

p
ara

m
e
ter E

/E
cr  reach

ed
 -1

.7
%

 at th
e p

lasm
a cen

ter. T
h

e p
o
sitiv

e d
irectio

n
 o

f E
 is

th
e sam

e as th
at o

f th
e p

lasm
a cu

rren
t an

d
 co

-E
C

C
D

. W
e m

u
st n

o
te

 th
at E

 can
 v

ary

in
 tim

e. T
h

e tim
e scale o

f th
e ch

an
g

e o
f E

 is ab
o
u

t 
R =

2
2
s, w

h
ere 

R  is a lo
cal

resistiv
e
 
d

iffu
sio

n
 
tim

e 
fo

r 
jE

C
 
w

id
th

 
(0

.1
6
m

). 
S

in
ce 

R  
is 

q
u
ite 

lo
n
g

er 
th

an
 
th

e

d
u
ratio

n
 o

f th
e an

aly
sis (0

.4
s), E

 
ch

an
g

es little d
u
rin

g
 th

e an
aly

sis. 
In

 ad
d
itio

n
,

sin
ce 

th
e 

m
o
m

en
tu

m
 
d

eflectio
n

 
tim

e 
o

f 
a 

te
st 

electro
n
 

d
e  

is 
ab

o
u

t 
0

.1
6

s, 
E

 
is

ste
ad

y
 

ag
ain

st 
th

e 
d

isto
rtio

n
 

o
f 

th
e 

electro
n
 

d
istrib

u
tio

n
 

fu
n

ctio
n

. 
C

a
lcu

lated

ab
so

rb
e
d
 p

o
w

er d
en

sity
 p

 is sh
o

w
n
 in

 F
ig

. 1
(e). T

h
e p

ara
m

e
ter p

/n
e1

9
2 w

as 4
.9

 at th
e

p
eak

 
o

f 
p

. T
h

e 
E

C
 
d

riv
en

 
cu

rren
t d

en
sity

 
p

ro
file 

jE
C
(

) 
d

eterm
in

ed
 
b

y
 
th

e 
lo

o
p

v
o
ltag

e
 p

ro
file an

aly
sis is sh

o
w

n
 b

y
 th

e so
lid

 cu
rv

e in
 F

ig
. 2

(a). T
h

e co
rresp

o
n

d
in

g

resu
lt o

b
ta

in
e
d
 b

y
 a lin

ea
rized

 calcu
latio

n
 (d

esc
rib

ed
 la

ter) u
sin

g
 th

e ex
p
erim

e
n
ta

l

p
ara

m
e
ters is rep

resen
ted

 b
y
 a d

o
tted

 cu
rv

e. T
h

e m
easu

re
d
 jE

C
 p

ro
file is sp

a
tia

lly

lo
calized

, sh
o

w
in

g
 n

o
 sig

n
ifican

t rad
ial d

iffu
sio

n
 o

f cu
rren

t d
en

sity
 co

m
p
ared

 to
 th

e

lin
ea

r calcu
latio

n
. E

rro
rs in

 th
e ex

p
erim

e
n
ta

l jE
C
 co

m
e m

ain
ly

 fro
m

 erro
rs in

 O
h
m

ic

cu
rren

t 
N

C
E

, 
w

h
ere th

e erro
r in

 E
 is 

sh
o

w
n
 in

 F
ig

. 1
(d

). E
rro

r in
 

N
C
 is 

1
5
%

o
f 

N
C
 
d

u
e to

 
th

e 
erro

r in
 T

e  
o

f 1
0
%

. 
F

ig
u
re 

2
(b

) 
sh

o
w

s 
th

e 
E

C
 
d

riv
en

 
cu

rren
t

p
ro

file I
E

C
(

) en
clo

sed
 in

 a m
ag

n
etic su

rface at a n
o
rm

alized
 m

in
o
r rad

iu
s 

. W
h
ile

th
e 

to
tal 

m
easu

re
d
 

I
E

C  
is 

0
.7

4
M

A
, 

th
e 

lin
ea

r 
calcu

latio
n

 
p

red
icts 

1
.1

M
A

,

o
v
erestim

atin
g

 th
e I

E
C
 b

y
 4

8
%

.

F
ig

u
re

 2
: (a

) E
C

 d
riv

en
 cu

rren
t d

en
sity

 p
ro

file
s jE

C
 in

 th
e ex

p
e
rim

e
n
t (so

lid
 cu

rv
e) an

d
 in

 th
e

lin
ea

rized
 

ca
lc

u
la

tio
n
 

(d
o
tted

 
cu

rv
e). 

M
ea

su
red

 
jE

C
 

is 
sp

atially
 

lo
ca

liz
ed

, 
sh

o
w

in
g
 

n
o

sig
n

ifican
t ra

d
ial d

iffu
sio

n
 o

f cu
rren

t d
en

sity
. (b

) E
C

 d
riv

en
 cu

rren
t en

clo
sed

 in
 a m

ag
n
e
tic

su
rface

 at 
.



3
 A

n
a
ly

sis

B
rie

f 
d

escrip
tio

n
s 

o
f 

F
o
k

k
e
r-P

lan
ck

 
co

d
es 

are 
p

ro
v
id

ed
 
first, 

fo
llo

w
ed

 
b

y
 
a

co
m

p
ariso

n
 o

f th
e ex

p
erim

e
n
ta

l resu
lts to

 th
e calcu

latio
n

 resu
lts. In

 th
is stu

d
y, w

e

em
p

lo
y

s tw
o

 co
d
es to

 calcu
late

 th
e E

C
 d

riv
en

 cu
rren

t p
ro

file; a lin
ea

r co
d
e w

ith
o
u

t

E
 (R

A
D

A
R

 co
d
e) an

d
 a n

o
n

-lin
e
ar co

d
e w

ith
 E

 (C
Q

L
3
D

 co
d
e [8

]). T
h

e co
m

m
o

n

p
h
y

sics in
clu

d
e
d
 sh

a
re

d
 b

y
 b

o
th

 o
f th

e co
d
es are

1
. w

av
e
 p

ro
p
ag

atio
n

 b
y
 ray

-tracin
g

2
. to

ro
id

al g
eo

m
etry

 w
ith

 trap
p
ed

 p
articles

3
. relativ

istic effect

4
. 

m
o
m

en
tu

m
 

co
n
serv

atio
n
 

in
 

n
o
t 

o
n
ly

 
electro

n
-io

n
 

co
llisio

n
s, 

b
u
t 

also
 

in

electro
n
-elec

tro
n

 co
llisio

n
s.

5
. a q

u
asi-lin

e
ar d

iffu
sio

n
 o

p
erato

r b
y
 w

av
e
s

6
. a ste

ad
y

 so
lu

tio
n
 o

f th
e F

o
k

k
e
r-P

lan
ck

 eq
u
atio

n
; 

f/
t =

 0

7
. n

eg
lect o

f rad
ial d

iffu
sio

n

T
h

e 
la

st 
item

 
is 

v
alid

ated
 

b
y
 

th
e 

ex
p
erim

e
n
ta

l 
resu

lt 
sh

o
w

n
 

in
 

F
ig

. 
2

, 
as

d
escrib

e
d
 in

 sectio
n
 2

. W
h
ile th

e R
A

D
A

R
 co

d
e q

u
ic

k
ly

 so
lv

e
s th

e F
o
k

k
e
r-P

lan
ck

eq
u
atio

n
 w

ith
o
u

t th
e to

ro
id

al electric
 field

 b
y
 lin

ea
rizin

g
 th

e electro
n
 d

istrib
u
tio

n

fu
n

ctio
n

 
f

e , 
th

e 
C

Q
L

3
D

 
co

d
e 

d
irectly

 
so

lv
e
s 

th
e 

F
o
k

k
e
r-P

lan
ck

 
eq

u
atio

n

n
u
m

erica
lly. W

h
ile o

n
ly

 o
n
e m

in
u
te o

f calcu
latio

n
 is req

u
ired

 b
y
 th

e R
A

D
A

R
 co

d
e,

th
e 

C
Q

L
3

D
 

calcu
latio

n
 

req
u

ires 
1

2

h
o
u

rs. 
T

h
e 

R
A

D
A

R
 

co
d
e 

h
as 

an

ad
v
an

tag
e 

to
 

b
e 

ru
n

 
w

ith
in

 
sh

o
t

in
terv

als in
 ex

p
erim

e
n
t. T

h
e n

o
n

-lin
e
ar

calcu
latio

n
 is co

n
sid

ered
 to

 co
n
v

erg
e to

th
e lin

ea
rized

 calcu
latio

n
 
u

n
d

er 
a lim

it

o
f zero

 E
C

 w
av

e
 p

o
w

er, w
h
en

 E
 =

 0
.

W
e in

v
e
stig

ate
d
 th

e to
tal E

C
 d

riv
en

cu
rren

t 
in

 
lin

ea
r 

calcu
latio

n
 

(I
lin )

n
o
rm

alized
 

b
y
 

th
at 

in
 

th
e 

ex
p
erim

e
n
t

(I
ex

p ); I
lin /I

ex
p . F

ig
u
re 3

 sh
o

w
s a co

n
to

u
r

p
lo

t 
o

f 
I

lin /I
ex

p  
o

n
 

E
/E

cr -p
/n

e1
9

2 
sp

a
ce.

W
h
ile 

p
 

is 
ev

alu
ate

d
 

b
y
 

th
e 

lin
ea

r

calcu
latio

n
, 

o
th

e
r p

ara
m

e
ters 

are 
b

ased

o
n
 m

easu
re

m
e
n
t. T

h
e ab

so
lu

te
 v

alu
e o

f

E
/E

cr  in
creased

 alo
n

g
 w

ith
 an

 in
crease

o
f p

/n
e1

9
2 in

 th
e ex

p
erim

e
n
t so

 th
at th

ey

are 
alm

o
st 

lin
ea

rly
 
co

u
p

led
. A

 
co

n
to

u
r

p
lo

t 
o

f 
I

lin /I
ex

p  
sh

o
w

s 
a 

te
n
d

en
cy

 
to

d
ecrease 

w
ith

 
an

 
in

crease 
in

 
th

e

ab
so

lu
te

 
v

alu
e 

o
f 

n
eg

ativ
e 

E
/E

cr , 
an

d

w
ith

 
an

 
in

crease 
o

f 
p

/n
e1

9
2. 

T
h

e 
E

C

d
riv

en
 

cu
rren

t 
in

 
lin

ea
r 

calcu
latio

n

F
ig

u
re

 3
: C

o
n

to
u

r p
lo

t o
f I

lin /I
ex

p  o
n
 an

 E
/E

cr -

p
/n

e1
9
2 

p
lan

e. 
B

o
th

 
th

e 
p

ara
m

e
te

rs 
(E

/E
cr ,

p
/n

e1
9
2) 

are 
alm

o
st 

lin
ea

rly
 
co

u
p

le
d
, 

sin
c
e 

a

stro
n
g

 n
eg

a
tiv

e elec
tric

 field
 re

q
u

ire
s a la

rg
er

E
C

 
d

riv
en

 
cu

rren
t, 

an
d
 

h
en

c
e 

la
rg

er 
E

C
C

D

p
o
w

er. D
ata

 w
ith

in
 |E

/E
cr | <

 0
.2

2
 an

d
 p

/n
e1

9
2

<
 

1
 

sh
o
w

 
ag

re
em

en
t 

b
etw

ee
n
 

lin
ea

r

ca
lc

u
la

tio
n
s 

an
d
 

m
ea

su
rem

en
ts. 

L
in

e
arize

d

ca
lc

u
la

tio
n
 

te
n
d

s 
to

 
o

v
erestim

ate 
th

e 
E

C

d
riv

en
 
cu

rren
t 

th
an

 
th

e 
ex

p
e
rim

e
n
t, 

w
h
e
n
 

-

E
/E

cr  
an

d
 

p
/n

e1
9
2 

in
creases. 

O
v
e
restim

a
tio

n

b
y
 4

8
%

 is se
en

 fo
r th

e la
rg

est I
lin /I

ex
p .

ag
re

es 
w

ith
 

ex
p
erim

e
n
ta

l 
resu

lt 
w

ith
in

erro
rs in

 m
easu

re
m

e
n
t, u

n
d

er co
n
d

itio
n

s

p
/n

e1
9

2 
<

 
1

, 
an

d
 

|E
/E

cr | 
<

 
0

.2
2

%
. 

T
h

e

ratio
 

I
lin /I

ex
p  

in
creased

 
u

p
 

to
 

1
.4

8
,

sh
o

w
in

g
 

o
v
er-estim

a
tio

n
 

b
y
 

th
e

lin
ea

rized
 

calcu
latio

n
, 

in
 

th
e 

case
 

o
f

p
/n

e1
9

2~
4

.9
 

an
d
 

E
/E

cr ~
-1

.7
%

. 
T

h
e

d
y
n

am
ic 

ran
g

es 
o

f 
b

o
th

 
p

ara
m

e
ters 

in

th
is stu

d
y

 w
ere

 8
 tim

es larg
er th

an
 th

at in

th
e 

D
III-D

 
[3

,5
] 

fo
r 

E
/E

cr  
an

d
 
5

 
tim

es

la
rg

er 
fo

r 
p

/n
e1

9
2, 

as 
w

as 
rep

o
rted

p
rev

io
u
sly

 
[4

]. 
T

h
e 

la
rg

e 
d

iscrep
a
n
cy

b
etw

een
 

th
e 

ex
p
erim

e
n
t 

an
d
 

th
e 

lin
ea

r

calcu
latio

n
 h

as b
een

 first o
b
serv

e
d
 in

 th
is

ex
p
erim

e
n
t. T

h
u
s, th

is ex
p
erim

e
n
t can

 b
e

a g
o
o

d
 to

u
c
h
sto

n
e
 o

f b
o
th

 th
e n

o
n

-lin
e
ar

effect an
d
 th

e E
 effect, ev

en
 if th

ey
 are

co
u
p

led
.

It h
as b

een
 
rep

o
rted

 th
at 

a n
eg

ativ
e

to
ro

id
al 

electric
 

field
 

red
u

ces 
th

e 
C

D

efficien
c
y
 

co
m

p
ared

 
to

 
th

at 
w

ith
o
u

t 
a

to
ro

id
al 

electric
 
field

 
[9

], 
an

d
 
th

at 
n

o
n

-

lin
ea

r 
calcu

latio
n

 
p

red
icts 

la
rg

er 
C

D

efficien
c
y
 

th
an

 
d

o
es 

lin
ea

r 
calcu

latio
n

[1
0

]. T
h

e ab
o
v

e ex
p
erim

e
n
ta

l resu
lt can

b
e ex

p
lain

ed
 b

y
 b

o
th

 th
e to

ro
id

al electric

field
 

effect 
an

d
 

th
e 

n
o
n

-lin
e
ar 

effect,

assu
m

in
g

 a stro
n
g

er 
to

ro
id

al electric
 field

 
effect 

th
an

 a n
o
n

-lin
e
ar 

o
n
e. T

h
u
s w

e

p
erfo

rm
ed

 
n

o
n

-lin
e
ar 

calcu
latio

n
s 

u
sin

g
 

th
e 

C
Q

L
3

D
 

co
d
e. 

F
ig

u
re 

4
 

sh
o

w
s 

th
e

co
n
to

u
r p

lo
ts o

f th
e d

istrib
u
tio

n
 fu

n
ctio

n
 o

f electro
n
 f

e  fo
r v

ario
u

s case
s u

n
d

er th
e

ex
p
erim

e
n
ta

l co
n
d

itio
n

 in
 F

ig
. 2

; (a) E
C

C
D

 at E
=

0
, (b

) E
C

C
D

 at th
e m

easu
re

d
 E

p
ro

file, (c) th
e m

easu
re

d
 E

 field
 w

ith
o
u

t E
C

C
D

. W
e see f

e  at th
e rad

ial lo
catio

n
 o

f

=
0

.0
8

 
w

h
ere 

th
e 

ab
so

rp
tio

n
 

p
o
w

er 
d

en
sity

 
b

y
 

th
e 

C
Q

L
3

D
 

p
eak

s 
an

d
 

E
 

is

n
eg

ativ
ely

 la
rg

e (see F
ig

. 1
(d

)). T
h

e h
o
rizo

n
tal an

d
 v

ertica
l ax

es are th
e p

ara
lle

l an
d

p
erp

en
d
ic

u
lar co

m
p
o

n
en

ts o
f a n

o
rm

alized
 v

elo
city

 
ˆ v  to

 th
e d

irectio
n

 o
f m

ag
n
etic

field
, resp

e
ctiv

ely. T
h

e v
elo

city
 
v

 is d
efin

ed
 as m

o
m

en
tu

m
 p

er u
n
it rest m

ass m
,

an
d
 

th
e 

v
elo

city
 

is 
n

o
rm

alized
 

b
y
 

th
e 

m
ax

im
u
m

 
v

elo
city

 
o

f 
th

e 
co

rresp
o
n

d
in

g

en
erg

y
 o

f 3
M

eV
. T

h
erm

al electro
n
 v

elo
city

 (T
e /m

)
0

.5 co
rresp

o
n

d
s to

 0
.0

3
1
 in

 th
is

fig
u
re. S

in
ce 

th
e to

ro
id

al 
m

ag
n
etic 

field
 an

d
 
th

e p
lasm

a cu
rren

t 
are in

 
th

e sam
e

d
irectio

n
 in

 th
is ex

p
erim

e
n
t, p

erp
en

d
ic

u
lar b

ro
ad

en
in

g
 o

f f
e  at n

eg
ativ

e 
ˆ v //  (as seen

in
 F

ig
. 4

(a)) sh
o

w
s an

 in
crease o

f electro
n
 cu

rren
t, an

d
 h

en
ce

 co
-E

C
C

D
. U

n
d

er th
e

lim
it o

f zero
 E

C
 p

o
w

er, th
e d

isto
rtio

n
 d

ecreases an
d
 f

e  co
n
v

erg
es to

 th
e M

a
x
w

ellian
.

F
ig

u
re

 4
: D

istrib
u
tio

n
 fu

n
c
tio

n
 o

f elec
tro

n
s

f
e  

at 
=

0
.0

8
 

ca
lc

u
la

ted
 

b
y
 

th
e 

n
o
n

-lin
ea

r

F
o
k

k
e
r-P

la
n
c
k
 co

d
e
 (C

Q
L

3
D

). (a
) E

C
C

D
 at

E
=

0
. (b

) E
C

C
D

 at m
ea

su
red

 E
 p

ro
file

. (c
)

m
ea

su
red

 E
 field

 w
ith

o
u

t E
C

C
D

. T
h
e
 tw

o

lin
es in

 ea
ch

 fig
u

re sh
o
w

 th
e b

o
u

n
d

ary
 fo

r
trap

p
ed

 p
articles at 

=
0
.0

8
.



T
h

e E
C

 d
riv

en
 cu

rren
t u

n
d

er th
e lim

it w
ill b

e th
at o

b
ta

in
e
d
 b

y
 lin

ea
r calcu

latio
n

.

A
n
 effect o

f E
 can

 b
e seen

 in
 F

ig
. 4

(c), w
h
ere n

o
 E

C
C

D
 is ap

p
lied

. S
in

ce th
e

electric
 field

 at th
e p

lasm
a cen

ter is n
eg

ativ
e to

 th
e p

lasm
a cu

rren
t d

irectio
n

, th
e

electro
n
s 

are 
d

rag
g
e
d
 

in
 

th
e 

p
o
sitiv

e 
d

irectio
n

 
o

f 
ˆ v // . 

F
ig

u
re 

4
(b

) 
sh

o
w

s 
th

e

co
m

b
in

ed
 resu

lts o
f E

C
C

D
 w

ith
 E

. W
e can

 see stro
n
g

 d
isto

rtio
n
 o

f f
e  u

n
d

er th
e

ex
p
erim

e
n
ta

l co
n
d

itio
n

 fo
r th

e m
o
st ex

trem
e case

 seen
 in

 F
ig

. 3
. T

h
e E

C
C

D
 effect

u
n
d

er E
 field

 is ex
p
ressed

 b
y
 th

e d
ifferen

ce
 b

etw
een

 (b
) an

d
 (c). W

e m
u
st n

o
te

 th
at

th
e 

‘E
C

C
D

 
effect’ 

in
clu

d
es 

a 
sy

n
erg

ic 
effect 

o
f 

E
 

an
d
 

th
e 

R
F

 
electric

 
field

;

electro
n
s scattered

 b
y
 th

e R
F

 field
 su

ffer th
e E

 field
. S

in
ce th

e sy
n

erg
ic effect is

h
ard

 to
 sep

arate eac
h
 o

th
e
r, th

e d
ifferen

ce
 b

etw
een

 (b
) an

d
 (c) is u

su
ally

 called
 as

an
 ‘E

C
C

D
 effect’, in

 a m
ean

in
g
 o

f cu
rren

t in
crease b

y
 E

C
 ap

p
licatio

n
. O

n
 th

e o
th

e
r

h
an

d
, th

e tru
e E

 
effect 

o
n
 a d

isto
rted

 
d

istrib
u
tio

n
 fu

n
ctio

n
 
(F

ig
. 4

(a)) is 
clearly

d
efin

ed
 b

y
 th

e d
ifferen

ce
 b

etw
een

 (b
) an

d
 (a).

T
h

e calcu
late

d
 E

C
 d

riv
en

 cu
rren

ts in
 v

ario
u

s co
n
d

itio
n

s are sh
o

w
n
 in

 F
ig

. 5
, in

co
m

p
ariso

n
 w

ith
 th

e ex
p
erim

e
n
ta

l resu
lts (F

ig
. 2

(b
)). W

h
en

 w
e co

m
p
are th

e lin
ea

r

calcu
latio

n
 w

ith
o
u

t E
 (I

E
C
=

1
.1

M
A

) to
 th

at w
ith

 E
 (I

E
C
=

0
.6

6
M

A
), th

e E
C

 d
riv

en

cu
rren

t d
ecreases b

y
 a facto

r o
f 0

.6
. T

h
e stro

n
g

 d
ecreasin

g
 effect b

y
 E

 o
n
 I

E
C
 can

also
 

b
e 

seen
 

in
 

a 
co

m
p
ariso

n
 

o
f 

th
e 

n
o
n

-lin
e
ar 

calcu
latio

n
 

w
ith

 
(I

E
C
=

0
.7

6
M

A
)

/w
ith

o
u
t E

 (I
E

C
=

1
.2

M
A

). O
n
 th

e o
th

e
r h

an
d

,

a 
n

o
n

-lin
e
ar 

p
o
w

er 
effect 

can
 
b

e 
seen

 
in

 
a

co
m

p
ariso

n
 

o
f 

th
e 

lin
ea

r 
an

d
 

n
o
n

-lin
e
ar

calcu
latio

n
s. 

T
h

e 
n

o
n

-lin
e
ar 

effect 
w

as

sm
aller 

th
an

 
th

e 
E

 
effect 

in
 

th
is

ex
p
erim

e
n
ta

l 
co

n
d

itio
n

. 
C

o
m

p
arin

g

calcu
latio

n
s 

to
 

th
e 

ex
p
erim

e
n
t 

w
ith

 
erro

rs

(I
E

C
=

0
.7

4
±

0
.0

6
M

A
), 

n
o
n

-lin
e
ar 

calcu
latio

n

ta
k
in

g
 
in

to
 
acc

o
u

n
t 

th
e 

E
 b

est 
ag

re
es w

ith

th
e ex

p
erim

e
n
t. C

o
n
sid

eratio
n
 o

f b
o
th

 o
f th

e

n
o
n

-lin
e
ar 

effect 
an

d
 

to
ro

id
al 

electric
 

field

effect is n
ecessary.

T
h

e 
resu

lts 
o

f 
th

is 
stu

d
y

 
su

g
g
e
st 

th
e

acc
u
racy

 o
f th

e E
C

 d
riv

en
 cu

rren
t, an

d
 h

en
ce

th
e 

E
C

C
D

 
efficien

c
y
 

C
D
 

is 
im

p
ro

v
e
d
 

b
y

ta
k
in

g
 

acc
o
u

n
t 

o
f 

b
o
th

 
th

e 
to

ro
id

al 
electric

field
 effect an

d
 th

e n
o
n

-lin
e
ar effect. S

u
c
h
 an

im
p

ro
v
e
m

en
t 

o
f 

acc
u
racy

 
in

 
C

D
 

co
u
ld

red
u

ce 
th

e 
p

o
w

er 
m

arg
in

 
o

f 
an

 
E

C
 
facility

n
ecessary

 
to

 
d

riv
e 

a 
req

u
ired

 
cu

rren
t, 

an
d

h
en

ce
 
co

u
ld

 
also

 
red

u
ce th

e 
co

st, 
as 

in
 
th

e

in
tern

atio
n

al 
th

erm
o
n

u
clear 

ex
p
erim

e
n
ta

l

reacto
r 

(IT
E

R
), 

alth
o

u
g

h
 

b
o
th

 
th

e

ch
aracte

ristic
 p

ara
m

e
ters (E

/E
cr , p

/n
e1

9
2) are

F
ig

u
re

 5
: P

ro
file

s o
f E

C
 d

riv
en

 cu
rren

t

en
clo

sed
 

in
 

a 
m

ag
n
e
tic

 
su

rface
 
I
E

C
in .

E
C

 
d

riv
en

 
cu

rren
t 

o
b
ta

in
e
d
 

b
y

ex
p
e
rim

e
n
t 

(so
lid

 
cu

rv
e) 

an
d
 

b
y

v
ario

u
s 

ca
lc

u
la

tio
n
s 

are 
sh

o
w

n
;

d
ash

ed
 

cu
rv

e: 
lin

ea
r 

ca
lc

u
la

tio
n

w
ith

o
u

t 
E

, 
d

o
t-d

a
sh

e
d
 

cu
rv

e: 
lin

ear

ca
lc

u
la

tio
n
 
w

ith
 E

, 
th

re
e-d

o
ts-d

ash
e
d

cu
rv

e: 
n

o
n

-lin
ea

r 
ca

lc
u
la

tio
n
 

w
ith

o
u

t

E
, 

d
o
tted

 
cu

rv
e: 

n
o
n

-lin
ea

r

ca
lc

u
la

tio
n
 

w
ith

 
E

. 
N

o
n

-lin
e
ar

ca
lc

u
la

tio
n
 
w

ith
 E

 ag
re

es 
th

e clo
sest

w
ith

 
th

e 
ex

p
e
rim

e
n
ta

l 
re

su
lt

co
n
c
ern

in
g
 to

 th
e E

C
 d

riv
en

 cu
rren

t.

sm
all in

 th
e sta

n
d

ard
 o

p
eratio

n
 in

 IT
E

R
 d

u
e to

 h
ig

h
 n

e . C
o

n
sid

eratio
n
 o

f E
/E

cr  w
ill

b
e n

ecessary
 in

 an
 ad

v
an

ced
 sta

rt-u
p
 scen

ario
 w

ith
o
u

t an
 O

h
m

ic
 so

len
o
id

 [11
]. In

th
e lo

w
 n

e  co
n
d

itio
n

 in
 th

e sta
rt-u

p
, b

o
th

 th
e effects w

ill b
e im

p
o
rta

n
t to

 p
lan

 th
e

scen
ario

. 
P

re
d
ictiv

e 
an

aly
sis 

fo
r 

ex
p
erim

e
n
ts 

reg
a
rd

in
g
 
cu

rren
t 

p
ro

file 
co

n
tro

l 
in

w
h
ich

 th
e E

C
C

D
 is 

tran
sien

tly
 ap

p
lied

 to
 co

n
tro

l cu
rren

t, 
sh

o
u
ld

 also
 co

n
sid

er a

tran
sien

t 
E

. 
F

in
ally, 

fro
m

 
th

e 
v

iew
 

p
o
in

t 
o

f 
E

C
C

D
 

efficien
c
y
 

in
 

IT
E

R
, 

th
e

ex
p
erim

e
n
ta

l 
C

D
 sh

o
w

n
 in

 F
ig

. 2
 can

 reaso
n
ab

ly
 ap

p
ro

a
ch

 th
e p

red
icted

 o
n
e in

 th
e

IT
E

R
, as p

rev
io

u
sly

 ex
p
lain

ed
 [4

].

4
 S

u
m

m
a

ry

R
e
cen

t p
ro

g
ress in

 th
e d

ev
elo

p
m

en
t o

f electro
n
 cy

clo
tro

n
 h

eatin
g

/cu
rren

t d
riv

e

sy
stem

s in
 reg

a
rd

 to
 in

jec
tio

n
 p

o
w

er an
d
 p

u
lse

 d
u
ratio

n
 h

as allo
w

ed
 th

e ex
ten

sio
n

o
f tw

o
 n

o
rm

alized
 p

ara
m

e
ters (to

ro
id

al electric
 field

 E
/E

cr  an
d
 w

av
e
 p

o
w

er d
en

sity

p
/n

e1
9

2). 
T

h
ese 

p
ara

m
e
ters 

h
av

e 
ch

aracte
ristic

 
effects 

o
n
 

th
e 

d
isto

rtio
n
 

o
f 

th
e

electro
n
 

d
istrib

u
tio

n
 

fu
n

ctio
n

. 
In

 
th

e 
ex

ten
d
ed

 
reg

im
e, 

th
e 

co
n
v

en
tio

n
al 

th
eo

ry

req
u

ires 
co

n
sid

eratio
n

 
o

f 
th

e 
d

isto
rted

 
electro

n
 

d
istrib

u
tio

n
 

fu
n

ctio
n

. 
W

e 
h

av
e

co
m

p
ared

 an
 E

C
 d

riv
en

 cu
rren

t m
easu

re
d
 ex

p
erim

e
n
ta

lly
 to

 resu
lts p

red
icted

 b
y
 th

e

lin
ea

r o
r th

e n
o
n

-lin
e
ar th

eo
ry. T

h
e lin

ea
r th

eo
ry

 w
ith

o
u

t in
clu

d
in

g
 an

 electric
 field

h
as a te

n
d

en
cy

 to
 o

v
erestim

ate th
e E

C
 d

riv
en

 cu
rren

t, as ab
so

lu
te

 v
alu

e o
f n

eg
ativ

e

E
/E

cr  in
creases an

d
 w

ith
 in

creasin
g
 p

/n
e1

9
2. W

h
ile th

e lin
ea

r calcu
latio

n
 w

ith
o
u

t E

o
v
erestim

ates th
e E

C
 d

riv
en

 cu
rren

t b
y
 a facto

r o
f 4

8
%

 in
 th

e m
o
st ex

trem
e case

,

n
o
n

-lin
e
ar calcu

latio
n

 in
clu

d
in

g
 m

easu
re

d
 E

 (I
E

C
=

0
.7

6
M

A
) ag

re
es clo

sely
 w

ith
 th

e

ex
p
erim

e
n
ta

l 
resu

lt 
(I

E
C
=

0
.7

4
±

0
.0

6
M

A
). 

E
le

ctro
n

 
d

istrib
u
tio

n
 

fu
n

ctio
n

s 
d

isto
rted

b
y
 th

e n
o
n

-lin
e
ar effect an

d
 b

y
 th

e E
 effect h

av
e b

een
 calcu

late
d
, sh

o
w

in
g

 stro
n
g

d
isto

rtio
n
 o

f f
e . A

 co
m

p
ariso

n
 o

f th
e E

C
 d

riv
en

 cu
rren

t fo
r v

ario
u

s calcu
latio

n
s h

as

sh
o

w
n
 th

at th
e d

ecreasin
g
 
effect o

f th
e n

eg
ativ

e E
 o

n
 I

E
C
 w

as stro
n
g

er th
an

 th
e

in
creasin

g
 effect o

f p
o
w

er d
en

sity, u
n
d

er th
e ex

p
erim

e
n
ta

l co
n
d

itio
n

s.

A
ck

n
o
w

led
g

em
en

ts

T
h

e au
th

o
rs w

ish
 to

 th
an

k
 m

em
b
e
rs w

h
o

 h
av

e co
n
trib

u
ted

 to
 th

e JT
-6

0
 p

ro
ject

fo
r 

th
eir 

fru
itfu

l 
d

iscu
ssio

n
, 

an
d
 

co
n
tin

u
o
u

s 
su

p
p
o

rt 
an

d
 

en
co

u
rag

em
e
n
t. 

T
h

e

au
th

o
rs also

 w
ish

 to
 th

an
k
 D

r. R
. W

. H
arv

ey
 fo

r h
is d

ev
elo

p
m

en
t o

f th
e C

Q
L

3
D

co
d
e, an

d
 fo

r h
is v

alu
ab

le d
iscu

ssio
n

.R
eferen

ces

[1
] T

. S
u
z
u
k

i et a
l., P

lasm
a
 P

h
y

s. C
o
n

tro
l. F

u
sio

n
 4

4
, 1

 (2
0
0

2
).

[2
] A

. Isay
am

a
 et a

l., P
lasm

a
 P

h
y

s. C
o
n

tro
l. F

u
sio

n
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2
, L

3
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etty
 et a
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c
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2
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u
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 b
e p

u
b

lish
ed
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u
c
lea
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sio

n
.

[5
] C

. C
. P

etty
 et a
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c
lea
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[6
] H

. K
n
o

ep
fel an
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 D
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p
o

n
g
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u
c
lea
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u
sio

n
 1

9
, 7

8
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9
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9
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] T

. F
u
jita et a
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u
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n
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n
g

. an
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 D

esig
n
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4
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7
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R
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W
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H
arv

ey
 

an
d
 

M
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G
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M
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o
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1
9
9
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P
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c
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IA
E

A
 

T
ec

h
n

ic
al 
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