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M
otivation

•
Predictability of the edge pedestal height and control of
divertor heat load are tw

o of the m
ajor issues in the design

of next generation tokam
ak burning devices

fi
Predicted perform

ance is sensitive to the edge pedestal
height

•
Both are strongly im

pacted by ELM
s and their size

•
A w

orking ELM
 m

odel is they are low
-interm

ediate n ~ 5 - 30
peeling-ballooning m

odes [1,2].
fi

ELM
 sizes are related to radial w

idths of unstable m
odes

•
Recently, sm

all ELM
 regim

e has been extended to low
 q

regim
e by edge current m

odification  and the role of J
edge

investigated.
–

Current ram
p experim

ent to vary J
edge  directly

–
High collisionality experim

ent using im
purity seeding

[1] Lao, et al, N
ucl. Fusion  39, 1785 (1999)

[2] Ferron, et al,  Phys. Plasm
as, 7, 1976 (2000)
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•
D

riven by P
¢edge  and J

edge  interacting through J
BS  and 2nd ballooning access

•
J

edge  stabilizes high n ballooning m
odes but drives interm

ediate n peeling m
odes

•
ELM

 sizes are related to the radial w
idths of the unstable m

odes
•

C
ritical P

¢edge is set by m
odes w

ith the highest n w
ithout 2nd ballooning stability

accessP¢edge

Stable?

Stable?

m
ore J

B
S

J
edge

2nd stability access   

P.B
.Snyder, et al, 19th IA

EA
, TH

3/1

P.B
.Snyder, H

.R
.W

ilson, et al Phys. Plas. 9 2037(2002).

H
.R

.W
ilson, P.B

.Snyder, et al Phys. Plas. 9 1277(2002).



“G
iant” and “G

rassy” ELM
 regim

es in JT-60U
•

No edge profile m
odification

•
G

iant (Large ) ELM
 : low

 d or low
 q

95 ,  fELM  < 100Hz
•

G
rassy (Sm

all) ELM
 : q

95  >~6, d >~0.45 and b
p  >~1.6 ,  fELM  ~ 1kHz

                                        very high d (~0.6) low
ers q

95  boundary (<4)

JT-60U



Predicted unstable m
odes in “G

rassy” ELM
discharges have a narrow

er radial w
idth

•
Eigen functions of m

arginally unstable m
odes com

puted using the ELITE
code

•
C

hanges in radial w
idth related to difference in q profiles

JT-60U
JT-60U

Lao, K
am

ada, et al,  N
uc. Fusion 41, 295  (2001)

JT-60U



”G
iant” ELM

s can have various am
ount

of energy loss related to n*
JT-60U

•
“G

iant” ELM
 energy loss  DW

ELM  / W
ped  tends to increase in

low
er collisionality n* (still sm

all in JT-60U)
•

ELM
 size m

ay relate to m
ode structure.

A. Loarte, et al., Fusion Energy 2000 ITERP/11
N. O

yam
a, et al., Fusion Energy 2002 EX/S1-1



Interm
ediate n m

ode should be
considered for ELM

s
JT-60U

ELITE

•
Sm

all DW
ELM  / W

ped  case (sm
all “G

iant” ELM
) analyzed

•
Stable to infinite n ballooning m

ode  -> no ELM
?

•
Unstable to finite n peeling-ballooning m

ode  ->  ELM



Accurate equilibrium
 reconstruction is crucial

for proper interpretation of stability results
JT-60U

•
Fine edge m

easurem
ents, M

SE, m
agnetics

•
Fast ion losses(orbit, ripple,CX) considered

•
Accurate reconstruction  ->  J

edge  consistent w
ith J

BS  obtained



Ip ram
p-up can cause a “G

iant” ELM
 burst

in “G
rassy” ELM

 regim
e.

•
Increase J

edge  by Ip ram
p-up (0.25M

A/s)
•

In sm
all(grassy) ELM

  regim
e

         d=0.45, q
95 =8-10, b

p =1.5-2

JT-60U



(Cont’d)
•

Current ram
p-up affected ELM

 behavior has 4 phases
–

(I) ELM
 free

–
(II) G

rassy ELM
s (fELM ~500Hz)

–
(III) 1st giant ELM

 burst occurred at t=4.35s (fELM ~40Hz)
–

(IV) M
ore frequent giant ELM

s (fELM ~100Hz)

JT-60U



Edge current significantly increased
during current ram

p-up.
JT-60U

•
Tim

e-dependent experim
ental equilibria com

puted w
ith

SELENE code.
•

Current ram
p(0.25M

A/s) increased the current
contained in 0.8<r/a<1.
–

reached several tim
es of edge bootstrap current



•
BALO

O
 code analysis

•
G

ap accessing to 2nd stability regim
e opened at the edge

•
Large J

edge  pushes aw
ay 1st boundary.

The edge region has 2nd stability regim
e access

for high n ballooning during current ram
p-upJT-60U



•
ELITE code analysis

•
unstable to interm

ediate n (=15) driven by edge current
•

Consistent w
ith observed sm

all “G
iant” ELM

Peeling-ballooning m
ode :

unstable to interm
ediate n m

odes
JT-60U



“G
iant” and “G

rassy” ELM
 regim

es in JT-60U
•

No edge profile m
odification

•
G

iant (Large ) ELM
 : low

 d or low
 q

95 ,  fELM  < 100Hz
•

G
rassy (Sm

all) ELM
 : q

95  >~6, d >~0.45 and b
p  >~1.6 ,  fELM  ~ 1kHz

                                        very high d (~0.6) low
ers q

95  boundary (<4)

JT-60U



•
Ip ram

p-dow
n : -0.2M

A/s
•

Pure grassy ELM
 state w

as attained at t=4.9s.
–

 d=0.5, q
95 =3.7, b

p =1.6 (norm
ally giant ELM

 expected)
•

Ip ram
p-up triggered “G

iant” ELM
 at higher q

95 &
b

p  (t=6.58s).
–

 d=0.5, q
95 =4.2, b

p =1.8

JT-60U
Ip ram

p-dow
n elim

inates “G
iant” ELM

s at q
95 <4.



“G
iant” ELM

s persist at low
 d despite Ip ram

p-dow
n

•
Ip ram

p-dow
n (-0.2M

A/s) at low
 d (0.11)

•
ELM

 am
plitude decreased and fELM  increased, but still “G

iant”
even at higher q

95 =4.1 and b
p =1.6 at t=5.5s than E039703

•
Less change at low

er ram
p rate (-0.1M

A/s)
•

Consistent w
ith the peeling-ballooning m

odel
–

W
eaker m

agnetic w
ell at low

 d m
ake stable regim

e narrow
er.

JT-60U



Effects of Ip ram
p depend sensitively on q

95  and d
at low

 q
95  region.

•
In E039663, Ip ram

p-dow
n (-0.2M

A/s) at slightly low
er d (0.45)

than E039703 (d =0.5)
–

“G
iant” ELM

 becam
e sm

aller and “G
rassy” ELM

 dom
inant, but

“G
iant” ELM

 still existed at q95=4.1 (sam
e as E039703).

•
In E039660 w

ith sam
e d (0.45) and slightly higher q

95 =4.5 than
E039663, “G

iant” ELM
 disappeared.

JT-60U



“G
iant” and “G

rassy” ELM
 regim

es in JT-60U
•

No edge profile m
odification

•
G

iant (Large ) ELM
 : low

 d or low
 q

95 ,  fELM  < 100Hz
•

G
rassy (Sm

all) ELM
 : q

95  >~6, d >~0.45 and b
p  >~1.6 ,  fELM  ~ 1kHz

                                        very high d (~0.6) low
ers q

95  boundary (<4)

JT-60U



Edge current m
odification shifts the

“G
rassy” and “G

iant” ELM
 boundary.

•
Current ram

p-dow
n shifts the boundary to low

er d and q
95 .

•
Current ram

p-up shifts the boundary to higher d and q
95 .

•
Role of J

edge  is consistent w
ith the peeling-ballooning ELM

 m
odel.

JT-60U



Large ELM
s disappeared in the im

purity
seeded discharge

•
Ar seeding w

ith outer leg on the dom
e of W

-shaped divertor
•

W
ith increasing n

e  and n
Ar , fELM (giant) decreased and giant

ELM
 com

pletely disappeared.

•
t=6.5s : large ELM

s
                   n

ped /n
G

W =40%
                   n

Ar /n
e =0.3%

                   T
e ped=1.2keV

                   Zeff=2.8 (const.)
•

t=7.8s : sm
all ELM

s
                   n

ped /n
G

W =60%
                   n

Ar /n
e =0.9%

                   T
e ped=0.9keV

                   Zeff=4.5 (const.)

JT-60U



(Cont’d)
JT-60U



Reduced J
edge  m

ay play a role in the
disappearance of “G

iant” ELM
.

•
test stability for m

odel equilibria w
ith different J

edge
•

scan J
edge  from

 J
BS  (Z

eff =4.5) to 2xJ
BS

–
Ar rich edge region has higher Z

eff  than spatial constant value.
–

Im
purity and neutral particles from

 divertor m
ay also affect the edge.

–
“Real” J

BS  w
ould be low

er than the com
puted.

•
ELITE show

s peeling-ballooning stable around J
edge ~J

BS

JT-60U

ELITE analysis

m
ost unstable to n=8

stable

m
arginal (n=10)



High J
edge  case is m

ost unstable to n=8 and
has a large grow

th rate.
JT-60U

•
M

ode grow
th rate com

puted w
ith ELITE

•
Case 1 w

ith J
edge  ~ J

BS  (Z
eff =4.5) stable

•
Case 3 w

ith highest J
edge  m

ost unstable to n=8



High J
edge  case has a larger m

ode w
idth

JT-60U
•

As J
edge  increases, m

ost unstable m
ode m

oves to longer
w

avelengths and radial m
ode w

idth increases
–

Stronger coupling betw
een peeling and ballooning term

s
–

Expect sm
aller ELM

s at reduced J
edge , consistent w

ith exp.

n=10
n=8



Sum
m

ary
JT-60U

•
Current ram

p can shift the “G
rassy” and “G

iant” ELM
 param

eter
boundary. “G

iant” ELM
 at d=0.45, q

95 =10 & b
p =2 and “G

rassy”
ELM

 at d=0.5, q
95 =3.7 & b

p =1.6 dem
onstrated.

•
Effects  of current ram

p depend on d and q
95 .

•
Current ram

p results can be explained by peeling-ballooning
ELM

 m
ode.

•
“G

iant” ELM
 disappeared in im

purity seeding experim
ents.

Consistent w
ith peeling-ballooning ELM

 m
odel.

In JT-60U, sm
all ELM

 regim
e has been explored and the peeling-

ballooning ELM
 m

odel has been tested using different
experim

ental approaches.


