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Ion Cyclotron Emission

O lon Cyclotron Emission (ICE)
: Emission of ion cyclotron range of frequency (ICRF) waves by fast ions

0 Features of ICEs observed

in large-sized tokamaks; JET, TFTR, JT-60U  — Emission region
= Outer midplane edge

« |ICE freq. ~ ion cyclotron frequency f.; and If;;
at outer midplane edge

SHe ion
N\ 7/ orbit
T\ (820 keV)
fi=q:B/2mm;, [ : integer =

« Correlation with Edge Localized Modes (ELMs)

1 JT-60U

O Near outer midplane edge
: Anisotropy in ion velocity distribution due to magnetic drift / finite orbit effect

— A possible driving source for ICE through velocity-space instabilities
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Previous ICE study in JT-60U

0 Resonance condition for ICE

: lon Cyclotron Resonance Condition

O Various ICEs observed in JT-60U

k||77|| k,: Parallel wavenumber
v,: Parallel velocity

= If +
f obs f ci 2T
Doppler shift Af;

v Fast ion species
NB injection : D(P-NB, ~80keV), D(N-NB, ~330 keV)
DD fusion reaction : 3He(~800 keV), H(~3000 keV), T(~1000 keV)

To identify driving source for ICE
Doppler shift
o k" & V) must be evaluated

Evaluation in JT-60U
£, with OFMC code

» with ICRF antennas

[1] M. Ichimura+ NF2008

[2] S. Sato+ PFR2010

Obs. Dispersion . .
3] S. Sumida+ JPSJ2017,
freq. relation Driving source [ ]PPCT:nZ](I) 18;
~Ifp Fast wave [1] D(P-NB) [1] —> ICE(D)
ICEs | ~//su. | Fastwave [1] SHe [1,3] ——>ICE(3He)
in ~ Ifen Fast wave [2] ?
JT-60U | 1 In this study
]ﬁT’ Slow wave [1] ?
~JcD
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Possible driving sources predicted

from measured disgersion iInformation

Dispersion Possible driving sources
Obs. freq. :
relation « ICE1 :
ICE1 ~If. Fast wave [2]
Vo . ICE2:
ICE2 ~fo, ~fip | Slow wave [1]
e47989 ICE1[1] I1ceD _ kv
0 27

Ja8

Frequency [MHz]

A0) S ke G e e | AN ________
30
cH
20
oo e e slow
10 .fci = qlB / ZTCmi
st 2t Outer midplane edge
4 6 8 10 12 14 16 Kobst| ]
Time [s] [1] M. Ichimura+ NF2008

[2] S. Sato+ PFR2010



Possible driving sources predicted

from measured disgersion iInformation

Dispersion
Obs. freq. relation
ICE1 ~Ilfiy Fast wave [2]
ICE2 ~fo, ~fip | Slow wave [1]
 E47989 ICE1[1]

ﬂaﬁw iR

b

e &
- -

Frequency [MHz]
(\O)
-

.fci T qlB / ZTCmi
=3 at outer midplane edge

| { | 4 i i
N 4y IR T S
O e sl L e
i s i o g s Sl e oo b sl

Possible driving sources

« ICE1: H
« ICE2:
Af = kv
Y 2m
Y S
ICEL (H?) ™™=
H Ion Cyclotron
Resonance (ICR) ?

slow

k|

[1] M. Ichimura+ NF2008
[2] S. Sato+ PFR2010
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Possible driving sources predicted

from measured disgersion iInformation

Dispersion
Obs. freq. relation
ICE1 ~Ilfiy Fast wave [2]
ICE2 ~fer, ~fip | Slow wave [1]

[MHz]

Frequency

Jen
fobsl

Jep

Jer
fobs2

Possible driving sources

« ICE1: H
« |CE2:

Af kv
Yo 2m
Afy?
ICEL (H?) — "™===eee___
1
I H Ion Cyclotron
: Resonance (ICR) ?
_______ d e —————
|
; slow
________ e

-|.
! IC}E2
! 1
| 1
Kobs1]| Kos2|| k |
[1] M. Ichimura+ NF2008
4/15

[2] S. Sato+ PFR2010



[MHz]

Frequency

Possible driving sources predicted

from measured disgersion iInformation

Dispersion
Obs. freq. relation
ICE1 ~Ilfiy Fast wave [2]
ICE2 ~fer, ~fip | Slow wave [1]

Possible driving sources

- ICE1: H
- ICE2: T

Freq
Af kv
'o2m
Jen _____A_]_CH_?_ .....................
Jobst SR
ICEL (H?) — "™===eee___
H Ion Cyclotron
Resonance (ICR) ?
Jeo Voo .
Jer L
—_—— e = — = =mo ST
Joe _AICR2(T7) T ICR?
! I
| 1
Kobs1]| Kos2|| k||
[1] M. Ichimura+ NF2008
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[MHz]

Frequency

Possible driving sources predicted

from measured disgersion iInformation

Dispersion
Obs. freq. relation
ICE1 ~Ilfiy Fast wave [2]
ICE2 ~fer, ~fip | Slow wave [1]

Possible driving sources

- ICE1: H
- ICE2: T,D

Freq
Af kv
Yo 2m
Jen AW
fobsl ~'~:.:~:: i ————————————
ICEL (H?) — "™===eee___
H Ion Cyclotron
Resonance (ICR) ?
Jeo |
Jer
fobs2
Kobs1]| Kos2|| k||
[1] M. Ichimura+ NF2008
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Possible driving sources predicted

from measured disgersion iInformation

Dispersion Possible driving sources
Obs. freq. :
relation « ICE1 : H
ICE1 ~If. Fast wave [2]
o . ICE2: T.D
ICE2 ~fo, ~fip | Slow wave [1]

Freq.

» Purpose : [dentify driving sources for ICE1 & ICEZ2

[MHz]

— Investigate whether fast ion velocity distributions
are consistent with the resonance condition

Measured
1. Evaluate resonant v, from freq. & k; with ICRE antennas

Frequency

2. Compare fast ion distribution with resonant v,

Evaluated
with OFMC code

iIme |S [1] M. Ichimura+ NF2008 4
[2] S. Sato+ PFR2010 /15
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To evaluate k, toroidal wavenumbers k,, are measured
with 3 ICRF antenna straps

O Toroidal wavenumber k,,
_ A014 + 27Tj14 _ A045 + 2T[j45

v ALy, AL,:
_ Aby5 + 2mjy5 A9 Phase difference
AL AL : Distance btw straps
j : Integer

v' Standard deviation o

- jm—mz

N-1

; — Search for a j combination
167 cm when ¢ becomes the minimum.

Antenna 1 i¢ » Antenna 2
T( i N ( i )
74 om ! O Assume k; =k,
Poloidal #7 - o S
A - Bdirection ~ toroidal direction
#8 — (/ large Qsate Near plasma edge)
* e —— 2‘5?5‘13%; |+ Measured poloidal wavenumber
> Toroidal is small [1].

[1] M. Ichimura+ NF2008 9/15



To evaluate velocity distribution of fast D ion & DD fusion
produced ions, OFMC code is used

O OFMC code [4]
: traces guiding-center and/or full-gyro orbits of fast ions in 3-D magnetic field.

v Assumptions in this study,

« Orbit calculation : Guiding-center, neo-classical

« Evaluation of velocity distribution under stationary condition
v' Can take into account quantitatively evaluated birth distribution

of fusion produced (FP) ions
Beam ions

] Fast D ion velocity
1. OFMC: fast D ion distribution at outer For ICE2

midplane edge

v" Fast D ion due to NB injection
v Initial conditon === - -m-----mm-m-mmmmmmmmm-o-

: NB system on JT-60U Fusion produced (FP) ions

Birth spatial & velocity 3
distribution of FP ions

2. OFMC: fast FP ion

FP ions
v" DD FP ion FP ion velocity
v"Initial condition : Birth spatial & distribution at outer For ICE1 & ICE2
velocity distribution of FP ions midplane edge

[4] K. Tani+ JPSJ1981 6/15



Direction of operator for cyclotron resonance in velocity space

O Operator L for wave-particle interaction [5]

0 0i-A0d D

- “E E oA " 9P,
B 2

AZ%ZZ_JZ_ZSinqupitch

WDistribution function fy;s
* L-fg4is > 0 : particle — wave
* L-fyis <0 :wave — particle

In velocity space,

Operator L direction
at a resonance point

[5] e.g. L. -G. Eriksson+ PoP1999

v' L - fgis > 0 : particle — wave

EA

L direction

>

¢pitch (= asin ﬂ)

7115



Contents

1. Introduction
« Ion cyclotron emission (ICE)

2. Analysis method

- Resonant v, : evaluated from measurement results with ICRF antennas
« Fast ion velocity distribution : evaluated with OFMC code

3. Analysis results

3.1. ICE1 (H?)
« Observation of ICE1
« Comparison of fast H ion velocity distributions
with H ion cyclotron resonance condition
3.2. ICE2 (T?, D?)
« Observation of ICE2
« Comparison of fast T and D ion velocity distributions
with each ion resonance condition
« Cal. of linear growth rate of slow wave

4. Summary



ICE1

Typical plasma parameters for ICE1 observation

E47987

;""l""l""|""|""|""|""|""|""|""|""|""|"". 3
T T T T BT ]
M
0
TrrrTTrT
495 g
J.u.u.l.l.u.E

4 5 6 7 8 9 10 11 12 13 14 15 16

Time [sec]

10 .E.,‘.‘.?.?.&Z....,....,....,....,....,.. perp. P-NB

[4+1 L
~"  330keV

o
(@)

%)
(@)

[\
(@)

Time [s]

Evaluate velocity distribution
under stationary condition

by using parameters at t= 13.8 sec
8/15



Comparison of fast H ion velocity distribution [CFE 1
with ion cyclotron resonance condition

f obs _f cH [MHZ]

O Doppler shift Afy gyesenanty
Typical H ion velocity distribution

3 _ kyvy
AfH—fobs_lch— 2T
Measured Afy vs k,
In several discharges

* Resonant vy is 5-15 X 10° m/s

VH [106 m/S]

4000 - 8
Resonance i
condition H ; I

- 6
> ] :
S 2000 Operator L - | 14
=) 15 “direction |

1000 : !2

0- - 0

=

0 45 90 135 180
¢pitch [ngI’CC]
« Fast H ions can satisfy the resonance
condition.
* L- fg4is > 0 exists near birth-E region.

— Driving source for ICE1
= DD fusion produced H ions !

[(59139p A ¢W)/ 401 ]
uonnqrysIp uor { 1se,]
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T 10 19 m_3] Redge (m]

Wd [MJ] n

S [10 ' n/sec]

ICE2

Typical plasma parameters for ICE2 observation

E4796

[ Regge : R at outer midplane edge

4 5 6 7 8 9 10 11 12 13 14 15 16
Time [sec]

perp. P-NB

330keV

4 6.5 9 11.5 14
Time [s]

ICE2 begins to appear just after N-NB injection
(or increment of fusion reaction rate)

Evaluate velocity distribution under stationary

condition by using parameters at t=12.0 se1cO
/15



Comparison of fast T ion velocity distribution ICE2
with ion cyclotron resonance condition

O Doppler shift Afy; " Se‘}‘.’}‘am " Typical T ion IIyc]alocity distribution
YTl v [10° m/s
Afr = fobs — Uer = o 5000 A0, OIS
Resonance_ 1 )/ .",','."'\.‘,’.Q—5> B2 — =
Measured Afrvs k, — gongiion s T | =2
in several discharges RIVVR N K sz o
5"k > ] = 3
. Af = Kol 2 1000 4§O 1], &=
- Resonant v 2T A = L perator L é &
§ ol [106 m/s] & ' 500 Z direction ke ;r
- o /,/;:/— 7 R 05%= =
2 ::,‘// /7 : g3
[ /// ~ ////// ] [
“2 - I R A 04 0
. _5@/ Y 0 45 90 135 180
“’\o - 3//// /// ///;;////// - ¢pitch [degree]
T _ « Only low-E fast T ions can satisfy the
L7 5767, 20,000 . resonance condition
_10....|./../.|.... . . F. . . _ .
15 10 5 0 L - fais > 0 exists only in low-E region.
k, [m] A time scale of slowing-down time elapses

for formation of low-E component.

« Resonant v, =0.5-2 X 10° m/s ﬂf) “ICE2 begins to appear just after increment
of T ion birth rate (or N-NB injection)” in Exp.

Driving source for ICE2
% DD fusion produced T ions 11/15

Time scales are
inconsistent



Comparison of fast D ion velocity distribution ICE2
with ion cyclotron resonance condition

[(90180p A9 cw)/ (;01]
IIOI],nqLI],SIp uol (I 1Se :‘[

. Resonant v
O Doppler shift A “ : : L
PP fo . Typical D ion velocity distribution
Af = fobs = Ufep = —5— Y g m]
2m 500 - g 15
Resonance ' FUNCNBY [
Measured AfD VS kq, condition 40 / '/l : :Component D _
in several discharges - E >80keV) 1 1,
5 — — — — % [
T T > I C
- 2 1 Operator L |
Af = Ko = 200 ( ! direction d
'E 0 - Resonant v 21 i [ >
(106 m/s] o= 100 -
2, E /”¥5//;/§///// : !
. — - - " 77 L
“’3 ///// - /////?/ 0 ' 4 0
L 2T T 0 45 90 135 180
< @ Bpien [degree]
@// /////://f/  Fast D ions (N-NBI) can satisfy the
1o B @ 6 7, /10 resonance condition
i “15 -10 _5 0  L- fg4is > 0 exists near beam-E region.
k, [m'] (— Consistent with its appearance condition)
@

* Resonant v =4-5x10°m/s

— Driving source for ICE2
= N-NB injected D ions !

12/15



To confirm whether slow waves become unstable by N-
NB injected D ions, dispersion relations are calculated [CE2

O Wave dispersion code [6]
Assumptions : Linear theory and uniform plasma

* Maxwell’s equation
2

kx(kx Ey+Z e E=0
C

<>

4 ¢ Dielectric tensor € for arbitrary velocity distribution function f;

2

- w’ w H. 1Q (oY f )1
=|1- 2T+ 2 a sl g o S — dPy
2 ( E w’ E w’ fa)—k”v” -1Q, "oy,

ns

K s,/ VJ_ aVJ_

O N-NB injected D ion model [7]

3n n(wp —v)

vp\3\ v3 + v3

2ml (1+ -b ) ¢
min(1+(2)

S 1
X Z (l + E) w VP (p)K vy — v)
1=0

f NNB —

>
o}
=]
Sy

[(90189p A cwr)/ 1;01]
uonnqLysIp uor (J Ise,]

[6] S. Sumida+ EPS2018 0 45 90 135 180

[7] e.g. J. G. Cordey+ PF1974 ®pitch [degree] 3
13/15



ICE2
Slow waves become unstable due to N-NB injected D ions

O D plasma including fast D ions
B=144T,n.=np=10Ym3, T.= Tp= 500 eV, ngy= 8.0 X 101> m-3,
Vo =~5.6 X 10°m/s (Exng = 330 keV), ®piten = 20 degree (referred from parameters at po. ~ 0.95 in E47967)

Dispersion relation of slow wave Wave propagation

X103 angle 6y = acos(k;/k)
Im(w) > 0 0, [degree]
E 170
3 — unstable 150
135
——120
— 100

-k [m1] -k [m1]

* N-NB injected D ions can destabilize
slow waves propagating in the oblique direction
— Growth rate of slow wave supports
driving source for ICE2 = N-NB injected D ions 14/15



Summary

We identified driving sources for ICE1 & ICE2 by using a simple qualitative
method with the resonance condition and the operator direction
based on ...

v' Dispersion relation measured with ICRF antennas

v’ Fast ion velocity distribution evaluated with OFMC code

O ICE1 (Fast wave): DD fusion produced H ions
« Fast H ion distribution can satisfy the resonance condition
& its gradient is consistent with the operator L direction.

O ICE2 (Slow wave): N-NB injected D ions
« N-NB injected D ion distribution can satisfy the resonance condition
& its gradient is consistent with the operator L direction.
« Time scale is consistent with the observation.
» Destabilization of slow waves due to N-NB injected D ions was confirmed

JTI(rSIOU 223' Dispel:sion Driving source In this stud

- d. relation )4
ICE(D) ~Ifiy Fast wave D(P-NB) !\/

ICE(CHe) | ~lfisn. Fastwave __t-=""" He | 7= ~~.
ICE1 ~ I Fast wa%/éj H ——> ICE(H) \\l
ICE2 :J}]T) Slow wa\\/é\\ DIN-NB) —> |CE([))/,/',

___________________ 15115
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To confirm whether slow waves become unstable by N-
NB injected D ions, dispersion relations are calculated [CE2

O Wave dispersion code [6]
Assumptions : Linear theory and uniform plasma

* Maxwell’s equation
2 o

w
kx(kxE)+—¢e E=0
C
4 ¢ Dielectric tensor € for arbitrary velocity distribution function f;

’’’’’’’’

- W’ W’ H. 1Q,00f) ,, @f.)
=|1- 2]+ ps > + K, Ly
2 ( 2 w’ 2 w’ fa)—k”v” —Q \ v, av, v /n
- nfastD = 4x10 m~3, ¢, = 20 deg.
. 6vg1 = 0.7vy, vg, = 0.1v,
O Fast D ion model §v,1 = 0.1, 8v,; = 0.01v,

f (v — v,) exp l_ {(U” — voll) cos ¢ + Z(UJ_ — Vg, ) Sin ¢0}2] 5()() ({)020 ld-e-g ............
OVEs 4009
{—(y — vop) sin g + (v, — vo1) cos po}? _ n
Svyy % 37)(%)
+n(—=v + vy) exp l_ {(v) — vgy) cos ¢O5-|;2(vj_ — Vp) sin ¢0}2] = 2()()
E2
{—=( —vgy) singy + (v, — vy, ) cos (]50}2]
51752

=
(%2

!
o
I
—_
)
<
onN
N————
—
o

xexp |—

(V2]

xexp |—

o— :

o

[(90189p A (w)/ (;01]
uonnqrnsIp uor (J iseq

n : Heaviside step function Ppitch [degree]



ICE2
Slow waves become unstable due to N-NB injected D ions

O D plasma including fast D ions
B=144T,n.=np=10Ym3, T.= Tp= 500 eV, ngy= 8.0 X 101> m-3,
Vo =~5.6 X 10°m/s (Exng = 330 keV), ®piten = 20 degree (referred from parameters at po. ~ 0.95 in E47967)

Dispersion relation of slow wave Wave propagation
angle 6y = acos(k/k)

X104
1 [ T T T 4 | L S B R L B L B B R ek [degree]
_ Im(w) >0 —
0.8 - - N — unstable ] —170
— [ i 179 ] —— 160
Q?) *‘Q; / ] 150
~ S LY ] s
Q ]
Z 6= 179 d 2 4 ' o
oz e 1S Cyclotron E 1o =
02T resonance ] . — 100
O i PRI S S T S SR R S TR S N N TR T N ] I Lo PR B B Y '
5 5.5 6 6.5 7 . 6.5 7
-k|| [m'l] 'k|| [m-l]

* N-NB injected D ions can destabilize
slow waves propagating in the oblique direction



Non-thermal ion velocity distribution can be formed
near outer midplane edge

O Guiding-center orbits of DD fusion

produced 3He ions

At outer midplane edge

E=

820 keV, @pitch =

—— E=820keV, dpiien =

E=

820 keV, @pitch =

=== E=410keV, ¢pich =

46 deg.
56 deg.
66 deg.
56 deg.

—

T T T T T

T T T T T T T T

—o= O

3He ion birth e
distribution

0

L]-
DD

T T

D + D — *He(0.82 MeV) +n(2.54 MeV)
— T(1.01 MeV) + H(3.03 MeV)

@ <t at outer midplane edge\

a
« Pitch-angle anisotropy

ffast f
14
[\ ¢pitch [deg]
0 90 180

.f Bump-on tail structure
ffast

.

| %




JT-60U tokamak

Perp P-NB
(#3,#4) Perp P-NB Tang P-NB

(#6) [ (#7,#8) Machine Parameters

«Q Toroidal Field 47
Plasma Current 3 MA
Major Radius 3.4m
Counter-direction _ )
Minor Radius 1m
Co-direction
Tang N-NB Plasma Volume 90 m3
(#15,#16) | Pulse Length 65 sec
Heating Power (NB) 40 MW
Perp P-NB Yang P-NB Heating Power (RF) 15 MW

(#12) (#9,#10)

« Positive-D-ion source (P-NB) : ~80 keV
v' Perpendicular NB (Perp. P-NB) x 7 X
v Tangential NB (Tang. P-NB) x 4 D +D — °He(0.82 MeV) +n(2.54 MeV)

: . — T(1.01 MeV) + H(3.03 MeV)
« Negative-D-ion source (N-NB) : ~350 keV

v' Tangential NB (Tang. N-NB) x 2



