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Runaway electrons (RES) produced during disruptions

can damage tokamak wall

Amplification  Plateau  Final Loss A Localized impact of high  -energy RE
Phase Phase Phase beam can damage tokamak wall

A ITER mitigation strategy if disruption
cannot be avoided [1]:

—_(

Massive impurity injection to dissipate
thermal and magnetic energy and
prevent formation of REs

Plasma Current
Generation

time

Formation and loss of RE beam

—_(

This approach has yet to be proven

A Studying of post -disruption runaway
plasma remains important

A This talk:
T Equilibria of RE beam in DIll -D

~

I REdriven instabilities in DIl -D
Dill-D
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New physics of RE beam:
A Energy distribution function
A Current density profile

A Internal MHD instability

A External kink instability

A Frequency chirping instabilities

Diii-D
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Motivation

New physics of RE beam: Measurements of f(E)

@ Energy distribution function provides information on:
A Current density profile

A Internal MHD instability

A maximum energy of REs

A major current carriers

A External kink instability R balance between

A Freq. chirping instabilities accelerating and
dissipating factors

A possibility of RE -driven
Instabilities

Dil-D
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Energy distribution function of RE beam is generally

poorly diagnosed

Dil-D
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A How to predict RE physics in ITER?

I Measure REs in existing tokamaks
and verify RE models

A Easy to say, but difficult to do:

i Energy range from 0.1 to 30 MeV
I Currentfrom 0.1 to 1 MA

A. Lvovskiy/TSDW/August 2019



Energy distribution function of RE beam is generally

poorly diagnosed

101 T A How to predict RE physics in ITER?

N e
SR MXR \ 025\/5 /HXR(mid)
£ IR Synch. |

1010} Avalanche 3 o

I Measure REs in existing tokamaks
and verify RE models

HXR (up)

5 (a) fS (Icm3IMeV) Vis Synch.
10 ' ' ' '

103 102 101 100 101 102 A Easy to say, but difficult to do:
Electron energy (MeV)

Hollmann2015 (DIl -D) : no data in raypg Ene?gy ?'aTnéeofroMeOﬁ to 30 MeV
I Current from 0.1 to 1 MA

107 ——1t=1,0113s
—1t=1.13-1.45s 0 ;
logygfe (a.u.)
= -1} _
“#10%
= \
1019: 1‘ -2
1016: "5 10 15 20 2'5ll N 3
E.e [MeV] -4 (f) , ,
Nocente2018 (ASDEX -U): no spatial measurements 0 10 20 30
E (MeV)
Paz-Soldan2017 (DIll -D): Ohmic plasma,
DiIN-=pD effects specific to RE plateau can be missed
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Energy distribution function of RE beam is generally

poorly diagnosed. But we can do it now on DIlII -D
prtiy— RE A RE energy distribution can be
I plateau | constrained via hard X -ray (HXR)
0. Ohmic bhase L | 7 LIMA] | bremsstrahlung measurements and
************ -t — ygjng recent advances in:

1 New scenario: low -current RE
beam in low -density plasma

9 2]—

o <n J> [10'7m"

Arll line J:LL] Dg line

O WwWo Owo O 0

Dil-D
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Energy distribution function of RE beam is generally

poorly diagnosed. But we can do it now on DIlII -D

RE 2180 &/ A RE energy distribution can be
plateau ' constrained via hard X -ray (HXR)
L | 7 LIMA] | bremsstrahlung measurements and

using recent advances in:

#175768

1 New scenario: low -current RE
beam in low -density plasma

OwWo OWo O U o

e <nt> 10" Tm2] Y Low, measureable HXR flux O £l
T — . - Y Long-lasting RE plateau
J‘"LL ] Y Large variability of applied voltage
Arll line _Iif D line
0 1 2 3

t[s]
@Injectionofsmall Arpel l et B disruption and
formation of RE beam

Dzmassive gas i njecAtfromn B purge of
RE beam

Dil-D
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Energy distribution function of RE beam is generally

poorly diagnosed. But we can do it now on DIlII -D

RE 2180 &/ A RE energy distribution can be
plateau ' constrained via hard X -ray (HXR)
L | 7 LIMA] | bremsstrahlung measurements and

using recent advances in:

#175768

1 New scenario: low -current RE
beam in low -density plasma

O WwWo Owo O 0

S <nt> [10¥m2] Y Low, measureable HXR flux 6 &
. — ] . — Y Long-lasting RE plateau
L Y Large variability of applied voltage
Arll line J:LL] Dy line
| | _Ir | I Gamma Ray Imager upgrade:
0 1 2 3 ultrafast gamma detector [1,2]

t[s]
@ Injectionof small Arpel l et B di sr M plime gesolutigndncreased by 1000x
formation of RE beam Y MHz counting capabilities

Dzmassive gas i njecAtfromn B purge of
RE beam

Dill-D [1] Dal Molin et al RSI 2018
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Energy distribution function of RE beam is generally

poorly diagnosed. But we can do it now on DIlII -D
@ Region of analysis
prs . RE—— // A RE energy distribution can be
T plateau | constrained via hard X -ray (HXR)
S| ohmicbhase l, [MA] | bremsstrahlung measurements and
—/ ©Yhmic phase|=————————~ | - -
0 . . using recent advances in:
6 L 4
31 \\P"\-——\/‘"'Mj I I New scenario: low -current RE
0~ . . . beam in low -density plasma
6 L
3t <> [1019m-2] . Y Low, measureable HXR flux © &€®
0 __z-r_‘i"_"_‘?:‘_"ff ] - -~ Y Long-lasting RE plateau
J‘"LL ] Y Large variability of applied voltage
Arll line | D Iz
| | _Ir | I Gamma Ray Imager upgrade:
0 1 2 3 ultrafast gamma detector [1,2]

t[s]
@Injection ofsmall Arpel l et B di st M plime gesolutigndncreased by 1000x

formation of RE beam Y MHz counting capabilities
Dzmassive gas i njecAtfromn B purge of
RE beam
D’!E!,:Dw | [1] Dal Molin et al RSI 2018
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RE energy distribution function conserves over

observation period and has bump at5 96 MeV

Experimeni A Measured RE distribution function

— . . . has maximum energy up to 20 MeV

> #175768 I Consistent with other machines
2'.4 reporting REs up t«
.ho |

e

(@)
O 2 RE spectrum

O 5 10 15 20
E [MeV]

Dil-D
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RE energy distribution function conserves over

observation period and has bump at5 96 MeV

Experimeni A Measure_d RE distribution function
— _ . . has maximum energy up to 20 MeV
= N #175768 I Consistent with other machines
O \ l reporting REs up t¢
4 |
o bump A Thereisabump at 576 M
o) suggesting possibility of kinetics
O 2 RE spectrum instabilities

O 5 10 15 20
E [MeV]

Dil-D
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RE energy distribution function conserves over

observation period and has bump at5 96 MeV

Experlmeni A Measure_d RE distribution function
p— : has maximum energy up to 20 MeV
= N #175768 I Consistent with other machines
O \ l reporting REs up t¢
il |
o bump A Thereisabump at 576 M
o) suggesting possibility of kinetics
O 2 RE spectrum instabilities

0o 5 10 15 20 oo
E [MeV] RE distribution function conserves

over 450 ms atsmaIIED: O. 1717 0.

I This can be explained by collisional

damping: E /B = 1 T1g,=7ms
(D, bound electrons are important!)

T Synchrotron damping is small:
l1’ad =160 L.!on

Dil-D
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RE energy distribution function conserves over

observation period and has bump at5 96 MeV

Experlmeni A Measure_d RE distribution function
p— : has maximum energy up to 20 MeV
> N #175768 I Consistent with other machines
O \ l reporting REs up t¢
4 |
o bump A Thereisabump at 576 M
o) suggesting possibility of kinetics
O 2 RE spectrum instabilities
Model A RE distribution function conserves
N . . . over450 msatsmallEy;=0. 17T 0.
<0°-30°> DR . .
15.5} I This can be explained by Eolllsmnal
2 ‘ | damping: E y,E. = 118, =7ms
c% time \ (D, bound electrons are important!)
O 150! I Synchrotron damping is small:
| RE spleChq l | | l1’ad =160 L.!ou
0 5 10 15 20 _ _
E [MeV] A Main features are captured via
0D-2V Fokker -Plank modellin
DII-D )
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Conclusion

New physics of RE beam: Energy distribution function

@ Energy distribution function of RE beam is obtained via

- - HXR m rements:
A Current density profile easure

A Internal MHD instability A quasi-stationary in low

A External kink instability density plasma

A Freq. chirping instabilities A has a bump at 5 MeV
A Fokker -Plank modelling

gualitatively matches
the experiment

Diii-D
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Outline

Motivation
New physics of RE beam: Peaking of post -disruption RE
A Energy distribution function beam current profile is |
predicted 1 n si mit

@ Current density profile

A Internal MHD instability JET reported experimentally

observed peaked profile [4, 5]
A External kink instability
Models show excitation of MHD
instabilities driven by peaked

RE current profi]l

A Freq. chirping instabilities

[1] Erikssonet al PRL 2004 [4] Gill etal NF 2000 [6] Smith et al PPCF 2009
[2] Smith et al PoP 2006 [5] Loarte etal NF 2011 [7] Matsuyama et al NF 2017
[3] Martin -Soliset al NF 2017 [8] Aleynikova etal PPR 2006

1908-10 [9] Bandaru etal PRE 2019



Current profile of RE beam is resolved via vertical scan

0.5+

Z[m]
o

-0.5}

t=1.90-2.71 s

#175748

1 1.5
R [m]
D=

1908-10746/ 17 ™™, Mtaren Ty

2

averaged

5 10
E [MeV]

A. Lvovskiy/TSDW/August 2019

stationary spectrum | |

A f(E) shifts to
lower energies
when RE beam
moves (300 ms)



Current profile of RE beam is resolved via vertical scan

#175748
t=1.90-2.71 s

A f(E) shifts to
lower energies
when RE beam
moves (300 ms)

0.5+

Z[m]
o

-0.5}

1 1.5 2
R [m]
DD
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Current profile of RE beam is resolved via vertical scan

#175748
t=1.90-2.71 s

A f(E) shifts to
lower energies
when RE beam
moves (300 ms)

O:2 A Beam passes
the GRI sightline
—_ but keeps
§_ 0 4 0 ’ #173768|  onstant radius
N L _
04+ Z[m] ]
NN RANNRRENNNENERERENERENS
-0.5 : T ST
stationary = specitrum ™
al 020 1 .S.Pﬁ?.frum"chﬂnsa?:e“ \
2 2.2 2.4 2.6

1 15 2
R [m]
D=
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Current profile of RE beam is resolved via vertical scan

#175748
t=1.90-2.71 s

A f(E) shifts to
lower energies
when RE beam
moves (300 ms)

A Beam passes
the GRI sightline
but keeps

- constant radius

A As aresult, RE
beam energy
distribution
function is
spatially

............. resolved
0.4 GRI dist. [m] providing

L L | current densit
; 1 5 0.2} / y

profile
m 0
oni-o 2 22 2 2

1908-10746/ 20MATONAL Fusicn FaciLiTy t [s]
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Post-disruption RE current is peaked but stable

A Post-disruption current profile is

160
* more peaked than pre -
120 disruption current with greater
_ l; =1.13 vs 0.86
E
> 80
<
40|
current density ©
0 profiles .
0 0.5 1
pnorm

1 1.5 2  R[m]
- pre-disr. current (EFIT+MSE)

post-disr. current:
— measured by GRI and fitted

- EFIT+GRI, flat impurity profile

Dil-D
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Post-disruption RE current is peaked but stable

A Post-disruption current profile is

! more peaked than pre -
20l disruption current with greater
- l; =1.13 vs 0.86
5
< 80 A Post-disruption relatively small
= RE current (180 kA) is found
40| stable likely due to elevated q
current density © prOﬁIe
0 profiles .
0 0.5 ! A RE plateau sustains as long as
o e | 12.0 there is transformer flux to drive
q profiles it (observed up to 1.5 S)
o 3.6 1 1.5 2  R[m]
. - pre-disr. current (EFIT+MSE)
‘2.0 post-disr. current:
— measured by GRI and fitted
1006 05 ; — EFIT+GRI, flat impurity profile
pnorm
Dili-D
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Post-disruption RE current is peaked but stable

A Post-disruption current profile is

! more peaked than pre -
disruption current with greater
1 1;=1.13 vs 0.86
);
< 80 A Post-disruption relatively small
= z RE current (180 kA) is found
40| -y stable likely due to elevated q
current density © prOﬁIe
0 profiles .
0 0.5 ! A RE plateau sustains as long as
o e 12.0 there is transformer flux to drive
q profiles it (observed up to 1.5 S)
o 3.6 1% 2 RIml & |tis unclear when peaking
| — pre-disr. current (EFIT+MSE) takes p|ace (during CQ [1,2]
2.0 post-disr. current: , or/and high -Z RE plateau [3])
— measured by GRI and fitted
1006 05 ; — EFIT+GRI, flat impurity profile

P

norm
[1] Erikssonet al PRL 2004

Dil-D [2] Smith et al PoP 2006

1908-10746/ 23" ™™ eieae A. Lvovskiy/TSDW/August 2019 [3] McDevitt etal PPCF 2019
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Outline

New physics of RE beam:
A Energy distribution function
@ Current density profile

A Internal MHD instability

A External kink instability

A Freq. chirping instabilities

Dil-D

Conclusion

RE current density profile is
measured by taking moments
of spatially resolved RE energy
distribution function

Compared to pre -disruption
plasma, it is found be more
peaked with greater |;, but has
elevated ¢ profile and much
greater q,

No MHD instabilities are
observed presumably due to
relatively small RE current and

high g,

A. Lvovskiy/TSDW/August 2019




Outline

New physics of RE beam:
A Energy distribution function
A Current density profile

@ Internal MHD instability

A External kink instability

A Freq. chirping instabilities

Dil-D

Motivation

180 kA RE beam has peaked
current profile but is found to
be MHD stable in DIl -D

Small-scale MHD instabilities
might increase RE dissipation
while large -scale can cause
complete RE loss

To study MHD stability, RE
beam is deliberately
destabilized in DIll -D by
ramping solenoid current

1908-10746/ 25™ "™ eiree A. Lvovskiy/TSDW/August 2019




RE beam instability is observed when large

accelerating voltage is applied

S A Large fluctuations of

A Upep V] plasma signals are

””” ,p’[fdo’ggl’;"" IF observed when large
accelerating voltage is

]
O owm

1.75 1.8 1.85 _
t [s] applied to RE beam
Din-D
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RE beam instability is observed when large

accelerating voltage is applied

ng:ht panel A Large fluctuations of

#175772 __ : ——3 : ' )

50 A UgoplVli_— 9 g Uioop | plasma signals are
_50, “““ ,p‘[{p‘o‘@]‘;‘"‘ l1 51 I observed when large
| T Vi : o :[kev] i accelerating voltage is
e .
6 N_ECE Traa [¥€Y; ECE Traa applied to RE beam
3/ 7 31 :
175 18:  1.85 0 5 10 A ECE shows fast fall and
tis] At [ms] slow rise

Dil-D
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RE beam instability is observed when large

accelerating voltage is applied

Right panel :
S L 3 . . A Large fluctuations of
50 A UVl _— 9 g f Uioop | plasma signals are
0 _———— - " - === = —
5 ! 1, [100 kA] — 1.5 | 175772, observed when large
: i 5 i i accelerating voltage is
s N ECETqq[keVi ECE T,y [keV]

/\/\/_\/ applied to RE beam
3 | e
D | ' A ECE shows fast fall and
21 La\ L\*‘L\ slow rise
1 | _

<> [10'® m-2] | A Visible radiation and
S | density show fast rise
PRI g o T S and slow fall
.75 {18 1.85 0 5 10
t[s] At [ms]
Dill-D
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RE beam instability is observed when large

accelerating voltage is applied
Rigpt panel | | A

#175772 . H —

3 Large fluctuations of
0 51 Uioop * plasma signals are
_ | observed when large
1-5 . #175772 | i it ]
. . accelerating voltage is
6 ECE T, [keV] J J

/\/\/_\/ applied to RE beam
3 | e
D | ' A ECE shows fast fall and
21 La\ L\*‘L\ slow rise
1 | _

L [mo kA] .

ECE T,c,d [keVi

<> [10'® m-2] | A Visible radiation and
S | density show fast rise
0T TG oS and slow fall
HXR - GRI (scaled) |
M A No RE loss is observed
| © H; ~—~ HXR - distant despite fluctuations of
175 i18: 185 0 5 10 core bremsstrahlung
i [s] At [ms]
Diln-D
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RE beam instability is observed when large

accelerating voltage is applied

Right pa:nel

#175772

__-___..________

[100 kA] .

ECE T,c,d [keVi

HXR GRI :

HXR dlsiq ni

‘I75

Dil-D
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HFS B, [01G]
HFSB [0.1 G] meww

#175772

ECE T, [keV]

R avanY
S

<nl>[10"¥ m™?]

HXR - GRI (scqled) |
HXR - distant

5 10
At [ms]

A. Lvovskiy/TSDW/August 2019

Large fluctuations of
plasma signals are
observed when large
accelerating voltage is
applied to RE beam

ECE shows fast fall and
slow rise

Visible radiation and
density show fast rise
and slow fall

No RE loss is observed
despite fluctuations of
core bremsstrahlung

External magnetics are
tiny and incoherent



RE beam instability is observed when large

accelerating voltage is applied

Right pa:nel

#175772

__-___..________

[100 kA] .

ECE T,c,d [keVi

HXR GRI :

HXR dlsiq ni

‘I75

Dil-D
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HFS B, [01G]
HFSB [0.1 G] meww

#175772

ECE T, [keV]

R avanY
S

<nl>[10"¥ m™?]

HXR - GRI (scqled) |
HXR - distant

5 10
At [ms]
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Large fluctuations of
plasma signals are
observed when large
accelerating voltage is
applied to RE beam

ECE shows fast fall and
slow rise

Visible radiation and
density show fast rise
and slow fall

No RE loss is observed
despite fluctuations of
core bremsstrahlung

External magnetics are
tiny and incoherent

What could it be?



Beam instability correlates with flashes of visible radiation

Shot 175772

1 L5 2
R [m]

DIII-D [Video]
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Flashes of visible radiation localized in RE beam core

#175772 1776.0 ms 1776.1 ms 1776.3 ms
I - | |
1.5 2 1 1.5 2 1.5 1 1.5 2

R [m] R [m] R [m] R [m]

Flashes of visible radiation turn from solid circles into rings

0.5 #175772 1765.4 ms 1765.5 ms 1765.6 ms 1765.7 ms 1765.8 ms
I il ol il |
1.5 2 1 1.5 2 1 1.5 2 1 1.5 2 1

R [m] R [m] R [m] R [m]

Sometimes toroidal movement of flashes can be seen

Dil-D
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|deal internal kink instability leading to sawtooth -like

relaxation of RE current profile is proposed

0.5

-0.5

& " iIn&nel> (chord RO) J
E047 se> (V)] 0.2
g

o 1

1.829 1.834 2.31 2.32
t[s] t[s]

HXR - GRI (scaled) |
‘ HXR - distant

0 5 10

) |
DIll-D 44 fms]

A Radiation is broadband and

—_(

—_(

~

isotropic which excludes fast
pitch -angle scattering and known
Kinetic instabilities

Possible mechanism of internal
kink instability:

RE current profile peaks under
applied accelerating voltage

Peaked current profile excites
internal kink modes

Internal kink leads to sawtooth -like
relaxation of RE current profile

As a result, ECE drops, but density,
radiation and GRI spike

No RE loss and external magnetics
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MARS-F modelling suggests excitation of internal 1/1

kink mode

‘wzsT72 ) A Initial stable current profile is

o modified to obtainq ;=0.8 at
: constant full current

O

10°.0.8 modified q profile d

0 0.5 1
pnorm
Dil-D

1908-10746/ 35™ ™" i eiree A. Lvovskiy/TSDW/August 2019



MARS-F modelling suggests excitation of internal 1/1

kink mode

w7sT2 | A Initial stable current profile is
modified to obtain q ;=0.8 at
constant full current

10"

A Peaked current profile leads to
strong ideal internal 1/1 kink
mode according to MARS -F
simulations

modified q profile d
0 0.5 1

pnorm

[€-Vs|

ab -V (B -V¢)|

1:

|b

I
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MARS-F modelling suggests excitation of internal 1/1

kink mode

w7sT2 | A Initial stable current profile is
modified to obtain q ;=0.8 at
constant full current

10"

A Peaked current profile leads to
strong ideal internal 1/1 kink
mode according to MARS -F
simulations

modified q profile d
0 0.5 1
pnorm
1 A Weak edge modes support lack of
external magnetic signals
detected in experiment

0.5

[€-Vs|

ab -V (B -V¢)|

1:

|b

I
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MARS-F modelling suggests excitation of internal 1/1

kink mode

w7sT2 | A Initial stable current profile is
modified to obtain q ;=0.8 at
constant full current

10"

A Peaked current profile leads to
strong ideal internal 1/1 kink
mode according to MARS -F
simulations

modified q profile d
0 0.5 1
pnorm
1 A Weak edge modes support lack of
external magnetic signals
detected in experiment

0.5

[€-Vs|

A Both experiment and modelling
show no effect of internal kink on
RE loss and global confinement

ab -V (B -V¢)|

1:

|b

i
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Outline

New physics of RE beam:
A Energy distribution function
A Current density profile

@ Internal MHD instability

A External kink instability

A Freq. chirping instabilities

Dil-D

Conclusion

RE beam internal MHD
Instabilities are observed at
large accelerating voltage

Accel . voltage presumably
leads to peaked current
profile driving instabilities

MARS-F modelling suggest
formation of internal 1/1 kink
mode

Both experiment and
modelling show no effect of
Internal instabilities on RE loss
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Outline

Motivation

New physics of RE beam: 2007300 kA RE be
to global MHD instabilities in
DIll-D likely due to large edge

A Current density profile q(0q,>10)

A Energy distribution function

A Internal MHD instability RE beams with low q,, are

| kink instabilit predicted in ITER, but MHD
@ Externa stability stability is rarely studied [1]

A Freq. chirping instabilities
Estimates for JET suggest q,<2
as MHD limit for RE beam [2]

External kink modes and
termination of RE beam are
observed at low q, in DIlI-D

D”’-D [1] Aleynikova etal PPR 2016

1908-10746/ 40" ™ Sirae Y A. Lvovskiy/TSDW/August 2019 [2] Reux et al NF 2015




MHD instabilities are observed on the path to low d,

with eventually major disruption of RE beam

A Same initial conditions: post -

10 A Si's';ﬂuﬁlt'.i"d“"ed Natgr_al Low-q—y, (L] disruption RE beam in low -density
ption isruption olasma
05+ i
I,(MA) : A 1 MA RE beam is accessed due to
< | RE Plateau | 17?040).'L programmingomistake providing
003 0.2 0.1 0 verylow g,a 2
t-tdis(s)
Diln-D

1908-10746/ 41 tires =T A. Lvovskiy/TSDW/August 2019 [1] Paz-Soldan etal PPCF 2019



MHD instabilities are observed on the path to low d,

with eventually major disruption of RE beam

10 . N | v A Same initial conditions: post -
kg,’ MGl-induced ~ Natural Low-q —), disruption RE beam in low -density
isruption Disruption plasma
05¢ .
I(MA) : A 1 MA RE beam is accessed due to
< RE Plateau 1”040>L programming mistake providing
0 f ' ' ' verylow gq,8 2
5 'HFS 8Bp
1 (log4g G) A Magnetic signals reveal isolated
ol bursts with increasing amplitude
AT MJ
-0.3 -0.2 -0.1 0
t-tqis(S)
Diln-D

1908-10746/ 42M T e =T A. Lvovskiy/TSDW/August 2019 [1] Paz-Soldan etal PPCF 2019



MHD instabilities are observed on the path to low d,

with eventually major disruption of RE beam

A Same initial conditions: post -

10 CArWGHnduced  Natural Low-q—y, | |11

Disruption Disruption disruption RE beam in low -density
plasma
05¢ .
I,(MA) : A 1 MA RE beam is accessed due to

< RE Plateau 177040>L programming mistake providing
0 f ' ' ' verylow gq,8 2
9 'HFS 6Bp
;1 (1091 G) A Magnetic signals reveal isolated
ol bursts with increasing amplitude

11 A Each burst comes with HXR spikes

8 indicating RE loss

6 4

N | A ECE signal shows drops also
indicating RE loss

2 5

Distant HXR | | I
0 03 02 -%.1 A
t-tais(S)
Dili-D

1908-10746/ 437N e T A. Lvovskiy/TSDW/August 2019 [1] Paz-Soldan etal PPCF 2019



MHD instabilities are observed on the path to low d,

with eventually major disruption of RE beam

10 | N | /,\[1] A Same initial conditions: post -
kg,’ MGl-induced  Natural Low-q disruption RE beam in low -density
isruption Disruption plasma
05+
I,(MA) : A 1 MA RE beam is accessed due to
< RE Plateau 1770 Oy, programming mistake providing
0 f ' ' ' verylow gq,8 2
5 'HFS 8Bp
;1 (1091 G) A Magnetic signals reveal isolated
ol bursts with increasing amplitude

o Mo B O 00—

A Each burst comes with HXR spikes
indicating RE loss

indicating RE loss

A Finally, complete RE loss is
observed at #| - kG

( | A ECE signal shows drops also

Distant HXR , I
03 0.2 ' -%.1 A

t-tdis(S)
Dill-D

1908-10746/ 44™ TN e ™o A. Lvovskiy/TSDW/August 2019 [1] Paz-Soldan etal PPCF 2019



Equilibrium fitting with JFIT and EFIT reveals weaker

instabilities at high g, and killer instabilitesat q,a 2

6 " Intermediate [ ® EFT|{Y) A AsRE current increases, 5
5| - o JFIT |. decreases, and magnetic bursts
@g | E | become larger
o ——
3 Early ,Ilaﬁ
2 i N m
1 2 3 4 5 6
0 # burst
' .Ar MGl-induced  Natural Low-q |
kDisruption Disruption &
0.5
Ip(MA)
0 < | RE Plateau | 177040)7k
9 'HFS 6Bp
" | (logyy G)
D B
11 MJ
_ -0.3 -0.2 -0.1 0
D”’_Dt-tdis(s) [1] Paz-Soldan et al PPCF 2019
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Equilibrium fitting with JFIT and EFIT reveals weaker

instabilities at high g, and killer instabilitesat q,a 2

6 " Intermediate = eFm |1 A AsRE current increases, 5
5| - - o JFIT |. decreases, and magnetic bursts
sql E | become larger
- 3 Earl ,_HLate
y ] A Conventional operating space
2 | ! |I| ] picture is accurate for RE equilibria
1 2 3 ) 5 6 ~
# burst N
10 CArMGHnduced  Natural L | - N
' r ~Inauce atural Low-q
kDisruption Disruption - 1al 5
05¢ -ﬁ?
I, (MA) < 13] &
P — S
oL < RE Plateau 1??040,»& 1ol ;ﬁ
2 | HFS aBP 1.1 i
| (1ogyy G)
0r 1'00 2 4 6 8 10
‘ EFITq,
At
' -0.3 -0.2 ) -0.1 0
=t g -Soldan et al PPCF 2019
DIl-D"'¢ 2]
1908-10746/ 46" i sirae A. Lvovskiy/TSDW/August 2019 [2] Chang et al PPCF 1987

[3] Snipes et al NF 1988



Final RE lost is caused by huge (1 kG) and fast (10 >s)

external kink mode

L1St I_2nd
0.9 _Loss  LOSS

-
eme"

*

177040 . . , Vloqp (V)

HFS 6Bp |
(log,, G)
t=24 us .

...... ;..'
saturated 1

10 ECE Trad
~ (keV)

- el

2.0 15 0.5

t-t gis (ms)

Dil-D

1908-10746/ 47 ™, St an Ty

[1]
15

All REs are lost when # || _reaches
1 kG

Magnetic measurements
compared to MARS -F modelling
show 2/1 kink mode atlow g, [2]

Early instabilities (at large q,) are
different: likely internal or resistive
kinks [2]

RE spatial loss becomes less
localized as instabilities get larger

[1] Paz-Soldan et al PPCF 2019
[2] Y.Q. Liu et al To be submitted to NF

A. Lvovskiy/TSDW/August 2019



Outline

New physics of RE beam:
A Energy distribution function
A Current density profile

A Internal MHD instability

@ External kink instability

A Freq. chirping instabilities

Dil-D

1908-10746/ 48™ ™™, e en Ty

Conclusion

Killer kink instabilities are
observed at large | rcandlow g,

Stability limit is the same as for
regular plasma

External or (external + internal)
kinks are excitedat q,a 2

#|— kG terminates RE beam

Prediction of RE evolution in ITER
must take MHD stability into
account

In more detail: Paz -Soldan etal PPCF 2019

A. Lvovskiy/TSDW/August 2019




Outline

Motivation

New physics of RE beam: REdriven kinetic instabilities

A Energy distribution function get increasing attention [1  -14]

A Current density profile They can increase RE

| N A i
A Internal MHD instability ?c;fz%aﬂ]oitr;gj:%rt])?ntﬁrl‘zeR'C'a

A External kink instability
Kinetic instabilities are

e Frequency chirping excited in DIl -D during RE
instabilities plateau under applied large
decelerating voltage

[1] FUlI6p et al PoP 2006 [8] Aleynikov et al NF 2015
[9] Chu et al NF 2018
[10] Spong et al PRL 2018

[4] Zhou et al PPCF 2013 [11] Heidbrink etal PPCF 2018
[5] FUlop etal PoP 2014 [12] Liu et al PRL 2018
DiIN-=pD [6] Papp etal EPS2014 [13] Liu et al NF 2018

1908-10746/ 4QMATEMAL FUSION FACILITY [7] Fredrikson et al NF 2014 [14] Lvovskiy et al PPCF 2018



Frequency chirping instabilities are observed for the

first time driven by runaway electrons in tokamak

GAE In NSTX _nstx114154 [1] TAE in MAST [2]
& b R p A Energetic particles can drive
§o.s-‘( :‘ ‘I ' 1§ 1 @@ | instabilities through wave -particle
L o E resonances

R — & e A Frequency chirping instabilities are
R N _ TAE in JET [3] often observed driven by fast ions in
P ' i tokamaks
g | gas
§ 0.4F S, §
E 7 Yy = 2.15 X 105/s E = €

f=fg+ 0.44"yL'(7d"t)1/2 /2.1:

0.1535 0.1540 0.1545 0.1550
TIME (s)

2855 2865 2875 2.885 2.895
Time (s)

D”’ D [1] Fredrickson et al PoP 2006
el My | [2] Pinches etal PPCF 2004
1908-10746/ 50" ™ i sire s A. Lvovskiy/TSDW/August 2019

[3] Berk et al NF 2006



GAE in NSTX e TAE in MAST ———— 2]

WU

o
(2]

FREQUENCY (MHz)
o
kN

o
()

Frequency chirping instabilities are observed for the

first time driven by runaway electrons in tokamak

1]

Tl A Energetic particles can drive
| @ @M instabilities through wave -particle
resonances

o
-

T ime [ms]

6 A Frequency chirping instabilities are

o o
(2] oC

FREQUENCY (MHz)
o
-

DRI TAE in JET

=1L Yd

often observed driven by fast ions in

tokamaks
‘ (g A This talk: discovery of rapid

Freq y(kH)

=2.15x 105/s
f =1y +0.44"y *(yd")1/2 /2n

0.2
0.1

1908-

frequency chirping driven by

535 0.1540 0.1545 0.1550
TIME (s)

g s e oam runaway electrons (REs) in DIll -D
e (2018 DIIFD Frontier Science Campaign)

#175776

A These MHz-range chirping
instabilities correlate with
modification of RE distribution
function and increased RE loss

Frequency [MHz]

[1] Fredrickson et al PoP 2006
[2] Pinches et al PPCF 2004
[3] Berk et al NF 2006

1732 1734 1736 1738 1740
t[ms] ~ . _____kiy/TSDW/August 2019



RE loss increases under decelerating loop voltage

|, [100 kA]— A Same initial conditions: post -
0N T~ 2 disruption RE beam in low -density
plasma

175776 _ . |
1.66 168 1.7 172 A Large decelerating voltage with
t[s] magnitude comparable with

breakdown voltage is applied to
RE beam

Dil-D
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RE loss increases under decelerating loop voltage

51 1,[100 KA]— 3 A Same initial conditions: post -
oT~—- o~ 2 disruption RE beam in low -density
5 : plasma
#175776
| edge A Large decelerating voltage with

0.5 magnitude comparable with
breakdown voltage is applied to
0.2 RE beam

0.03]

HXR - distant [a.u.]
- core |

A This causes large fluctuations of
edge and core hard X -ray signals

0.025 | (from lost and confined RES)

HXR - GRI [a.u.]
1.66 1.68 1.7 1.72
t[s]

Dil-D
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RE loss increases under decelerating loop voltage

0.5

0.2

0.03]

0.025 |

1908-10746/ 54™MATONAL FuSION FaciLiTY

1, [100 KA]—

#175776

edge

HXR - distant [a.u.]
- core |

HXR - GRI [a.u.]

—

ECE T, [keV]

1.66 168 1.7 172
ts]

Dil-D

A Same initial conditions: post -
disruption RE beam in low -density
plasma

A Large decelerating voltage with
magnitude comparable with
breakdown voltage is applied to
RE beam

A This causes large fluctuations of
edge and core hard X -ray signals
(from lost and confined RES)

A Also, spikes of ECE are detected

A. Lvovskiy/TSDW/August 2019



RE loss increases under decelerating loop voltage

0.5

0.2

0.03]

0.025 |

1908-10746/ 55VATIONAL FUSION FaciLiTY

1, [100 KA]—

#175776

edge

HXR - distant [a.u.]
- core |

HXR - GRI [a.u.]

—

ECE T, [keV]

1.66 168 1.7 172
ts]

Dil-D

A Same initial conditions: post -

disruption RE beam in low -density
plasma

Large decelerating voltage with
magnitude comparable with
breakdown voltage is applied to
RE beam

This causes large fluctuations of
edge and core hard X -ray signals
(from lost and confined RES)

Also, spikes of ECE are detected

These are clear signs of RE -driven
instabilities

A. Lvovskiy/TSDW/August 2019



0SS correlates with maghn

#175776

0'|O~\l

i N

\ 3L \\\\ \X\ﬁ “*“@%\‘

Frequency [MHz]
N W

1670 1680 1690 1700 1710 1720
t [ms]

A Fluctuations of toroidal magnetic field are seen in spectrograms

Dil-D
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0SS correlates with maghn

7 #175776
w6
XL
=5}
>4 #175776
c K 6 :
@3 ]
=2 k
o 2 5|
& i

1670 1680 1690 1700 1710-.. 1720

Frequenéy '[MHz]
I

t [ms] 3RS
255
1684 1688 1 692 1696 1700
t [ms]

A Fluctuations of toroidal magnetic field are seen in spectrograms
A They have clear chirping nature

Dil-D
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0SS correl ates wi

7 #175776 | I % XR dis
w6 ~ HXR-GRI el /\/\//\/[“f
=58 VAR
S5 il
o4 ,

c
03
=2
o2}
el

14

1670 1680 1690 1700 1710 1720
t [ms]

Frequen&y '[MHz]

1684 1;88 o 1692~ 1696 71777(7)077 77
t [ms]

A Fluctuations of toroidal magnetic field are seen in spectrograms
A They have clear chirping nature and correlate with RE loss signal

Dil-D
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Hi gh frequency range magnet.

drive no significant RE loss

#175776

Frequency [MHz]

1732 1736 1740
Time [ms]

ATwo frequency bands of magnetic fluct
A High frequency fluctuations do not drive any significant RE loss

Dil-D
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Frequency of instabilities has

Frequency [MHz]

Alfvénic dependence on B

N

X

=,

>

s

g J H\HI\M € e

= I

1710 1720 1730

Time [ms]

#175771 I I / '
. ) & E 3.9 I | l 7
= /
> , /
o ' d
o g
= 3.7 | / | . » =
o S linear fit
E 7/
2.2 )
B¢ [T]
Né\:\}/
&
,,j/*&j
&
/:jf?f/
A& linearfit |
&7
y 2.13 2.15
B¢> [T]

A RE beam moves to HFS and senses increasing B
DIII=] A f(B,) dependenceis Alfvénic e oo |

1908-10746/ 60™ ™™ e n Ty

A. Lvovskiy/TSDW/August 2019
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Modification of RE energy distribution function is

measured during frequency chirping

A RE distribution function measured
before chirping observed has a

bump
spectrum before chirping _ spectrym during chirping
2 6 HMTSTTE | 6 -G /g AR A Bump is a potential source of free
= 5 t=1655- | L3 =16945 ... ) . s
o 1660ms| 5| time ] energy to drive instabilities
2 4 | :
o
2 3| HXRspectrum | 4 HXR spectra . A Its formation can be explained
@ 4 | ‘ via RE acc. by electric field and
> X ) collisional dampingon D, bound
O 4 |
E bump . | electrons
L2 .| REspectrum ] RE spectra : .
30 : 10 s 5 7 A Relaxation of RE f(E) during
E [MeV] E [MeV] chirping events is directly

measured

A This supports interactions between
REs and instabilities

Dil-D
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Possible mechanism of instabilities: REs drive  Alfvénic

waves, which scatter REs and increase RE loss

A Decelerating loop voltage
presumably leads to strong non -
monotonic feature (bump) at RE

2 i distribution function
XL |
= | A This excites Alfvénic waves
(>).44
§ A Alfvénic waves interact with REs,
] 42 scatter them and increase RE loss

A Fast relaxation of RE distribution

D
o

1723 1T,73° 1733 function can explain freq. chirping
ime [ms] consistent with hole -clump model [1]
A Fast pitch -angle scattering of RES
can cause the observed ECE spikes
D”’-D [1] Berk, Breizman, Ye PRL 1992

1908-10746/ 62" ™ siree A. Lvovskiy/TSDW/August 2019



Compressional Alfven

eigenmodes are most likely

candidates for observed instabilities

The Fast-lon Instability Zoo [1]
n L\l |l ] I T 1 ) ] 1 T L I L\l ) L\l I T ) l_-_
Q f ICE == _
' ‘ | i es
CAE
______ / Alfven continuum
> s Y
@) b il
Z _________ ’ ‘\‘ B
Lk ., ] TR acueen ‘(' ‘\"‘v" -/
= WA T Lo § LW
I i), - =
T el KTAE EAE
" core TAE —
TAE
S o r-TAE
.~ ===%-r-KBM
_rFishbonie . pny /O ;
o |—Fishbone N b Rod
PR ST R NN AN T T A THNT DA Y (TS VO TN 5. ¥, I O WO W
0.0 0.2 0.4 0.6 0.8 1.0
FLUX SURFACE

Dil-D
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A Frequency of observed instabilities

bet ween 17T 10 MF

[1] Heidbrink PoP 2002



Compressional Alfven eigenmodes are most likely

candidates for observed instabilities

The Fast-lon Instability Zoo [1]
R O R L B L R S A . H HH
1 WEALARARRELELEES cF_=Z= A Frequency of observed instabilities
' | i es between 17110 MF
CAE == .
— A For given plasma parameters:

2 . L. Mhz

~~~~~~~~ /Alfven iontmuum 8 MHz
> [apsaseiiong ™ i
(&) » ST
B Be, ™
L S puemmeg T o0 NS NAA L
D WA = = S S R Sy 2
e, e NAE
i KTAE EAE

[ core TAE o

[ TAE |

=, S r-TAE ]
i .  ===%-r-KBM
|_rFishbore . ey f % . 3
. |Fishbone \ _"' o
[T T R NN SO TN TN (N NN SN SO YA S SN W0 I S W N
0.0 0.2 0.4 0.6 0.8 1.0
FLUX SURFACE

Dil-D
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Compressional Alfven

eigenmodes are most likely

candidates for observed instabilities

The Fast-lon Instability Zoo

[1]

ab = A Frequency of observed instabilities
' - - : | i es between 1710
e SO
/ CAE \.
S 7/ A For given plasma parameters:
=" L TTmmmT g I(i MHz
~~~~~ /Alfven continuum 8 MHz
S i W | |
e F Pt SN ] A Compressional Alfven eigenmodes
= Reiak nininteininlis wipfmis -—'**-“NZE ((-:AE-S). are most Iikely candidates for
E e P Rl s S kinetic instabilities in the observed
"coreTAE ) frequency region
2 1B& ¢ A Separated loops needed for
e r-TAE measurements of toroidal and
A T rkBM y poloidal numbers (planned)
__r-Fishborie | 'kpry  / ‘3
o |—Fishbone 3 . /
0.0 B 0!2 S 0?4 — 0.I6 - 1018| - 1.0
FLUX SURFACE
Dili-D
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A. Lvovskiy/TSDW/August 2019

[1] Heidbrink PoP 2002



Outline

Conclusion

New physics of RE beam: REdriven frequency chirping

instabilities are observed for the
first time under decelerating

A Current density profile voltage

A Energy distribution function

A Internal MHD instability Low-frequency instabilities

(1710 MHz) <corr ell

A External kink instability intermittent RE loss

@ Frequency chirping o | |
instabilities Modlflcatlon of R_E dlst_r. f_unc_tlon
IS measured during chirping in

low -frequency range consistent

with hole -clump model

Instabilities are likely CAEs
driven by non -monotonic RE

D= distr. function

1908-10746/ 66™ ™™, e n Ty




67

Summary

RE beam equilibria and RE -driven instabilities are studied in low density
post-disruption plasma
Spatially resolved RE beam energy distr.  funct . obtained for the first time
T Ithas a bump at 5 MeV observed only in the core suggesting possibility of
Kinetic instabilities
RE beam current density profile is constrained via HXR measurements
T Itis more peaked than the pre  -disruption plasma but found to be stable
likely due to its elevated q profile
RE beam MHD instabilities are excited at large accelerating voltage

I Presumably internal 1/1 kink instabilities are observed at low current and
large q,, but these instabilities drive no RE loss

I As RE current increases and ¢, decreases, magnetic bursts become larger
and cause RE loss

I RE beam is completely lostwhen q_,a 2 Jadn dpkG
REdriven frequency chirping instabilities are observed for the first time

~

| Low-f requency (17110 MHz) modes increase
T Likely Compressional Alfven Eigenmodes (CAES)

oi-p ORAU
NATIONAL FUSION FACILITY A. Lvovskiy/FSM/April 2019



Summary

1. Spatially resolved RE beam energy distr.  func . obtained for the first time

T Ithas a bump at 5 MeV observed only in the core suggesting possibility of
Kinetic instabilities

2. RE beam current density profile is constrained via HXR measurements

T Itis more peaked than the pre  -disruption plasma but found to be stable
likely due to its elevated q profile

3. RE beam MHD instabilities are excited at large accelerating voltage

~

I Presumably internal 1/1 kink instabilities are observed at low current and
large q,, but these instabilities drive no RE loss

I As RE current increases and ¢, decreases, magnetic bursts become larger
and cause RE loss

RE beam is completely lostwhen qg,a 2 Jaén dpkG
4. REdriven frequency chirping instabilities are observed for the first time

~

| Low-f requency (17110 MHz) modes increase
I Likely Compressional Alfven Eigenmodes (CAES)

~

In more detail:
[1,2,3] Lvovskiy et al To be submitted to NF [3] YQ Liu et al To be submitted to NF
[3] Paz-Soldan et al PPCF 2019 [4] Lvovskiy et al Submitted to NF
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Backup slides
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Backup: Bremsstrahlung radiation provides information

on energy and distribution of REs

A When electron changes its
trajectory it emits photons

A MeV electrons B MeV #Arays

A #rays (HXRs) are forward beamed
based on RE energy

AL rhF produces unique
bremsstrahlung spectrum

A DIIl-D gamma ray imager (GRI)

array of provides 2D view of RE

BGO

detectors I sightlines bremsstrahl ung emi s
lead collimator block -
for scale
DiIN-=pD [1] Pace etal.RSI 2016 [2] Cooper et al . RSI 2016

NATIONAL FUSION FACILITY [3] Paz-Soldan etal. PRL 2017 [4] PazSoldan et al . PoP 2018



Backup: Measurements during the RE plateau regime

are challenging 0 upgrade with fast gamma detectors

A Gamma flux due to
bremsstrahlung emission is
higher by 10 3 140n RE
plateau regime compared to

QRE
A BGO detectors are usually 80 | BGO+MPCC
saturated after the disruption
>" 40 BGO+PIN|
A New LYSO+MPPC detectors E
are capable to measure %
during the post -disruption S 20 100 ns.pulse!
stage i I
Collaboration with 0 LYSO+MPPC ]
U. Milano -Bicocca . . ‘ ‘ ‘
o 5 10 15 20 25
time [T s]
DiIN-=pD Response of gamma detectors

1908-10746/ 72 ™™ i siese A. Lvovskiy/TSDW to a single gamma pulse



Backup: HXR spectrum is obtained at small pile

level

region of analysis
Ar < y (a)

o~
o

S
o

GRI signal [mV]
N
o

0
R Y
.20 -
o 4 #175768 (b)]
o
o 2
?\
0 15 2 2.5 3
DI _ ts]
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on determination of RE beam radius

#175768 #175748: 2208.108ms

Es t=1.9-2.7s

0.2 # JF{ ?IT i

o a il 3
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Backup: RE current profile for hollow impurity profile

A Post-disruption current profile is
more peaked than pre -
disruption current with greater
l; =1.13 vs 0.86

A Post-disruption relatively small
RE current (180 kA) is found
stable likely due to elevated q
profile

A RE plateau sustains as long as
there is transformer flux to drive
it (observed upto 1.55)

A Peaking observed even for  flat
impurity profile
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