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What Is the key physics that makes
It possible to have runaway
electrons In plasmas?



Consider a charged particle traveling through a
fully ionized plasma. Particle motion is
perturbed by the long-range Coulomb force

e



An incident particle with higher velocity
experiences the same Coulomb force, but for a

shorter time, and therefore Its trajectory Is
perturbed less.




In a plasma, faster charged particles experience
less perturbation of their motion than slower ones

Define ‘collision frequency’, V [s1]
dv
e —
V is a measure of how much a particle’s motion
IS changed by collisions

—VV

ne*In A
4z, MV’

From plasma physics: v =



dv
dt

—VV



av
m— = —mvyv
dt



dv

Feoll = mE

— —mvv

Feoll IS the collisional friction force

col



F —mvv € —1/v?

coll —

Hence, for a plasma, the tail particles in a
Maxwellian distribution experience less
collisional friction than the bulk, and therefore
could potentially separate from the bulk
distribution.



In a tokamak, a toroidal E-field is purposely applied to drive
a large current in the plasma

Inner poloidal field coils
(primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
. (for plasma positioning and shaping)
7

Toroidal field coils

Resulting helical magnetic field

Toroidal magnetic field

Plasma electric current
(secondary transformer circuit)

The toroidal E-field and the 1/v2 dependence of Vv provide
the ingredients to make runaway electrons



Tokamaks are also subject to disruptions, which generate a
huge toroidal E-field during the short time of the current
guench
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Primary (Dreicer) runaway generation

Now consider force on an electron with an applied
electric field:

ne*In A

F=Fg+F —eE — mvv where Vv =

coll = drg,mv’

If F- =F_, the electron will accelerate forever, i.e. run
away If there are no other energy loss mechanisms.

This gives a condition for runaway generation:
3
ne’In A
L
47re,mv




Maxwellian velocity distribution function

7
x 10




Apply E-field
(Vi00p/27R In tokamaks)




Tail region of Maxwellian velocity
distribution function




Tail electrons run away due to E-field
and low collisional drag

v (m/s)



RE growth rate is set by rate that electrons
continuously fill in hole in f(v)

v (m/s)



Notes about simple Dreicer picture of primary RE generation:

® Relativistic runaways have no slowing down mechanism,
and no loss mechanism. Each RE continues to gain
velocity indefinitely.

® Assumption is that nge is small compared to background
distribution, and therefore does not affect fill-in’ rate
® This implies that:

dnprimary

RET = fill-inrate = f(n,,T,, Zo;y BUT NOT ngg)

l.e, not exponential, but sensitive to plasma parameters



n,e3InA

— 4meymv?

However, the maximum possible electron velocity is v=c. The
fully relativistic derivation for runaways gives:

ne’InA

Ecrit = > >
Are;m,C

This E_,; is the absolute minimum E-field required to generate any
runaways.

J.W. Connor and R.J. Hastie, Nucl.Fusion 15 (1975) 415



There Is also another way to generate runaway electrons:
Avalanche process

E-field, time ® Requires some relativistic (~MeV) runaway
> electrons (RES) to already exist (i.e. a seed)

® RE collides with thermal electron
® Transfers ~ ¥z initial energy (MeV)
®* Now there are TWO relativistic electrons

® Those two REs each collide with thermal
electrons, producing FOUR REs

® dngg/dt is exponential

current [MA]

Gain ~ e 0.4 ~ exp(37.5) ~ 2x1016 I

I more detail in Tunde FUlOp’S lecture I M.N. Rosenbluth and S.V. Putvinski, Nucl. Fusion 37 1355 (1997)




Runaways can occur during several different
phases of a tokamak plasma discharge

— Disruptions: HUGE loop voltage, but plasma conditions are
poorly controlled, and not well diagnosed.

— Steady-state flattop: well-controlled conditions for research
physics

— Plasma startup: loop voltage is higher than normal and
density is low



Runaways can occur during several different
phases of a tokamak plasma discharge

— Disruptions: HUGE loop voltage, but plasma conditions are
poorly controlled, and not well diagnosed.
® Could cause catastrophic damage in ITER

¢ Elaborate disruption mitigation system (DMS) being developed based on shattered
pellet injection

¢ Several other RE mitigation concepts being looked into



Disruption runaways in ITER

Plasma current TQ cQ V = —L &
1 Loop plasma dt
Plasma energy =5 1H x (15MA/50 ms)
=1500 volts
E, =Vie, / 27R =38V/m

t
Modeling of ITER 15 MA disruptions leads to predictions of up to 10 MA of current carried by runaways, with
10-20 MeV energies

— Potentially very damaging to blanket and divertor modules
Runaways need to be mitigated, collisionally or otherwise

— Collisional-only mitigation requires extremely high n, :
38 i
Eit = 0.08n, = ny> == 4 -5 % 1022m-3 (Rosenbluth density)

—  Serious implications for tritium-handling plant, cryopumps, etc.

—  Experiments on existing machines have difficulty reaching the Rosenbluth density



Relativistic electrons generated during disruptions
can damage the tokamak wall

RE impact (DIlI-D, USA) RE impact (TEXTOR, Germany)

above only ~ 1% energy of a potential RE strike in ITER!



REs impacting outboard limiter on Alcator C-Mod




Motivation

REs carrying currents up to 10 MA with
kinetic energy ~ 20 MJ could be formed

during the Current Quench of plasma R. Pitts et al. 47th EPS Plasma Physics conference

Disruptions in ITER (15 MeV particles). e N
—612ms , \ R ==
. ——662ms 3 ] S {
Up to hundreds of MJ of magnetic energy — >\ LS %
can be converted to kinetic RE energy. erome U AN, RN
—862ms A&‘\!’ \ f‘ E TR\ ‘/5
The power deposition width is expected to 1\ ‘,;‘y. WA & o
be extremely narrow (Larmor radius d \\\- F4
scale). | J ] F* ik I
. 4 ] 1;. 1/, :,
ITER plasma facing components (PFC) are = -~ 3 4
all actively water cooled - volumetric s | ek y
energy deposition of RE into the bulk may —ems | 0 <7
lead to damage of the cooling interface. —aem | \RNY
e -
ez —408 ms —
5th Asia Pacific Conference on Plasma Physics, 26 Sep-1 Oct 2021 IDM UID: 62393G Page
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apex

GEANT4: volumetric energy deposition (Argz =2 mm)
Normalized energy deposition in the cross section on one

-
Toroidal (mm)
15 20 25 30 35 40
Poloidal (rem)
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\
\

]
| Depth (mm)
\

Q (1/mm3)
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|| | || | [

[

Electrons passing through the previous Be panels are not taken into
account in GEANT4 simulations.
With the beam width Arge = 2 mm, the RE footprint area (the
area where runaway electrons entering the materials) is very
localized: 5 cm?(a few Be castellations)

|

One entire row of First wall panel:
18 sectors x 2 = 36 apexes
5th Asia Pacific Conference on Plasma Physics, 26 Sep-1 Oct 2021

IDM UID: 62393G = 298
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Scanning of parameters (Arp =4 mm, At =1 ms)

10 F Melted mass
=@— Evaporated mass
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Note: The value of maximum melt (evaporated) mass,
deposition energy shown are on one Apex.

‘ 5th Asia Pacific Conference on Plasma Physics, 26 Sep-1 Oct 2021
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= Small footprint area (14 cm?)

= Deep melting and high T, c/face
already at low Eg,

= Melted mass is negligible (no
significant contribution to dust
formation)

Page
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Thresholds for melting and cooling channel integrity
Melt threshold

» ~20 kJ (deposition on one apex)
- RE current in the few kA range

= ~720 kJ (uniform energy distribution over the entire row of FWP)
- RE current of ~360KA (4t = 1ms) or ~490KkA (4t = 100ms)

Threshold for cooling channel integrity (Ti ierace = 800°C)

= ~200 kJ (deposition on one apex)
- RE current of ~100KA (4t = 1ms) or ~260KkA (At = 100ms)

= ~7.2 MJ (uniform energy distribution over the entire row of FWP)
- RE current of ~3.6MA (4t = 1ms) or ~1.5MA (4t = 100ms)

- The uniformity of the energy deposition is critical and will depend on alignment
and the nature of the MHD event causing the RE deposition

Note that the energy scales linear with I, for the 1 ms scenario and quadratic for the 100 ms scenario.

5th Asia Pacific Conference on Plasma Physics, 26 Sep-1 Oct 2021

IDM UID: 62393G ‘ ggge



Summary and conclusions

+» JET validation study

= A multi-physics workflow was developed to assess the melt damage to plasma facing components
(PFCs) induced by a RE beam strike. The workflow has been applied to JET.

= Modeling results are in good agreement with experimental observations if the RE deposition width
IS 1~2 mm.

= Already the deposition of 100 kJ during 6 ms leads to a significant melting and boiling.

+ ITER simulations

= Simulations for a beam width of 4 mm and deposition times of 1 and 100 ms were performed.

= Deep melting is observed at low energies due to the very localized energy deposition;
e.g. 8 mm melt depth at ~400 kJ per apex

» The integrity of the cooling channels would be at risk already during a strike of RE beams of a few
100 kA in the most pessimistic scenario (energy deposition on a single apex)

» The simulation results emphasize the importance of reliable RE avoidance by the ITER Disruption
Mitigation System

Page
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ITER'’s baseline strategy for RE mitigation is raising
the density (collisional mitigation)

Baseline technique: Injection of frozen D2 pellets and
iImpurity (Ne, Ar) pellets via shattered pellet injection (SPI)

Assumption (unproven): All of

the injected material gets PN
ionized and confined in the T ISE R
disrupting plasma, increasing n, ” > g

to the Rosenbluth density
(~5 x 10?2 m3)




DMS design status

DMS Final Design Review
Meeting rescheduled to
March 2024

UP #02, #08, #14:
each 1 injector

EP #02:
12 injectors

EP #08, #17:
each 6 injectors




DMS design status

Present design for port plug EP#02

Services h
/‘/‘/‘/‘/MB m | Connection &
Disconnection
om "
Cryogenic
Distribution

System
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Optical D2 nostic




DMS design status

Present design for port plug EP#02

Services h
/‘/‘/‘/‘/MB m | Connection &
Disconnection
om "
Cryogenic
Distribution

System

i

e — S }
1 LS = [edle- . & Exhaust
Optical D2 nostic

1.8 meter human
for scale




DMS design solutions — Pellet launching

» A fast eddy-current actuated valve (aka flyerplate valve)
provides the required flow and breakaway pressure

» Up to 100 bar propellant pressure is envisaged

» Risk mitigation in case propellant gas is an issue:
Mechanical Pellet Launcher development
started Q1/2023

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Pellet




DMS design solutions — Propellant Gas

O Propellant gas entering the plasma before the fragments needs to be minimised
O Pellet rotation needs to be avoided to allow free flight

» Due to restricted space the expansion volume is small (~50 | per injector)
> Efficient pumping is not possible - the gas must be retained/suppressed
» The baseline solution utilises a suppressor volume together with a fast shutter

closing time < 3 ms
ms

Halbach magnet stack
Assembly

A. Zsakai et al, Centre for Energy Research



DMS design solutions — Shattering

Heat load optimization

Diagnostic Shielding Module

» shape modification ¥

J . . s

Flight Tube  Shatter Chamber > material reduction "B
, Pellet Diagnostic First Wall i e

237.76

T (K)

Plasma radiation

850 W/ 700 W - 550 W $

Temperature (°C)

Neutron heating et
1950 W - 1200 W

=280

Pellet impact may affect integrity
» Modelling underway at EMI Fraunhofer
» Tests in the fundamental studies lab at CEA

‘ 260

240

E220.6



Injection directions

pre-TQ injection post-TQ RE mitigation post-TQ

Major Disruption Downward VDE Upward VDE
(baseline scenario)

Upward VDE Downward MD

(t@7.5 MA) (1@7.5 MA)




In case SPI is not able to mitigate disruption
runaways, what's the backup plan?

Experiments on several tokamaks have shown that B-field
perturbations can cause REs to be deconfined.

— NOTE: the deconfined REs must be spread over a large
surface area, not concentrated onto a small spot

o Bdueto actively generated non-axisymmetric fields (i.e. EF
correction coils, RMP coils)

o Bdueto actively induced MHD instabilities
o B due to TAE instabilities generated by fusion a’s

o Bdueto passively generated non-axisymmetric fields (REMC coil)



In case SPI is not able to mitigate disruption
runaways, what's the backup plan?

Experiments on several tokamaks have shown that B-field
perturbations can cause REs to be deconfined.

— NOTE: the deconfined REs must be spread over a large
surface area, not concentrated onto a small spot

©)

o Bdueto actively induced MHD instabilities
O

©)



Disruption Mitigation:

Manage Fast Elecirons via Secondary Injection

Secondary Injection:

Baseline Approach: Collisional
 Inject as much mass as possible
- Dissipate energy via collisions

Alternate Approach: 3-D Fields

* Injection promotes MHD activity

Goal: get large-scale 3-D fields
— Intrinsic or extrinsic 6B/B

What does a big 3-D field do to a
beam of fast electronse

Plasma Current

Paz-Soldan/APS-DPP/2021-11



Large-Scale 3-D Fields:

Terminates and Disperses Relativistic Eleciron Beam

Infrared Imaqing:
Dispersed impact

Visible Imaging:

REs vanish in under 1 ms

©

<

. 0

Localized =

Original VB Background losses with o

(no RE Beam) small 8B/B S

k (&)

Large wetted _2

area with big "g

oB/B o

184617 184617 <<
&BP/ 973.8 ms

Dil-D 1C. Paz-Soldan et al, PPCF 2019
2C. Reux et al, Phys. Rev. Lett 2021 & C. Paz-Soldan et al Nucl. Fusion 2021



Large-Scale 3-D Fields:

Terminates and Disperses Relativistic Eleciron Beam

12— —— N—
‘ﬂ o= & JET Infrared Thermography
£ .
2 10 =
=
<88 o8
=2 s .0
T $ o
5 @R 55
3 , Bss
w o
x |
s 2 Alternative (MHD)
o ;«NgisaEIQOJ__o.o O i D]
0 L : : : 1 J
0 1 2 3 4 5 6 7
Magnetic Energy at Loss (MJ)

184617
972.8 ms

Conventional

Alternative

Dili-bD
NATIONAL FUSION FACILITY

1C. Paz-Soldan et al, PPCF 2019

2C. Reux et al, Phys. Rev. Lett 2021 & C. Paz-Soldan et al Nucl. Fusion 2021



Intrinsic MHD Instability Responsible for Large-Scale 6B/B

DIll-D data consistently finds large
5B/B at external kink stability limit 1.0

— Boundary is more complex at JET! P
s 0.8
Mechanical analog: twisting an %o 6.
elastic band until it kinks S
— Safety factor quantifies B-field twist SO 4l
g g 9 m ' ¢
g 'L;Q/ ~I~® 177040
® 0.2
o

0 .
0.2 0.3 . 04 0.5
Minor Radius a (m)

Dili-bD
NATIONAL FUSION FACILITY

1C. Reux et al, Phys. Rev. Lett 2021 & C. Paz-Soldan et al Nucl. Fusion 2021



Modeling Supporis Picture of Termination and Dispersal

- Stability model' identifies kink
mode structure at termination

— Scale size to match sensor data \

177040
ga=2

Dili-bD
NATIONAL FUSION FACILITY

Paz-Soldan/APS-DPP/2021-11 Y. Q. Liu et al, Nucl. Fus 2019 & Phys Plasmas 2020



Modeling Supporis Picture of Termination and Dispersal

- Stability model' identifies kink

mode structure at termination 1y OfbiéoL/OSSFfaction %
0 -

— Scale size to mafch sensor data f P 4 55321(2)
L7 25%
° 60 / i I
- Near-total loss of REs predicted ,

for experimental 6B/B values “wp |

0
20 /—— f

0%

(@10Mev) — T 7 dB/B
0 ) 10 15 20
t (ms)

0

Dili-bD
NATIONAL FUSION FACILITY

Paz-Soldan/APS-DPP/2021-11 Y. Q. Liu et al, Nucl. Fus 2019 & Phys Plasmas 2020



Modeling Supporits Picture of Termination and Dispersal

~360 T r : : . . LFS

o |RE Strike oB/B
1 = Position increase wetted area > Bot

- Stability model' identifies kink 13’» (10 Mev)
mode structure at termination D I i (et & . HFS
. g Pt
— Scale size to match sensor data 5 v Top
& ol 0% . 25%|  50%| ¢
0 3600 36 360

_ 00
- Near-total loss of REs predicted Toroidal Angle (deg)

for experimental 6B/B values Collisional
* Predicted impact “wetted area” Localized wetted area
increases with 6B/B values s il with big
) ) ) small 6B/B SB/B
— Consistent with experiment
Dii-b

Paz-Soldan/APS-DPP/2021-11 Y. Q. Liu et al, Nucl. Fus 2019 & Phys Plasmas 2020



Deploying Large-Scale 3-D Fields:

Candidate Solution for Disruption-Induced Fast Electrons

« Fast tokamak shutdowns (disruptions) a risk to reactor walls
especially due to relativistic electrons

— Conventional approach (c. 1980s): maximize collisional dissipation

- New pathway to address problem: large-scale 3-D fields

* Large 6B/B via infrinsic MHD demonstrated in present devices
— Robustness of access and extrapolability to ITER underway

- Extrinsic 6B/B application via passive conductors: robust !
— Will be explored and qualified in upcoming projects

Dili-D
NATIONAL FUSION FACILITY

Paz-Soldan/APS-DPP/2021-11



In case SPI is not able to mitigate disruption
runaways, what's the backup plan?

Experiments on several tokamaks have shown that B-field
perturbations can cause REs to be deconfined.

— NOTE: the deconfined REs must be spread over a large
surface area, not concentrated onto a small spot

O
O

o Bdueto passively generated non-axisymmetric fields (REMC coil)



-,
Solution: Passive* 3D RE Mitigation Coil (REMC) SPA'},ﬁé
to deconfine REs faster than they are generated
*Boozer PPCF 2011, Smith PoP 2013

Use the high loop

voltage that occurs

during a disruption W’

to induce large
current in a non- |
axisymmetric coill,

thus producing
‘error’ fields at

exactly the right 1
time to degrade RE ]
confinement. ! Sweeney JPP 2020

(vertical legs to avoid ports)

2022-12-13 © SPARC
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Solution: Passive* 3D RE Mitigation Coil (REMC) SPA'},“;\\G
to deconfine REs faster than they are generated
*Boozer PPCF 2011, Smith PoP 2013

® No high-current
power supply
needed

Use the high loop

voltage that occurs
during a disruption W
to induce large ® No warning time

current in a non- required (i.e.
axisymmetric coil, disruption

thus producing prediction)
‘error’ fields at

exactly the right 1

time to degrade RE ]

confinement. ! . Sweeney JPP 2020

(vertical legs to avoid ports)

2022-12-13 © SPARC 8



Solution: Passive* 3D RE Mitigation Coil (REMC) SPA%%

to deconfine REs faster than they are generated
*Boozer PPCF 2011, Smith PoP 2013

Use the high loop
voltage that occurs
during a disruption
to induce large
current in a non-
axisymmetric coil,
thus producing
‘error’ fields at
exactly the right
time to degrade RE
confinement.

Engineering CAD

Sweeney JPP 2020

2022-12-13 © SPARC



Step 1: Model vacuum fields with COMSOL (D Garnier) SF’A@

Material Switch 1(2)=Copper Time=2.4 ms Surface: Loop Voltage (kV)
1 ]

TA116

ot
o

s  REMC

- Ellipse of constant current density
- Inside realistic tokamak structure

- Simulate midplane current quench

- Fastest expected CQ ~ 3.2 ms
[Sweeney JPP 2020]

- Magnetic and electric fields
throughout simulation domain

o ~N w i w o ~4 =] o

L o
p ) 1w-3.21x107%
3 3.5 m

COMSOL.: http://www.comsol.com/products/multiphysics/

2 SPARC



Low-|m| vacuum fields extend farthest into the core SPA@

by [T] for n=1 (vacuum, 590 kA

1.00
0.080
0.064
0.75
0.048
40.032
< 0.50
40.016
0.000
0.25F
-0.016
-0.032

BTl BN ud=l 0 1 2 3 &4 53 6 7 8
m



Step 2: Model MHD with NIMROD (V Izzo)

- Use realistic plasma
profiles and equilibrium
[Rodriguez-Fernandez JPP 2020]
Include thermal and/or
current quenches (TQ/CQ)

B-fields from COMSOL
applied at NIMROD
simulation boundary

.

No a priori t-dependence,
REMC B-fields evolve with Ip

-> Fast stochasticization,
but core island reforms...

®
Ideal wall approximation S

SPARC '

time =0.70ms time = 120 ms

1 2
Time [ms]

2 SPARC

NIMROD: Sovinec JCP 2004




n = 2,3 coil geometries ineffective compared to n =1 SPA'g

MHD amplitudes (NIMROD)

- - 10° T T T
n=3 REMC (dash-dot) - =3 coil
.
Ny gvr o
0.01} - ! lo’r n col ]
=l REMCH—/2° o it < 10?
(solid) Magnetic : ,r n=1 coil ]
....... Energy * 10'F -
<4z Spectrum
e n=2
—_— n=3 G
— =4
— =S E
= 2
0.0001 — Lk )
— n=9 *
) y n=10 _ 1 1 1 Il
B 1 -y p 8o 06 13 18 24 3.0

Time [ms) time (ms)

6/28/23 2 SPARC 34



Step 4: Evolve runaways with DREAM (A sundstrom, | Pusztai)smﬁg

- Use same plasma profiles
and equilibrium as NIMROD

- Adjust TQ time to best
match current quench

- No a priori time dependence,
advection, diffusion evolve with
plasma current

- Dissipate same amount of

magnetic energy as in COMSOL

Use wall time of ~50 ms
- Note: RE current sensitive to

With REMC (n =1)

__No REMC

_— i

— IRrE

el
i
‘-—"--

TQ duration and total magnetic energy

Tt jt]lh]

Tinguely NF 2021



TQ+CQ - early RE loss © but early flux re-healing ® SPA@

tcg- 0.16 ms tca* 0.14 ms tcg+ 0.44 ms teg* 0.74 ms
time = 0.90ms  time =120ms time=150ms time = 1.80 ms

1.05 1.23 1.49 1.71 1.96 2.24 2.58

8 r
Ohmic

current

[ [MA]

[ NS @ )

1072
1074
10°6 z

107° 4
10—10 RE current :/» : .v_
10—'2 y P . . = . 3 . ; i
0 05 1 15 2 25 3 35 4 45 5

t[ms]

With island transport |

1.0
times [ms)

6/28/23 2 SPARC 17



Designing a real REMC coil for SPARC presents a
number of very difficult engineering challenges

The large induced current gives rise to huge IxB forces, particularly
on the vertical sections. Neutron shielding in SPARC constrains the
space available for structural hardware.

The coil must not conduct current EXCEPT during disruptions. (high-
current threshold switching mechanism needed). Ideally the switch
should be passive.

Due to D-T neutron flux, a solid-state switch cannot be inside the
vessel, therefore high-current feedthroughs and leads are required.

The coll loop voltage is predicted to reach 2500 volts, and therefore it
must be electrically insulated from its support structure, even during
MGI when Paschen breakdown could be a concern



Passive, high voltage/current switch required

- Likely multiple silicon-controlled
rectifiers (SCRs)

- Gate triggered by the disruption-
induced voltage (~kV)

- Threshold to be set above other
voltages (>100 V)
- Ip flat-top ~1 V
- |p ramp-up/down ~ 10 V
- ELMs ~10V

- Uni-directionality allows current to
flow only in the direction of Ip

Gate

SPARLC

SPARC ’




Resistors required to limit REMC current and forces SF‘“@
(new MIT postdoc John Boguski starting Jan 2023)

- SPARC REMC baseline design:
. Current Ic ~ 600 kA
- Sideways force F <15 MN
- New max Ic < 350 kA

 Self-inductance L ~ 14 uH

vvvvvvvvvvvvvvvvvvv

- Add ~10 mOhm = Ic < 250 kA Gate

- Still exploring parameter space
and implementation



Arcing solutions +1.25 kv

 Central grounding .,* J:‘
 cuts potential in half

-1.25kV

» Magnetic field suppression of arcing

« Get this for free, most arcing is cross-field,
where the e- Larmor radius is 0.5 um

» Insulation

« Too risky that un-intended parallel field
lines will intersect un-insulated regions of
the REMC, so insulate the entire REMC.

« Still testing optimal solution

Bf211/3023 Runaway Electrom Modelling meeting



Summary

SPARC design and construction are well
underway, including a passive n =1 REMC

Modeling conservatively suggests
>2x reduction in RE current, and
optimistically full RE beam prevention

Need to limit the maximum current to ~350 kA,
so need to model this new scenario

Passive switches, added resistors, and
commissioning plans are under development

R.A. Tinguely et al 2022 PPCF (under review)
V.A. Izzo et al 2022 Nucl. Fusion 62 096029
R.A. Tinguely et al 2021 Nucl. Fusion 61 124003

i1



Runaways can occur during several different
phases of a tokamak plasma discharge

— Disruptions: HUGE loop voltage, but plasma conditions are
poorly controlled, and not well diagnosed.

— Steady-state flattop: well-controlled conditions for research
physics

— Plasma startup: loop voltage is higher than normal and
density is low



Runaways can occur during several different
phases of a tokamak plasma discharge

— Steady-state flattop: well-controlled conditions for research
physics
® Measure threshold E-field for runaways and compare to Connor-Hastie E_;
® Is synchrotron emission a significant energy loss mechanism?

® Analyzing synchrotron images



An ITPA joint experiment to study
threshold conditions for runaway electron
generation and suppression

R. Granetz, A. DuBois, B. Esposito, J. Kim, R. Koslowski, M. Lehnen,
J. Martin-Solis ,C. Paz-Soldan, T.-N. Rhee, P. de Vries, J. Wesley, and L. Zeng

IAEA FEC 2014
St. Petersburg, Russia
2014/10/16




Motivation for ITPA joint experiment

Do we really have to get to the Rosenbluth
density to quench runaway electrons in ITER?

J

® Are other RE loss mechanisms, in addition to Coulomb
collisional damping, important?

® If yes, is it true for tokamaks in general?



Motivation for ITPA joint experiment

Do we really have to get to the Rosenbluth
density to quench runaway electrons in ITER?

J

® Are other RE loss mechanisms, in addition to Coulomb
collisional damping, important?

® If yes, is it true for tokamaks in general?

J

Measure threshold E-field in well-controlled and well-diagnosed

conditions on a number of tokamaks, and compare with E_;



Critical E-field for runaway electrons

Minimum E-field required to generate and sustain any runaways:

ne’InA
Ecrit = > > J.W. Connor and R.J. Hastie, Nucl.Fusion 15 (1975) 415
Areym,C

This E_,; criterion applies to both primary (Dreicer) and secondary (avalanche)
mechanisms.



Critical E-field for runaway electrons

Minimum E-field required to generate and sustain any runaways:

J.W. Connor and R.J. Hastie, Nucl.Fusion 15 (1975) 415

This E_; criterion applies to both primary (Dreicer) and secondary (avalanche)

mechanisms.



Critical E-field for runaway electrons

Minimum E-field required to generate and sustain any runaways:

3
E. = n%ezlnAZ) =0.08n,, (forIn A =15)
Areym,C

This E_,; criterion applies to both primary (Dreicer) and secondary (avalanche)
mechanisms.




Parameter space: runaway population vs
E-field and density

Conceptual plot of Ecrit dataset

RE population

< Low

nebar (m'3) 10"



Constraints for ITPA joint experiment

®* Make measurements during quiescent flattop, rather than during
disruptions, because results should be more reproducible, and the
loop voltage, electron density, Z 4, T,, etc. can be accurately
measured.

® To minimize confusing factors, exclude discharges with LHCD or
ECCD, because they can distort the electron velocity distribution

® Several different diagnostics are used for detecting runaways:

— hard x-ray (HXR), y-ray detectors
— detection forward-peaked emission (IR, visible)



Participants in MDC-16:

FTU (dedicated experiments)
— J. Matrtin-Solis, B. Esposito

TEXTOR (dedicated experiments)
— R. Koslowski, M. Lehnen

Alcator C-Mod (data mining and dedicated experiments)
— R. Granetz

DIlI-D (data mining and dedicated experiments)
— J. Wesley, C. Paz-Soldan

KSTAR (data mining)
— T. Rhee, J.H. Kim

JET (data mining; not during flattop)
— P. deVries

MST (dedicated experiments; RFP in tokamak mode; low T,)
— A. DuBois, B. Chapman



E-field (V/m)

Several possible ways to measure
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TEXTOR dedicated experiment
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E-field (/m)

0.05

E-field and density for RE onset

E-field and density for RE onset: TEXTOR, FTU, D3D, MST
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Several possible ways to measure

threshold E-field:

(2) Assemble dataset of (E, n, RE) from previously existing
data; Determine threshold boundary

Alcator C-Mod HXR vs nebar and E-field
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Thresholds for RE onset on multiple machines

E-field and density for RE onset: TEXTOR, FTU, D3D, MST, CMOD, KSTAR
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Caveats of using ‘onset’ method to determine
threshold E-field

1) RE detectors (usually HXR) have finite sensitivity, i.e. a
minimum detectable level of REs

2) In a Maxwellian of a few keV and ~10<° electrons, with V,,,, ~ 1
volt, the initial number of runaways is well below detectable
limits

Therefore, in order to be detected, i.e. the observed “onset’, the RE

population must grow to a measurable size, which takes finite time,
comparable to the duration of these discharges.

Hence, E and n_ at the time of onset detection may not be
the same as E and n, at the RE threshold



Several possible ways to measure
threshold E-field:

(3) Start in low-density regime with RE’s and increase n_to find
threshold for RE suppression
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Measuring RE growth & decay rates on DIII-D
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® First, get RE’s by reducing density
® Then change density to new value and hold constant to reach new steady-state

® Determine growth or decay rate



Measuring RE growth & decay rates on DIII-D
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Measuring RE growth & decay rates on DIII-D
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® Transition from growth to decay occurs at E/E_;, ~3 — 5
® Theory says this should occur at E/E_;; = 1



Measuring RE growth & decay rates on C-Mod

increasing RE’s nearly steady RE’s decreasing RE’s
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® First, get RE’s by reducing density
® Then change density to new value and hold constant to reach new steady-state
* Determine n,, E,, and dng¢/dt for each case



Measuring RE growth & decay rates on C-Mod

increasing RE’s nearly steady RE’s decreasing RE’s
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First, get RE’s by reducing density

Then change density to new value and hold constant to reach new steady-state
Determine n,, E,, and dngg/dt for each case

Center case has n,=0.6x10%° m=3, E,=0.25 V/m



Thresholds for RE onset (¢) and
suppresion (m) on multiple machines

E-field and density for RE onset: TEXTOR, FTU, D3D MST CMOD KSTAR
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Summary: results

A study of runaway electrons under well-controlled, well-diagnosed
conditions in a number of tokamaks finds that the threshold density for
both onset and decay of RE signals is at least 4 — 5 times less than
expected from collisional damping only.

This implies that there are other significant RE population loss
mechanisms in addition to collisional damping, even in steady-state
guiescent plasmas.

Possible RE loss mechanisms in addition to Coulomb collisional drag include:

® synchrotron emission losses from Larmor motion

® drift orbit losses

® stochastic losses due to B (which are probably much larger during
disruptions)

® scattering in velocity space due to RE instabilities



Summary: results

A study of runaway electrons under well-controlled, well-diagnosed
conditions in a number of tokamaks finds that the threshold density for
both onset and decay of RE signals is at least 4 — 5 times less than
expected from collisional damping only.

This implies that there are other significant RE population loss
mechanisms in addition to collisional damping, even in steady-state
quiescent plasmas.

Possible RE loss mechanisms in addition to Coulomb collisional drag include:

synchrotron emission losses from Larmor motion

drift orbit losses

stochastic losses due to B (which are probably much larger during
disruptions)

scattering in velocity space due to RE instabilities



Runaway electrons generate characteristic
radiations in a tokamak

Synchrotron Bremsstrahlung
(acceleration radiation) (braking radiation)

B-field required
Magnes Plasma

ion /'
.ﬂr.\

Photon electron YR photon (100°s keV)

~ visible photon (~&V) y-rays (MeV)




How do we know that a camera looking at visible
light is seeing synchrotron radiation?

c o
1/y

Relativistic particles emit synchrotron radiation?2
that is forward-peaked in their direction of motion

1. Schwinger 1949 Physical Review
2. Westfold 1959 The Astrophysical Journal



How do we know that a camera looking at visible
light is seeing synchrotron radiation?




How do we know that a camera looking at visible
light is seeing synchrotron radiation?

Normal plasma (no
RES) has toroidally
uniform emission, and
no speckles




How do we know that a camera looking at visible
light is seeing synchrotron radiation?

This plasma has
speckles (HXR) and
synchrotron emission
on the side where the
current goes into the

page
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Absolutely-calibrated visible/NIR spectrometers

(~300-1000 nm) measure SE on C-Mod.
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APS DPP 2016 — Research in Support of ITER — A. Tinguely
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Synchrotron spectra contains information on RE energy

and pitch tor
Mod

Mono-energetic/pitch [3,4]
=—Data
— Fit

1.2

[

Fit Pankratov theoretical

Eo.s

& spectrumatB=54Tto

" 06 measured spectrum to get RE
E energy (assuming mono-

%OA energetic REs with pitch = 0.1)

0.2.5 E =28 MeV, p|t;:4h =_(3)_17
Nee = 1.67107" m

O L L L
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Wavelength (nm)

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
[4] J.H. Yu, et al. PoP 20, 042133 (2013).

APS DPP 2016 — Research in Support of ITER — A. Tinguely 99



Does synchrotron emission limit the
maximum energy of REs?

Consider an electron with energy E = 40 MeV and pitch = 0.1 in three
different magnetic fields.

40 1
""""""""" ~—. 0.8
— 30 ~~—
g
2 =277 @
= NO.6
----- --- S
101 0.2
0 0
500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).

3 November 2016 APS DPP 2016 — Research in Support of ITER — A. Tinguely
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Absolutely-calibrated visible/NIR spectrometers

measure sxnchrotron emission on C-Mod

* RE densities are difficult to reproduce, so we are not interested in the
absolute amplitude.
* Instead, we are interested in the spectral shape.
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Absolutely-calibrated visible/NIR spectrometers
measure synchrotron emission on C-Mod

* Select one time-slice near maximum emission during steady plasma

parameters.

* Take the ratio of two spectra and normalize.

© o
o o ©
[e)] [e] —

pW/mmz/sr/nm

o
o)
]

0
400

3 November 2016

27T

S
o
D

500 600 700 800
Wavelength (nm)

-
[
[e2)
o
oo
N
S
o
(]
N

900

;zW/mmZ/sr/nm

54T

920v280911

400 500 600 700
Wavelength (nm)

800 900

;[W/mmz/sr/nm
o o o
B [e)] (o]

o
N

APS DPP 2016 — Research in Support of ITER — A. Tinguely

78T

9T0Z0609TT

500 600 700
Wavelength (nm)

800 900



3 November 2016

Compare synchrotron emission at three magnetic fields

*Relative to the reference spectra

Positive slope
* More brightness at longer wavelengths
* Shifted toward the red

Negative slope

* More brightness at shorter
wavelengths

* Shifted toward the blue

Normalized Ratio

2
1.8
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s et
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1
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Compare synchrotron emission at three magnetic fields

ator
Mod

, _Mono-energetic/pitch [3,4] 5 | | |
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[3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
[4] J.H. Yu, et al. PoP 20, 042133 (2013).
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Compare synchrotron emission at three magnetic fields g
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Decreasing RE energy decreases synchrotron tor

.. . . d
emission amplitude and shifts toward the red A0
25 P _
B =5.4T, pitch = - el
_ 207701 T — 0.8¢ "
™ e
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g 15 NO0.6
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— To keep the brightness the same, an increase in magnetic field

requires a decrease in energy.
9 8y [3] I.M. Pankratov. Plasma Phys. Reports 25, 2 (1999).
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Synchrotron emission limits the mono-energetic RE energy

2.7 T, 34 MeV
= 5.4T, 28 MeV
= 7.8T, 25 MeV,

—2.7 T (1160824024)
—5.4 T (1160824026)
| —7.8 T (1160902016)

1.2

Normalized Ratio
ormalized Ratio

0.8

0 L L L

500 600 700 800 900

500 600 700 800 900 Wavelength (nm)
Wavelength (nm)

3 November 2016 APS DPP 2016 — Research in Support of ITER — A. Tinguely
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Summary of Results

atfor
lod

* Per particle, synchrotron emission increases and shifts toward shorter
wavelengths with increasing magnetic field and energy (for fixed pitch).

* Measured synchrotron brightnesses at three magnetic fields (2.7 T, 5.4
T, and 7.8 T) have similar spectral shapes.

* Assuming a mono-energetic RE beam at a fixed pitch, an increase in
synchrotron emission per particle (from an increase in magnetic field)
reduces the energy.

—> Synchrotron emission is limiting the energy of REs.

3 November 2016 APS DPP 2016 — Research in Support of ITER — A. Tinguely
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Relativistic particles emit synchrotron radiation'?
in their direction of motion

B magnetic field vector

Bg angle of B above horizon

v

1/y V runaway velocity vector
6, angle between V and B
y relativistic factor

ol

midplane

Fast gyro-motion makes this look like a cone of emission,
with opening (pitch) angle 6,

1. Schwinger 1949 Physical Review
2. Westfold 1959 The Astrophysical fournal 12




Synchrotron-detecting Orbit Following Toolkit (SOFT)?

inputs

- magnetic geometry (EFIT?)
- detector geometry

- phase space distribution

f(r,p,6,) (optional)

outputs

- spectra

- images

- polarization information
- Green’s function

G(r.p.6)

13




Charged particles, including runaways, are confined
to move on poloidal flux surfaces

W SOFT image

0.4 0.6 0.8 1
R (m)

X = camera view

14



Charged particles, including runaways, are confined
to move on poloidal flux surfaces

SOFT image

0.4 0.6 0.8 1
R (m)

X = camera view

1.4



Two absolutely-calibrated visible spectrometers
view opposite directions

&,
spectrometers

2.2




View #1: see primarily line radiation from
atomic excitation and recombination

RES/": L ~

0.25! = |
m —
¢ E
0.2
S E 0.15
©
LS |
&E 0.1
(T3]
0.05

400 500 600 700 800 900
wavelength A (nm)

23



View #2: also see continuum spectrum in the
visible range from synchrotron emission

T10LZL0911

spectral brightness
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Compare synthetic spectra computed via
the “traditional” approach* and SOFT

55 Experiment “Traditional” SOFT 1160727011

F]
& 2
E * Parameters only at » Spatial profiles of
o 1.5 the magnetic axis ' plasma parameters
Y 1 ' * Simplified analytical |+ Real magnetic and
E calculation detector geometries
& 0.5
5

500 600 600 700 800 600 700 800

A (nm) A (nm) A (nm)

1. laspers et al 2001 Review of Scientific Instruments
2.¥u et ol 2013 Physics of Plasmas
3. Popaovic et al 2016 Physics of Plasmas

4. Esposito et al 2017 Plasma Physics and Controlled Fusion 24




Synthetic spectra from SOFT match experiment
far better than the traditional®* approach

55 Experiment “Traditional” SOFT 1160727011
-
&2
£
5 1.5 ;
£ : a-
w | 4 .
@ 1
b= - —0.90 s |
_'E;,. 0.5 —0.95s
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1. laspers et af 2001 Review of Scientific Instruments
2.Yu et al 2013 Physics of Plasmas
3. Popavic et ol 2016 Physics of Plasmas
4. Espaosito et al 2017 Plasma Physics and Controlled Fusion 24




Visible/near-infrared images captured
by a wide-view camera situated below the midplane

3.2

@



Vertically-displaced cameras see different
portions of the real space distribution

0.2

-0.4 |

X = Camera view



Vertically-displaced cameras see different
portions of the real space distribution
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X = Camera view



Vertically-displaced cameras see different
portions of the real space distribution
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X = camera view



t = 0.492s
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t = 0.993s

)RES
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Complex spatial structure is observed in the
experimental image at the onset of magnetic fluctuations

'{} LegS/I

3.5



Spatial structure is seen more clearly in the
experimental image using edge detection?

1. Sobel and Feldman 1968 Presented at Stanford Artificial Intelligence Project

36




Outer “leg” corresponds to runaway emission on the
q = 2 surface during the growth of an MHD instability

magnetic

MHD = magnetohydrodynamics

3.7



Use non-overlapping synchrotron emission
from adjacent flux surfaces to fit synthetic SOFT images

Experiment SOFT

3.8



experimental polarization
of synchrotron emission

-~




Pinhole Camera Made of Lead (“GRI") Developed to

Collimate Hard X-Ray Flux from Relativistic Electrons

Blagina . Gamma Ray Iager

ion

,/‘\

electron gamma

‘3
-
for scale

Pinhole

Sig htline Gamma
Detectors

Diln-pD D. Pace et al,
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Pinhole Camera Made of Lead (“GRI") Developed to

Collimate Hard X-Ray Flux from Relativistic Electrons

Cross-Section of Vessel

Plasma
Cross
Section

e =

Dii-D

&  NATIONAL FUSION FACAITY
Paz-Soldan/MIT-NSE/2020-03



Each “pixel” of the camera is a scintillating crystal with

an integrated photodiode detector
Integrated scintillator, photodiode, and amplifier @ each pixel

Gamma Ray Detector
(all dimensions in mm)
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Runaways can occur during several different
phases of a tokamak plasma discharge

— Disruptions: HUGE loop voltage, but plasma conditions are
poorly controlled, and not well diagnosed.

— Steady-state flattop: well-controlled conditions for research
physics

— Plasma startup: loop voltage is higher than normal and
density is low



Runaways can occur during several different
phases of a tokamak plasma discharge

— Disruptions: HUGE loop voltage, but plasma conditions are
poorly controlled

® Of concern for ITER because breakdown & burnthrough must be done at very low pre-fill

® Poorly understood; Ongoing ITPA joint activity



Cross-machine comparison of runaway eleciron
generation during tokamak start-up
for exirapolation to ITER

P.C. de Vries?, Y. Lee?3, Y. Gribov?, A.B. Mineev*® Y.S. Na??,
R. Granetz®, B. Stein-Lubrano®, C. Reux’, Ph. Moreau’, V. Kiptily®, B. Esposito®,
D.J. Battaglial®!?, J.R. Martin-Solis'? and ITPA 10S collaborators.

ITER is a Nuclear Facility INB-174. The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.
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d Ohmic plasma initiation in ITER may only succeed in a narrow range around a low prefill
pressure. Consequentially the density during breakdown and burn-through will be low,
which is often quoted as reason for the formation of supra-thermal or runaway electron
discharges. Runaway electron (RE) discharges could damage in-vessel components and
should be avoided.

Q In the first two decades of tokamak research, start-up RE got a great deal of attention. But
this has now shifted to the, more risky, formation of RE by tokamak disruptions.

O The generation of runaway electrons during plasma initiation was simply linked to too low
a prefill pressure for a given toroidal electric field. Often suggesting, that if the right prefill,
breakdown or start-up sequence was applied, start-up RE could be avoided.

Q This might have been true for smaller devices, for which the plasma initiation process is
very short in duration, however, for larger devices, such as JET, it was shown that the whole
process is significantly more complex'.

[1] P.C. de Vries, et al., Plasma Phys. Control. Fusion 62 (2020) 125014.
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Horrendous startup REs




XTOMO signal cables go down D-bottom port
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up of damaged XTOMO signal cables
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