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Introduction

Runaway electrons are produced by acceleration of electrons in toroidal
electric field when collisional drag force on energetic electron is less then
driving force, eE

The first numerical analysis of runaway phenomena have been carried our
by H.Dreicer (Proceedings of 2" Geneva conf 1958, 31, p 57 and Phys
Rev., 1959, 115, p238)

Frequently cited analytical expression for Dreicer acceleration has been
derived by A.V.Gurevich, JETF 1960, 39, p1296

They have been observed in early experiments in tokamaks in 50t and
60t in low density discharges contaminated with impurities and later
studied experimentally in more details (Bobrovski 1970, Vlasenkov 1973,
TFR group 1973, Alikaev 1975)

At plasma densities typical for tokamaks, n ~ 101° — 10%° m the electric
field is small and RE can be produced only during abnormal events such
as plasma disruption
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MeV runaway electrons have long range

It is known from experience in tokamaks that RE can damage in-vessel
component (notorious accident in TFR with burning hole in vacuum
vessel)

* RE are dangerous for the plasma facing components because of long
range in FW materials and possible deep melting

« Stopping power, s, in Be, (material

1.E+02 i I
——Callision
— Rt € for ITER wall)
1.E+01 \ /
2 S / dE/dx = sp
= 1E+00 « At Be density p =1.8 g/cm3 and
energy of electrons 20 MeV the
penetration length is about 5 cm
1.E-01

1E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03
E(MeV)
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Physics of RE generation

 Friction force on electron (non relativistic):

n.e*In(A) [zM 2m, R L
<F >= pc {Ti CDl(v/vTi)+TCI>1(V/VTe)} q)l(x)—\/gggz U;e d$ —xe J
¢ Collisional friction . Dreicer electric field:
_ n.e’In(A)
4715§Te

* Critical electric field

3
E - n.e’In(A)

T Electron energy  dmggm,ct

- AtE <E_, ~n, the runaway electrons can not be produced

1/2
- Critical electron velocity Vor _ 1+Z /2)1/2(E_EDJ

Te
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Dreicer acceleration

+  Collisional friction . Ir!trc_)duce electrlc_fleld _equal to maximum
friction force (Dreicer field):
e n.e’ In(A)
° 47&902Te
g » At electric field much smaller than maximum
Electron energy

friction force only electrons from far
Maxwellian tail can accelerate

* RE electrons form anisotropic tail on
distribution function

G\
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Dreicer acceleration rate (Gurevich, 1960)

At E << Ej only far tails on the distribution function are affected by electric
field

In this case the runaway generation rate (Dreicer source) can be
calculated from kinetic equation (see f.e. Review of plasma physics v. 11,
1982)

| 2\3/2 3(Z+1)/16
dn/dt = e | e Eo exp —5—\/(Z+1)ED
T\ 2T E 4E E

e

Home work problem: solve analytically 1D kinetic equation

eEof 0 vfe(vf+T_ng

—V03
mov ov VvV m ov

at E=const , v,=const and estimate Dreicer source
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Avalanche of runaway electrons

« The avalanche mechanism has been described first by Yu.Sokolov in 80™,
forgotten, and re-invented and described in details in mid 90,
(M.Rosenbluth, L.-G. Eriksson, P Hellander, S.Konovalov, and others)

* Numerical codes have been developed and validated in experiments (see
f.e. code ARENA, Eriksson, Comp. Phys Comm 154 (2003))

* The avalanche is multiplication of energetic electrons by close Coulomb
collisions with plasma electron

— B

_ e’b
© 4ze,(X* +D0?)%?

e2

B 21e,Ch

« Momentum of the secondary electron, p,
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Avalanche of runaway electrons

Collisional friction

« Whenv >y, or

eZ

b< ——m
2me,Cmv,,

. « the secondary electron will runaway
Electron energy

Source of secondary electrons

anE = Nge neﬂbZC = Nge °E
dt 2mcIn(A)

Accurate treatment needs to take into account that some of secondary

electrons are born on banana orbits and can not accelerate until they
scatter to the transit particles

INee _ 1\ @z, ria)ySE=Ee)
dt mcin(A)
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How to get runaways in tokamak?

Toroidal electric field: E=pjx T3 J

Friction force: Focn,(Z+2)

Runaway electrons are produced in low density cold plasmas (f.e.
contaminated by impurities)

E 1

oC
3/2
FnT,

In a “normal” discharge the loop voltage is small and electric field is below
critical field. Example (ITER): Loop voltage during flattop U < 0.1V,
Electric field E=U/22R < 0.003 V/m, Critical field,

_ne’In(A)

2 2

E =
Are;m,C

c

~0.075n,,, >>E

Generation of RE in tokamaks occurs during plasma disruptions
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Plasma disruptions
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Plasma can abruptly disrupt in a tokamak

This disruption is triggered by Ne injection and following edge cooling

3
S

JPN76314
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edge T, [eV]
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Plasma disruptions can be very damaging in ITER

« |ITER vacuum vessel and in-vessel components are designed
mechanically to withstand EM loads from the expected 2600 “typical” 15
MA disruptions (current quench time 50-150 ms) and 400 “typical” VDE

« However, local thermal loads during plasma disruptions significantly (10
times!) exceed melting threshold of divertor targets and FW panels

« Areliable Disruption Mitigations System (DMS) must be developed and
installed in ITER prior to the full scale operation which will start in 2022.
Presently it is at conceptual design phase
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Thermal and Current quench phases

A

Plasma
CUTTent

Plasma

RE current

[
»

TQ t

Typical chain of events during
plasma disruption

The largest thermal loads occur during Thermal Quench

Major mechanical forces act on plasma facing components during Current
Quench

Runaway electrons can be generated during Current Quench
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Expected energy loads and their limits

Maximum energy loads are expected on the divertor targets. Energy
density scales as R® and in ITER it will be 10 times larger than in JET

At total plasma thermal energy of 200 MJ and estimated areas of the
wetted surfaces of about 10 m?, P ~ 20 MJ/m?.

Similar energy loads are expected on the first wall panels near the top of

the machine R
1 3MJ/m2 max: 101 Mym?

Results of the modeling
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Expected energy loads and their limits

Surface temperature under pulse loads can be estimated from heat
conduction equation:
dT

q=—K—

dx
During transients the depth of the heated layer, dx ~ (xt/pC)¥2 and, thus,

o 1/2 P
T:T0+ﬂ[—j € —F=&
K

Parameter ¢ shows how close surface is to the melting temperature.

Thermal quench time is expected 3 ms and thus during ITER disruptions ¢
~400 MJ/m?/s1/2

Surface melting occurs at:
e =23 MJ/m?/st2  for Be,
¢ =50 MJ/m?/s12  for W,
e =12 MJ/m?/st2  for SS,
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MGI can to re-radiate most of plasma thermal energy

« Challenge for ITER DMS: re-radiate ~300 MJ of plasma thermal energy in about 3
ms and distribute it uniformly over FW

« Experimental results from present tokamaks with pre-emptive injection of high Z

gases are very encouraging
E.Hollmann, NF 2008

B41 77806 21.755700 MW m'S 1 5 T !

] —_ (a) TQ radiated energy J,-*"-
= 1.0 ey
40 = - b B I o005 (A
E _,*J'-l o @ 2006 {!.u.g
= 035F ‘N““ - % A 2007 (Ar)
. -2 3 5007 e
N 0.0l — & 2007 (D ]
1.2 m m':Hg
€ -+ r-“f" I'I-—'m h-l-lrr----ll-—
N — 0.8}
E (b) -
3 ol ad
= 04
0.0 MGI TQ radiation fraction
0.0 0.5 wﬂ-. MJ) 1.0 1.5
— ASDEX-Upgrade 60-100% G.Pautasso, PI.Phys,2009
— Alcator C-mod ~75% R.S. Granetz, NF 2007
M. Lehnen, IAEA 2010 — JET ~ 90% M.Lehnen, ITPA 2011
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Few kPa*m?3is needed to radiate plasma energy in ITER

LOO-

80-
60-

401

Radiation fraction %

20-

o 1 2 3 4
22
N (10%)
* 1D numerical simulation by ASTRA +

ZIMPUR codes. Plasma density 1020
m-3, plasma thermal energy 350 MJ.

Assuming assimilation factor of injected
impurity of 5-10% the gross amount of
injected impurity must be:

— Ne ~1-2 kPa*m3

It is well within the capability of pumping
and gas processing systems

Uniform distribution of radiation over the
wall is important. Not much margin for
peaking 300MJ/800m?2 = 0.375 MJ/m?2

Better understanding of physics
processes during TQ is needed

3D codes accounting for MHD
perturbations, atomic physics, and
radiation transport should be developed

Summer school, Aix en Provence, 2011
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Forces impose constrain on maximum amount of gas

10 50 100 500 TcalMs)

The major EM loads on the VV and in vessel components occur during current
quench of a disruption and following plasma VDE

DMS goal is to transform very short and very long CQ into disruptions with CQ time
50-150 ms
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MGI of noble gas can significantly reduce CQ time

0.18
0.16 \
\

- CQ time (linear) vs amount
paulle of injected Ne for mitigation
E£0.12 <+— of TQ (corona radiation).
£0.10 | =15 MA, np:=110%m-3
©0.08 \\
20.06 ’\\
90.04 N
$0.02

0.00
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03

# of Ne atoms (kPa*m*3)

‘\\

Simple 0D model, j?/c = P,,4, reasonably well describes current decay at CQ

There is still a reasonably large window of 0.1 -10 kPa*m3 to mitigate thermal loads
without excessive forces on the in-vessel components

Mitigation of TQ energy loads by MGl is consistent with acceptable CQ duration

Summer school, Aix en Provence, 2011
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Large loop voltage during Current Quench

* ITER example: plasma current 15 MA, Current decay time 100 ms,
plasma inductance 5 mH result in

U = dLI/dt ~ 750 V; E=U/22R ~20 V/Im >> Ec
* Avalanche during plasma disruption can result in massive RE current

Ldly (B )y (dLIJFdLIRA)
|, dt E 27RE_\ dt  dt

C

* Integrating over time

L 2\"? 67RmcIn A
IRE :_[IO_K_J e—LIn(IRE/IRE,O)
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Large RE current can be generated

L 22 67RmcIn A
IRE:_(IO_(_j Tln(lRE/IRE,o)
E

1) It must be a seed current for avalanche to work

N
in| L | < _Slilo 5 41 1mA]
leeo ) 672mCIn A

2) Maximum current is not sensitive to the plasma parameters
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Electron energy is 10-20 MeV

Electron acceleration is diluted by multiplication of electrons

1/2
In steady state g =eEc® ~ mcz(zj 3InA =10-20 MeV

What about background plasma? Ohmic heating of the background
plasma by RE current is significant

Power density, pre = JreE. , @and total heating power, Pre=Vpgre = IreU.

An example for ITER parameters, i.e., j = 500 kKA/m?, E, ~0.075n, ~0.1
Vim, U.~ 3V, Izg=10 MA

Pre = 30 MW

Summer school, Aix en Provence, 2011
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Energy spectrum has been calculated numerically

1.0

N
[ J

2D distribution function of RE after
saturation of RE current, t = 200+t

« Monte-Carlo calculations of
avalanche in plasma with a/R =
0.1, Z 4 = 4, and initial electric field
E/E.= 15

D—Ill |

« Energy distribution averaged over
pitch angle is close to Maxwellian

f ~exp(-E/T)

i « with T ~ mc?In(A) as has been
L estimated above

200

100

p/mc

300

From Rosenbluth NF, 1996
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« 2D simulation of CQ in ITER by code DINA. np+=5-101° m-3, Ar impurity, 7%

Runaway electrons must be suppressed in ITER

ITER equilibrium

ITER e
BOO- .
800 - .
00 b= N
Al -,
IR N\
Sl Y, *
200 e NS A
SRR NNNS——
5 o 5 of f T
N " . i )
4001 <00 S T N S
600 : /_\\~
-800 o cie.
L] 00 800 o 800 ] 200 400 600 800 1000 1200
r[em] rlem] rlem]
time=0 time=26ms time=60ms

16

AL MA
12 \l
p
10
8 \\
6 -l
4
|
2 / J = time, m
N ’
20 60 80

t

FW materials can result in a deep melting of FW Be panels

To avoid melting of the wall the RE current must be suppressed to less then

2MAIn ITER

Summer school, Aix en Provence, 2011
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Very large peaking of RE loads and long range of 10-20 MeV electrons in
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Runaway electrons are often observed during plasma

disruptions
#3117

] & j ) T I

sEN [ (MA) - 1  Large loop voltage can
0 ~ 3 accelerate electrons to > 10
G_U:HKR( - } - \ - : \ “_' MeV

00 d.l. =

0 z— I.,ib,,_ et __JJ\__JL,_rJ\.Uq'A,_ —:

200 / ] . L .
s “H , | | | | E * Plasma resistive current is
5 | Neutrons (10° sec”) | Lo 3= pecor | replaced by current of

A E ) 3§ — Detector 2 ...

= UL T peeaor 3 relativistic electrons

« Hard X-rays and
photoneutrons are typical
signature of energetic
electrons

Soft X-ray data

: « Soft x-rays from chord array
 Runaway electrons in JET show that RE current is

(Pluschin, NF,1999) peaked near magnetic axis

Page 26
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Energy deposition on the wall

upper dump plate

e T

filling in toroidal direction ~ 25%

« Due to small ratio V. /c loss of runaway electrons is extremely localized

perp

« Expected wetted area in ITER is only 0.3-0.6 m?
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RE carry large kinetic and magnetic energy

Density of RE electrons:
J=€NReC; Nge = Ize/€CS;  Nge = NreV = Ize2pR/ec.

Kinetic energy in all RE: W, = egreNgre ~ Ire
Magnetic energy: W, = LIgg?/2 ~ Igg?

An example:

RE current (MA) 1 8
RE density (1/m3) 510 810
Kinetic energy (MJ) 1 15

Magnetic energy (MJ) 1.5 150
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RE current has to be reduced to <2 MA

20 » Kinetic energy of RE scales as Iy and is
180 expected to be ~10 MJ at I,z~10 MA. Magnetic
160 — Wk energy of RE scales as Izz? and is about 200
140 —— W _k+0.4W_m P MJ
120 W kW m

M) 100 // » The critical question: how much magnetic
80 energy will be transferred to RE kinetic energy
60 / during CQ?
40 /
20 / » Results of analysis of experimental data from

. % . JET (A.Loarte et.al. NF, 2011) suggest that up
0 N 15 to 40% of magnetic energy have been

transferred in some shots

Total energy of RE as function
of RE current. Average electron
energy = 12 MeV and |, = 1 for
the RE current

* More theoretical and experimental work is
needed to resolve this uncertainty
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Better understanding CQ plasmas is needed

Plasma parameters during CQ: n=110m=3, T = 10 eV, 1co ~ 40 ms
lon and electron mean free path in CQ plasmas: ; ~A, ~1 cm

Pressure equilibration time along the field lines: t, ~27R/C, ~ 1 ms ->
pressure is constant along magnetic field lines.

Temperature equilibration time: t, ~ L#/y > 100 ms! Temperature and,
hence, electrical resistance can be not constant on magnetic surface after
MGI

Variation of plasma resistivity will result in electrostatic perturbations E =
E, — grad® and magnetic perturbations. How long does it takes for them to
decay?

Summer school, Aix en Provence, 2011
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Problem of missing seed current

Avalanche results in exponential amplification of the seed current

Il /1_..,) ~ 2,51, ~ 30—40

Dreicer source is exponentially small in 10 eV plasmas and many orders
of magnitude smaller than needed for avalanche!

S o eXp{—E—E} or In(S)=2-10%zr.4ny /1, =130

Other sources:

— Tritium B decay produces 10 keV electrons with the rate 3 1011 1/m3s. Not enough
— Compton scattering of gammas. Could work but there is no gammas during CQ!

It should be some other sources.

Summer school, Aix en Provence, 2011
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Relict tails

What if far Maxwellian tails survive thermal quench (H.Smith 35th EPS)?

How long will it take to cool down in 10 eV CQ plasmas?

o 1

10 _e'n,In(A)
ot v ov

0 22,3
Arey M Vy,

3
VoVy, f

2/3
3
Solution (Maxwellian as initial condition): f ~ eXp{—(\%a +3Vot) }

Te

Slowing down time will be

3
vtV
’ AV%

At typical parameters v, ~108 s'1. Only very far tail can survive on ms time
scale. Not enough particles if the tail is Maxwellian.
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Critical path for generation of RE

Plasma current

Plasma energy

RE current
H-mode

CQ

/T \ t
Large MHD,

magnetic surfaces destroyed

v

« No runaways until magnetic field re-heal
» After cooling down no sources for avalanche left

» |s something else happening during beginning of current quench?
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Tangential x-rays during reconnection

~ 3| T-1034190 "r,,_"_//\.;,,-,?
-]
o <2 ——i Ip
g 2 Dty Bmit
) disruption
g ! 4Bp 21, 111 mode
o iy
A
- — i n|
_'2 B
B Plasma
S 00| ey Spikes S
" o) ri|'||-“||' |-'T |
= a8 Loap |.-.-'.~.'r..'..~_|~i.'| | I |
. orthogonal view x-ray
2 T2 2-15 keV/
il 2-100 keV
2| rangential|view | 2.100 ke
‘; - | txrayd
- =
-1’:. aved 3 Hard x-ray 0.5-3MeV

740 760 Tme,ms  BOO

Two X-ray cameras: tangential
and normal

Every event of current spike
(redistribution of current density) is
accompanied by tangential x-ray
burst

Magnetic reconnection -> large
local electric fields -> energetic
electrons?

Could it be that seed electrons are
produced by reconnection events?
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MHD stability of RE beams

Ideal MHD is oblivious of what plasma component carries the current as
longasE + [vB] =0

Plasma equilibrium, vertical stabilization (n=0), and ideal kink modes are
the same as in “normal” plasmas

Resistive MHD modes (tearing)? What component determines the
resistive stability properties: the collisionless runaways or the resistive
bulk?

P. Helander et.al.,Phys. Plas 14, 122102, 2007

Main results:
— linear growth rate is determined by main resistive plasmas
— saturated island width is about twice larger in RE plasmas

Summer school, Aix en Provence, 2011
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Kinetic instabilities

Resonance in magnetize plasmas

yoc_[5(a)—na)Be—kzvz)(kZ§J + 1P O jdv

\
)
i
&B‘f
i
1
1
1
|

lz"‘ o z vV, oV,
0.6 nA=18
\1 a/R =0.1
1N | « At ®~ Nog, , KV, = 0-Nog, << Nog, plasma is
unstable when

of  of
_>_
aVz aVL

* Runaway electron tail can not make cyclotron
wave unstable

« Cherenkov resonance o = k,v, results in stable oscillations for monotonic
distribution function of RE

« Anomalous Doppler effect k,v, = -nwg,, at n<0 can provide energy
transfer from electrons to the waves. Parallel particle energy is transfered
in perpendicular energy —> anomalous scattering of RE
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Magnetize Langmuir waves

08

067

040

Dispersion relation @ =Kk, @, /K

Linear theory for Dreicer distribution function,
non relativistic, see V.Parail, Reiew of Plasma
Physics v.11

3/2
a) e
Stability threshold at V>3( > J Ver

a)pe

IN ITER, 0ge > ®,, and RE beam much be
much faster than critical velocity for

Quasilinear analysis predicts periodic bursts of
instability with anomalous scattering of RE

Could result in reduction of avalanche growth
rate but analysis has not been done yet.
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Runaway mitigation/suppression
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Collisional suppression of RE is challenging in ITER

Adly [E )1
IRA dt E z-Ioss

Avalanche can be suppressed by:
— increase of electron density to enhance collisional slow down of RE (E, = 0.075n,)
— enhancement of RE loss, y7,.<1

During current quench of a disruption E = 20-50 V/m. To reach collisional
suppression of RE the electron density must be increased by factor of 300-700 times!

This requires injection of massive amount of gas which is beyond capability of ITER
pumping and gas processing system

Maximum density increase that has been achieved in experiments is less then 20%
of critical
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Collisional suppression of RE is challenging in ITER

« Massive gas injection for reaching critical density will reduce current quench time
beyond low limit acceptable for mechanical loads

0.18 2.0
\ 1 * Modeling of current quench with Ne

016 \ / "o injection
@014 + 1.6
Q
£0.12 [ . -4 o L
= / 110 * Reaching critical density will likely
§0'10 \ — —/ ——— 1oW be above capability of the machine
2008 \- / 1 08L:|
20.06 ,\A 106
£ 0.04 /i 0.4 « Collisional suppression might work
30,02 / ~ | . : .
o0. 7 0.2 if RE will be suppressed at density

0.00 —] 0.0 30-50% of critical (Rosenbluth’s)

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 i
# of Ne atoms (kPa*m*3) density

Ratio Ec/E as function of Ne
amount in the plasma (red). CQ time
Is also shown (blue)
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RE suppression by de-confinement

Ldy (E )1
IRA dt E Z-Ioss

c

E
Fast loss of RE, 7,,.r <<E— , can suppress avalanche

c

Keep magnetic surfaces from healing by applying external MHD
perturbations produced by external coils (works in experiments)

1) To achieve fast loss amplitude of external perturbations has to be
sufficiently large

2) These perturbations have to be quickly switched on prior to RE
generation

ELM colls in ITER are two weak and too slow to do the job
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Modeling of RE confinement with ELM colls

L
_ : . : : A
3.0E-03 1 | K 4l i | €
f(t)=99.4068" - s 2
03 = /e )
E.EE GS r 3 L 200
“c  2.0E-03 |- S - 21
o 11 150
"% 15E-03 £
m N
W 0t
i 100
Vv 1.0E-03 1l
5.0E-04 2 | o0
0.0E+00 & S 0
0 1e-05 2e2-05 3e-05 9
i, R.m
Typical evolution of the second central Magnetfic surfaces and diffusion coefficient
momentum in fully stochastic region. profile for t=20ms after Thermal Quench.

* No global loss of RE (only redistribution) at maximum coil current
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Soft X-ray data

3 = Detector |
3 — Detector 2
J = Detector 3

Max
-

RE are expelled by MHD instability at g<2

Massive loss of RE occurs in
experiment when g < 2 at the plasma
edge

g =aB/RBy<2

g reduces because minor radius of the
current channel, a, shrinks when
plasma moves to the wall

Is it possible to reduce minor radius, a
(to peak current profile) before
massive RE are generated and trigger
MHD?
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Suppression of RE electrons by repetitive gas jets

« Large magnetic perturbations and secondary disruptions can be produced by dense
gas jets injected repetitively in the CQ plasma

A

Plasma current

~~
~ -
-~

,/ RE current

Dense and resistive gas jet contracts TQ A 4 4 ﬁt
current channel

« Required gas pressure in the jet ~ 1 atm, gas amount ~1 kPa*m?3, 5-6 jets during CQ
(staggered in time by >=5 ms).

« Based on estimates the total amount of gas can be 10 times less then for collisional
damping!

* R&D is in progress to test this scheme in Tore-Supra, ASDEX-U, T-10.
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Triggering MHD by contracting current profile

2
Yarb.U
1-
m=2
m=1
m=1 |m=2 m=3
m 2 No stability gap Stability gap
N m=1:m=2 =2:m=3
Stability gap Stabilty gap m m
™~ ;"
. ,-‘"‘ m=3 n
P & T I I T P o !
0 2 4 6 8

! ! . . ] 2 4 & & 1

Cylindrical geometry, ideal wall at b = 1.3a, low m modes

Current profile changed by introduction of high resistivity at the plasma
edge. Skin current added to the edge of current channel to conserve flux
at the moving edge

Current profile has to shrink up to q = 2 (r ~0.7a) to trigger major MHD
event
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High gas pressure is needed for fast gas propagation
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X

Recombination front velocity
across magnetic field is defined by
energy balance on the gas front

For fact propagation into the
plasma gas density in the jet n ~
10%4-10%°> m3
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Experiments are in progress to test this scheme

» Goal of experiments — to see if high density gas jet can trigger major MHD
event

« T-10 Kurchatov Inst, Russia
* Ture Supra, Cadarache, France (first 6 shots done)

« ASDEX-Upgrade, Garching, Germany
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Gas delivery systems for DMS

« DMS requires gas delivery time ~10 ms for TQ mitigation and < 5 ms for
RE suppression. To achieve high pressure in the gas jet “valve” must be
close to the plasma. Harsh environment in ITER make it difficult.

« Several concepts of gas delivery systems with response time ~1-2 ms
have been suggested for ITER and are presently in the development
phase

 Injector for large cryogenic pellets shuttered upon entry into the chamber
IS an alternative way to mitigate TQ (under development in ORNL)
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Pellets in RE plasmas
« Can pellets (cryogenic or solid Be bullets) be used to suppress RE?
« What will happens with solid pellet injected in RE discharge?

« Consider Be pellet with diameter about 1-2 cm injected in plasma with RE
current density j = 50 A/cm? (as in ITER). RE energy 10-20 MeV

 RE range in Be is ~5 cm and thus electrons shall pass pellet through.
Volumetric power density:

MeV*cmA2ig

1.E+02

——Collision
——Radiative
——Total

1.E+01 \

\\ /Z Q = (E,-E))j/d ~ jdE/dX = jps = 50*2*2 = 200 MW/cm?3

_\
m
+

1<}
o

1 E-01
1.E:02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03
E(MeV)
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Cascade of pellet destruction by RE

Pellet with velocity 300 m/s will evaporate after travelling ~10 cm in RE

plasma

Expansion of the vapor

l\;)lé(;:?:;e cloud and droplet
Heating and evaporation
melting
T <5000 K o
O o O
O @)
O o o
O O
O
O O
50 ps 300 ps 500 ps t
1.5cm 6cm 10 cm

Observed in experiments with hollow pellets on DIlI-D

Summer school, Aix en Provence, 2011

Page 51



Summary and conclusions

Runaway electrons can be produced in a tokamak during plasma
disruption

It is expected that machines with large current shall be more susceptible to
the runaway electrons than the present tokamaks

Modeling shows that ITER shall have massive runaway electrons during
disruptions with current up to 10 MA and total energy 20-200 MJ

Runaway electrons must be suppressed in ITER to provide required life
time of the plasma facing components

Reliable runaway suppression scheme has yet to be developed for ITER
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