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Runaway positronsin tokamak plasmas
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Runaway positrons can be produced in the presence of rundeayom avalanches in magne-
tized plasmas. Almost all the positrons generated by aghlag runaways will run away and
are expected to have lifetimes of several seconds. For danavang positron distribution typi-

cal of tokamak plasmas the maximum of the synchrotron riadiagpectrum should be around
a micron. The radiated power is sensitive to many plasmanpetexs, specially the number of
impurities, temperature and density. Apart from its irgrrinterest, detection of radiation from

positrons could be a diagnostic tool to understand the ptiegeof the annihilation medium.

Introduction Relativistic electron populations originating from rungvwedectron avalanches
have been frequently observed in various plasmas, e.ge igamak disruptions. In post-
disruption plasmas in large tokamaks, the energy of thewap&lectrons is in th&0 — 20 MeV
range. Therefore in these plasmas the typical runaway gnengell above the threshold for
pair-production and positrons should therefore be presdatge quantities [1]. The positrons
generated by runaway electron avalanches are highly wiskati already at birth, and in ad-
dition they experience acceleration by the electric fietdthe present work we calculate the
distribution of positrons and the synchrotron radiationtead by them. The production rate is
calculated by using a pair-production cross-section Valicarbitrary energies and a runaway
electron distribution typical for avalanching. To obtalretpositron velocity distribution, the
Fokker-Planck equation including the positron productaoa annihilation rates and slowing-
down terms is solved. The result is used to calculate theéidraof runaway positrons and the
parametric dependences of their synchrotron radiatioctspe.

The cross-section for the production of electron-posifrairs by electrons in the field of a
nucleus isrio; = aZ2In%((ve + x0) /(34 20)], wherea = 5.22 ub (1b = 10~28 m?), 29 = 3.6, Z
is the charge of the stationary particle, apds the Lorentz factor of a fast electron [2]. The

positron production raténgrod/dt = Spisgiven byS, =n; [ fR¥oived®pe, Wheren; is the
p>3
number density of the ions. Hef&" is the runaway electron distribution functign,= v.ve /c

is the normalized relativistic momentumis the speed of light. If the normalized parallel elec-
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tric field £ = e|Ej|T/m.c > 1, the runaway tail has the character of a beam, so the parallel
momentum is much larger than the perpendicylar, < p.| ~ pe. Here,m = 1/47r?necln A

is the collision time for relativistic positrons and elexts andin A is the Coulomb loga-
rithm. If £ > 1 most of the runaway electrons are produced by avalanchinghich case

the runaway electron density. increases according tén, /dt ~ n,(E —1)/c,7In A, where

c. = /3(Zeg +5)/m and Zg is the effective ion charge. Then the distribution functidmel-
ativistic runaway electrons is
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whereE = (E —1)/(1+ Zeg) [3]. The runaway electron density. depends on the runaway
current/, and the major radius of the tord& As an example, in a post-disruption plasma with
andl, = 1 MA andR = 3 m we haveN, = 27 RI, /ec = 4 x 10'7. Assuming that the runaways
are concentrated in a beam of total voluinai?, the runaway density i8, = 4 x 10! m=3.
Taking only account collisions between runaway electrams laydrogenic ions with density
n; =5x 10 m~3, we find that the production rate$ = (n,n;c/c.InA) j"oe_p/cz A Gy pedp ~

1.5 x 1013 s~ Im=3 (for InA = 10 and Z.g = 1.6). Also, collisions Wi?:[h thermal electrons
and impurities give contribution to the number of positransated. The number of positrons
created in collisions with electrons is about the same oodenagnitude as that from col-
lisions with hydrogenic ions (although the threshold motaenis higher, most of the run-
away electrons typically do exceed that as wefl).should therefore be multiplied by/, =
1+ne/n; +>°,n.Z%/n;, where the summation is over all impurity species (regasiiethey
are fully ionized or not). Due to the substantial amount ghk¥ impurities present in the post-
disruptive plasmas, this multiplicative factor can be salverders of magnitude. If we assume
that during the tokamak disruption, at least 1 g carbon sasdd from the wall and it is dis-
tributed uniformly in a volume of abos0 m?, that would correspond to a multiplicative factor
of M, ~ 450. Note, that)/,, can be large even if.4 is order unity, because the expression for
M,, contains the full nuclear charge.

For the energies of interest( < 50) collisional slowing down dominates, and the positron
distribution function can be calculated from the kinetia@tiond f1 /0t = s,(p+) —nev4an f+
+T_1pjr28/8p+ [(1 +pi)f+} , where the first term on the right is the production rate, tlee se
ond is annihilation and the last is the slowing down. If thelqability distribution of positrons

with momentunp.; generated from electrons of momentpmF (p., p~+ ), is known the positron
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velocity distribution can be calculated by using= df- /dt = n; [ fEE o1040e F (pe, p+ )dpe as
the source term in the kinetic equation. The mean energyegititrons generated by an incom-
ing electron with momentunt, is (£, ) = E./3 —0.0565E, In (E, /3m.c?) [2]. A simple esti-
mate for the positron source can be found by solving the iatég s, assuming thaf (p, p+)
is a delta-function at a point when the expression for themes@rgy( £, ) given above is satis-
fied. This means that, can be approximated by = [ f2E oot ved (pe — 4.42p141%) 4mp2dpe.
Note, that the production rat§, is related tos, throughdn., /dt = S, = [(df/dt)d>ps. The
solution of the kinetic equation is given in Ref. [4] and theuk shows that the total number of
positrons in the above mentioned example (for=5 x 1019 m=3) is ny = 8 x 10120, m=3.

When the electric field is neglected, the distribution fumatis isotropic in velocity space,
whereas a runaway tail is pulled out in the direction of thgnwic field if the electric field is
taken into account. The positrons will run away in the opigodirection to the electrons. We
can estimate the number of positrons that run away by irgegtstig how many positrons have
velocities above the critical velocity, = ¢/v/2E. Sincep, < p,, aimost the whole positron
population can be expected to run away,, ~ n.. Runaway positrons are expected to live
long since the lifetime is inversely proportional to the #uflation cross section which is a
strong function of positron energy. The synchrotron radiabf runaway positrons is peaked
in the direction opposite from that of the runaway electrand it may be possible to detect.
For one positron, with Lorentz factar. = 10 andv, /v = 0.1, the maximum of the radiation
spectrum is around 100m, but the velocity-integrated synchrotron spectrum foearb-like
distribution has a maximum at a lower wavelength, aroundrl The left figures in Fig. 1
show the synchrotron radiation spectrum and its sensitisithe Coulomb logarithm, electron
density and effective charge. As expected, the magnitudbeofadiated power is larger in
plasmas with a large number of impurities, high temperatureé density. The right figures
show the relative spectrum intensity to illustrate thatonly the absolute magnitude but also
the spectrum shape is dependent on the plasma parametersot@ihradiated power for the
parameters used here is aroun2iV/, W.

ConclusiongsPositron radiation measurements, along with other diagrspsould become
a tool to better understand plasmas containing runawayrefe These plasmas usually are
characterized by sudden cooling and various instabiliiad are notoriously hard to diagnose.
Dedicated measurements of positron radiation may thexdéad to important new insights in

the processes that are particular for these plasmas.



39" EPS Conference & 16" Int. Congress on Plasma Physics P4.067

10° r r T 10" r r T
==InA=8 ===|nA=16/InA=12
f?'—' m— N A= 12 > m—INA=8/InA=12
E AN == =lnA= 16 2 N
A= S ...
+C 10 E 0 Tttereanaann —.mmaammmeseon
~ E -
— E 4
s | g
?_10F o
2 2
o 3
@
100 10'1 1 1 L
0 0 5 10 15 20
A [um]
10° 10" r r T
& 2 | aiaeesasmmmasmmesasaeas
+ 10 F = n =3e+21m > /n =3e+20m™>
c = === e e
= £
E =3 210°F n = 3e+19 m=3/ n=3e+20 m™3 E
§- ..N=3et19m .. S i
@ 10° H 3 .""--.__‘_ & S—
9 —_—n 3e+20 m g
— ©
o _ -3 @L
waaN=3e+2lm &
10‘1 1 1 1 10‘1 1 1 1
0 5 10 15 20 0 5 10 15 20
A [pm] A [um]
10° r r r 10" T r r T
. -.-2,=100/Z_=16
— > + - —
& = . —7Z,=50/Z,=16
E 2 .
- ] ~
+: 10 = e ..
= £ il mma
IS 2 I\ T tTremsaaaa..
= 3] )
s | g
? 10F o
2 2
o o
@
100 1 1 1 100 1 1 1
0 5 10 15 20 0 5 10 15 20

A [um] A [um]

Figure 1: Synchrotron radiation spectrum normalized to frasitron number density, for an
avalanching distribution. Unless otherwise stated, theapagters are the following: magnetic
field B = 2.27 T, parallel electric fieldE) = 20 V/m, major radiusR = 1.8 m, effective charge
Zos = 1.6, Coulomb logarithmin A = 10, and electron density, = 3 x 102 m~3. The rest of

the parameters are changed according to the legend of theeBgu
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