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A synchrotron radiation diagnostic to observe relativistic runaway
electrons in a tokamak plasma
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In present day tokamaks runaway electrons can be confined long enough to gain energies in the
order of several tens of megaelectron volts. At these energies synchrotron radiation is emitted in the
infrared wavelength range which can easily be detected by thermographic cameras. The spectral
features of this synchrotron radiation are reviewed. On TEXTOR-94 a diagnostic exploiting this
synchrotron radiation has been developed and is presented here. It is shown how to deduce the
runaway parameters like runaway energy, pitch angle, runaway current and beam radius from the
measurements. Based on the experience at TEXTOR-94 the feasibility of a similar synchrotron
diagnostic on the International Thermonuclear Experimental Reactor is discussed. The maximum
emission is expected in the wavelength range from 1–5mm. A beam of 10 MeV runaway electrons
with a current of about 15 kA will already be detectable. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1318245#
e
,
n

om
a

er
nc
w
lo
m
y
i

th
b

o
on
he
ur
en
a
i

k

o-

of
tate

way
rbu-
tion

he
tic
in
c-
and
his

lity
er-
.
gth
r-
the
the
two
y

i-

lar
I. INTRODUCTION

Several tokamaks have reported on the observation
runaway electrons of several tens of megaelectron volts, g
erated mainly in disruptive events.1,2 Also in steady state
low-density discharges, runaway electrons can be confi
long enough to gain energies of this magnitude.3 At these
energies synchrotron radiation is emitted in the~near! infra-
red wavelength range which can easily be detected by c
mercially available thermographic cameras. This provides
easy technique forin situ runaway electron studies.

Runaway electrons are being investigated for sev
reasons. For future fusion reactors, it is of major importa
to know the processes of runaway generation and runa
loss after disruptions, because of the severe damage the
loss of large amounts of these highly energetic electrons
cause on first wall components.4 Second, since the runawa
electrons are effectively collisionless, their confinement
determined by the magnetic field turbulence. In this way
runaway transport provides a unique opportunity to pro
turbulence in the core of a thermonuclear plasma.5

For these studies the synchrotron radiation is the m
powerful tool to diagnose the relativistic runaway electr
distribution. This diagnostic provides a direct image of t
runaway beam inside the plasma. From the spectral feat
the runaway energy can in principle be obtained, the int
sity of the radiation is a measure of the number of runaw
electrons, and the shape of the synchrotron spot exhibits
formation about their perpendicular momentum.

At the medium sized circular limiter tokama
TEXTOR-94 ~major radius R051.75 m, minor radiusa

a!Electronic mail: r.jaspers@fz-juelich.de
4660034-6748/2001/72(1)/466/5/$18.00
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50.46 m! runaway electrons are studied with a therm
graphic camera detecting this synchrotron radiation.3 This
camera operates in the wavelength range of 3–8mm and has
a full poloidal view. Runaway electrons with energies
25–30 MeV have been observed in low-density steady s
discharges6 as well as during disruptions.7 Information about
runaway generation mechanisms, runaway snakes, runa
losses in stochastic fields and scale size of magnetic tu
lence could be deduced using this synchrotron radia
diagnostic.5,6,8

After a short introduction into the characteristics of t
synchrotron radiation in tokamaks in Sec. II, the diagnos
as presently operational at TEXTOR-94 will be described
Sec. III. It will be shown how to deduce the runaway ele
tron parameters, such as energy, pitch angle, number,
beam radius from synchrotron radiation measurements. T
is done in Sec. IV.

Based on the experience at TEXTOR-94 the feasibi
of a similar synchrotron diagnostic on the International Th
monuclear Experimental Reactor~ITER! is discussed in Sec
V. The maximum emission is expected in the wavelen
range from 1–5mm. The minimum detectable runaway cu
rent is calculated. The steep short wavelength slope of
synchrotron emission makes it possible to determine
maximum runaway energy by a measurement at only
different wavelengths. The compatibility with an alread
planned infrared~IR! wide angle viewing system is invest
gated.

II. SYNCHROTRON RADIATION

The spectral power densityP(l) of the synchrotron ra-
diation emitted by relativistic electrons moving on a circu
orbit with radiusR is expressed by
© 2001 American Institute of Physics
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P~l!5
4p

A3

mec
3

G2l3 Ew

`

K5/3~x!dx

'
4pmec

3r e

G2l3
A p

2w
exp~2w!, ~1!

wherew54pR/(3G3l) and the last approximation is onl
valid for w@1. Here me is the electron rest mass,c the
velocity of light, r e the classical electron radius,G the rela-
tivistic mass factor andl the wavelength. The emission
mainly in the forward direction with an opening angled of
d51/G.

For the specific situation of runaway electrons in a to
mak, Eq.~1! is still valid when the instantaneous radius
curvature of the orbitRcurv is approximated given by9

Rcurv
22 'R22@11h212h sin~Q1a!# ~2!

which may oscillate strongly during the motion in
tokamak. Herev i@v' , vBo5eBT /me and h5v' /vdr ,
vdr5Gv i

2/vBoR, with vdr the drift velocity, Q the poloidal
angle corresponding to the position of the guiding center
a the phase of the cyclotron gyration.

Using the Schwinger approach10 and taking into accoun
the features of the relativistic electron motion in a tokam
~motion along the magnetic field line, cyclotron gyratio
and vertical centrifugal drift! the spectral density of the emi
ted power was derived in Ref. 9. For the parame
j54p/3R/lG3 1/A11h2@1 it is given by~G@1!

P~l!'pmec
3r eA2A11h2

l5RG

3F I 0~a!1
4h

11h2
I 1~a!Gexp~2j!, ~3!

where I 0,1(a) is the modified Bessel function anda
5(4p/3)(R/lG3)(h/(11h2)3/2). At

lm'
8p

15

R

A11h2

1

G3
, ~a~lm!<1.25! ~4!

the P(l) expression takes a maximum value

P~lm!'0.1mec
3r e~11h2!3/2G7/R3. ~5!

The spectrum is shifted to smaller wavelengths compare
the caseh50. For the casel.lm , whenj;1 it is necessary
to use the general expression~15! from Ref. 9. In the case
h2@1 the Schwinger equation@Eq. ~1!# results withRcurv

'Gv i
2/v'vB0 .

Due to the gyration motion of the runaway electron, t
effective opening angle of the synchrotron radiation is
creased and radiated in a cone with a half opening angu
given by the pitch angle, the ratio of the perpendicular
parallel velocity: u5v' /v i . For typical TEXTOR-94 pa-
rameters, the synchrotron spectra according to Eq.~3! are
shown in Fig. 1. There, a strong dependence on energy
also on pitch angleu, is observed. The maximum emission
in the infrared range around 5mm.
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III. TEXTOR-94 SETUP

Synchrotron radiation measurements are routinely m
at TEXTOR-94 with a thermographic camera operating
the wavelength range 3–12mm. However, since CaF2 optics
are used, the effective long wavelength limit is reduced t
mm. The thermographic camera is of the type Inframetr
760 BB. This IR scanner consists of a HgCdTe detec
cooled with liquid nitrogen. Two scanning mirrors in front o
the detector scan the two-dimensional~2D! field of view in
1/50 s in the horizontal and veritcal direction, respective
An option exists to fix the vertical mirror, resulting in a 1
scan at a rate of 8 kHz. The analog data was previou
recorded on videotape and analyzed afterwards. Rece
the electronics have been upgraded and all signals are
tized to 12 bits before they are transferred by fiber optics
the remote computer for data analysis and storage.11 More-
over, to avoid electric or magnetic interference~especially
during a disruption, when the generation of runaway el
trons preserves special attention!, the camera head and th
electronic box are both well shielded by an iron housing w
an internal copper foil.

The camera is located in the equatorial plane look
tangentially into the direction of runaway electron approa
The optical system consists of a curved mirror inside
vacuum vessel, and outside the vacuum of a CaF2 object
lens, a plane mirror, a CaF2 field lens, and the IR camer
including some optics and oscillating mirrors. The field
view is such that a full poloidal view of the TEXTOR-9
vessel can be seen. When no synchrotron radiation is pre
the thermal radiation of the vessel wall is clearly recogniz
This image, including all the wall components and diagnos
ports, provides an ideal possibility for aligning the optics a
performing a spatial calibration@Fig. 2~a!#.

For the synchrotron radiation, in principle, a line
integrated signal is observed but the small opening angl
the runaway electrons limits the toroidal extension of t
observed volume. For TEXTOR-94 this has been estima
to be less than 2R0u'35 cm in the toroidal direction. The

FIG. 1. Synchrotron spectra calculated for one electron for TEXTOR
and ITER for different values of energyW and pitch angleu.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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observed spot is not an exact poloidal cross section thro
the runaway beam but originates from a curved plane, du
the curvature of the runaway motion. Nevertheless, the s
chrotron spot can be interpreted as a poloidal projection
the runaway beam, apart from some minor deformation
shortly discussed in the next section. Typical examples
synchrotron images is shown in Figs. 2~b! and 2~c!.

IV. DEDUCTION OF RUNAWAY PARAMETERS

As follows from Eq. ~1! the synchrotron spectrum de
pends on two quantities representing the electron mom
tum: its energyWr5Gmuc2 and its radius of curvature
which is mainly determined by the pitch angleu. Since the
latter parameter can be determined from the extension o
synchrotron spot~as will be shown!, the energy can be, in
principle, deduced from the spectrum. However, the ac

FIG. 2. ~a!, ~b!, and ~c! Tangential view into a low density TEXTOR-94
discharge with a thermographic camera looking into the direction of elec
approach. In frame A recorded att50.5 s no synchrotron radiation is ob
servable and only the wall structure can be recognized. In frame B, reco
at t51.5 s, the synchrotron radiation starts to develop, and in frame C
full extent of the spot is visible from which the size of the runaway be
can be determined.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AI
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situation is somewhat more complicated since a distribut
in energy and pitch angle is anticipated and additional inf
mation or modeling is necessary to obtain these distributio
Nevertheless, a first indication ofG andu can be obtained by
assuming that the observed radiation is dominated by
highest energetic runaway electrons with the largest p
angles, since the synchrotron radiation roughly scales
(Gu)2. How to deduce the runaway parameters will
briefly explained here.

A. Pitch angle and beam radius

In case the runaway electrons would only have para
energy, only a small strip of radiation would be visible by
tangential camera. This would be a horizontal strip in case
poloidal magnetic field would be present. But this field is,
course, present and makes the field lines helical. This res
in a narrow pattern, which makes an angle of approximat
b'r /R0q ~q being the safety factor! with the equatorial
plane.12 The other extreme would be a large opening angleu,
corresponding to a large perpendicular velocity. In that c
all runaway electrons in the beam would be visible and
almost circular spot would be observed. However, the h
zontal extension would be larger by the amountdr5R(1
2cosu)'Ru2 due to the toroidal curvature of the electro
orbit. An exact analysis of the shapes of the synchrot
spots including the intermediate cases is made in Ref. 1

TEXTOR-94 cases show that the observed spot is alm
circular. This automatically indicates that the pitch ang
must be sizeable, and with reasonable accuracy the ver
extent of the synchrotron spot corresponds to the beam
dius and the horizontal extent is larger by the amountRu2.
Typical TEXTOR parametersr beam50.25 m andu50.12 rad
could be determined that way.

B. Runaway energy

The runaway energy can be deduced in two differ
ways. First of all by exploiting the strong energy dependen
of the spectrum. Measuring the synchrotron spectrum w
two different interference filters in front of the IR came
allows us to quite accurately determine the runaway ene
from the ratio of the measured intensities~assuming the pitch
angle is known!. The second method is based on the or
shift effect of high energetic electrons. Due to the curvat
drift the drift orbits of runaway electrons are shifted wi
respect to the magnetic surfaces. This shiftD is given by

D'qWr /~ecBw!. ~6!

The center of the runaway beam is thus shifted with resp
to the plasma center andWr can be calculated. Note that th
method is independent of the knowledge of the pitch anglu.
For TEXTOR a typical runaway energy of 2565 MeV has
been calculated.

C. Runaway current

The number of runawaysNr deduced from the synchro
tron radiation is calculated from

NrE P~l!T~l!dl5E Ll
sT~l!dlArV, ~7!
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whereAr is the cross-sectional area of the ring filled wi
runaway electrons,V'p/G is the solid angle into which the
radiation is emitted,Ll

s is the measured spectral radiance a
T(l) is the transmission factor of the optical system. T
absolute value of the radiance is obtained by comparing
synchrotron radiation with the thermal radiation from t
toroidal limiter, of which the temperature is measured ind
pendently ~about 650 K! and of which the emissivity is
known ~graphite, emission coefficient'0.8!. While the ab-
solute intensity can be determined rather accurately, the
solute number of runaways in the discharge can only be
termined within an order of magnitude due to the uncertai
about the energy distribution. For a typical low dens
(ne(0)5131019m23, I p5350 kA! ohmic discharge, the
runaway current is between 1 and 10 kA if an exponentia
decreasing energy distribution is assumed withf (W)
;exp(2W/W0), ~W0520 MeV as expected from the proce
of secondary generation!.4,6

V. ITER

The issue of runaway damage in large tokamaks du
disruptions in, e.g., ITER urges for a suitable runaway di
nostic. To address the feasibility of a synchrotron radiat
diagnostic for such a machine the following questions
answered in this section:

~a! What is the optimum wavelength range?
~b! What is the minimum detectable runaway current?
~c! Can runaway current and energy be monitored r

time?
~d! What kind of optics system should be used?

The wavelength of maximum emission is simply calc
lated from Eq. ~4! using the parametersR056.2 m, Bt

55.3 T. The resultinglmax as a function of runaway energ
is plotted in Fig. 3 for a pitch angleu50.10 rad. Note that an
angleu around 0.1 is expected according to the model c
culations of Ref. 13 and a similar value is found f
TEXTOR-943 and the Joint European Torus~JET!.1 If the
energies do not exceed 50 MeV the infrared range betwe
and 5mm seems most appropriate for these measureme

However, for the runaway electrons to be detecta
their radiation should be distinguished from the backgrou
radiation consisting of the thermal radiation of the wall co
ponents and the plasma bremsstrahlung. For the therma
diation Planck’s law can be applied

Bbb~T!5
2hc2

l5 FexpS hc

lkTD21G21

. ~8!

For the bremsstrahlung is taken

Bbrem5elL

51.5310245
ne

2Zeffḡf f

l2ATe

e2hc/lTe ~W m23 sr21 m! ~9!

with el the emissivity,gf f the gaunt factor, andL the inte-
gration length~5 m!. Since runaway production in ITER wil
mainly occur during disruptions we take as valuesZeff54,
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AI
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ne@m23#5231020, Te@eV#5100, andhc/l is expressed in
electron volts. Inserting these values it turns out that
l,4.5 mm the bremsstrahlung dominates the backgrou
and for a longer wavelength the thermal radiation.

For the synchrotron radiation is used

Bsyn5
2pR0I r

ec

P~lmax!

V rAr
. ~10!

Here the first term is the runaway number,I r the runaway
current,V r5p/G the solid angle into which the synchrotro
radiation is emitted, andAr the poloidal cross section of th
runaway beam, assumed to be half of the plasma cross
tion. The result as a function of runaway energy is depic
in Fig. 3 for l55 mm, taking typical ITER parameters~Ar

511 m2, T(wall!5400 K! and assuming a runaway curre
I r51 kA. It is found that for energies larger than 15 Me
this current can be detected. At 10 MeV and a runaway c
rent I r515 kA, the synchrotron intensity is half of the bac
ground and detection is possible. For even lower energie
detection will be possible atl55 mm, due to the very steep
short wavelength slope of the runaway electrons.

The maximum energy of the runaway beam is eas
obtained from a spectral measurement. Since the short w
length slope is steep, it is very sensitive dependent on
runaway energy. This allows us to determine~within some
approximations! the runaway energy from the intensity rat
P1 /P2 of the synchrotron radiation measured at two diffe
ent wavelengthsl1 and l2 both smaller thanlmax. For
l1,253,5mm the ratioP1 /P2 is almost linearly dependen
on the runaway energy in the energy range 10–40 MeV. T
opens the possibility for an ITER synchrotron radiation

FIG. 3. The full line represents the wavelengthlmax of maximum synchro-
tron emission as a function of energy for ITER. It is seen that the domin
emission is in the infrared range@1–5 mm# for the energy range 20–50
MeV. The other lines represent the synchrotron radianceBsyn for l55 mm
~dotted line! and l5lmax ~dashed line!. The horizontal line is the back-
ground radianceBbb1Bbrem. All calculations are done assuming a runaw
current of 1 kA andu50.10.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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agnostic to have real time information on the runaway
ergy and knowing this the absolute intensity of eitherP1 or
P2 provides then the real time number of runaway electro

What an ITER synchrotron radiation diagnostic will loo
like is not yet fully investigated, but the requirements~i!
wide angle system for a full view of the runaway beam a
~ii ! in the infrared wavelength range around 1–5mm, makes
it tempting to use the already planned IR wide angle sys
for a real time temperature monitor of the first wall.14 Con-
cerning time resolution~10–100 ms!, spatial resolution~5
mm! and accuracy (Dt520 °C) this seems suitable. Only
provision to make a spectral measurement as well shoul
implemented to have a monitor of the runaway energy
number.

VI. DISCUSSION

It has been shown that the synchrotron radiation di
nostic provides a powerful tool for monitoring and inves
gating the runaway electrons in tokamak plasma. Comm
cially available thermographic cameras are well suited
detecting the synchrotron radiation. The image directly gi
evidence for the presence, location, and size of the runa
beam. By carefully analyzing the spot of the picture, t
intensity, and the time history additional runaway inform
tion is obtained. However, for a precise evaluation of ru
away energy and pitch angle, and eventually its distributi
a spectral measurement would make the interpretation ea
Moreover, for a consistent interpretation of the runaw
electron behavior, measurements at lower energies are
quired. The possibilities here include nonthermal elect
cyclotron radiation, neutrons, or hard x rays. Althou
present day advances in diagnostic development open
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possibility for some 2D imaging cameras in these wa
length ranges, the runaway information obtained is only
direct and will be more difficult to interpret.
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