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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 &rb A beam of 10 MeV runaway electrons

with a current of about 15 kA will already be detectable. 2001 American Institute of Physics.
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I. INTRODUCTION =0.46m runaway electrons are studied with a thermo-
Cﬁraphic camera detecting this synchrotron radiafiarhis

Several tokamaks have reported on the observation tes in th lenath ¢ anBand h
runaway electrons of several tens of megaelectron volts, geﬁ_amera operates in the wavelength range of ArBand has

erated mainly in disruptive event$.Also in steady state, a full poloidal view. Runaway eI(_actrons With energies of
low-density discharges, runaway electrons can be confine >—30 MeV have been observed in low-density steady state

long enough to gain energies of this magnitddét these ischargeas Wetl.l as durlﬂg @sruptloﬂsl.nformatl(l)(n about
energies synchrotron radiation is emitted in theay infra- runaway generation mechanisms, runaway snakes, runaway

red wavelength range which can easily be detected by com@SS€S in stochastic fields and scale size of magnetic turbu-
mercially available thermographic cameras. This provides a nee C?ggygbe deduced using this synchrotron radiation
easy technique foin situ runaway electron studies. lagnostic.

Runaway electrons are being investigated for several After a short introduction into the characteristics of the

reasons. For future fusion reactors, it is of major importancesynChrOtron rad|at|qn in tokamaks in Sec.l Il, the d|agnost_|c
to know the processes of runaway generation and runawa presently operational at TEXTOR-94 will be described in

loss after disruptions, because of the severe damage the lo FC- ll. 1t will be shown how to deduce the runaway elec-

loss of large amounts of these highly energetic electrons m yon parzmet?\rs, such r?s tenerg;&,. e.'tCh angle, numtier,_r?]rjd
cause on first wall componerftSecond, since the runaway | €am radius Irom synchrotron radiation measurements. This

is done in Sec. V.

electrons are effectively collisionless, their confinement is : o
determined by the magnetic field turbulence. In this way the B?‘S_ed on the experience at_TEXTOR-94 the_ feasibility
f a similar synchrotron diagnostic on the International Ther-

runaway transport provides a unique opportunity to probeO . o .
turbulence in the core of a thermonuclear plagma. monuclear Experimental ReactdTER) is discussed in Sec.

For these studies the synchrotron radiation is the mosY' The maximum emission is expected in the wavelength

powerful tool to diagnose the relativistic runaway electronrantg(.a frorln ﬁ_?*én'TLhe r;mnlmurr]n ctietectalble 2Lrjlnaalway lejrt_h
distribution. This diagnostic provides a direct image of the®Nt IS caiculated. The steep short wavelength slope ot he

runaway beam inside the plasma. From the spectral featuréd nghrotron emission makes it possible to dtetetrmlr;e tthe
the runaway energy can in principle be obtained, the intenTiaximum runaway energy by a measurement at only two

sity of the radiation is a measure of the number of runawa)g:ffererg _V\;aveIeTlgths:dThe Ciom.pat'.b'“ty Wt'th an _alrea;dy
electrons, and the shape of the synchrotron spot exhibits ir2laMned infraredIR) wide angle viewing system is invesi-

formation about their perpendicular momentum. gated.
At the medium sized circular limiter tokamak ||. SYNCHROTRON RADIATION

TEXTOR-94 (major radius Ro=1.75m, minor radiusa The spectral power densif§(\) of the synchrotron ra-
diation emitted by relativistic electrons moving on a circular

dElectronic mail: r.jaspers@fz-juelich.de orbit with radiusR is expressed by
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velocity of light, r, the classical electron radiuk, the rela- .
tivistic mass factor and the wavelength. The emission is /
mainly in the forward direction with an opening angeof 002 | |
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For the specific situation of runaway electrons in a toka-
mak, Eq.(1) is still valid when the instantaneous radius of 0.00 : '
. . . ) 0 5 10 15 20
curvature of the orbiR.,, is approximated given By 2 jum]

-2 __p-2 2 H
Reun~R™ 1+ 7°+27siN(O+a)] 2 FIG. 1. Synchrotron spectra calculated for one electron for TEXTOR-94

. . . . . and ITER for different values of energy/ and pitch angle).
which may oscillate strongly during the motion in a %andp 9

tokamak. Herev>v,, wg,=€B;/m, and n=v, lvg,
vdr=I‘vﬁ/wBoR, with vy, the drift velocity, ® the poloidal
angle corresponding to the position of the guiding center andf!- TEXTOR-94 SETUP

a the Phase of the pyclotron gyration. . Synchrotron radiation measurements are routinely made
Using the Schwinger approattand taking into account ¢ TEXTOR-94 with a thermographic camera operating in

the features of the relativistic electron motion in a tokamaky, wavelength range 3—%am. However, since Cafoptics

(motion along the magnetic field line, cyclotron gyration, 5.¢ ysed, the effective long wavelength limit is reduced to 8

and vertical centrifugql dri)‘tt'he spectral density of the emit- um. The thermographic camera is of the type Inframetrics
ted power was derived in Ref. 9. For the paramete

E=4m/3RINT3 11+ 7?>1 it is given by(I'>1)

21+ 7?
P(\)~mmyC3r, #
A°RIC
4n
X Io(a)+l+”2I1(a) exp(— &), ()

where lgq(a) is the modified Bessel function and
=(47/3)(RINT3) (71 (1+ 7%)%?). At

\ 8 R 1
™15 11 213

the P(\) expression takes a maximum value

(a(Am)=<1.29 (4)

P(A ) ~0.1mec3r o(1+ 2% 7R3, 5)

760 BB. This IR scanner consists of a HgCdTe detector
cooled with liquid nitrogen. Two scanning mirrors in front of
the detector scan the two-dimensioi2D) field of view in
1/50 s in the horizontal and veritcal direction, respectively.
An option exists to fix the vertical mirror, resulting in a 1D
scan at a rate of 8 kHz. The analog data was previously
recorded on videotape and analyzed afterwards. Recently,
the electronics have been upgraded and all signals are digi-
tized to 12 bits before they are transferred by fiber optics to
the remote computer for data analysis and stotadéore-
over, to avoid electric or magnetic interferen@specially
during a disruption, when the generation of runaway elec-
trons preserves special attentipthe camera head and the
electronic box are both well shielded by an iron housing with
an internal copper foil.

The camera is located in the equatorial plane looking
tangentially into the direction of runaway electron approach.
The optical system consists of a curved mirror inside the

The spectrum is shifted to smaller wavelengths compared teacuum vessel, and outside the vacuum of a Calsject

the casen=0. For the casa >\ ,,, whené~1 it is necessary
to use the general expressi@tb) from Ref. 9. In the case

»?>1 the Schwinger equatiofEq. (1)] results with Ry,
MFUE/UL wpRQ -

lens, a plane mirror, a CaHield lens, and the IR camera
including some optics and oscillating mirrors. The field of
view is such that a full poloidal view of the TEXTOR-94
vessel can be seen. When no synchrotron radiation is present,

Due to the gyration motion of the runaway electron, thethe thermal radiation of the vessel wall is clearly recognized.
effective opening angle of the synchrotron radiation is in-This image, including all the wall components and diagnostic
creased and radiated in a cone with a half opening afigle ports, provides an ideal possibility for aligning the optics and
given by the pitch angle, the ratio of the perpendicular toperforming a spatial calibratiofFig. 2(a)].

parallel velocity: 6=v, /v,. For typical TEXTOR-94 pa-

rameters, the synchrotron spectra according to (Bp.are

For the synchrotron radiation, in principle, a line-
integrated signal is observed but the small opening angle of

shown in Fig. 1. There, a strong dependence on energy, btite runaway electrons limits the toroidal extension of the
also on pitch anglé®, is observed. The maximum emission is observed volume. For TEXTOR-94 this has been estimated

in the infrared range around &m.

to be less than Ry6#~35cm in the toroidal direction. The
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situation is somewhat more complicated since a distribution
in energy and pitch angle is anticipated and additional infor-
mation or modeling is necessary to obtain these distributions.
Nevertheless, a first indication bfand 6 can be obtained by
assuming that the observed radiation is dominated by the
highest energetic runaway electrons with the largest pitch
angles, since the synchrotron radiation roughly scales like
(I'9)2. How to deduce the runaway parameters will be
briefly explained here.

A. Pitch angle and beam radius

In case the runaway electrons would only have parallel
energy, only a small strip of radiation would be visible by a
tangential camera. This would be a horizontal strip in case no
poloidal magnetic field would be present. But this field is, of
course, present and makes the field lines helical. This results
in a narrow pattern, which makes an angle of approximately
B~rIRyq (q being the safety factprwith the equatorial
plane!? The other extreme would be a large opening amgle
corresponding to a large perpendicular velocity. In that case
all runaway electrons in the beam would be visible and an
almost circular spot would be observed. However, the hori-
zontal extension would be larger by the amoudmt=R(1
—cos#)~Ré# due to the toroidal curvature of the electron
orbit. An exact analysis of the shapes of the synchrotron
spots including the intermediate cases is made in Ref. 12.

TEXTOR-94 cases show that the observed spot is almost
circular. This automatically indicates that the pitch angle
must be sizeable, and with reasonable accuracy the vertical
extent of the synchrotron spot corresponds to the beam ra-
dius and the horizontal extent is larger by the amdrat.
Typical TEXTOR parametens,q,,=0.25m andf=0.12 rad
could be determined that way.

B. Runaway energy
FIG. 2. (a), (b), and(c) Tangential view into a low density TEXTOR-94 . .
discharge with a thermographic camera looking into the direction of electron ~ 1h€ runaway energy can be deduced in two different

approach. In frame A recorded &t 0.5 s no synchrotron radiation is ob- ways. First of all by exploiting the strong energy dependence
servable and only the wall structure can be recognized. In frame B, recordegf the spectrum. Measuring the synchrotron spectrum with
?tt:1.5 s, the synchrptro_n_radlatlon sta_lrts to de_velop, and in frame C th?WO different interference filters in front of the IR camera
ull extent of the spot is visible from which the size of the runaway beam . .
can be determined. allows us to quite accurately determine the runaway energy

from the ratio of the measured intensiti@ssuming the pitch

angle is knowih The second method is based on the orbit
observed spot is not an exact poloidal cross section througshift effect of high energetic electrons. Due to the curvature
the runaway beam but originates from a curved plane, due tdrift the drift orbits of runaway electrons are shifted with
the curvature of the runaway motion. Nevertheless, the synrespect to the magnetic surfaces. This shifts given by
chrotron spot can be interpreted as a pglmdal prOJect.lon of A~qW, /(ecB,). ©6)
the runaway beam, apart from some minor deformation as _ _ _
shortly discussed in the next section. Typical examples offhe center of the runaway beam is thus shifted with respect
synchrotron images is shown in FiggsbRand Zc). to the plasma center all, can be calculated. Note that this
method is independent of the knowledge of the pitch adgle
For TEXTOR a typical runaway energy of 25 MeV has
been calculated.

As follows from Eq.(1) the synchrotron spectrum de-
pends on two quantities representing the electron momers. Runaway current
. . _ 2 . .
t“”.‘- |t§ engrgyW,—Fmgc and its .rad|us of qurvature, The number of runaway, deduced from the synchro-
which is mainly determined by the pitch angle Since the T
. ; tron radiation is calculated from

latter parameter can be determined from the extension of the
synchrotron spofas will be showp the energy can be, in
principle, deduced from the spectrum. However, the actual

IV. DEDUCTION OF RUNAWAY PARAMETERS

N,f P()\)T()\)d)\=J LST(A)ANAQ, (7)
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10

where A, is the cross-sectional area of the ring filled with 10
runaway electrond)~/T" is the solid angle into which the
radiation is emitted.; is the measured spectral radiance and
T(\) is the transmission factor of the optical system. The
absolute value of the radiance is obtained by comparing the
synchrotron radiation with the thermal radiation from the
toroidal limiter, of which the temperature is measured inde-
pendently (about 650 K and of which the emissivity is
known (graphite, emission coefficient0.8). While the ab-
solute intensity can be determined rather accurately, the ab-
solute number of runaways in the discharge can only be de-
termined within an order of magnitude due to the uncertainty
about the energy distribution. For a typical low density
(ne(0)=1x10"m"3, 1,=350kA) ohmic discharge, the
runaway current is between 1 and 10 KA if an exponentially
decreasing energy distribution is assumed witf\W)
~exp(—WW,), (Wp=20MeV as expected from the process

of secondary generatipf® 0 . ‘ 10
10 20 30 40 50

W, [MeV]

110

)

Kinay [m]
S
B [W/m*/m/st]

V. ITER FIG. 3. The full line represents the wavelength,, of maximum synchro-

; ; on emission as a function of energy for ITER. It is seen that the dominant
The issue of runaway damage n Iarge tokamaks due tEeSmission is in the infrared randd—-5 um] for the energy range 20-50

disruptions in, e.g., ITER urges for a suitable runaway diag1\/IeV. The other lines represent the synchrotron radigdgg for A=5 um
nostic. To address the feasibility of a synchrotron radiationdotted ling and A=\, (dashed ling The horizontal line is the back-
diagnostic for such a machine the following questions areground radianc®,,+ Byrem. All calculations are done assuming a runaway
answered in this section: current of 1 kA and9=0.10.

(@ What is the optimum wavelength range?
(b) \(/:Vhat is the m|n|mumtdet%ctable runsway cqtrren(tj? ndm3]=2x10%° T [eV]=100, andhc/\ is expressed in
(¢) Can runaway current and energy be monitored reajjgctron volts. Inserting these values it turns out that for

time? - , , A<4.5 um the bremsstrahlung dominates the background
(d) What kind of optics system should be used and for a longer wavelength the thermal radiation.

. o For the synchrotron radiation is used
The wavelength of maximum emission is simply calcu-

lated from Eq.(4) using the parameterf;,=6.2m, B, 27Ryl; P(Nmay
=5.3T. The resulting\,,,x as a function of runaway energy sy~ ac QA
is plotted in Fig. 3 for a pitch anglé=0.10 rad. Note that an ) ,
angle 6 around 0.1 is expected according to the model cal€re the first term is the runaway numbéy,the runaway

culations of Ref. 13 and a similar value is found for current,Q), = 7/T" the solid angle into which the synchrotron
TEXTOR-94 and the Joint European Tord3ET).! If the radiation is emitted, and, the poloidal cross section of the

energies do not exceed 50 MeV the infrared range between HNaway beam, assumed to be half of the plasma cross sec-

and 5um seems most appropriate for these measurementsf‘.'on' The result as a function of runaway energy is depicted

However, for the runaway electrons to be detectabldn Fig- 3 forx=5 um, taking typical ITER parameter@,

(10

2hc?
Bpo(T) = —

their radiation should be distinguished from the background:E1 n?, T(wall)=400K) and assuming a runaway current
radiation consisting of the thermal radiation of the wall com-1r=1 KA. Itis found that for energies larger than 15 MeV
ponents and the plasma bremsstrahlung. For the thermal rHiS current can be detected. At 10 MeV and a runaway cur-
diation Planck’s law can be applied rentl,=15KkA, the synchrotron intensity is half of the back-
ground and detection is possible. For even lower energies no
hc -1 detection will be possible at=5 um, due to the very stee
p e y p
exp —= (8)
AKT short wavelength slope of the runaway electrons.
_ The maximum energy of the runaway beam is easily
For the bremsstrahlung is taken obtained from a spectral measurement. Since the short wave-
Boror= €L length slope is steep, it is very sensitive dependent on the
rem A runaway energy. This allows us to determifvéthin some
45n§zeﬁ§” T - approximationsthe runaway energy from the intensity ratio
=1.5x10" We* e (Wm™sr-m) (9) Pp,/P, of the synchrotron radiation measured at two differ-
€ ent wavelengths\; and A, both smaller thamk,,. For
with €, the emissivity,g¢¢ the gaunt factor, antl the inte-  \; ,=3,5um the ratioP, /P, is almost linearly dependent
gration length(5 m). Since runaway production in ITER will on the runaway energy in the energy range 10—-40 MeV. This
mainly occur during disruptions we take as valugg=4, opens the possibility for an ITER synchrotron radiation di-
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agnostic to have real time information on the runaway enpossibility for some 2D imaging cameras in these wave-
ergy and knowing this the absolute intensity of eitfgror  length ranges, the runaway information obtained is only in-
P, provides then the real time number of runaway electronsdirect and will be more difficult to interpret.
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