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Runaway electrons in a tokamak: A free-electron maser
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In ohmic divertor plasma discharges of the ASDEX upgrade tokamak containing a small population of
runaway electrons, fluctuating emission in the microwave region with a very narrow bandwidth is observed.
The radiation can be explained by relativistic runaway electrons, which are captured in a ripple resonance of
the tokamak and are thus made monoenergetic enough that they can undergo the collective instability of a
free-electron maser. From the frequency of the maser, the energy of the runaway electrons, and from the
linewidth and energy per radiation pulse, the particle density of the runaway electrons is determined locally.
Observing this maser radiation is thus a different diagnostic for runaway electrons in tokamaks.
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PACS numbdps): 52.25.Sw, 52.75.Ms

INTRODUCTION tion (integrating time constapbf the system, consisting of
the detectors and the amplifiers is 1 ms.

For electrons moving faster than the mean thermal veloc-
?ty, the fription force _due to coIIis:ior)s decreases_ with increas- OBSERVATION
ing velocity. Thus with an electric field present in the plasma
such electrons are continuously accelerated, resulting in run- By delaying the density ramp up at the beginning of an
away particleg1]. The dynamics of runaway electrons in ohmic plasma discharge, a small runaway electron popula-
tokamaks can be described by a Fokker-Planck equf#hn tion is purposely generated. The current carried by the run-
taking into account the acceleration in the toroidal electric?way €lectrons never exceeds 10 kA, which is concluded
field, the deceleration by synchrotron radiation losses, th&om evaluating the absolutely calibrated hard-x-ray intensity
effect of collisions, and the ripple resonance mechanismd€nerated by the runaway electrons. In an ohmic single-null

With the last mechanism the angle between the velocity offivertor discharggnominal magnetic field 2.90 T, plasma
the runaway electrons and the magnetic field, the so-callegUr™ent 600 KA, line-averaged thermal electron density

pitch angle, is increased, if the runaway electrons’ gyromo=* 10" m ) containing runaway electrons generated at the

tion is resonant with the harmonics of the magnetic ripple ofime t=0.35-0.01 s by the above method fluctuating emis-
the tokamak. If the increased synchrotron losses of the rursion (spikes with frequency 1162 GHz starts to develop at
away electrons equal the energy gain in the toroidal electriéh® time 1.8 s(Fig. 1). Spikes at other frequencies of the
field, the energy of the runaway electrons stays constanfhicrowave region develop in discharges with other values of
This is clearly seen in the bremsstrahlung spectra of the rurf® plasma density and the magnetic fiedge below This
away electrons obtained on the axial symmetric divertor exPheénomenon has not yet been explained.

periment (ASDEX) [2]. These relativistic monoenergetic

runaway electrons amplify their spontaneously emitted radia- INTERPRETATION OF THE SPIKES

tion in the microwave range as a free-electron maser, which AS MASER RADIATION

is the subject of this article. The maser radiation is clearly

seen in the ASDEX upgrade tokam@g as ﬂuctuating emis- The power of the ﬂuctuating emission is much blggel‘ than
sion. the continuously emitted spontaneous radiation, which in

Fig. 1 is practically zero. There is also no radiation from the
plasma(plasma frequencies, cyclotron radiatidhat can ac-
count for the spikes. So the narrow emission must be radia-
tion amplified by the runaway electrons. The Parail-Pogutse
The apparatuf4] used for the detection of the radiation is instability of suprathermal electrofS] could amplify radia-
a polychromator system usually used for the measurement d¢ion via the anormal Doppler effect. Since no suprathermal
the temperature of the thermal electrons. The system deteatdectrons are generated during the time of the fluctuating
microwaves, which are emitted and polarized perpendicuemission and the anormal Doppler effect is not possible for
larly to the magnetic field. It consists of several channelsthe refractive index of the plasma, which is smaller or equal
which are sensitive to different microwave frequencies. Eachio one(Fig. 5), this instability must be excluded.
channel covers a spectral range of 2.6 GHz. Due to technical Solving the time-dependent Fokker-Planck equation de-
restrictions, the detection frequencies cannot be adjusted iscribing the dynamics of runaway electrons in tokamaRs
dependently for each channel, but only for groups of fourfor the discharge discussdwhere the skin effect is also
channels. The channels of one group have a fixed differendaken into accounf6]) gives different final energies of the
of about 4 GHz between their sensitive spectral ranges. Theinaway electrons, depending on the position of their drift
detectors are InSb hot electron bolometers. The time resolisurfaces in the plasma: Near the plasma ceménor radius

DETECTION SYSTEM
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time [s] of the pitch angle is more effective with the constant reso-
nance momentum assumed here for the calculation, than with
FIG. 1. Total radiated powe® of the runaway electrons emitted the real resonant momentum, which depends on the pitch
in a direction perpendicular to the path of the runaway electrons irangle.
the microwave region, which is scaled from the radiation detected This extremely monoenergetic runaway electron beam
by the polychromator systefd] with an integration time constant can amplify radiation as a free-electron maser, as will be
of 1 ms: the continuous emission in the first second of the dischargghown. Since in a tokamak the helical motion of the electron
stems from the just generated suprathermal electrons. With increabeam stems from the gyromotion of the runaway electrons in
ing energy of the runaway electrons this emission is shifted tahe confining magnetic field, the energy blocked runaway
higher frequencies. When the runaway electrons have reached theifectrons form a so-called cyclotron-auto-resonance-maser
maximum energy, fluctuating emissi¢spikes starts to develop in  (CARM) originally proposed byf9,10]. The instability can
the channel, which is sensitive to radiation with frequency 117be triggered by an electromagnetic wave moving parallel to

GHz. Since in the neighboring channels the intensity of the spikes igg gyrocenter velocity6] of the runaway electrons and pos-
much lower, the emission frequency is ¥18 GHz. sessing the resonant frequency

r~0) the runaway electrons are accelerated to very high
energies, since due to the small ripple there is no effective
energy barrier. Near the plasma edge=@) the runaway
electrons are captured at very low energies in a ripple reso-
nance, because of the strong ripple there. Since Witlone  [n is the refractive indexB, = \1—1/y7, v, is the relativis-
can assume for the runaway electrons the same neatic y factor of the runaway electrons .= (eB)/(2my,m,)
parabolic density profile as measured for the thermal eleds the gyrofrequency of the runaway electrossis the el-
trons, the energy which is finally reached at these two posiementary charge, ar8l is the toroidal magnetic field
tions applies only to a minority of the population. In aregion  The initial resonant electromagnetic wave is emitted
aroundr =a/+/3 where the majority of the runaway popula- spontaneously by the runaway electrons via the normal Dop-
tion is located, the runaway electrons are captured in theler effect everywhere in the plasma volume. SiBce1/R
toroidaln= 8 resonancéstrength of the ripple relative to the and sov..~ 1/R, whereR is the major radius of the plasma
toroidal magnetic fieldAB/B=8x10 ') corresponding to varying between 1.05 m and 2.15 m, one should expect a
an energy of 11.5 MeV, which is characteristic of the major-much broader emission spectrum than observed. The CARM
ity of runaway electrons. The just mentioned small relativeprocess, however, is only possible at certain major radii by
ripple induces no additional spontaneous emission, whickvhich the observed frequency is defined: The initial wave,
could explain the fluctuating emission. which is emitted by the relativistic electrons into a cone of
The time-independent Fokker-Planck equation near thevidth 1/y, rad in the direction of their momentary velocity,
n=238 resonance was solved numerically with the simplifica-does not immediately run parallel to the gyrocenter velocity
tion, that the ripple resonance is effective at a constant res@f the runaway electrons, but encloses with this direction the
nant momentunp, = p,(9=0 rad) E,mis the momentum angle «, which is initially equal to the pitch angle

Vece

= T=nB,cod o) @

14

resonant with thenth toroidal andmth poloidal ripple har-
monic[2], 9 is the pitch angle of the runaway electrpasd
not at constant gyrocenter momentypp(9) = p, /cos@®)
[8]. According to this solutiorfFig. 2) the runaway electrons
have a very narrow energy distributidxp/p,~8x 10 2 at
p,=22.5m.c (m, is the electron rest mass ands the speed
of light in vacuum) and a maximum at the pitch angle
Iw=0.207 rad corresponding to ca¥()=0.9786. Due to

du>1ly, rad. So the electromagnetic wave cannot interact
with the electron beama priori. This electromagnetic wave
with frequencyv=v_./[ 1—n(a)cos()B,cosy)] interacts
with the medium consisting of the plasma and the runaways
for which the refractive index was calculaté8ippendix A).

At the position where the frequency of the spontaneously
emitted radiation is resonant with the Doppler shifted gyro-
frequency of the runaways, the refractive index of the me-

the simplification made, the correct resonant momentum islium depends only weakly on the runaway density, but is

Pram(Om) =P, /cos@y) =23.0m.c. The runaway electrons

mainly determined by the runaway electrons’ resonance de-
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G. 3. For a plasma runaway electron mediohppendix A FIG. 5. Refractive index for an electromagnetic wave of fre-

n(a)cosk) is nearly constant if the frequency of the propagatlngquency 116 GHz propagating parallel to the magnetic field in the

m?]\;(ivlg;g r\?vi(i):r? Tgeﬂmtz ;22 2? ?ﬁ ée%Sg}gtregagﬁgfrzeige;cy.rﬂi;h%quatorial plane of a cold plasma, calculated with the density profile

impossible for the pure plasma. At other major radii the runawaysuseci in Fig. 3.

change the refractive index compared to the pure plasma case, but . llel h ic field ies in th loi
n(a)cos() is not constant. The results shown here are calculate@®’OP29atING parallel to the magnetic field varies in the poloi-

with a parabolic profile for the thermal electron density for 9@l (R.z) plane of the tokamak as
|R—1.65mM<0.5 m and an exponentially decaying profidecay

constant~1 cm) for |R—1.65 n}>0.5 m as observed on ASDEX (@ _
upgrade. dz
post
nominator Dr=2mvy{v[1—n(a)cos)cos®y)B:]— Vel dn 1
~0. At the resonance the product tenfw)cos() is nearly darl = B.cogdy) n(a=0,R)} R. 3
constant when varying, becaus®pg stays near to zerg-ig. post ' M

3). Thus the frequency of the radiation emitted with angle or propagation withe=0, the refractive index is mainly

a#0 at the resonance position is approximately the same rf : . S
for «=0. Another consequence is that the radiation initialIy]f?eterm'mad by the plasma alofféig. 3. The refractive index

; L . _ o Id plasmd11] depends on both the density of the
emitted witha= 9, is bent toa=0 so that it finally runs or a co o
parallel with the guiding center velocity of the runaways thermal electrons and the magnetic fidkig. 5. The latter,

. . . . : : however, does not change with So (dn/dz),,s=0 is only
(Fig. 4. This wave, however, is shifted in the poImdaI_pIaneguIﬁ"ed in the equatorial plane of the plasma, where the flux

the emission. The displaced wave can only interact reso§urface$ on which the electron density is constant are tangen-

nantly with the runaway electrons if the resonance frequenct al to the z Q|rect|on. Comparing the postulated chgnge
v does not change with the position, dn/dR) 05 With the real changedn/dR) in the equatorial

plane of the plasma gives two major radii where both match
and the CARM process is possiblEig. 6). However, it is
only at the plasma edgdr& 2.15 m) that the calculated fre-
quency 1229 GHz agrees with the observed frequency

Vv=0. )

This condition is fulfilled if the refractive index for the wave

0.4 -
n(a 3) cos(o g) |
Il
Notn) cos(ap) JIE oo
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n(oc1)COS((x1)
.04 4+ ; . ; .
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FIG. 4. An electromagnetic wave, propagating initially with R [m]
angle «#0 with respect to the magnetic field, is bentde=0 fif,
according to the laws of refractionn(#)sin(n)=n(a)cos() FIG. 6. Comparison between the redin{dR) (solid line) and

=const is fulfilled, as is the case for the plasma runaway electroithe postulated dn/dR) . (dotted ling in the equatorial plane of
medium. the plasma.
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116+ 2 GHz. The resonant position at the plasma edge exists

only for an exponentially decaying thermal electron density 120¢
as observed in the scrape-off layer of ASDEX upgrade. 100
N 80F
COHERENCE LENGTH 5 60 L
The width 2Av,,»,=<4 GHz of the amplified spontaneous S 40b-.
emission must be due to a monochromatic wave pulse of ook
length[12] o )
-1 0 1 2 3
14 [WeTe} 3 1
Lp= =32 m 4 k [10° m™]
P 2Avyp vee

(vec is the guiding center velocity6] of the runaways FIG. 7. Brillouin plot of the di_spe_rsive characteristics of the
: . . CARM, v=kcos@y)vgct vee (solid line and of the tokamak
.Thls nge.p'ulse is long enough, that for the. time OT the dge plasmar(,=10" m~2, B=2.23 T) (dashed lingpossessing a
interaction it is bent along the r“”a""?‘y paths Wl.th a Tad'us o]Eyclotron resonance at 62’G+ﬂzhot no. 477p(v is the frequency
curvature of abouRc=2.15 m This is pOSSIble. in the andk is the wave numbegrNo electromagnetic wave can propagate
plasma runawgy eIe(.;t.ron medium, a,s ;hovyn akévgs. 3 below the plasma frequenoy,=9 GHz atk=0. The dispersion
and 4. Thus, in addition to an amplifying fiber, a halo of (g|ations of the beam and the plasma intersect only for positive
runaway electrons with a diameter of some centimetergaye numbers, thus no counterrunning wave is possible.
around the core is necessary to make the maser process pos-
sible in the tokamak. This condition is fulfilled since, over a B dor
length of some centimeters, the runaways are uniformly dis- o':J' —6%do (6)
tributed in the plasma. The value &f, obtained here is do

consistent with the observed efficiency of the maser calcu- . . . . .
lated below. (da/d@ is the differential cross sectior, is the angle be-

tween the velocity vectors of the runaway electron before
and after a collision Using the relativistically correct differ-
ential cross sectiofi13], the mean free path length of the
relativistic runaway electrons moving at the speed of light is

Ormin

DETERMINATION OF THE RUNAWAY ELECTRON
DENSITY, GAIN OF THE CARM

The finite lengthLp is due to the losd of the curved

guided wave, |- emegmacty; @
e*(Zeg+1)IN(A)ng
_ UGCt
L=exp — Lp )’ ®) [eg is the dielectric constank is the effective ion charge

of the plasma, IN{)=In(6nax/ Omin) =17 is the Coulomb

For the emission of coherent radiation this must be compenlogarithm]. For the runaway electrons of interest here,
sated by the gairG of the CARM. G increases with the v,=23, the thermal electron density,=10"® m~3, and a
densityng of the runaway electrons. For an overall amplifi- pure hydrogen plasmaZ{4=1) the mean free path length
cation greater than one, the conditi@x L=1 must be ful- 1=7.8x10'° m is much bigger thahp. Thus the runaway
filled, thus giving a lower limit for the density of the run- electrons are collisionless along the interaction lergth
aways. For this, the gain of the CARM, parametrized by For the CARM formed by the runaway electrons no coun-
Ng, Must be calculated. terrunning wave 14], but only corunning waves are possible

The potentially amplifying electron beam is embedded infor the above mentioned parameters of the plagsea Fig.
the edge plasma of ASDEX upgradthermal electron den- 7). Thus when calculating the gain of the CARM the follow-
sity ng=10'® m 3, magnetic fieldB=2.23 T), which could ing effects arising from the presence of a counterrunning
affect the gain of the CARM. This is discussed in the fol-wave can be neglected: There is no energy exchange be-
lowing. tween the co-, and counterrunning wave and the electron

The observed radiation could be shielded by the plasma iheam[15], no induction of a Bragg reflecting density grating
the plasma frequenacy, ¢ is bigger than the frequency of the in the plasma surrounding the be4f®], no coherent addi-
CARM. The plasma density, however, is so small that thetion of co- and counterrunning wavel7]. These effects
resulting plasma frequency,o=9 GHz is much smaller could influence the coupling between the electromagnetic
than the frequency 116 GHz of the CARM. Thus the effectwaves and the electron beam and thus the CARM'’s gain. The
of the shielding can be neglected. small change of the refractive index at the observed fre-

The bunching of the runaway electrons during the masingjuency of 116 GHz between the cases of pure vacuum and
process(Appendix B is not perturbed by collisions of the plasma, is not as critical for CARMs having a broad ampli-
runaway electrons with the plasma particles, because thefication bandwidth(see Fig. 7 as it is for a backward wave
mean free path length=1/(on.) (o is an effective cross oscillator (BWO) [18—-20 having only one possible fre-
section) is much greater than the interaction lengith. The  quency of operation.
effective cross section describing the collisions of the run- Metallic structures near to the CARM, like the ion cyclo-
away electrons with the thermal ions and electrons is calcutron resonance antennas in ASDEX upgrade, do not perturb
lated by the dispersive characteristi€®1]: For a good coupling im-
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pedance between the beam and the metallic structure, the
beam diameter should be smaller thaed [17], where\ is

the wavelength of the maser radiation. For a beam radius
equal to the gyroradius of here 3.6 mm axfl=0.6 mm,

this condition is not fulfilled.

The wave moving along the bent path in the tokamak can
be approximated by one moving along a straight path, if the
phase difference of the wave between the inner and outer
radius of the resonant beaRg*rg (rg is the beam radiys
is negligible. This is expressed by the relat{@2]

L3 1/2
RC>(TR>

— Im(N)

®)

(Lg=mr3/\ is the Rayleigh diffraction lengih With the -1.29 —0.65 0.00 0.65

gyroradius as beam radius this condition is easily fulfilled:
(LE/N)2=3.8 cm<Rc=2.15 m. So the maser instability of

the runaway electrons can be described by a linear CARM irb
vacuum.

FIG. 8. The normalized gair-Im(\) (calculated fory,= 23,
v =0.207 rad does not depend on the density of the runaways in
. . L ) ) the rangeng~10'*-10"* m~3 corresponding to the Compton re-
By numencal_ly solving the FUb'_C d|sp_e_r5|on relation _Of a gime, but on their energym.c?. This is expressed by the normal-
CARM ur_ldergomg the collective instabilitisee Appendix ;g quantity¢ and byA y,=y—y, , with i =1 for ng=103 m~3
B) the gain of the maser andi=2 for ng=10" m~3. The maximum growth rate is reached
G=exg —Im(\)7] ) for Ay;=0 corresponding to the resonance energy.

. 2 o . o densityng=3x 10" m~3. So the assumption of a peaked
is calculatedr=2wcep(;/ 7o)t is the normalized gmet(ls density profile ofng for this ohmic discharge is confirmed.
the , real 2/;umee depend|2ng via p;z{[sm(ﬁM) 70‘”9R0]/ This analytical estimate of the runaway density in the reso-
(477 wcd 1™ wpro=[(NRE?)/(80Me)] ~* 0N the densityng  npance zone of the CARM is valid for the zero initial spread
of the runaway electronsu(e=2mvce). o, 7, are the rela-  of the pitch angle. For a more exact determination of the
tivistic mass factors of the runaway electrons prior to thedensity of the runaway electrons a numerical simulation of
masing process and resonant with the frequency to the anhe collective instability, taking into account the momentum
plified (see abovk respectively. Im{) <O is the normalized gistribution of the runaway electrons, which affects the
growth rate, which in general, depends on the density, thgrovvth rate, must be performed.

energy, and the pitch angle of the runaway electrons. The To check the value of the runaway electron density, the
pitch angledy used for calculating InX) is determined by  efficiency of the maser will be estimated in the following.
the energy balance between the energy gain in the toroidathe reflection coefficientRpy at the boundary between
electric field and the SynChrOtron radiation losses near @|asma and vacuum for an e|ectromagnetic wave resonant
ripple resonance. The effect of the ripple magnetic field as agith the runaway electrons Bpy=1/(4y?) [23]. Thus all
undulator is negligible here. For the low densities of thethe energy contained in the amplified wave is observable
runaway electronsie=3x10"* m~3, corresponding to the outside the plasma, allowing the comparison of the measured
observed current carried by the runaway electrons of 10 kAgnd theoretical efficiencies of the CARM without any cor-

it is found that the collective |nStab|||ty takes place in the rections. Since we found the duration of the Spikes to be
Compton regime and Im() is independent ofiz. The nor-  shorter than the time resolution of the analog-to-digital con-
malized growth rate reaches its maximum valueyerter of 0.5 ms, we estimate the measured saturation energy
[Im(\)w|=1 at the resonance energymcc? (Fig. 8. Thus,  with the integrating time constant of the detector system of 1
exactly the frequency which is spontaneously emitted anghs to beEs=10 mWx 1 ms, which compared to the energy
thus is resonant with the runaways is amplified, confirmingEB of the resonant runaway beafbeam length_p, beam

the observation. The half width of the gain curve, radius equa| to the gyroradius of the runwhy's
2Ay~0.24, forng=10" m~2 is broader than the width of E_/E,=3% 1073, This is comparable to the theoretical pre-
the calculated distribution function of A2/<0.18 (see ({jcted one,p=3x103, calculated fron{12]

above. Thus, for calculating the growth rate, the approxima-

tion of the runaway electrons’ momentum distribution &y Sin(Yy) wpr|??
functions is justified. (ol v 11
From the conditiorGL=1 a lower limit for the density of
the runaway electrons, with w,r= wao/\/Z-
3 2
nRZ(ZA vip)"_ B B — (10 IDENTIFICATION OF SIDEBANDS
v | ysit(9y) 4 Im(n)y[3me

Due to the limited frequency resolution of 2.6 GHz of
is obtained. The calculated density of the runaway electronsach channel, the detection system does not cover the full
ng=2x10" m~2 is low compared with the line-averaged spectrum of the CARM radiation without leaving holes,



55 RUNAWAY ELECTRONS IN A TOKAMAK: A FREE- ... 4613

where the emission is unknown. It can, however, be stated TABLE I. Comparison of the CARM frequencies and runaway
that within a frequency difference of 3 GHz the emissionelectron parameters for different discharge parametesss the
intensity decreases from a maximum around #4173 GHz ~ mean thermal electron density of the plasias the toroidal mag-

to practically zero at 1281.3 GHz and increases again to a netic field at the major radius of 1.65 m. For the runaway electrons
detectable level at 1241.3 GHz and 13& 1.3 GHz. In the the energies, m,c? resonant with théth toroidal ripple resonance
following this upshifted emission of lower amplitude is as- and their pitch angle),, were calculated with a Foker-Planck equa-
cribed to a sideband of the main radiation. Sidebands ari®" [2]- The observed CARM radiation of frequeney, and width
generated when the amplification process of the electromag 2 29rees within the errors with the calculated frequemgy
nec wae saurtes and the electrons are beng captured [ 1o Tty f e CA vadten e e Sersy
the ponderomotive potential welll2,24). There they per-

f hrot ilati th a b f fCARM radiation.  is the theoretical, and,, is the measured effi-
orm synchrotron osciflations with a bounce frequency o ciency of the CARM. In discharge no. 4405 only the second har-
(see Appendix €

monic of the CARM radiation could be observed, which is emitted
3/4 12 ya with a smaller efficiency §,,<#) than the fundamental radiation
2|7 ey tan(dy) Es (12  ©f the other dischargesy,~ 7).
T YMCrg golp

Vph= Vce

Discharge no.

valid for small amplitude oscillations. The sidebands consist

then of the lineg25] 4383 4405 4770
Ne (10" m~3) 1 1.2 3.0
- " — 41+ B (T) 2.14 1.81 2.90
Vg v+ Nsl—UGC/C (NS _1,_2, . ) (13) ”. 33.6 8.6 23.0
N 4 4 8
The frequency difference between the lines calculated witibM [rad] 0.162 0.200 0.205
Egs. (120 and (13) for the discharge discussed is vt Avy, [GHZ] 95+3 105+ 9 116+ 2
v/ (1—vgc/c)=6 GHz. This explains the shift of the ob- v, [GHZ] 101+ 9 132+ 14 124+ 8
served first sideband line by=72 GHz=6 GHz and of the Lo [m]= 35 27 39
second line by 132 GHz=2X6 GHz. With Eq.(13) one n[108 m~3]= 6 7 2
expects to have no radiation intensity at a frequency shift of (units of 10°%) 5 6 3
3 GHz as confirmed by the nondetectable radiation in the’ (units of 10°3) 14 0.2 3

frequency channel sensitive to 120 GHz. At the downshifted”™
side no channel with zero intensity is seen. There could,
however, exist one since we do not observe the spectral
range between 113.3—115.7 GHz because of restrictions iyithin the errors of measurement and calculation. For deter-
the detection system. The same is true for the frequencinining the density of the runaways from the linewidths
range 106.3—110.7 GHz. The intensity level of the down-Avy, the observedvaluesv,, were used for in Eq. (10).
shifted radiation is similar to the upshifted part. Thus it canThis is important for discharge No. 4405, where due to tech-
be identified as a lower sideband. No further information isnical restrictions of the detection system, only the second
available about the fine structure of this spectrum. From théarmonic could be observed. The efficiengy for discharge
above analysis it is favored that the sidebands consist dflo. 4405, measured from the radiation pulse energy, is much
single lines instead of a continuum. smaller than the theoretical ong because the main radia-
There exists a small number of spikes, which appear inion is emitted at the fundamental frequency as confirmed by
frequency channels other than 117 GHz and have no counhe other discharges. To increase the accuracy of the results a

terpart at 117 GHz. This can be explained by the fluctuatingjetection system with an increased frequency resolution
electron density at the plasma edge, which changes the pit¢hust be used.

angle of the runaway electrons due to a varying friction force

exerted by the plasma on the runaways. The center emission

frequency of the runaway electrons then varies with chang- CONCLUSION
ing pitch angle.

In a tokamak, a monoenergetic relativistic electron beam,

CARM FREQUENCIES AND RUNAWAY ELECTRON fulfilling the conditions required for a free-electron maser, is
PARAMETERS FOR DIFFERENT DISCHARGE inherently prepared and stored. From the emitted frequency
PARAMETERS the energy of the runaway electrons, and from the observed

spectral width and emitted energy per radiation pulse, the

For different values of the plasma densityand the tor-  particle density of the runaway electrons can be deduced, as
oidal magnetic field, the runway electrons achieve differ- was demonstrated. Thus observing this coherent radiation is
ent maximum energiey,m.c? (see Table), as calculated a different diagnostic for runaway electrons in tokamaks
with the Fokker-Planck equation describing their dynamicg26]. The energies of the detected extremely monoenergetic
[2]. The observed fluctuating emission at different frequentunway electrons coincide with the values calculated with
cies v, can be explained by the formation of a CARM as the Fokker-Planck equation describing the runaway elec-
discussed above in detail for discharge No. 4770. The calcurons’ dynamics in tokamaki®], confirming the validity of
lated frequencies/. coincide with the measured oneg,  this model.
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APPENDIX A: REFRACTIVE INDEX OF A PLASMA Dé nsin(a) ,
CONTAINING RUNAWAY ELECTRONS

The influence of the electron beam on the refractive index ) 2AJ1(2) . , B,

of the medium consisting of a plasma containing high energy €22~ St @pro Dro [J1(2)z+231(2) ]+ D_é‘]l (2)

electrons has, in the past, been neglected in the analysis of
CARMs in plasmag27-29. For our application the refrac- )
tive index of the whole medium is crucial for the guiding of X(y— 1/%)5'”2(19M)]: (AB)
the maser radiation.
The refractive index is calculated by solving the disper-

sion relation[formulas (10), (7), and (73) in [11]] of the _wSRO 1 ' ,
medium €23= I Dn Ao((31°(2) +31(2)I1(2)) v, zcot )
€1,— n%cog ) €1, €3t n’cod a)sin(a) Oeeo
€21 €9~ N2 €23 +J4(2)J1(z)cof ﬁM))+J1(z)J£(z)zTcot( a)
631“1‘ nZCOS{ oz)SIn( CY) €32 €33 n28|nz((1) B
0 (A1) —D—éJl(zm;(z)(yr—llmcowM)sier)w],
(€; are the elements of the dielectric tensor, where the indi- (A7)
cesi,j=1,2,3 denote the directions perpendicular and paral-
lel to the magnetic field, respectively , )
To calculate the dielectric tensor simplifying assumptions _ _p, 2 231(2)“ J1(2)nsin ) Cof( P)
. f 33 WpHRro 0
are made: The thermal electrons are approximated by cold Dgr [ Wceo
electrons, because their velocity is much smaller than the >
speed of light and therefore no kinetic interaction is ex- +31(Z)n005(a)\/1—1/7r _EJZ _y
pected. The distribution function of the runaway electrons ) D% 1) )
being captured in a ripple resonance and having clearly de-
fined parallel p|p) and perpendicular momenta (o) is ap- [cof(Dy) — 1](2—l/yr2)—l
proximated by + o2 : (A8)
r
NR PL—Pio p—po)
f(p..pp)= S
(pl p”) priomgcz ( mec ) ( mec €21= — €12, €31~ €13, €32= — €23. (Ag)

(A2)

[N is the density of the runaway electrons, the parallel and? is the radian frequency of the propagating wave,
perpendicular momentgy,p, are the arguments of the dis- Dr= 71 @A~ @ceo, Ao=1—ncos@)cos(iy) y1-1/y;, B

tribution functionf, &() is the § function]. =n?co(@)—1, S=(R+L)/2, D=(R—-L)/2, R=1— wéeo/
Calculating the elements of the dielectric tensor with for-[ w(w— wee)], L=1— wgeol[w(wr ween) ], P=1—wpeol
mulas(1-2-4) and (10-6-48 in [11] gives w?. J1(2) is the Bessel function of first order with the argu-

wSRO A 22000 B (Dl \rp{ent z=(w/wceo)lnsin(a)sin(ﬁM)\/1—1./7/?.. Ji(z) and
€,=S > [_ — , 1(z) denote the first and seconq derivativeJg{z). wpeo
o® | Dgr "2 D% y/n*sir(a) andwygro are the plasma frequencies of the thermal and run-
(A3) away electrons, respectively,w.o iS the gyro-
frequency of the thermal electrons.

2 h . . . .
. . WpRro | Agw , " The dielectric tensor is purely real, resulting in no growth
€12= —ID =l w2 | D_RH‘]lz(ZH‘]l(Z)Jl(Z) or damping of the electromagnetic wave due to kinetic ef-
fects. An amplification of a wave is only possible by the
J1(2)31(2) reactive instabilityf 11], which is identical to an instability of
+ T a free-electron masdsee Appendix B

The refractive index is then calculated by numerically
B J1(2)35(2) e SIN( ) V1— 1/%2 solving the dispersion relation for real wave vector and fre-
D2 n sin(a) ) quency for a right circularly polarize@kxtraordinary wave,
R and is valid as long as the cold plasma approximation holds,
(A4) i.e., thatn should not be much bigger than 1.
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APPENDIX B: GROWTH RATE OF A CARM dlﬁj 1 1 1
IN A COLLISIONLESS PLASMA a7 = Z — pz—rz +| &+ Z (1—ij V2pé+1)

The CARM growth rates found in the literatuf27—3Q . J 2
that are used to interpret maser radiation of suprathermal +I_(Aei¢j_c_cl)_0_2ﬁ
electrons in space plasmas are based on the collisionless Vla- pl“j2 21“J-2
sov equation. For an electron beam describables bync-
tions of the momenta, wave growth due to kinetic effects is dr; A o | i
suppressed and the reactive instability identical with the con- ar o\ +ioy(e ') |eit+c.c. (B3)
cept of bunching of the beam electrons is ug#d,31,32. !
The formalism of this instability, as derived from the Vlasov dA e ¥ o2/ 1
equation, is equivalent to the description of the amplifying —=<—> +HiIAE—I —<—>A
process by the so-called pendulum equatiSec. 11.6 in dr 1\ ol 2p\T;

[31]). Here the maximum growth rate occurs at a frequenc% . ) _

slightly different from the nominal resonance frequencyl¥i= ¢j— 6ot,0; is the difference between the gyrophase of

v=1v.o/[1—nB,cos@)]. Thus there exists a contradiction the jth runaway electron and the phase of the electromag-

if these growth rates are applied to the CARM formed by thenetic wave,fp=wceol 1= (¥:/70)*1/ ¥, o is the relativis-

runaway electrons in a tokamak, that is, the CARM musitic mass factor of the runaway electrons prior to the masing

amplify the electromagnetic radiation which is spontanesrocesst is the real timel';=v;/(pyo). v; is the relativis-

ously emitted by the runaway electrons at the nominal resotic mass factor of thejth runaway electrons and

nance frequency. For this, however, a slight energy misp={[sin(9y) ygwao]/(4yrwceo)}2/3,

match between the amplifying and the spontaneously

emitting runaway electrons must exist, which is impossible A= eagexpi fot) yosin( Iy)/(4mec?y2kop?),

for a & function distribution of the moment@gee Appendix

A). This problem is solved by calculating the growth rate forag is the amplitude of the electromagnetic wave,

the collective instability, where the assumption of a constant=(y3— y?)/(2y?p), 7=2weop¥:t!y5 is the normalized

phase of the amplified wave made in the Vlasov equationime,

formalism is omitted and, thus, the maximum growth rate is

obtained at the nominal resonance energy of the runaway o?=4p[ 1+ y3sirP(O) 1/[ y3sirf(9y)]

electrons. For this, the formalism used to describe the collec-

tive instability for undulator based free-electron masersand(- - -)

(FEM) [12], is extended to a CARM by including the azi- i

muthal bunching. denotes the average over all the masing runaway electrons
In an undulator based FEM the perpendicular oscillatory?umbered by the indey.

motion is generated by the undulator magnets. In a CARM  The term

this is inherent in the gyromotion due to the axial magnetic

field. To extend the formalism of a FEM to a CARM, where i T P Era— RAERS!
azimuthal bunching due to a change in the electron energy & 2p (1=pljV2pet 1) =wee yf B4
occurs, the gyrofrequency is expanded in a Taylor series to
first order around the resonant relativistic mass fagtor in the equation for the phasg; describes the azimuthal
bunching.
Expanding the normalized variables around their equilib-
Peeo _ Doed  Do0 B1) 'um values
Y ow ¥V r
A=0+A
(v is an arbitrary relativistic mass factor closeyp. With 2m(j—1)

the wave vectork, of the oscillatory motion defined by Y=o+ 0;, o= (B5)

KoUge=ween! vr , this can be expressed by Ngr
®ce0 ®cen pli=1+m;,
C C
——=Kovgec— —z (y— ). B2 ) . .
Y (y=n) (B2) (Ng is the number of runaway electrons taking part in the

masing procesgsand inserting the variable&, s; , »; in the
above CARM equations gives, after linearizing with the new

In the formalism of the FEMK v is the frequency of the variablesX=A, Y=(e" %) 6). 7= (e 71p)

oscillatory motion in the magnetic field of the undulator. The
azimuthal bunching is described by the term dx
—weeo(y— yr)/yf, to first order. The phase relation between — — i
a linearly polarized wave and a plane oscillatory motion is dr
the same as between a circularly polarized wave and the

gyromotion. Thus only the term for azimuthal bunching must d_Y_i X_7
be included in the FEM equatiofi$2] dr P

0,2

£ 7) X—iY—pZ=0

1+

312
(2pé+1) }:0 B6)

2
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2

d o
—+ X+ —Y=0.
dr p

With the ansatz

X=A(0)e*, Y=Y(0)e'*", Z=Z(0)e™", (B7)

(N is an eigenvalue of the three coupled maser equations
one receives, from the above equations, the cubic dispersigpy,

relation

2 20é+1 3/2
AL1@+2£_L
p 2
2pé+1)3?
+%:0

0_2
N=E+ o +2ph+po?+1

(B8)

which is solved numerically. The collective instability occurs
if there exists a complexx with an imaginary part
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wave is so big that the small amount of energy exchanged
with the electrons leaves the wave’s phase nearly unchanged.
In this case, the CARM can be described by the pendulum
equation[12,24,3]

d?0; _
dRGc

ered; is the difference between the phase of jtie run-
away electron and the electromagnetic wasieis the same

as ¢; but for runaway electrons with the resonant energy,
Rgc is the space coordinate along the guiding center motion
of the runaway electrons, ang the bounce frequency. From
the basic equatio(B3) (see Appendix Bdescribing the dy-
namics of the CARM, the bounce frequency

2 ) 3/4( e’}/rtar( ﬂM)> 1/2

V="V —
b Ce( ™ YMeCTy

27y
cBrcog Iy)

2
[sin(6;)—sin(6,)], (CD)

Es
80Lp

14
) (C2

Im(\)<<0. The resulting gain of the maser scales as

G=exd—ilm(\) 7].

APPENDIX C: BOUNCE FREQUENCY
OF THE SYNCHROTRON OSCILLATIONS

was calculated. It is assumed here that the electric field of the
electromagnetic wave interacting with the electrons is con-
stant and of nonzero value only inside a cylindrical volume
of lengthLp and of a radius equal to the gyroradiysof the
runaway electrons. When integrating over the space coordi-

When the amplification process of a free-electron masenates the resulting electric energy is equal to the radiation
saturates the amplitude of the electromagnetic wave, thpulse energyEs.
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