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The microwave radiometry is a well-known diagnostics to obtain the information on temporal evolution and
radial profile of the electron temperature at U-3M torsatron plasma experiments. However, under low plasma
density with this diagnostics we report on the large production of runaway electrons after RF heating pulse off. We
notice a gradually increasing of the radiometer signal at the frequencies that match the second and third harmonics
of electron cyclotron emission of the extraordinary mode. This effect could be explained with the existence of the
“runaway” electrons in U-3M discharge. A phenomenological description of this process is presented, where the
time evolution of the ECE radiation signal is compared to the electron density evolution.

PACS: 52.55.Hc, 52.70.Gw, 52.35.Hr, 52.25.0s, 42.60.Jf, 42.15.Eq.

INTRODUCTION

The problem of the suppression of the RE is of the great
importance for the present plasma fusion experiments.
Now days there are several condition for occurrence of RE
generation: (a) low-density regimes in which the normal
loop voltage became high enough to enable runaway
process; (b) sawtooth crashes, where magnetic
reconnection may accelerate runaways; (c) lower hybrid
and electron cyclotron current drive, in which large-
amplitude microwave radiation accelerates runaways and
(d) especially for tokamaks disruptions and rapid
shutdowns sometimes accelerate runaways, resulting in
damage of the vacuum chamber of the machine.

1. URAGAN-3M TORSATRON
1.1. EXPERIMENTAL CONDITIONS

Uragan-3M is small size torsatron with [ = 3, m =
9, major radius Ry = 1m average plasma radius
a, = 0.12 m and toroidal magnetic field By < 1T . The
whole magnetic system is enclosed into large five
meters diameter (volume of 70 m3®) vacuum tank, so
that an open natural helical divertor is realized. The
multimode Alfvén RF resonance heating is used to
produce and sustain the hydrogen plasma. The field
pulse have the following parameters pulse raise time
1.5 s pulse fall time 1.3 s, pulse width 3.5 s with at least
flat top pulse time of 2.0s At the middle of flat top of
the magnetic pule the plasma ignites by RF range
(8.6 ...8.8 Mz) antennas and sustained for 50...70 ms.
Recently it was shown [1] that RE which are primary
originated from magnetic field pulse rise could be
successfully suppressed by the applying a constant
negative voltage difference (from -50 to -100 V) relative
to the torsatron case to one of the RF heating antenna.
Those experiments show that for the case of the low
pressure of the hydrogen plasma py, = 3.4 X 10~°Torr
signals from ECE, X-ray and Rogowski coils disappear
which could be as an evidence of suppressing of the RE
multiplication.
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Fig. 1. Radial distribution of the first three harmonics of
the electron cyclotron frequencies for the central
magnetic field 0.72 T, operational frequencies for the
second and third harmonics depicted as filled circles
(upper); and Poincaré plot of the corresponding
poloidal cross-section U-3M magnetic fluxes (lower)

1.2. ECE RADIOMETRY SYSTEM

Electron cyclotron emission diagnostics is a standard
tool that routinely used for electron temperature profile
measurement of high temperature plasmas at U-3M. The
diagnostic utilize a conventional single antenna super-
heterodyne radiometers [2, 3] one of which is operated
at the single tunable frequency of the second harmonic
for the X-mode in the upper part of the K,-band
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(32...39 GHz) other one is the multichannel V-band
(57,60.6,64.2,67.8,71.4,75 GHz) radiometer operated at
the third harmonic of the X-mode (Fig.1). The
frequency range was chosen according to the value of
the toroidal magnetic field of 0.68...0.72 T. For the
operational parameters of the standard U-3M plasmas
Me=1-5%x10"%m=3, T, =200..700eV) the
detected ECE signals, which are corresponding, to a
radiation temperature T,,4 is given by equation:

1—exp(—Tan)

T,q=T, —— 28
rad € 1_Fwallexp(_7’-avg)’

(1)

where 7,,, is averaged optical depth through the
microwave beam path and [, is the inner wall (inner
surface of the helical coils) reflectivity coefficient. A
subsequent numerical calculation of the real electron
temperature T, of underdense plasmas (with low optical
depth 7,,, < 0.4) including the effects of emission and
reabsorption radiation has been

conducted.
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Fig. 2. Temporal evolution of the line electron density
(upper) for the frame RF, central magnetic field
B(0)=0.72 T, input RF power 130 kW (RF oscillator
voltage U(RF)=9 kV), initial hydrogen pressure
Pu, = 1.04 X 10~5Torr, evolution for the radiation
intensity of the second harmonic X-mode ECE (lower)

1.3. RUNAWAY ELECTRON GENERATION

Plasma electrons into strong toroidal electric field
can be accelerated to form a runaway component if the
slowing down process due to interaction with ions is not
effective during the acceleration period. For Maxwellian
electrons of temperature T, and density n, toroidal
electric E field is given by

Er = (V —LI,)/2mR, , )

where V is loop voltage, I, is plasma current induced by
electric field, L is plasma inductance. For ‘primary’
runaway electron generation this electric field must be
higher than Dreicer field E > Ej[4]. For hydrogen
plasma where Z ¢ = 1.0 Dreicer field is given by:

e3nglnA
4melT, ’

Ep = 3
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where InA = 15 is a Coulomb logarithm, thus, for
Uragan-3M plasma (n, = 1 X 101¥¥ m™3, T, = 700 eV)
the Dreicer field is E, = 0.57 V/m.

1.4. ECE RADIATION AFTER RF OFF

Temporal evolution of line electron density
measured by 140 GHz microwave single chord
interferometer and intensity radiation of ECE second
harmonic X-mode (Fig.2) are shown for the two
discharges with small difference in density evolution.
RF heating pulse with input RF power of 130 kW (RF
oscillator voltage of 9kV) was applied from 20 to 70 ms
for both cases, the hydrogen pressure was py, = 1.04 X
10™°Torr and the central magnetic field was
By=0.72 T. For ‘red’ discharge average density do not
drop to the level of 7, = 1.3 x 10'® m~3. There is no
ECE intensity signal after RF was off. However, when
during RF pulse average density crosses ‘threshold’
critical level of nS" = 1.0 x 10 m~3 ‘ECE afterglow’
is clearly visible. In fact, the critical electron density
ng’ at which generation of runaway electrons occurs
could be deducted from Dreicer field expression. Those
values could be order smaller, because there is no
information on the plasma density profile. From divertor
density measurements via several sets of Langmuir
probes we can estimate the edge (inside LCFS) density
as nL¢5~0.3...0.5 x 10'® m~3. This implies that at the
plasma edge the Dreicer field could be two or three
times lower E5“FS = 0.2 V/m. It was shown before in
[5] that for close U-3M plasma parameters electrical
field attain value of E; = 0.4V/m measured at the

moment current decay just after RF field was switched
off.
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Fig. 3. Temporal evolution of the line electron density
(upper) for the frame RF, central magnetic field
B(0)=0.72 T, input RF power 130 kW(RF oscillator
voltage U(RF)=9 kV), initial hydrogen pressure
pu, = 1.04 X 10~5Torr; evolution for the radiation
intensity of the 37 GHz second (blue) and 60GHz third

harmonics (red) X-mode ECE (lower)

The ECE ‘afterglow’ spectrum is wide because all
radiometer channels (second and third harmonics) from
32 to 75 GHz shows substantial intensity signal after RF

power off (Fig.3). Here we present only the
phenomenological  description of some RE
287



dependencies. As was mentioned above we observed
that for the density below some ‘threshold’ or critical
density n§" = 1.0 x 1018 m™3 there is an appearance of
ECE radiation that could be attributed to the presence of
RE.
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Fig. 4. Dependence of second and third harmonics
ECE ‘afterglow’ radiation drop time on Sy, parameter

It was found that after some time the ‘afterglow’
ECE signals intensity during 100 ...300 ps abruptly
drops. To describe the dependence on threshold average
density we use some parameter, which is a product of
line density below nS™ = 1.0 x 10 m™3 and the time
from crossing this critical value t&, to the time tXF
when RF heating pulse off. This parameter could be
given by the following expression:

F

R
= e @) de. 4

Obtained results for wide (32...75 GHz) ECE
spectrum are presented in the Fig. 4. For the almost
identical plasma discharge parameters which is shown
in the Fig. 3 integration time t* = t&F — t<, was close
to 20...25ms. There is no substantial difference
between second and third ECE harmonics data.
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RF heating pulse length, ms
Fig. 5. Dependence of Sy, parameter and ECE
‘afterglow’ radiation drop time on the RF heating pulse
length

Spreading of ECE ‘afterglow’ end time could be
attributed to the deviation of the density profile (edge
density, peaking factor) which are not clearly
electron cyclotron emission diagnostic appears just after
heating RF pulse off. It was established that EC
emission with wide spectrum (32...75 GHz) of both
second and third harmonics of the X-mode appears
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distinguishable in line density variations measured by
single channel interferometer.

For several consecutive plasma discharges, there was
gradually increasing of the RF heating pulse length.
This leads to simultaneous increase of the T* parameter
and to the reduction of instantaneous average density.
The corresponding dependence is shown in the Fig. 5.
As expected, both data presented clear quasi-linear
trend.
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Fig. 6. Dependence of third harmonics ECE ‘afterglow’
radiation drop time on S, parameter for different
initial pressure

Final set of experiments conducted for two different
‘start-up’ pressures in the vacuum chamber volume
pu,(I) = 7 x 107 Torr and py, (II) = 8.5 x
1076 Torr. Variation of the initial gas pressure Pu, (t =
0) in the U-3M vacuum chamber directly affects the
value of the average density. From other hand it govern
the level of the drag force F(v) o v~2, which balances
the electric acceleration of electrons. We can state that
ECE ‘afterglow’ radiation drop time have scattered
dependence on S;; parameter for above mentioned
initial plasma pressure. However, those experimental
results (Fig. 6) fill the general rule: lower pressure cause
vanishing of ‘short-range’ collisions drag force balance
term and leads to higher level of EC emission radiation
after RF heating pulse off.

CONCLUSIONS

Fusion research requires understanding of runaway
electrons phenomenon in toroidal devices. It is well
documented both theoretically and experimentally fact
that RE are likely to appear in either a low density, high
temperature plasma under rather moderate electric field
or during very rapid and drastic changes in the plasma
current. The former may be case in the edge region of a
plasma to be driven by externally applied power, while
the latter will usually be associated with the current
disruption phenomena.

During recent experiments at U-3M torsatron it was
found an ‘afterglow’ radiation measured via microwave

when average plasma density crosses the threshold

value equal to nS" = 1.0 x 10® m~3 during RF heating
phase. At the moment only phenomenological
explanations on the experimental data are presented. To
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minimize scattering of the experimental data it is also
possible that the signal received by the radiometer,
which is characterized runaway electrons. Thus, it is
necessary to interpret the not by the cut-off time, but by
the same integral characteristic as the S,;; parameter.
Finally, it must be emphasized that during future
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experiments a more systematic survey of RE
phenomena, which are related to the enhancement of the
operation condition, is quite necessary. Additional data
that are describes torsatron operation such as hydrogen
pressure, loop voltage, magnetic field components and
their fluctuations have to be included in next RE
experiments.
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MHOBEJEHME N3JIYYEHUSA CBEPXTEIIJIOBBIX DJIEKTPOHOB HA TOPCATPOHE YPAT'AH-3M
IMOCJIE BBIKJIIOYEHUSA HAT'PEBA 110 JAHHBIM 3JIEKTPOHHOI'O HUKJTOTPOHHOI'O
N3JIYUYEHUA

H.B. 3amanoes, P.O. Ilagruuenxo, A.E. Kynaza, 1. U. I'puzopvesa, B.B. Yeukun, A.H. Illanoean, M.M. Maxoe,
10.K. Muponoes, B.C. Pomanos, U.K. Tapacos, /I.A. Cumnuxkos, O.C. Ilagnruuenxo

MHUKpPOBOJHOBAS PAIHMOMETPHsI SBJISCTCS XOPOIIO HM3BECTHOW IMATHOCTHKOHN IS MOJYYCHHS HHPOPMALUHU O
BPEMCHHOU OJBOJIOIMM W BHJAC PaAUMAILHOrO MPOQWIS TEMIEpPaTyphl 3JCKTPOHOB BO BpEMs IUIA3MCHHBIX
9KCIEpUMEHTOB Ha TopcaTpoHe Y-3M. Tem He MeHee, B cilydyae HH3KOIUIOTHOM IJIasMbl IpPHU IMOMOIIM 3TOI
JMUArHOCTHKU HAOJIOMACTCs MOSBICHUE 3HAYMTEIBHOTO YHCNIA «yOCTarolIux» 3JCKTPOHOB MOCIE OTKIIOUCHUS
HMITYJIbCa BBICOKOYACTOTHOTO HarpeBa. 3aMeueHO MOCTENCHHOE YBEIWYeHHE CHUTHaJla paJioMeTpa Ha 4YacToTax,
KOTOPBIE COOTBETCTBYIOT BTOPOI M TPEThEH TapMOHMKAM 3JIEKTPOHHON MUKIOTPOHHOMN IMICCHU HEOOBIKHOBCHHOM
BOJIHBL. OJTOT A(PQPEKT MOXHO OOBACHHUTH CYHICCTBOBAHHEM «yOErarmmnx» »JJIEKTPOHOB B paspsme Y-3M.
[IpencraBneHo (peHOMEHOJIOTHYECKOE OIMMCAHWE STOTO IpOoIecca, TA¢ BpeMEHHas IBOJIONHS CHTHANA H3ITYYCHHUS
ECE cpaBHuBaeTcst ¢ 3BOJIIOLMEN TUIOTHOCTHU 3JIEKTPOHOB.

INOBEJIHKA BUITPOMIHIOBAHHSA HAATETIJIOBUX 3JIEKTPOHIB HA TOPCATPOHI
YPAT'AH-3M IICJIA BUMKHEHHSA HATPIBY 3A JAHUMMU EJIEKTPOHHOTI' O
OUKJIOTPOHHOI'O BUITPOMIHIOBAHHSA

M.B. 3amanos, P.O. Ilagniuenko, A.€. Kynaza, JI.1. I'puzop'csa, B.B. Yeukin, A.M. Illlanosan, M.M. Maxoe,
IO.K. Miponos, B.C. Pomanos, LK. Tapacos, /I.A. Cimnukos, O.C. Ilagniuenxo

MikpoXBHIIbOBa palioMeTpist € qoOpe BiJOMOIO MiarHOCTHKOIO, JJISi OTPHMaHHS iH(popMamii mpo TUMYACOBY
€BOJIIOII0 Ta BHIUILI PalialbHOTO TPOQINI0 TeMIIepaTypH eIeKTPOHIB IIiJ] Yac IUIa3MOBUX CKCIIEPHMEHTIB Ha
topcarpoHi Y-3M. Tum He MeHm, y BHUNAAKY HU3BKOLIUIBHOI IUIA3MH 32 JIOTIOMOTOIO IIi€l JIiarHOCTHUKH
CIIOCTEPIraeThes MOSBA 3HAUYHOTO YMCIIA TIKAIOUMX» €IEKTPOHIB IICHS BiJKIIOYEHHS IMITyJIbCy BUCOKOYACTOTHOTO
HarpiBy. IlomideHo mocTymoBe 30iTbIICHHS CHTHAIY PagioOMeTpa Ha YacTOTaxX, SIKi BiNOBITArOTh IPYTid i TpeTii
TapMOHIKaM €JICKTPOHHOI ITMKJIOTPOHHOI eMicii He3BmuaiiHOi XBwii. lleit edhexT MOkHA TOSCHUTU iCHYBaHHSM
«TIKaIOYMX» eJNeKTPoHIB y po3psai Y-3M. IlpencraBieno GpeHOMEHOIOTIYHUI ONMKC IIFOTO TPOIIECY, JIe THMYAcOBa
eBoTIOIis curHaTy BunipoMinioBaHHS ECE MOpiBHIOETHCS 3 €BOJIOIIEIO MITFHOCTI €JIEKTPOHIB.
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