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For the past decades the microwave radiometry is a routinely used as diagnostic tool to obtain the information on
temporal evolution and radial profile of the electrons temperature at Uragan-3M torsatron plasma experiments.
However, in the case of low plasma density operation we observe the high level of emission at the frequencies that
match the second and third harmonics of the extraordinary mode of electron cyclotron emission (ECE), after RF
heating pulse off. This effect could be explained with the production of the suprathermal electrons. The present
work describes the suprathermal electrons (SE) dynamics after turning off the RF heat pulse at the Uragan-3M
torsatron (ne:2-1012 cm?, Te=300 eV, Pgre=115 kW, B,=0.69 T). In the absence of the well-known suppressive
techniques (resonant magnetic perturbations and massive gas injection) an attempt was made to describe the factors,
which contribute to the generation of the suprathermal electrons for the Uragan-3M plasmas. The temporal evolution
of the ECE emission intensity and it dependence on the working gas pressure in the torsatron vacuum chamber is
presented. The level of the ECE emission shows strong correlation with other diagnostics (plasma density, plasma
current, HXR and H, emission intensity). The gradual increase of the pressure (after RF off) could be is one of the
reasons that temporarily sustain the process of electron acceleration. The dependence of the time ECE emission on
the rate in magnetic field change (6B) is also given.

PACS: 42.25Bs, 42.30Rx, 42.68Ay, 42.82Et, 55.250s, 52.40Db, 52.55.Hc, 52.70 —m, 52.70.Gw, 92.60Ta

INTRODUCTION Total magnetic field pulse duration time was about
6 s, with the following parameters: pulse raise time,
The presence of ECE afterglow which was obtained ~ Pulse fall times are of the order of ~1s, pulse width
at the second harmonic 2w under certain Uragan-3M  ~ 3 s With at least flat top pulse time of ~ 2 s.

’ p=10*107® Torr
2 Prr

(U-3M) operating conditions torsatron is published
previously [1]. However, for those experiments other
groups of diagnostics could not observe such
phenomena as seen on ECE diagnostic signals, thereby
impede the interpretation of this phenomenon.
Installation of a new radiometer, which operated at the
third harmonic 3w, helped to confirm the existence of
afterglow effect (Fig. 1). In a paper published earlier
[2], the results on time shift of RF power input on the
plasma at the decay stage of the magnetic field pulse e
were presented. As a result, radiation from the plasma
was detected at both frequencies corresponding to the
cyclotron harmonics of 2w and 3w after turning off
the RF heating pulse. This effect can be explained by
the fulfillment of the conditions for the existence of
suprathermal electrons in the torsatron confinement
region. This paper presents some extended results of
this phenomenon: (a) the influence of the working
pressure in the vacuum chamber; (b) the influence of the
induction electric field arising due to the non-monotonic
decrease of the magnetic field.
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Fig. 1. Electron cyclotron emission at the frequencies
that match the second and third harmonics (2wce, 3wee)
of the extraordinary mode after RF heating pulse off

Plasma production and heating was carried out by
RF method. The RF power is introduced into the
confinement volume at the frequencies 8.6...8.8 MHz,

1. EXPERIMENTAL CONDITIONS which are close to the Alfvén resonance frequency
' o < o (on a stationary part of the magnetic field pulse).
Uragan-3M is a =3, m=9 small size torsatron with The pulse duration of the RF power was varied in the

major radius, R=1 m average plasma radius a,=0.12m  range 50..70ms. Input RF power in confinement
and toroidal magnetic field B;=0.72 T [3]. The whole Volume was injected by two antennas located on the low
magnetic system is enclosed into large five meters magnetic field S|de_ports. In the presented experiments,
diameter (volume of V=70 m®) vacuum tank, so that an  the value of the input power reached 140 kW. The
open natural helical divertor is realized. working gas is hydrogen.
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2. ECE RADIOMETRY SYSTEM

Electron cyclotron emission (ECE) diagnostics is a
standard tool that routinely used for electron
temperature profile measurement of high temperature T,
plasmas at U-3M. The advantage of this method lies in
the fact that in inhomogeneous magnetic field, region of
emission is close to the resonant surfaces (Fig. 2) and
the local temperature can be calculated with good
spatial resolution.
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Fig. 2. Radial distribution of the first three harmonics of
the electron cyclotron frequencies for the central

magnetic field 0.72 T (fe=2nw¢e, 2fe=4nw(e,
3f. = 6mtw), 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)

At the U-3M ECE diagnostics utilize the emission
from the plasma at frequencies, which corresponds to
the second 2f, and the third 3f, harmonics X-mode
extraordinary wave. Conical horn antenna is oriented
perpendicular to the magnetic field lines and is located
on the part of a low magnetic field [4].

The frequency range 33<2f,.<37 GHz and
57<3f,<75 GHz was chosen according to the value of
the central magnetic field of 0.68<By<0.72 T.

Intensity emission of thermal electron depends on
the density, temperature and the average optical depth
(tavg) Of the plasma: I(ECE)xne Te tavg. Assuming
parabolic density profile, with an average plasma
density 7;=1.2-10" m™, averaged optical depth of the
plasma T4~ 0.4. On this basis, it is possible to estimate
value of the electron temperature in the plasma column
center: T¢~0.5 keV.

260

3. RADIATION OF THE SUPRATHERMAL
ELECTRONS AT THE URAGAN-3M
TORSATRON AFTER RF HEATING OFF.
IMPACT OF WORKING GAS PRESSURE

It was found that, in the case of low operating
pressure sz<3-10'6 Torr the level of radiation intensity
increases and registered during full magnetic field pulse
length. With an operating pressure close to
sz=l.04-10'5 Torr intensity bursts are observed only at
the magnetic field ramp up, ramp down phases, and a
short period after the RF-pulse off (at the stationary part
of the magnetic field). For this condition electrons go
over to a state of their continuous acceleration. Since
their dynamic friction force is less than the force exerted
by the electric field, arising due to temporal changes of
the magnetic field [5, 6].

At the active phase of the plasma discharge (during
RF-pulse) the pressure of the working gas are falls and
then inertially recovers to the initial level [7] (Fig. 3)
The pressure (electron density for almost constant
temperature) cross threshold level which is sufficient for
initiation of the electrons to accelerate and, thus, its
emission is clearly observed.
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Fig. 3. Time dependences of the hydrogen pressure in

the vacuum chamber during and after RF pulse in the

RF heating mode (reproduced with permission of the
authors [7])
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Fig. 4. Experiment of the shift the RF heating pulse to
the beginning of decay stage. Here are shown signals of
different groups of diagnostics

Thus, having shifted the start time of RF power
input into the plasma from the stationary part of the
magnetic field pulse at the time of its fall (Fig. 4), it
becomes possible to combine these factors of influence
on the suprathermal radiation from the plasma. In fact,
such a transfer stimulates the acceleration of suprathermal
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Fig. 5. Dependence of working gas pressure py, on the level of the radiation of suprathermal electrons for the
identical 6B/6t values (detected by ECE diagnostic)

electrons. The amount of radiation increases by one
order. This allows us to study in detail the temporal
behavior of this phenomenon.

The series of experiments were conducted for the
different pressure values: from pHZ:1~10‘5 Torr to
Pw, = 7-10° Torr (Fig. 5). It was found that with an
increase in the working pressure in the vacuum
chamber, the electron acceleration mechanism during
the decay of the magnetic field of the same magnitude
also is leveled.

4. THE EFFECT OF 6B/6t ON THE
ACCELERATION/DECELERATION OF
SUPRATHERMAL ELECTRONS

However, the detected radiation of suprathermal
electrons is not observed all the time of the decay phase
of the magnetic field pulse. For a possible explanation
of the temporal behavior of the signal, it was assumed
that the magnetic field does not fall at a constant speed.
After numerical smoothing the signal (8B/at) from the
magnetic sensor, the derivative signal was analyzed.
The calculation showed that at a certain time the rate of
change of the magnetic field ceases to increase and
slows down, with an obvious point of extremum t,
(Fig. 6). The signal detected by the radiometer also
terminates at this point. This result is well correlated
(see Fig. 6) with the results of other diagnostic groups
that observe the effect of the presence of suprathermal
electrons (hard and soft X-rays).
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Fig. 6. The rate of change of the signal 6B/o¢ (red line).
Temporary behavior of ECE radiation and HXR
received from plasma (blue lines)
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CONCLUSIONS

Extended experimental evidence of suprathermal
electrons mechanism was obtained for the series of the
plasma discharges after turn-off the heating RF-pulse in
torsatron Uragan-3M. For the low plasma density case
M =(0.5...1.2)-10®¥ m® and different initial pressure
values p,42:(0.85...1)-10'5 Torr, the results show clear
and simultaneous response of the main plasma
parameters.

The main driver for the suprathermal electrons
appearing could be the time variation of the local
magnetic field, which led to increasing of the
accelerating electric field.

With increasing pressure of the working gas inside
the vacuum vessel, the mechanism of acceleration of
suprathermal electrons during the decay of the magnetic
field is leveled.

It was found that the rate of decay of the magnetic
field is not constant.

The signal of ECE and hard x-rays (especially)
almost always terminates when the rate of change of the
magnetic field decreases.

The experimental results obtained require more
rigorous consideration and further analysis. For an
accurate explanation of the mechanism of the
appearance of accelerated particles, it is necessary to
detect the pressure value as a function of time after the
RF pulse throughout the entire magnetic field pulse. It is
necessary to take into account the assumption that the
pressure in the chamber after the RF pulse should be
restored at a constant speed for the entire time of the
experimental company. And also the fact that the time
which is needed to reach the working pressure level
after the RF pulse is approximately one order longer
than the characteristic time of the suprathermal electron
radiation detection.
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HEKOTOPBIE OCOBEHHOCTU ITMHAMMUWKU HAATEIIVIOBBIX 9JIEKTPOHOB ITOCJIE
BUY-HAT'PEBA IIVIA3BMBI HA CTEJIJIAPATOPE YPAT'AH-3M

H.B. 3amanos, P.O. Ilasnuuenko, A.E. Kynaza

B nocnenHue necsATWUNETHS MHUKPOBOJIHOBAasS pagHOMETPHsl PETyIspHO HCIOJb3yeTcs B  KauecTBe
JUArHOCTHYECKOTO0 MHCTPYMEHTA JUIS MOJydYeHHs MHGOPMAIMK O BPEMCHHOM 3BOJIIOIUHN M PaJdabHOM Mpoduie
TeMIepaTypbl 3JIEKTPOHOB B IKCIEpPUMEHTaX Ha TopcaTpoHe YparaH-3M. Tem He MeHee, B cilydae HU3KOIUIOTHOM
IJ1a3Mbl TIPU TIOMOIIM 3TOW JUArHOCTUKHW HAOIOJaeTCs MOSBICHHE M3JIyUYeHUsS Ha 4acTOTaX, COOTBETCTBYIOIIHMX
BTOPOU M TpeThell rApMOHMKaM HEOOBIKHOBEHHOW BOJHBI HUKIOTPOHHOTO M3nydeHus (DL[M), mocne OTKIHOYCHus
HMIYJIbCa BBICOKOYACTOTHOTO HarpeBa. ITOT 3()deKT MOKHO OOBICHHUTH CYIICCTBOBAHHEM HAITEIUIOBBIX
anekTpoHoB. OrnrcaHa JWHAMHUKA HAATEIUOBhIX dnekTpoHoB (HD) mnocne Beikmrouenuss BYU-ummynbca Ha
TopcaTpoHe YparaH-3M (ne:2~1012 CM'3, Te=300 3B, Pgrr=115 kBr, B;=0,69 Ti). B oTcyTCTBHE M3BECTHBIX METO/IOB
MoJIaBJICHUS (pPE30HAHCHBIC MarHUTHBIC BO3MYIICHHS W MacCHUBHAs HHXEKIHS Ta3za) ObLIa MPEIIpUHSATA MOTBITKA
onmcaTh (PaKTOPHI, CIIOCOOCTBYIOIINE TEHEPAIlMH HAATEIUIOBBIX 3JCKTPOHOB B ma3Mme Yparan-3M. [Ipencrasiena
BpEMEHHas AWHAMHUKA WHTCHCUBHOCTH 3Muccun DL U ee 3aBHCUMOCTH OT JaBJICHUS pabodyero ra3a B BaKyyMHOU
KaMmepe TopcaTpoHa. YpoBeHb sMuccuu DL aeMOHCTpUpyeT CTPOTYI0 KOPPEJSLMIO C pe3ylbTaTaMu JAPYTrux
METOJIOB JMArHOCTUKH (IJIOTHOCTD IJIa3Mbl, TOK T1a3Mbl, nHTeHCUBHOCT HXR u H,). [ToctenenHoe moBbimeHue
naBieHus (mocne oTkIodeHus BU-MOIHOCTH) MOXKET OBITh OJHON M3 MPUYHH, KOTOPBIE MOIACPKUBAIOT MPOIIECC
YCKOpPEHUsT JJIEKTPOHOB. Takke MpuBeJeHa BpeMEHHas 3aBUCUMOCTb m3nydeHus DL oT ckopocTH M3MEHEHUs
MarduTHOro mnoJjs (dB/3t).

JEAKI OCOBJIUBOCTI AJMHAMIKHN HAATEINJIOBUX EJIEKTPOHIB ITIICJIAA BY-HAI'PIBY
IIJTA3MU HA CTEJIAPATOPI YPAI'AH-3M

M.B. 3amanoes, P.O. Ilagniuenko, A.€. Kynaza

[IpoTaromM ocraHHIX AECSATHIITH MIKPOXBHJIBOBA PAIIOMETPIs PEryJspHO BHKOPHUCTOBYETHCS UI OTPUMAaHHS
iHpopManii Mpo YacoBy EBOMIOLII0 Ta pagialbHUN Tpodinbk TeMIepaTypd eJIeKTPOHIB IIiJ] Yac IUIa3MOBHX
€KCIIEPUMEHTIB Ha TopcaTpoHi Yparan-3M. TuM He MeHI, y BUIMAJKy HU3BKOIIIIHHOI TUTa3MH 32 JOMTOMOTOI0 i€l
JIaTHOCTHKHU CIIOCTEPITacThCs TOsSBa BUIIPOMIHIOBAHHSI HA YacTOTaX, BIAMOBITHUX APYTid 1 TpeTid TrapMOHIKaM
HEe3BUYaWHOI XBWJII IUKJIOTpOHHOrO BunpomiHtoBaHHS (ELIB), micis BiAKIIOWEHHS IMITylbCy BHCOKOYACTOTHOTO
HarpiBy. Lle#t edexkT MOXKHA MOSCHUTH ICHYBaHHSM HAITEIUIOBHX €JNEKTPOHIB. OmucaHi AWHAMIKa HAATEIJIOBHX
enextponis (HE) micns Buxmodenns BU-immymscy Ha Topcatpori Vparam-3M (n.=2-10" cm™, Te=300 eB,
Pre=115 kBT1, B(=0,69 Tn). 3a BiZCYTHOCTiI BiIOMHX METOXIB MpPUAYLICHHS (PE30HAHCHI MArHiTHI 30ypeHHs i
MacHMBHa IHXKEKIist razy) Oyna 3poOnieHa crpoba omucatu (akTOpH, MO CIPHSIOTh TI'eHepalii HaJTeIUIOBHX
eJIEKTPOHIB y 1u1a3mi Yparan-3M. Ilpencrasnena TumuacoBa quHaMika iHTeHcuBHOCTI eMicii ELIB 1 1 3anexHicTb
BiJl THCKY po0OYOTo Ta3zy y BakyyMHil kamepi TopcarpoHa. Pisens emicii ELIB nemoHcTpye 4iTKy KOpemsmito 3
pe3yibTaTaMM iHIIMX METOMIB JIarHOCTHKM (IIIIBbHICTh Iasmu, crpyMm masmu, HXR 1 H,). Ilocrynose
MiABUIIEHHSA TUCKY (Ticis BigkmodeHHS BU-oTy)HOCTI) MOXke OyTH OIHIE€IO 3 IPUYHH, SKI MATPUMYIOTH IIPOIIEC
MIPUCKOPEHHs eJeKTPOoHiB. Takok HaBeleHa yacoBa 3aleXHICTh BHIpomiHioBaHHA EIIB Bin mBuakocTi 3MiHH
Mar”iTHoro moJs (dB/0t).

262

ISSN 1562-6016. BAHT. 2019. Nel(119)



