MOMENTUM-SPACE ANALYSISOF SUPRATHERMAL ELECTRONS
GENERATION UNDER CONDITIONS OF GAS PUFFING DURING
RUNAWAY TOKAMAK DISCHARGES

[.M. Pankrato\* 2 V.Y. Bochkd

V.N. Karazin Kharkiv National University, Kharkivikraine;
’National Science Center “Kharkov Institute of Physi and Technology”,
Institute of Plasma Physics, Kharkiv, Ukraine

Using the 2D test particle description, thetludes acceleration in the toroidal electric fialtl collisions with
the plasma particles, the generation of supratheeteatrons is analyzed under conditions of workiyag puffing
close to the Doublet IlI-D (DllI-D, General AtomicEISA) quiescent runaway shot #152895 parametessth&
result of close collisions, the formation of tragpsuprathermal electron population in a nonunifaokamak
magnetic field has been shown.

PACS: 52.55.Fa; 52.38.Ph; 52.65.C

INTRODUCTION plasma density increased approximately from theeval
of ne= 0.5 13° m? to the value ohe = 1.5 10'° m® and

The energy of disruption generated runawaghe ion effective chargé(t) dropped from the value of
electrons can reach as high as tens of mega-aieetlo 2 to 1.25.
energy and they can cause a serious damage ofgplasm The primary generation mechanism was the
facing-component surfaces in large tokamaks liKERT dominated mechanism during these experiments.
[1]. The precise measurement of runaway electrobpecific behavior of the ECE signal was observed.
parameters during disruptions is not so easy ty cart.
At the same time, the quiescent runaway electrdf) (R 2.2D-MOMENTUM-SPACE ANALYSIS
generation during the flat-top of DIII-D low density OF SUPRATHERMAL ELECTRON
Ohmic discharges allows accurate measurement of all GENERATION
key important parameters to runaway electron etxaita

[2,3]. Precise measurements of RE distribution Here we model this situation. To study qualitatjvel
functions and dissipation rates in the spatial,p@ral the behavior of electron trajectories in runawagior
and energy domains were carried out, a new efie\cti\during duration of the gas puff &€ 0.5 s), the plasma
diagnostic called the “Gamma Ray Imager” wagarameter evolution in time is given by the next

applied. Quantitative discrepancies betweeBquations:
experimental measurements and modeling were found
for all RE energies, but the most qualitative dipancy n(t/7)=n (0)+(n (1)-n (0)) t/1 1)

was found at low energy.
Our analysis of electron trajectories in the 2D

runaway region g, p.) shows that the suprathermal Zy (117)= Zyy (0)+(Zeﬁ(1)— Zeff(o)) tir, (2
electron population witlpy < p. occurs py andp. are
longitudinal and transversal components of momentumhere ng0)=0.5 10°m3, ngl)=1.25 1&m?3
with respect to the confining magnetic field,Zer(0) = 2, Zer(1) = 1.25. The zero of normalized time,
respectively). In this case, the suprathermal mest 0, corresponds to gas puff start.
which are trapped in a non-uniform magnetic fietdy We use 2D equations (like [5]) of test electrons in
appear in tokamak [4]. A possibility of formatiorf o normalized form:
such suprathermal electrons during recent DIII-D
experiments [2, 3] is investigated in the paper. q =
Aor e ((za (94— | @
1. RUNAWAY DIl1-D EXSPERIMENTS dt  po (gf + pg)

UNDER QUIESCENT CONDITIONS

In DIII-D, the behavior of REs were investigated%: e_E” ne(t) 92 _
! RES ! 2r (2. (1)+2) 1/.,(4)
during flat-top stage of Ohmic discharges with the dt Poro /7 + P P+ Pl
parameters: toroidal magnetic field wés = 1.4 T, !

plasma current wak, = 0.8 MA and loop voltage was ]
Vieop = 0.6V [2, 3]. Low density access led to thevhere  PBo— P/ Ry, the electron  density
generation of a primary RE population Which WE::léthi n, (t) —n (t)/ ne(O). t— t/7,E, is the toroidal
up over several seconds. Near the end of this digeh i field he ch d ¢
strong puff of working gas was used, which cause R@ectrlc leld, & m, are the charge and rest mass o
parameter variations. During this puffing the valbfe
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electron, respectivelyl is the Coulomb logarithm
(Ej=50 mV/m,L = 15) and

i, =€'mn(0) U 47 E. (5)

Here we analyze the suprathermal region that is tivay
acceleration due to the toroidal electric field ghd
effect of the collisions with the plasma particlase
taken into account in Egs. (3) and (4) only.
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Fig. 1. The primary and secondary runaway regidhs (
are presented (normalized variables are used}),$)
and $(0,1) (red) are separatrixes [5, 6] for plasma
parameters at t=0 or t=1.

J(@m.c/ ) p is shown by brown (2),

the locus of the knocked-on electrons lies belasv th
curve. Straight linesp, / p, =1/v/2¢ (g =1, 3/2, 2)

are marked by green (3), g is the safety factopidat
test electron trajectories (flowing around “virtual

saddle point (s, P 5)) are shown by blue, dots

correspond to starting points at t=0.5, directioofs
electron motion are shown by arrows. The evolutibn
the “virtual” saddle point location in time is shawby
dark blue (4)

For constant values of parametassandZe att = 0
and 1 the separatrixe§(0,1) and S(0,1) separate
trajectories of test electron by usual way [5, Ghly
electrons with coordinates initially situated aboSe
may run away. For 0 k< 1 these parametens and Zes

The curvep,

are not constants, the dynamic situation takesepla

Coordinates of the saddle point (“virtual” saddlzn)
change in time:

pé,s(t) =n, (t) (Zs(D+1) /\l Z(D+2,

pHZ,S(t) = ne(t)/ Zeff(t)+2 .

(6)
()

Recall, in accordance with the conservation laws of
energy and momentum, the knocked-on electrons of
secondary generation are arranged on elongatpdesli
the major axes of which are equal to the momentéim o
the incident mega-electron-volt electrons. Secondar
runaway region in the phase spapeg [f.) is filled by
these ellipses. This region is bounded from thekgp
the curve (see, e.g. [4])

P, =4/(2mc/ p,) R -

3. BANANA ORBITS OF TRAPPED
SUPRATHERMALS

(8)

Confining magnetic field in tokamak is non-uniform

and is described by Eq. (9):
_ BO
B(r.€) 1-£cosf’ ®)
wheree = r/R, ris the radius of magnetic surfade,s
the major radiusf is the poloidal angle, the valde= =
corresponds to low field side (Ifs).

Straight lines

P,/ p =12 (10)
for the values of safety factge1, 3/2 and 2 are shown
in Fig. 1 (the data from Fig. 2h of Ref. [2] are dise
The entire range of locus of the knocked-on elestio
2D plane f, p1) lies above straight lines of Eqg. (10).
These electrons may be trapped in a non-uniform
tokamak magnetic field. It is the necessary citerbut
not sufficient condition. At > 0.5 the crossing of saddle
point curve with they = 3/2 straight line is visible.

As it is clear from trajectories analysis for priya
test electrons in Fig. 1, that for these electrons
probability of such trapping in a non-uniform matioe
field is not so high.

It is necessary to distinguish situation on theeout
(Ifs) and inner sides of the tokamak discharge. The
suprathermal electrons are trapped in the Ifs regio
Narrow banana orbits of these trapped suprathermal
electrons are shown in Fig. 2. More strong losskes o
these trapped electrons may occur from the plasma
region where these electrons are located (outerqgfar
discharge). It is possible even formation of supg@ped
electrons (on the ripples of a longitudinal magneti
field) which escape from the plasma owing to toabid
drift.

Bounce period of trapped suprathermal electrons is
equal toT, = 0.47s (@ = 1.5) andT, = 0.5%s ( = 2)

Sor Fig. 2,a. For Fig. 2,6To=0.34us @=1.5) and
To=0.42us @=2). Note, the strong inequality
wps >> veicol holds, where wps is the oscillation
frequency of the bounce motion of trapped suprathér
electrons in a non-uniform magnetic field angco is
the effective collision frequency (regime of banana
trajectories). Ratiowps/ veficol Can reach about five

For trajectories near “virtual” saddle point theorders of magnitude. The pitch angle was taken into
inequality py < p. holds and the motion of electronsaccount in estimation of the valuefcon.

here is not so fast in 2D plane, the time is thdeoiof
(0.06...0.1)).
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The runaway energf >25MeV was deduced in
Ref. [2] from the DIII-D experimental data analysis.



means that in the DIII-D experiment [2, 3] theexceeding of a pre-set trip level. In our opinidhe
secondary runaway generation process should take pl more detail study of the influence of the trapped
with avalanching time,y [6] suprathermal electrons on the plasma stabilityeisded

(see, e.g. Chapter 16 in Ref. [8]. Detail investayat of
(11) such instabilities for suprathermal electrons desmmped

in the future.

For the DIII-D experiments [2la,= 1 s. The value If trapped knock-on electrons are created far ehoug

of ta= 1 s is the same order of the value of duration gfom the magnetic axis (the DIII-D case), they niey
gas puff ¢= 0.5 s). However, because of the trapping odetrapped and run away [9] because of these trapped
the knock-on electrons, the avalanching process lmay electrons drift radially inwards due to the Wareghi

t,, =v12m,cL(2+ Z,, )/ 9eE.

suppressed in part.
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Fig. 2. Narrow banana orbits of suprathermal elecson
(banana width is (0.3...0.6) cm).
The values of pand py corresponds to poird = =,
Estis the energy of suprathermals: @)/py = 1.6/0.5
= 3.2, Bt~ 50 keV,
b) pu/pi = 2.2/0.8 = 2.75, &~ 100 keV.

Numbers 1, 2 corresponds to orbits near g = 1.5 and

g = 2, respectively. Plasma edge is shown by 3, the
direction of electron poloidal motion along the eut
banana part is shown by arrow

Recall, due to the radial viewing geometry of th
ECE radiometers on DIII-D, these diagnostics prdige t

enhancement due to existence of the suprather
electron population with high values of thpy
momentum,p.> py. Note, for fixed maximum runaway
energy the amount of the knocked-on electro
decreases with plasma density increasing [7].

Our comment to Fig. 14 in [2] and Fig. 3 in [3]
where ECE emission signal drop was obseredigr

10

(5]

Iy
nﬁgh value of transversal momentum, wipar» p.

effect [10]. Analysis of the time it takes for iily
trapped electrons to become runaways [9]

dt,, -5 RIAs

(12)

shows that for the DIII-D quiescent runaway
experiments [2,3] this timeltw is the order of 0.7s.
(Ey=50 mvV/m,By~ 0.2 T,R=1.67 mAe =~ 0.1). Here
As=¢g(r)—&("), r is the radial position where the
electron was trapped amdis the radial position where
the electron stay detrapped and run away. For
Ej =5 V/m (disruption case) this time will be theder
of 7 ms. For electric field 40 V/m this time wilekabout
870us which gives up to 200 banana turns before
detrapping.

The inequality3€,,, < E, <5E., holds in the DIII-

D case [2], whereE,, =€ n L/ 4727 m é[11]. That it is
why the nonrelativistic Eqs. (3, 4) are used. Itswa

verified that presented results obtained from nékstic
equations practically coincided with nonrelativisbine.

CONCLUSIONS

The analysis of electron trajectories in the 2D
runaway region, p.) are carried out for parameters
close to the DIII-D experiments [2, 3]. The forneati
population of trapped suprathermal electraith
pi<p. is shown during gas puffing, when plasma
density ne and Ze# are changed in time. This
phenomenon is strong for knocked-on electrons. Such
population exists also before gas puff, but durgas
puff, the test electron trajectories are modified i
comparison with case of constant plasma parameters.

Main conclusions:

-The trapping of knocked-on suprathermal electrons
(banana orbits) in non-uniform magnetic field mbst
taken into account. The avalanching (secondary
runaway generation) process may be suppressedtin pa

-The effective collision frequency is much smalter
comparison with the oscillation frequency of thaiboe
motion of trapped suprathermal electrons.

-The ECE signal must be strongly enhanced due to
existence of the suprathermal electron populatigh &

-The plasma instability on trapped suprathermal
electrons may occur and take effect on such elestro
loss, on the ECE signal behavior and the RE distahut

"Rinction changes in the region of low energies.

-Additional losses of such electrons may take place

"from outer part of discharge.
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AHAJIM3 B UMITYJIbCHOM IMNPOCTPAHCTBE TEHEPAIIUHN HAJATEIIJIOBBIX 2JIEKTPOHOB
ITPU HAITYCKE I'A3A B PA3PAbI TOKAMAKA C YBET'AIOIIUMHU 3JIEKTPOHAMHU

HUM. Ilankpamos, B.IO. bouko

[IpoBeneH aHann3 reHepalMM HaJATEIUIOBBIX 3JeKTpoHOB B Tokamake DIII-D mpu mapamerpax, Onu3kux k
KBa3UCTAIlMOHAPHOMY pa3psany c yOeratomumu ssektpoHamu #152895,B ycnoBusx Hamycka pabouero rasa.
Hcnonp3oBaHbl ypaBHEHUs IBH)KEHHS IPOOHON YacTHIBI HAa IByMEpHOH (ha30BOi IJIOCKOCTH C YYE€TOM YCKOPCHUS
€€ TOPOMJANIbHBIM 2JIEKTPUUECKUM IOJIEM M CTOJNKHOBEHMH ¢ uyacThnamu Iuia3Mel. IlokaszaHo, 4To B pe3ynbTaTe
ONMM3KMX KYJOHOBCKMX CTOJIKHOBEHMH 00pa3yeTcsi NOMyJsiHMs HAATEIJIOBBIX O3JEKTPOHOB, 3aXBauyCHHBIX
HEOJHOPOAHBIM MarHUTHBIM II0JIEM TOKaMaKa.

AHAJII3 B IMITYJIbCHOMY ITPOCTOPI TEHEPAIIIT HAZITEIJIOBUX EJIEKTPOHIB
TP HAITYCKY TI'A3Y B PO3PSIJIN TOKAMAKA 3 EJIEKTPOHAMU-BTIKAYAMMU

IM. ITankpamoes, B.IO. bouko

[IpoBeneno aHaii3 reHepanii HajATEIUIOBMX eJeKTpoHiB y Tokamaui DIII-D pmns nmapamerpiB, ONU3BKUX 110
KBa3ICTALlIOHAPHOTO PO3psAAy 3 eJIeKTpoHaMu-BTikauamu #152895,3a ymoB Hamycky pobouoro rasy. bymm
BUKOPHCTaHI PIBHSHHS PyXy NPOOHOT YaCTMHKM Ha JBOMIpHii (a30Bii IUIONIMHI 3 ypaxyBaHHSM INPHCKOPEHHS
TOPOIfaIbHUM €JICKTPUYHMM II0JIEM Ta 3iTKHEHb i3 YacTMHKaMH Iula3Mu. [loka3aHo, o B pe3yibTaTi ONU3BKUX
KYJIOHIBCHKHX 3ITKHEHb YTBOPIOETHCS TIOIMYJISLIS HAATEITIOBUX €JICKTPOHIB, 3aX0IUICHUX HEOJHOPIAHUM MarHiTHUM
TI0JIEM TOKaMaKa.
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