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The plasma potential ¢ and radial electric field E, were studied on T-10 in a wide range of ohmic and ECRH
regimes. At densities n,.> 10" m™, the potential has negative sign over the whole plasma cross section. At lower
densities, the outer zone with positive ¢ and £, is formed. The absolute value of potential at mid-radius grows with
density up to n, ~ 3x10'" m™ and then saturates. In regimes with ECR heating, | (0} | decreases owing to the density
pump-out and the electron temperature increase. Measurements of E, are compared with numerical simulations with
several codes including nonambipolar fluxes due to the toroidal field ripple. The change of radially averaged E,
with density and temperature qualitatively agrees with neoclassical expectations.

PACS: 52.35.Mw, 52.55.Fa

INTRODUCTION

The measurements of the electric potential ¢ in the
core plasma are very important for understanding of the
role of the radial electric field E, in the confinement.
The new observations of the potential evolution were
performed in the T-10 tokamak (B=1.5...2.5T, I~=
150...250 kA, R=1.5m, ¢=0.3 m) in wider range of
densities 7= (0.6...4.7)x10" m than previously [1].
We used the Heavy lon Beam Probing (HIBP) with high
spatial (< 1 cm) and temporal (1 ps) resolution. T1" ions
with energies up to 300 keV allow us to probe almost
the whole plasma cross section. Also we used the
standard set of diagnostics: soft X-rays (SXR), electron
cyclotron emission (ECE), diamagnetic loops,
interferometers, neutral particles analyzer, Langmuir
probes and other. Experimental data were compared
with numerical simulations.

1. POTENTIAL MEASUREMENTS

Ohmic (OH) D, plasmas in T-10 (7.<1.3keV,
T:<0.7 keV) are characterized by a negative potential up
to @0)=-1400V at the centre, monotonically
increasing towards the edge. The density rise due to gas
puffing is accompanied by an increasing the absolute
value of the negative potential  (Fig. 1).
Correspondingly, the radially averaged E, value
changes from 0 to -60 V/cm. This is valid both for the
steady-state plasmas as well as for the initial stage with
ramped plasma current /, and density. At the very low
densities, 7,~(0.4...0.8)x10"” m>, the potential is
positive and the edge E, is about zero (Fig. 2).

When the density approaches to a certain value

1n~(2.5...3.5)x10"” m>, the growth of potential
saturates (Fig. 3), while the plasma stored energy ¥ and
energy confinement time tg are still growing with
density (see Fig. 1). Powerful electron cyclotron heating
(ECRH, Prc < 3 MW) leads to the increase of 7,(0) up
to 3 keV, strong deformation the density profile with
diminishing the central line-averaged density (“pump-out”)
up to An/n,<20%. The mid-radius potential jumps by
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A@=200...400 V during on-axis ECRH, and then recovers
up to the initial value after the ECRH switch-off.
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Fig. 1. Evolution of density, potential, electron and Ion
temperatures and energy confinement time in shot with

gas puffing
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Fig. 2. The profiles of potential in shots with varying
density measured by HIBP (lines) and Langmuir probe
(squares)

Note that A@ is nearly the same, ~400 V, independently
on the density up to  7,<2.5x10" m™.
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When the density raises further, Ap decreases and at
the n, ~5x10" m>, it is about 200 V (Fig. 4). At the
low-density ECRH, n,=1.5x10" m™, the edge potential
is positive (Fig. 5) and the edge E, is about zero.
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Fig. 3. The mid-radius potential evolution in the wide
density range both for initial and steady states for
different shots
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Fig. 4. Temporal evolution of density n,, stored energy
W, electron temperature T, and potential ¢ (r=17 cm) in

shot with ECR heating
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Fig. 5. Comparison of the edge potential profiles in
shots with Ohmic and ECR heating at low density
regime

2. NUMERICAL SIMULATION

The steady state electric field £, can be obtained
from ambipolarity of radial particle fluxes:

re(Er) = FI(E}”) (1)
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Breaking of the toroidal symmetry in a tokamak
leads to nonambipolarity of the radial particle fluxes
(intrinsic ambipolarity violation). One of reasons for
that is local magnetic field ripples due to the discrete
toroidal coils. The T-10 tokamak with N=16 coils has a
rather large ripple of toroidal field, &~ 3% at the edge,
that leads to formation of special population of locally
trapped particles.

At low frequencies, v¥<gN&>?, where v*=v/(V/qR),
Vi is a thermal velocity and ¢ is safety factor, the radial
transport of such particles is similar to 1/v — regime of
superbanana diffusion in stellarators, where particle
fluxes are expressed as:

T Y ' gE,
T, o 46| L 1 LVl
BR v\ n T, k

te, y»=3.37 or 3.45

for ions and electrons respectively, v/= v;; or v; [3]. In
(2) fluxes strongly depend on the temperatures.
Estimations predict that in regimes with 7,/T;>4, the
electron and ion fluxes are comparable, and the electric
field can change the sign to positive one. So,
approaching of the measured potential to zero in
regimes with low density and high 7./T;, shown in
Fig. 2, in general, does not contradict to neoclassical
theory. However, at the middle and edge regions of
plasma, 7,/T; is somewhat less than 4, so the observed
¢>0 at the edge can be explained by suprathermal
electrons existence (increasing of the effective 7, and

7 value).

where j=e, i, A/A.~2, charge g~=

In regimes with higher densities and, as
consequence, with higher collisionality and the ion
temperature, the ion neoclassical flux is dominant. In
this case, the ambipolar electric field can be estimated
from the condition I';=0:

E, =T, (n/n;+y TVT), &)

which leads to E,<0. The theory gives y=1.5 for the
“plateau” regime.

Numerical simulation of shots with measured
profiles of electron and ion temperatures and density [1,
4], shown in Fig. 6, was performed with DKES and
VENUS+6f codes [5]. Figure 7 shows comparison of
calculation by different codes with experiment (shot
#57412 with  7,~2.0x10" m®). Also, the analytical
neoclassical estimations by Eq. (3) are presented with
theoretical value y = 1.5 and with best fit to experiment,
vy =2.5. The theoretical absolute values of the electric
field are substantially lower than experimental ones, but
the sign of field and its dependence on the temperature
and density for several shots are within the neoclassical
framework. Possible reasons of discrepancy may be the
suprathermal particles or underestimation of plasma
rotation.

In summary, these results present the important
features of ¢ and its complicate link with confinement.
Main tendencies of the electric field change with density
and temperature agree with neoclassical expectations.

31



15 #staz 3
w0 ACKNOWLEDGEMENTS
1ol T 2~ The work is supported by contracts: Rosatom
S £ H.4x.45.90.12.1023, Rosnauka 16.518.11.7004,
% 2@/ NSh- 44.2012.2, RFBR 10-02-0185, 11-02-00667 and

05} T 1c 12-02-031765.

REFERENCES

00, 10 o 20 Y 1.A.V. Melnikov et al. Study gf plasma potential, its

fluctuations and turbulence rotation in the T-10 tokamak

Fig. 6. Profiles of temperatures and densities used /I Problems of Atom. Sci. and Techn. Series «Plasma
Jor simulation Phys.» (12). 2010, v. 6, p. 40-43.

57412  Venus 2.AV. Mqlnikov et al. Plasma potenti.al evolytion study

10 B=15 7 =150 kA | -~~~ DKES by HIBP diagnostic during NBI experiments in the TJ-II

- P ----anl,y=15 stellarator // Fusion Sci. Technol. 2007, v. 51, p. 31.

R U NS L 3.J.W. Connor, R.J.Hastie. Neoclassical diffusion
— > T - arising from magnetic-field ripples in Tokamaks // Nucl.
E 30t Fusion. 1973, v. 13, p. 221.

S 4. A.V. Melnikov et al. Plasma potential and turbulence
Lu_-so C dynamics in toroidal devices (survey of T-10 and TJ-II
2ot experiments) // Nucl. Fusion. 2011, v. 51, p. 083043.

5. M.Yu. Isaev et al. Radial Electric Field Simulations

ool in T-10 Tokamak Plasma with Magnetic Field Ripples //

) ) ) 39th EPS Plasma Physics Conf., Stockholm. 2012, Rep.
0 0 (cm) 20 30 P2.077.

Fig. 7. Radial electric field computed by the DKES
and VENUS codes, analytically (Eq. 3) withy = 1.5 Article received 05.09.12
and best experimental fit, y = 2.5 vs averaged
field E,.from HIBP experiment (triangle)

HNCCIIEJOBAHHME JIEKTPHYECKOI'O ITOJIA C TIOMOIIBIO HIBP TP OMUYECKOM
N 31P-HATPEBE HA TOKAMAKE T-10

A.B. Menvhuxos, K.C. [aounun, JI.I. Enucees, C.A. I pawun, M.FO. Hcaes, JI.H. Kpynuuk, C.E. JIvicenxo,
B.A. Maepun, C.B. Illepghunos, /1.B. Pvirycaxos, B.U. 3enun, zpynna masxycenozo nyuka (HIBP)

IloTeHnman muasMel @ U paaudaibHOE 3JEKTpUUecKoe nose E, uccnenoBaiuch Ha Tokamake T-10 B mumpokom
nuana3zoHe omudeckux u DL[P-pexxumos. Tlpu minoTHOCTSIX 11,> 10" M~ moTeHIMAT MMEET MOTOKHUTEIBHBIH 3HAK BO
BCEM CEYEHHUH IUTa3Mbl. [Ipy MEHBIINX IJIOTHOCTSX BO BHEIIHEH 30HE MOTEHNHANT U E, MEHSIOT 3HaK. AGCOIIOTHOE
3HAYEHHE MTOTEHINANA HA CePEIMHE PAAMYCa PACTET C IOTHOCTHIO BIUIOTH 10 71, ~ 3x10' M, a 3aTem Hachimaercs.
B pexmmax ¢ DI[P-HarpeBom abcoitoTHas BETWYHHA |(p| YMEHBIIAeTCs 32 CUeT OTKAYKH IUIOTHOCTH M POCTa
JIEKTPOHHON TemmepaTypsl. VM3Mmepenns E, CpaBHHBAIUCH C YHCICHHBIMH pacueTaMH II0 HECKOJBKHM KOJaM,
YYMTBIBAIOLIMM HEAMOUIIONAPHBIE MOTOKM 33 CYET TOPPUPOBKHM TOPOMAAILHOTO nojisi. Mi3MeHenue cpesHero moss

E, ¢ IO0THOCTBIO U TeMITepaTypoi He MPOTHBOPEUHUT HEOKIACCHIECKUM OXKHIAHHSIM.

JOCJLIZKEHHSA EJIEKTPUYHOI'O ITOJISA 3A JOITOMOTI'OIO 3MIIBI TP OMIYHOMY
TA EIIP-HAT'PIBI Y TOKAMAII T-10

O.B. Menvnixos, K.C. /[abinin, JI.I. Enicees, C.A. I'pawin, M.IO. Icacs, JI.1. Kpynnix, C.€. Jlucenko,
B.O. Maspin, C.B. Ilepghinos, /I.B. Puscaros, B.1. 3enin, zpyna 3I1T11BI

[Norenuian mnasmMu ¢ Ta pafiajbHe enekTpuyHe mnone E, Oyno mociipkeHo Ha Tokamani T-10 y mmpoxomy
niamasoni omiurmx ta EL[P-pexumis. IIpu mineHocTsIX 1> 10" M~ moTeHuian Mae mosHTHBHHIT 3HAK B YCHOMY
mepeTuHi 1iasMu. [Ipy MEHIHMX MIUTPHOCTSX y 30BHINIHIA 30HI MOTEHIian Ta E, 3MiHIOIOTH 3HaK. AOCOIOTHE
3HAuEHHs [OTEHIIANy Ha Cepe/IHHi pajiyca pocTe 3i IMiIbHICTBIO Maibke 10 7.~ 3x10'° M™, a notim HacuuyeTses. Y
pexnmax 3 ELP-narpiBom aGcomoTna Bemmunua | ¢ | 3MeHIIyeThCs 33 PaxyHOK BiKAayKW IIIIBHOCTI Ta POCTY
eNIEKTPOHHOT TeMIiepatypy. BuMmiproBanHs £, MOPIBHIOBAINCS 3 YHCIOBUMHU PO3pPaXyHKaMH 3a JAEKiIbKOMa KOJIaMHu,
sIKI BpaxOBYIOTh HEaMOIIOJISIpHI IOTOKH 32 paxyHOK TO(PUPOBKH TOPOINAIBHOTO 1oJIsl. 3MiHa cepeaHboro noyst E,
3 OIUTBHICTIO Ta TEMIIEPATYPOIO HE MPOTHPIYUTh HEOKITACHIHUM CIIO/TiBaHHSIM.
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