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Threshold power needed to attain H-mode in a tokamak is a critical parameter for designing of future devices and in
particular fusion reactor ITER [1]. According to commonly accepted scaling [2] the threshold power Py, increases with
average density n. when the density exceeds some n. n;, at which Py, is minimal. An increase in the Py, towards low
density was observed in many experiments [3-6], prevents the transition at lower n. as well. Physics of the threshold
power increase at low n. is not well understood. Since the radial electric field E, and E,xB sheared flow play important
roles in the LH transition one could expect these quantities effect the low N, transitions. Toroidal rotation and radial
electric field generation during counter-NBI have been studied in [7] and recently reconsidered theoretically in [8].
Thus, motivation for the presented study is to analyze effect of counter-NBI on the LH transition at low density.
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1. H-MODE TRIGGERING BY COUNTER-
NBI AT LOW PLASMA DENSITY

In the TUMAN-3M (R(y=0.53 m, a;=0.22 m, B1<0.9 T)
no transitions were observed at densities below density
boundary of (1.2-1.4)-10" m™® in ohmic and co-NBI
heating schemes [9,10]. The H-mode operational domain
is presented in Fig.1 where vertical solid line indicates the
density boundary for the heating schemes mentioned
above. Relatively high input power should be noticed:
Piwput 1s by a factor of 6-20 higher than the threshold
estimations from scaling [2]. On the other hand, LH
transitions at low densities down to (0.6-0.9)-10" m™
were found in the TUMAN-3M in the experiments with
electrode bias or with shallow pellet evaporation (squares
and triangles on Fig.1) [11].
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Fig.1. Input power as a function of average density at the
LH transition time in various operational modes in
TUMAN-3M. Vertical lines indicate density boundary for
LH transitions: solid line — ohmic and co-NBlI, dotted line
— counter-NBI heated plasmas

According to [11] in these cases an artificially induced E,
could cause the transition at lower density.

In the recent experiments on counter-NBI (Br=0.68 T,
I,=140 kA, E;=20 keV) the LH-transition at target density
as low as 0.5-10" m™ was found (stars in Fig.1). Typical
example of the discharge with the transition is presented
in Fig.2. The transition occurred shortly after counter-NBI
switch-on and is definitively linked to NBI application: a
time delay in the NB injection start resulted in
corresponding delay in LH-transition. The transition
indication is the D, drop accompanied by the density rise,
which demonstrate an increase in particle confinement
time. Two-fold increase in energy confinement time was
also found by diamagnetic measurements.
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Fig.2. Example of the H-mode transition (shot #06061512
— bold curves) triggered by counter-NBI at density
0.8-10™ m™, Shot #06061517 (thin curves) — w/o NBI. Top
to bottom: loop voltage, plasma current, density, D,
emission, soft X-ray radiation and ion source current
(indicative of NBI duration)
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It is unlikely that the increase in the absorbed power AP,
causes the transition, since: (1) according to ASTRA
transport simulations in the counter-NBI scenario
AP,,(NBI) is small (<20 kW = 10% Pouwm), (2) co-NBI

does not trigger the transition at low N, even with

AP,,s(NBI) = 200 kW = Popy. Thus, other reason allows
the density boundary to move towards lower N, .

The effect of NBI direction on the LH threshold power
has been reported recently [12].

2. MEASUREMENTS OF PLASMA
POTENTIAL AND TOROIDAL ROTATION

In order to get an idea on radial electric field evolution
in the above scenario the Heavy lon Beam Probe
diagnostic was employed. HIBP setup was adjusted the
way to follow central plasma potential A®(0). The
potential drop down to 400 V was found in the counter-
NBI heating scheme, see Fig.3.

Estimation of corresponding radial electric field gives
E, ~A®/(a,/2)~4-10° V/m, assuming uniform E,
distribution within an outer half of the minor radius. It
should be mentioned that H-mode transition itself
(without influence of counter-NB injection) results in
some drop in the potential. Example of the potential
evolution during the ohmic H-mode transition is given in
Fig.4. Noteworthy, in ohmic H-mode the potential drop is
substantially lower: 200 V and, contrary to NBI case,
appears with noticeable delay of approximately 8-10 ms.
Difference in the A®(0) evolution in two scenarios
suggest the direct effect of counter-NBI on the core
plasma potential and possibly on the radial electric field.

Doppler spectroscopy was used to estimate toroidal
velocity V,, of Boron and Carbon impurity ions (BIV line:
2=282.2nm and CIII line: A=464.7 nm). The line of sight
was directed almost parallel with the NBI direction, thus
allowing estimation of Doppler shifts caused by toroidal
rotation of the radiating impurity. According to our
estimations maximum brightness of BIV is located at
r=0.6a (a - minor radius) and maximum brightness of
CIII is nearby 0.9 a. Thus, the measured Doppler shifts
provide data on V, in corresponding locations. It was
found (see Fig.5) that counter-NBI was accompanied by
the Doppler shift of BIV line corresponding to
V,~15 km/s in the counter-current direction whereas an
effect on CIII was negligible. The results may indicate a
bell-shaped radial distribution of toroidal velocity. Under
this assumption the central toroidal velocity up to 30 km/s
can be expected.

3. DISCUSSION AND SUMMARY

The results on plasma potential and toroidal rotation
measurements presented above could be understood in the
framework of the following model. In the counter NBI
scheme a large amount of fast ions is captured on
unconfined orbits. According to ASTRA code modeling
of the experiment, about 50% of the injected deuterium
atoms are captured on unconfined orbits after the
ionization. Fast losses of these ions produce radial current,
which in our case is ~10 A. Quasineutrality condition
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Fig.3. Evolution of plasma potential measured in the
shots with low density LH transition in the presence of
counter NBI (# 08012307, bold curves) and w/o
transition (# 08012308, thin curves). Top to bottom:
core potential, average density, ion source current,
soft X-Ray radiation, D, emission
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Fig.4. Evolution of plasma potential measured in the
ohmic H-mode (bold curve) and in the ohmic L-mode (thin
curve). Top to bottom: core potential, average density, D,
emission. Notice, the drop in the potential is lower than in

counter NBI scenario, shown on Fig. 3

requires return current I, in the opposite direction (inside
the plasma). Ampere force IL.xBy results in torque
generation in the counter-current direction. Arising
toroidal rotation can be estimated using the following
expression:

[l xB,]-0r =(m,-m-V, V)7,

where OF =a—1Ig , Iy, — average radius of capture
points on unconfined orbits, V, — plasma volume, 1, —
toroidal momentum confinement time, M — plasma
density. Assuming 1, = 1 the estimation for the toroidal
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velocity is V, =~ 30 km/s, which is in reasonable
agreement with the Doppler spectroscopy data presented
above. According to radial forces balance equation the
Lorentz force V,xBy increase due to V,, rise may result in
radial electric field rise. The estimation gives:
E~=-5-10"V/m. The result agrees well with the E,
estimation (~4-10° V/m) based on the HIBP
measurements of plasma potential (see section 2).

[ BIV, "tangential" line of sight ]
2400 ~

o Ohmic regime
#08013111 & 08013125
"""" (Gauss fit for Ohmic regime)

<& NBI H-mode
#08013114 & 08013116
Gauss fit for H-mode

2000

1600 |

A*=0.01 nm

AV_~15 km/s
tor

1200

800

counts, rel.un.

BIV: E, =259 eV

14
o
2,5,=262.136 nm

400

Agy=282.125 nm

1 1 1 1 1 J
282.0 282.1 282.2 282.3 282.4 2825
lambda, nm

Fig.5. Measurement of toroidal velocity using Doppler
shift of BIV line (1=282,2 nm). Increase in the
toroidal velocity of 15 km/s has been detected

So, the presented experimental results on plasma
potential and toroidal rotation at very low density (down
to 0.5-10" m™) in the counter-NBI experiment agree with

generation in presence of large ion orbit losses. The radial
electric field and, possibly, sheared rotation can help LH
transition at low density in the counter-NBI experiments.
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the suggested model of rotation and radial electric field

POJIb PAIUAJIBHOI'O SJIEKTPUYECKOI'O ITOJIA B LH-IIEPEXO/IE, BBI3BAHHOM
KOHTP-UHXEKIIUEN ITPA HU3KOM IJIOTHOCTH IIJIABMbI HA TOKAMAKE TYMAH-3M

A.C. Tykauunckuii, JI.I'. Ackunazu, @.B. Yepnoviues, B.E. I'onanm, M.A. Hp3ak, B.A. Kopnes, C.B. Kpuxynos,
JLHU. Kpynnuk, C.B. Jlebedes, A./]. Menvuux, /1. B. Pazymenko, B.B. Poxcoecmeenckuii, A.A. Pywikesuu,
A.U. Cmupnos, M.H. Bunwvoxcronac, H.A. Kyop

[oporoBass momHOoCTh Py, HeoOXomumas st mepexoma B H-pexum, sBisieTcss KPUTHUECKHM MapamMeTpoM IIpH
MMPOEKTUPOBAHUU TEPMOSACPHBIX yYCTaHOBOK, B ToM uuciie peaktopa ITER [1]. B cooTBeTcTBHMU ¢ 0OMICTIPHHSATHIM
ckenuHrom [2] Py, yBemmumBaeTcs ¢ poCTOM CpeAHEH IUIOTHOCTH IUIA3MBl N, €CIIHM N, MPEBOCXOIUT HEKOTOPOE
3Ha4YCHUE, IPU KOTOpoM Py, MUHUManpHa. YBenmdeHue Py, MpH HU3KUX ITOTHOCTSAX TaKKe HAOIIOAAIOCh BO MHOTHX
sKcriepuMenTax [3-6]. @u3nKa 3TOro SBICHUS 10 KOHIA He BeICHeHA. OHAKO, YUUTHIBAs TOT ()aKT, UYTO paguaibHOE
anektprueckoe noje E, u E.xB BpalieHne mia3Mel UTPAOT BAXXHYIO poib B MexaHm3Me LH-niepexona, MOXXHO 0KHAIaTh,
410 3TU (haKTOpPhI BiIUsIOT U Ha LH-mepexon npu HU3KKX MIOTHOCTSX. SIBJICHUSI TOPOUJAIBHOTO BpAILEHHUS ILIa3Mbl U
mosiieHUsT E; BO BpeMs KOHTP-WH)KEKIMH ITydKa HEWTPaJbHBIX aTOMOB OBUIM HEJABHO HCCIIEJOBAHBI Kak
SKCIIEPUMEHTAILHO [7], Tak U TeopeTndecku [8]. Llenpro mpeacTaBisieMol paOOThHI SABJISETCS aHATN3 BIUSHUS KOHTP-
WHXKEeKIUY Ha nporecc LH-nepexona npu HU3KO# IUIOTHOCTH.

POJIb PANIAJIBHOT'O EJTEKTPUYHOI'O IIOJISA B LH-NTEPEXO/1, BUKJIMKAHOMY
KOHTP-IH)KEKII€IO ITPU HU3bKIU INIJIBHOCTI IIVTA3SMH HA TOKAMAINI TYMAH-3M

O.C. Tykauuncokuii, JI.I. Ackinaszi, @.B. Yepuuwos, B.€. I'onanum, M.A. Ip3ak, B.A. Kopnes, C.B. Kpuxynos,
JLI. Kpynnik, C.B. Jlebeocs, A./l. Menvnux, /I.B. Pozymenko, B.B. Posycoecmeencokuii, A.A. Pywikeeuu,
Al Cmupnos, M.1. Binvosxcionac, H.A. 7Kyop

I'pannuHa TOTYXKHICTE Py, HeoOXimHa s mepexoxy B H-pexxuMm, € KPpUTHYHHM IMMapaMeTpoM MpU MPOEKTyBaHHI
TEPMOSIEPHUX YCTAaHOBOK, y ToMy umcii peakropa ITER [1]. BiamoBigHo 10 3aranbHONPHHHATOTO cKenuHTa [2] Py
30LIBIIY€ETHCSI 3 POCTOM CEPENHBOI HIUIBHOCTI IUIa3MH N, SKIIO N, MEPEBEpIIye IesKe 3HAYEHHS, MPH SKOMY Py,
MiHiManbHA. 30inbmIeHHsT Py, TpHW HU3BKUX IIIIBHOCTSAX TAKOXK CIOCTEpiragocs B 0araThbox eKClepuMeHTax [3-6].
®i3uKa I[OT0 SABUIIA 10 KiHIA He 3'scoBaHa. OmHAK, 3 OTJIAY Ha TOH ¢akT, mo paniansHe enekrpuyne noue E, i ExB
o0epTaHHs IUIa3MH BIAITPaOTh BAXIUBY poiib y MexaHi3mi LH-nepexony, MoxHa ouikyBaT, 10 Il (akTopu
BIUIMBAIOTh 1 Ha LH nepexix npu HU3bKUX LIUTBHOCTSX. SIBUIA TOpoinansHOrO o0epTaHHs Iia3MH i nosieu E, min yac
KOHTp-1HXKEKIii My4yKka HeWTpaJbHUX aTOMIB Oy HEaBHO JIOCHI/PKEHI K eKCIIEPUMEHTAJIbHO [7], TaK 1 TEOPETHYHO
[8]. Meroto poboTH, 110 NPEACTABISIETHCS, € aHATI3 BIUIMBY KOHTp-iHKeKIii Ha mponec LH-mepexomy npu Hu3BKiN
LIUTBHOCTI.
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