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Simulation of particle and heat transport was performed with the ASTRA code. The equations for the eectron
temperature and density, ion temperature and current diffusion were solved. For the heat transport we used the
canonical profiles model. Three T-10 pulses with toroidal magnetic field 2.5 T, plasma current 250...255 kA, initial
average density 1.3, 2.4 and 3.240" m™ respectively, on-axis 900 kW ECRH and D, puffing were considered. The
model proved to describe rather fast penetration of the density disturbance from the edge to the core during 15...20 ms
after gas puffing. The smulation of the density profiles agrees with experiment in Ohmic and ECRH phases, and during
the gas puffing, describing the particle pump-out after ECRH switch-on. The neutral influx at the plasma edge increases
after ECRH switch-on in agreement with D, measurements. Bath the effective diffusion coefficient and pinch velocity
decrease dightly when the plasma density is increased. A set of two Ohmic and three NBI MAST pulses were

considered for comparison.
PACS: 52.55.Fa; 52.25.Fi

1. INTRODUCTION

The plasma density profile plays an important role in
the plasma performance and that is why is beng
intensively investigated in most current tokamaks. In
particular, the fusion power increases with plasma density
peaking, as does the bootstrap current fraction. On the
other hand, the density peaking may have negative effects
for MHD stability and central impurity accumulation.

Recently, significant experimental results in the field
of particle transport have been obtained. Evidence of an
anomaous pinch has been demonstrated in  the non-
inductive current drive experiments with zero loop
voltage in TCV [1] and Tore Supra [2]. According to
current knowledge, the particle flux G, can be presented
in the form

G =Vwn- DINn+(GNa/q- GNTe/Tenl, (1)
where the first term is the neoclassical Ware pinch, n and
Te are the electron density and temperature, Cg, and Cr
are congtants to be determined from experiment. The
terms in the round brackets present the anomalous pinch.
The turbulent thermodiffusion generates a pinch velocity,
inwards or outwards, proportional to NT¢/Te. On the other
hand, the turbulent equipartition due to the curvature of
the magnetic field lines drives an inward pinch
proportional to Ng/q, called curvature pinch.

2. CANONICAL PROFILE PARTICLE
TRANSPORT MODEL

Recent analysis of the plasma pressure profiles from
various tokamaks confirmed the conservation of relative
pressure profiles in the gradient zone under the variation
of plasma density and deposited power [3]. Usually these
profiles are close to the canonical ones, introduced by
B. Coppi, B. Kadomtsev and others in 1980s. The
conservation of pressure profiles means that the density
and temperature profiles are consistently correlated under
different externa actions on the plasma A simple
transport model for the plasma density based on the sdif-
consistency of the pressure profiles is proposed and
validated for a number of T-10 and MAST pulses. The

model naturally develops the canonicad profiles model,
used for simulations of the heat transport:
G, =nV,, - DoNn- D,(Nn- nNn; /n.) - @
- Dp(Np' prc/ pc)' DstH(rs' r)Nn ,

where p=nT, is the electron pressure. The second term in
(2) is linked with background diffusion, the next two -
with canonical profiles, and the last term describes the
sawtooth mixing in the central zone (rsistheradius of the
surface g=1, H(2) is the Heaviside function). For the T-10
tokamak with circular cross-section and large aspect ratio,
the Kadomtsev's canonical profiles of density and
pressure n. and p. were used. In the case of the spherica
tokamak MAST the canonical profiles derived in [3] were
used. The diffusion coefficients Do, D, and D, were
assumed to be proportiona to the heat diffusivity
coefficient used in the canonical profile model for the
heat transport.

Simulations of particles and heat transport were
performed with the ASTRA code. The equations for
electron temperature and density, ion temperature and
current diffusion were solved.

In order to compare the model (2) with the generd
form of the particle flux (1) it may be presented in another
form. To do this we express p and p. through n, T and n,
Tec respectively, separate terms with n, n; and T, T and
use the approximate expression: Nn¢/n»1/3NpJ/p. =
= -2/3Nqy/qc, valid for circular cylindrical plasmas. Thus
we obtain

Gn='(Dn+Dp)[(Nn/n+2/3NQCIQC)' 3

- Dp /(Dp +Dy)(NTg /T - NTeo / TecIn+Vyyn* ®)
The first term in square brackets is quite similar to
corresponding expression in (1), especidly taking into
account the value C;»0.8, obtained in [2] for the gradient
zone, but the terms responsible for thermodiffusion are
rather different. Thisterm in (3) contains the difference of
two large vaues, which may be positive or negative.
Obvioudly, it is impossible to describe such a behaviour
of the flux using a single factor C+. The different signs of
Cr in the central and gradient zones, observed by the
authors of [2] are in agreement with this statement.
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3. RESULTSOF MODELLING
3.1T-10 5

Three T-10 pulses with the toroidal magnetic field ! MAST a)
25T, plasma current 250-255 kA, initial average density ak :
1.3, 2.4 and 3.240" m? respectivdly, on-axis 900 kW
ECRH and D, puffing were considered. The model proved &
to describe a rather fast penetration of the density EE
disturbance from the edge to the core during 15-20 ms S
after the gas puffing gart. The simulations of the density =z
profiles agree with experiments in Ohmic and ECRH
phases, and during the gas puffing, describing the particle 1r
pump-out after ECRH switch-on (Fig.1a). The subroutine I
adjusting the density of incoming cold neutras in order to of
provide arequired average electron density was used. The . — L - .
neutral influx at the plasma edge, determined in such a 0z 04 06 08 10 1z 14
way, was increased after ECRH switch-on in agreement Major radius (m)
with D, measurements (Fig. 1b). The effective diffusion
coefficient and the pinch ve ocity decreased slightly when
the plasma density was increased.
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Fig. 1. a) Density profile, experiment (dashed) 00 02 o 06 08
and simulation (solid);
b) Neutral influx at the plasma edge and D, signal .
3.2 MAST , , ,
) Fig. 2. a) The comparison of experimental and calculated
A set of two Ohmic and three NBlI MAST pulses were density profiles for two MAST shots;
considered for comparison with the same proportionality ) profiles of effective diffusion coefficient for Ohmic and
coefficients between Do, Dy, D, and the hest diffusivity. NBI shots;
The calculations proved to describe adequately the temperatre  ¢) The profiles of anomalous and neoclassical Ware pinch
and dengity profilesin these pul ses, as presented in Fig. 2a velodities
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Figure 2b shows the effective diffusion coefficients for
Ohmic and NBI shots. We see that in the high-density
Ohmic shot (#11447) the diffusion is minimal over the all
plasma cross-section, while for another Ohmic shot
(#11445) the diffusion is smdl only in the core. Note that
for the NBI shot #11456 the beam was switched off at
t=290 ms just before the density measurements at
t =300 ms. Therefore in calculations at the time instant
t = 300 ms we have no beam particle source. As aresullt,
the value of D in theregion 0 < r < 0.7 becomes much
lower in comparison with its previous level and with the
level of Dg; in other NBI shots at t = 300 ms.

Figure 2c shows the profiles of anomalous and Ware
pinch velocities for Ohmic and NBI shots. It can be seen
that for low-density shots, when the electron temperature
is high, the anomalous pinch velocity in the gradient zone
is much higher (in a factor of 3-4) than the neoclassical
pinch velocity.

pulses, with ohmic and NBI hesating, thus proving to be
promising for further investigations.
2. The anomalous pinch velocity in the gradient zone is
3-4 times higher than the neoclassical one both in T-10
and MAST pulses under consideration.
3. Results of T-10 pulses modeling are in qualitative
agreement with the increase of neutra influx a the
plasma edge manifested in D, increase. Absolute
measurements of neutral influx a the plasma edge are
needed for proper model calibration.

The work is supported by Rosatom, Grant NSh
2264.2006.2 and Consultancy Agreement N 3000043145,
UKAEA, UK.

REFERENCES
1. A. Zabolotsky, H. Weisen et. a. //Plasma Phys.
Control. Fusion. 2003, v.45, p. 735.
2. G.T. Hoang et. al. //Phys. Rev. Lett. 2003, v.90,

155002.

3. Yu. N. Dnestrovskij, K. A. Razumova et. a. Sdf-
consistency of pressure profiles in tokamaks. // Nuclear
Fusion. 2006, v.46, N11, p.953-965.

4. CONCLUSIONS

1. A smple model for particle transport in tokamaks
based on self-consistency of pressure profilesis proposed.
The model reasonably describes three T-10 pulses in
ohmic, ECRH and gas puffing stages and five MAST

MOJIE/IMPOBAHUE ITEPEHOCA YACTHIl B TOKAMAKAX HA OCHOBE KAHOHUYECKHUX
MMPOPUIIEN JABJIEHUA

A.B. lanunoe, FO.H. /lnecmpoéckuii,
B.®. Anopees, C.B. Uepkacos, B.A Bepukos, A.1O. /[necmpoeckuii, C.E. /lvicenko

MonenupoBaHue IepeHoca Tellula M YacTHIl IPOBOAWIOCH ¢ moMoInpio koga ASTRA. Pemanuck ypaBHeHHs Iiist
JJIEKTPOHHOM TEMIEpaTypsl M IUIOTHOCTH, M aAnddy3nun Toka. B kadecTBe Monenu mepeHoca TeIula MCIOIb30Balach
MOJZIeNIb KaHOHMYECKUX Tpodmieil. beum paccMoTpensl Tpu ummyibca T-10 ¢ TOpOMIambHBIM MarHUTHBIM ITOJIEM
2.5 Tn, nonusiM Tokom 250...255 KA 1 HavalbHOHM Cpe/iHel MIOTHOCThIO cooTBeTcTBeHHO 1.3, 2.4 u 3.240" 3. Bo
BCEX TPEX HMITYJIbCax ocymiecTBisuics Hamyck D, Ha ¢one nentpansHoro OLIP HarpeBa momuocThio 900 kBT.
ITokazaHo, 9TO MOJENb ONMHMCHLIBACT HaOMomarolieecss B 3KcrmepuMente Obictpoe (3a 15...20 MC) TpOHWKHOBEHHE
BO3MYILICHHUS IUIOTHOCTH C Iepu(epuy MHypa B LEHTpP MPH Ta3oHaIycke. [loaydeHHble B pe3yabTaTe MOAEINPOBAHUS
MPO(MIIN TIIOTHOCTH YAOBIETBOPHUTENBHO COTIIACYIOTCS C 9KCIIEPHUMEHTANBHBIME, KaK B OMHYIECKOM PEXUME, TaK U IIPH
OIP HarpeBe 1 B Ipoliecce ra30HATyCKa, B YaCTHOCTH, ONMCHIBAETCS BBIHOC YacThil u3 obmactu DLIP marpesa. [Totox
HEWTpaJIOB HA TPaHMIIE IUIA3MBI Bo3pacTaeT npu BkimodyeHnn OLIP HarpeBa, 4To cormacyercs ¢ u3MepeHmsiMu D,.
D¢ dextuBHb KOdPPHIHEHT TUPPY3HUH U CKOPOCTH MUHYCBAHUS HECKONBKO YMEHBIIAIOTCS C POCTOM IUIOTHOCTH
ia3mel. [l cpaBHEHUS] PaCCMOTPEHBI /1Ba MMIIYJIbCA B OMHYECKOM DPEXHME M TPH HMITYJIbCA C JOMOIHHUTEIBHBIM
HarpeBOM HEHUTpabHBIM My4KOM ¢ ycTaHOBKU MAST.

MOJAEJIOBAHHSA NTEPEHOCY YACTOK Y TOKAMAKAX HA OCHOBI KAHOHIYHUX ITPO®IJIIB
TUCKY

O.B. Jlanunos, I0.M. /ITnicmpoeécvKkuii,
B.®. Anopees, C.B. Uepkacos, B.A. Bepuikos, A.10. /[nicmposcvkuii, C.€. Jlucenxo

MopentoBaHHs IEPEHOCY TEILIa 1 YaCTOK MPOBOAMIOCsS 3a foromororo koxy ASTRA. BupinryBasucs piBHSHHS A5
€JIEKTPOHHOI TEMIIepaTypH 1 TYCTHHH, 1 qudy3ii cTpymy. B sKoCTi Mozemni nmepeHocy Teria BHKOPUCTOBYBAIACS MOZIETh
KaHOHIYHKMX npodimiB. Bymn posrmsayTi Tpu imnynscu T-10 3 TopoimanbHum MarHiTHUM nonem 2.5 T, noBHUM
ctpymom 250...255 KA i IOYATKOBOI CEpeiHBOI0 IycTHHO BimmoBimao 1.3, 2.4 i 3.240Y m>. B ycix Tppox
IMITyIIbCax 37ikicHIOBaBCst Hamyck D, Ha ¢oui nentpansHoro ELIP narpiBanns noryxuictio 900 kBr. TTokazaHo, mo
Mozens ormucye mBuake (3a 15...20 Mc) MpOHUKHEHHS 30ypPIOBaHHS TYCTHHH, SIKE CIIOCTEPITa€ThCsl B €KCIIEPUMEHTI, 3
nepudepii mHypa B IEHTP IIPU Ta30BOMY HamycKy. OTpuMaHi B pe3yIbTaTi MOJACTIOBAHHS MPOQiTi TYCTHHU 3aJOBLITHHO
MOTOSITHCSA 3 EKCIIEPUMEHTAIBHUMH, SIK B OMi9HOMY pexkumi, Tak i mpu EL[P HarpiBanHi i y mporieci ra30Boro HamycKy,
30KpeMa, OMHCYeThCcs BHHOC YacTok 3 obmacti EIIP marpiBanus. IloTik HeWTpamiB Ha TpaHUIN IUIa3MHU 3pOCTa€ MpPU
BkmtodeHHi EIIP warpiBamms, mo morogutbes 3 BuMipamu D,. EdextuBHuit xoedimieHT mudys3ii i MIBHIKICTH
MiHIYBaHHA TPOXH 3MEHIIYIOTHECSA 3 POCTOM TYCTHHH IDIa3MH. IS MOPIBHSHHA PO3TISHYTI [BA IMITYJIBCH B OMIYHOMY
PESKUMI 1 TPH IMITYJIbCH 3 IOJJATKOBUM HArpPIBaHHSAM HEWTPAILHUM My4KOM 3 ycTanoBku MAST.
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