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In our paper we study the breakdown physics and current rump in tokamaks in wide range of parameters in 0D model. It
is shown that the current-voltage curves has the S-shape. If the loop voltage is greater than critical value than discharge
goes from low-current stage to high-current stage. If voltage is less than critical value there are both dumping and
steady-state oscillations with large amplitude. The breakdown voltage increased versus gas pressure and decreased

versus minor plasma radius.
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INTRODUCTION

The study of breakdown physics and current ramp-up in
tokomaks is still far from completion. Meanwhile, the issue is
of great importance because of its practical applications.
Knowing the location of plasma column formation is crucial
for development of tokamaks and minute description of
current ramp-up.

The stage of transition from the avalanche breakdown to
plasma column formation in case of plasma being generated in
the region of either closed or non-closed magnetic surfaces
remains the most obscure. Currently the plasma column
formation and current ramp at this stage is analyzed within the
homogeneous (0D) model when the transverse column
dimension, a, as well as the major radius R are derived from
the avalanche breakdown condition and considered constant
throughout the entire stage [1].

General consideration leaves no hope that the region
where the breakdown conditions are satisfied coincides with
the cross section of the quasineutral plasma column after the
column has been formed and remains invariable during the
startup. In particular, this is conditioned by heterogeneity of
breakdown dynamics across vessel’s cross section, necessity
to sustain the equilibrium conditions along the minor radius,
etc. In the present paper we discuss the possible paths to
overcome these difficulties.

However, we first want to study the properties of this 0D
model, i.e. analyze the regularities induced by the bulk
processes accompanying current ramp during the early stage
of plasma column formation.

EQUATIONS FOR QUASINEUTRAL PLASMA

In this paper we apply the approach developed in
[1,2] following the original notation. The energy balance
equations for electrons and ions in 0D approximation are
written in the form
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Particle balance: ions 7. (10** m?) and neutrals n, (10°m
%) respectively:
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Circuit equation for plasma current 7, (MA):
i, )
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where L is column inductance and U is the loop voltage.

In (1-5) the following notations are applied: V}, is the
volume of plasma region, V, represents the vacuum
chamber volume, 7. u 7; are the electrons and ions
temperatures respectively [keV], Pou=I* Ry /V, describes
ohmic heating specific power [MW/m’], R, is plasma
column resistance [UQ], R,=n2R/a*, N=1.65107 InL/T.",
[MQm]. Pa is equilibration specific power between
electrons and ions in plasma, i.e. Pr=0,24 (T.-T))/T."*ns.

P, is neutral gas ionization specific losses:
Piow=1,610"nnS5:W;, W =0,03 keV.
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ionization rate (m%s), R, = 0,0136 keV. P describes
charge exchange specific losses [MW/m?].
Po=2,410°nno(T-To) T, T,=2,59-107 keV. Tg, Tp are the
energy and particles confinement times. For simplicity we
put Tg= Tp.

- neutral gas

DISCUSSION

The system of equations (1-5) admits a stationary
solution. Fig. 1 demonstrates current-voltage characteristic for
the gas discharge in KTM tokamak [3] as functions of varying
initial pressure of the neutral gas (hydrogen), R=1,1 m, a=0,2
m, T=5 ms. It is evident that the current-voltage characteristic
has the S-shaped curve similar to that of an arc discharge.
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Fig. 1. Current-voltage characteristic for various
pressure of hydrogen
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The voltage required for low-current to high-current
stage transition (not depicted) we further refer to as
“breakdown voltage — U,”. For the transient solution
obtained for a certain initial condition and U>U, the
current grows unrestrictedly with time. In case U<U, the
current either reaches a stationary value (Fig. 2) or, at
U<Uk, the entire system comes to steady-state oscillations

(Fig. 3).
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Fig. 2. The plasma current reaching a stationary value at
pre-breakdown voltage
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Fig. 3. The stationary oscillations of plasma current at
U<t

The phase path of oscillatory motion being the closed
cycle to determine the scale of oscillation for parameters
which describe plasma column is shown in Fig. 4.
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Fig. 4. The 3D-phase path of plasma parameters
oscillations

The value of breakdown voltage as a function of
parameters under consideration represents our major interest.
Fig. 5 shows that U, increases linearly with the gas pressure.
An explicit analytical expression for current-voltage
characteristic is hard to obtain due to complexity of the
system (1-5). However, (1-5) allow simplification if only
main terms are considered. The expression to describe 7. and
n, as functions of 7. can be derived from (3,4).
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Fig. 5. Comparison of theory and numerical results for
breakdown voltage

Allowing for the fact that charge exchange represents
the major energy loss channel during breakdown and
assuming 7;= T: one can find from (1,2) the 7. function of
the voltage.

Now (5) provides the T. dependence of the current.
This parametric dependence allows us to find the
conditions when dU/d=0, i.e. Uy:

Uy = 2————n (6)

where n,° is the initial neutrals concentration, 7x[2.4 eV.
Otherwise, in units for KTM conditions:
Uy=1,2 P/a [V], P [mPa], a [m] @)
1,=5 a P [kA] ®)
In Fig. 5 one can see the comparison of numerical
simulation results obtained for transient system (1-5) with
formula (7) where a fairly good agreement is observed.

Fig. 5 demonstrates pressure dependent linear growth
of breakdown voltage similar to that during the avalanche
breakdown (high pressure limit [4]). However, the
breakdown voltage at quasineutral stage is substantially
higher (within an order of magnitude) than the
corresponding value at the avalanche.

As it is seen from (6) and (7) U, is in inverse
proportion to the minor plasma radius. The latter was
determined rather arbitrarily. In order to overcome this
obscurity this value can be estimated from the condition
for plasma equilibrium in external poloidal magnetic
fields being weak in the breakdown region yet having the
finite magnitude.

Solving the Grad-Shafranov equation subject to
external poloidal field and a fixed value of current one
can find the major radius while the cross section of the
plasma column determines the value of the average minor



radius, a. For KTM conditions this dependence can be
well approximated as follows:

a(m) = [I(kA)/500 + a, 9)

where a, is an minor quantity. Now the system (1-5) can

2. At more large neutral gas pressure pre-breakdown
regime is unstable and causes regular plasma
parameter oscillations with large amplitudes.
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CONCLUSIONS

1. Bulk processes at carly stage of plasma column
formation  cause  S-shape  current  voltage
characteristic and jump from low current regime to
high current regime.

HECTIUKICTB PO3PSIJTY HA PAHHIW CTA/IIi ®OPMYBAHHSI
IITA3MOBOI'O IIHYPY B TOKAMAII

E.A. A3u3zo0e, A./]. bapkanos, I.I'. I'nadyw, P.P. Xaiipymounoe

B poboTi po3rismaroThes 3aKOHOMIPHOCTI (OPMYBaHHA pO3pSOy B TOKaMmali y IIMPOKOMY [iama3oHi 3MiHEHHS
mapaMeTpiB B OAHOpimHIN Mozemnmi. Iloka3aHo, M0 BOJBT aMIlepHA XapaKTEPUCTHKA PO3pSAy Mae S - MOMiOHHI
xapakrep. [Ipu Hampysi, sika NepeBUIIye KPUTHYHY BEIHYUHY, PO3PS HEPEXOA€ y CHIBHOCTPYMOBY CTailo, IpHU
MEHIIMX Harpyrax peaji3yloThcs abo 3aTyxaroui, a00 He3aTyxaloui KOJIMBAaHHS BEJMKOI aMIuiiTyu. Hampyra npo6oto
3pocTa€e pa3oM 3 TUCKOM Ia3y i 3MEHIIYEThCS 3 POCTOM MAJIOTO Pafiycy IIHYpY.

HEYCTOWYMBOCTH PA3PAJA HA PAHHEHN CTAJIAA ®OPMUPOBAHUSA
IIVIASMEHHOI'O IIHYPA B TOKAMAKE

2.A. A3uzoe, A./l. bapkanos, I'.I'. I'nadyw, P.P. Xaipymounos

B pabote paccMaTpuBarOTCsl 3aKOHOMEPHOCTH (DOPMHUPOBAHUS Pa3psiia B TOKAMAKe B IIMPOKOM IHANa30He U3MEHEHHS
rapamMeTpoB B OJHOpoAHOI Moxenu. Iloka3zaHo, 4yTO BOJbTaMIIEpHAs XapaKTepUCTHKa paspsa HOCHUT S-0Opa3HBIN
xapakrep. [Ipn HarmpsHKEHUSIX, TPEBHIIAIONINX KPUTHUECKYIO BEIMUUHY, pPa3psii NePEXOAnT B CHILHOTOUHYIO CTAIHIO,
IIPY MEHBIINX HANPSHKEHUSAX PEealM3yIoTCs THO0 3aTyXalolue, T100 He3aTyXalomue Koineoanus 001110 aMIUTUTY JIbI.
Hanpspxenne npo0ost pacTeT ¢ pocToM JIaBJIeHHs Ta3a U IaJaeT ¢ POCTOM Majloro paauyca IJIa3MEHHOro IIHYpa.
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