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AbeBtract

Bias-flux trapping during the formation of a field-rever-
ged configuration in theta-pinch has been studied theoretical-
ly. It is ghown that the rate of bias-flux losses at the rever-
8al phase of the theta-pinch becomes amomalously high due to
the plasma motion end formation of a high-density sheath at
the tube walls. The conditione for the bias-flux losses to be

negligible are defined.
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Plasma configurations with reversed magnetic field are
considered now as one of the promising directions in control-
led thermonuclear research and are studied in many laboratori-
es [1]. Formation of a field-reversed configuration compact
toroid with a theta pinch requires the application of an ini-
tial reverse-bias-flux. The reverse-flux is lost from the .
pPlasma configuration during the dynamic phases of compact to-
roid formation illustrated in Fige 1: a) the initial low- .8
plasme with the bias magnetic field; b) the reversal phase of
an external field }43 ; ¢c) the reverse-field plasma configura-
tion isolated from the tube walls, He=— Hi ( H. is the in-
ternal magnetic. field in the plasma). The compact toroid ie
formed after the field reconnection and axial contraction.

The amount of reverse-flux, retained in the plasma after
field reversal, is one of the most important quantities gover-
ning the final state. The flux loss during the reversal phase
of the theta pinch has been previously studied by Green and
Newton [2]- They considered a model of the fast field-reversal,
when. the plasma and frozen magnetic field expand to the tube
walls with Alfven velocity. In the recent experiments, with
the tﬂ:iia:al field-reversal time greatly exceeding the Alfven
trangit time the bias-flux losses are determined by the resig-
tive magnetic field diffusion to the wall at the phase 3 of
Fige 1. This problem has been studied in papers [3-—5], in
which the authors come to the conclusion that the observed
fast magnetic field diffusion cammot be explained by the clas-
gical plasma resistivity and is connected with the anomalous
resistivity due to microinstebilities in the current sheath.
In [6] attention was paid to an important role of plasma moti-
on. As seen from Figs 1,b, during the reversal phase the radi-
al plasme motion to the wall arises and pressure bearing plas-
ma sheath with ﬁn.-'l is formed. Since the magnetic field ig
frozen into the internal plasma, this motion leads to a con-
bective outflow of the magnetic field to the wall. It results
in a congiderable enhancement of the bias-flux losses. It is
convenient to describe thia process by the effective magnetic
viscogity coefficient @e# y Which greatly exceeds the clas-
gical value &Jd{: (32/'111'6' » The situation here is rather si-
milar to that of the fast cooling of a high- P magnetized
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$lamma [T7].

Let us congider now the magnetic field and plasma evolu-
tion on the phase B , when the external field He is less
then the internal one Hi , and the plasma expands to the wall.
It follows from the preaaure balance condition that the plas-
ma sheath with NT~ H /8T  and high demsity N> Mo
( N, is the density of the homogeneous intermal plasma) is
formed near the wall. Since its thicknesas is small compared to
the plasma radius R , the geometry of the problem is approxi-
mately planeg Let us define the wall as a plane XL = 0, the
plasma occupies the half-gpace x>0 , and the magnetic field
is directed along the Z -axis. Then the plasma transport equa-
tions may be written in the following form [8]:

nT+ H2/8T = H{ /8T (1)

v)=0
r;-& 0.1:.(“ ) (2)
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(the notations of [B] are used).

The boundary conditions at the wall (x = 0) are as follows:
constant extermal magnetic field H; (its magnitude is of the
order of Hi p 1ees H;,.- H;,'*.-' Hi. )y plasma temperature T(0) = 0 +
and velocity V(0) = O. We consider the magnetic field H; .and
dengity N, of the intermal homogeneous plasma.as a constani,
i.e. the plasma is unbounded along the X -axis, and :

H(+ 0o)= H n+ DG) No . In the real problem with the plas-
ms. of i‘inite radiug it corresponds to the initial phase of the
process when the fractionm of the lost flux is small. In such
a formulation this problem allows the self-similar solution.
Introducing the dimensionless variables: = H/H: s §= N/nys
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Q= T/TD :ll{éri)_l;_ Hz/g.“ Mo » in the self—similﬁr soluti-
on, we haves h(Xt)= hif),-9(xt)= 9(s), 00 H)=6(f) ,
W)= (ST Wip)  where FoUzVl prirte mma Do -
= %2/47 6(T,) is magnetic viscosity. of the plasma with tempe-
rature T = T,. In these notations eqs. (1)-(4) take the form:

@9+f=1 | (5)
__2% *E(‘?) : (6)
_EF_” _f_(g‘éaﬂ;.,.diimh) (7)

P9 l=ae 9‘“r s
+h(9% f +uh) o

Here the dimensionless plasma heat conductivity ¥ and. thermo-
electric coefficient ol have the different dependence on plas-

ma parameters and magnetic field in the magmetized snd unmagne-
tized plamma [E] :
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P=
2 W%

where Eu = wH{,TgfnalTh H,;)'-‘*}'IJ W= We /m; «1.

The enhancement of ithe magnetic flux logses msnifests itself in
& large value of the rate of homogeneous plasma expsnsion:

W(+o0) = Le>>»1 o It permits to neglect the left-hand parts
of eqs. (7) snd (8), since :

Rl £ A(96)
(L8 spets, TEMupan
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and the magnetic and energy fluxes are assumed to be constant:
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4,= Qéﬁ*ﬂdj%’fm“u* (10)
g a8 adh T opu LR, = ULy (11)
qw-ﬂ?d-'—f-idﬁif-l-zl? U-“\ b

From egs. (10),(11) and (5) it is possible to obtain the profi-
les of the plasma temperature, density and magnetic field in
the near-wall sheath where W, enters as a not yet obtained
parameter. The value of W, should be determined from the plas-
ma continuity equation (6) integrated over ﬁ‘

u‘n:_ﬂi‘TE%d’f (12)

(it meens that the plasma, which flows to the wall with the
velocity |, » is accumulated in the near-wall sheath).

Let ug start from the unmagnetized plasma near’ the wall
(region III). Since the external magnetic field is he T s
the plasma pressure at the wall is e 41 o Here the main
contribution to the magnetic (10) and energy (11) fluxes comes
from the resistive magnetic diffusion term and heat conductivi-

ty:

dd o272 48 : '%El.h...u (13)
xlﬁ—_é‘ug l—fvuo_j 0 d—f (o} 13

It follows from (13) that gﬁa*:u,’ 0% st luata'ds
This solution is valid up fo R < 9., ne 8;’"' s Wwhere the elect-
rons become magnetized and the magnetic field increases by the
magnitude Ah~1 . at ©» 08, the transition to region II oc-
curs, where the electrons are already magnetized (WueTe>1 s
but the ions are not yet ( UHLTH"T )« Here egs. (10) and (11)
may be trensformed, using (5) and (9), into the form:

48 _ o #0dB i (1-h)~ db i
P 4 J—{‘S“ " If' W (1 h) un39, MI‘; uuSu

3 dh__ 4 AP ¥ d(P6) (18)
BT Y iifr"*“ﬂ

Therefore, in region II the plasma pressure decreages from
the value 5)&-.;4 to 5)9«- F.*z &« /| when the temperature in-
creases by AD. O, (here the transition from the plasma
with \‘E,.‘, A to the low- & plasma occurs)s

As for the magnetized plasma (region I), it follows from

(10) end {11) that the plesma pressure decreases rapidly while
the temperature remeins approximately constant: Q- B, amd
d.‘enf\?ﬂ)/d,hﬁ ~ Fﬂz w1 o Thig is velid while the densi-
ty is highs do*:f;r’l . At \Pmd the temperature reaches its me-
ximun Quax~ O, @nd then decreases when moving off the wall:

O~ G2 §°% (here Px h= A ). The qualitative form of
the solution is shown in Fige. 2.

With the known structure of. the near-wall sheath it is
possible to solve eg. (12) end find the value of |[, . The main
contribution to this integral comes from the region, when the
electron magnetization paremeter is WyweTp ~ 4 » and plasma
pressure is J)Bn.'d 3

T -1
OF g gt G 8%l 6% Sl
o

Therefore, the following estimation for [, is valid:
LLua. d’u’,“:r“?’f . It means that the magnetic flux losses occur
with the effective magnetic viscoslty

D08 ~ UE Do~ (Whe Te), €2 /4w0, ~ CHi Jygm, e (15)

It is interesting to note that the value of D.Pf doesn't
depend on the plasma collision frequency, so this eatimation
mey be valid not only for the case of binary Coulomb electron-
-ion colligions, but also for the snomalous plasma registivity.
Obviously, the amount of bias-flux losses during the formation
of a compact toroid would be small, if the typical field=-rever-
sal time T satisfies the following condition:

L Th'* Rl/-ge:F‘F"' ot Rz/ch. (16)
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It 1s seen from (16) that for a given R and T the fraction of
biag-flux losses would increase when the magnetic field Hi
become stronger and the plasma density No decreases (the same
conclusion has been made in [6] by means of numerical computa-
tion of %he magnetic field evolution in a plasma).
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Figure ceptions

Figs 1+ The different phases of field-reversed configuration
formation.

Figs 2. The profiles of plasma temperature () density (§)
end magnetic field (h) in a near-wall sheath during
the field-reversal phase 6 .
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