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NUMERTCAL EXPERIMELNTS ON THE THETA FINCH
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of Applied Mathematices, Moscow

1. Introducticn

The%s pinch systems occupy en important place in studies of dense /5

high temperature plasma. Here, detalled theoretical study of theata
pinch, because of the necessity cof taking account of many nonlinear
processes {gas dynamic moticn, magnetic field diffusion, Joule heatlinrg
by temperature dependent conduction, electron and ion heat conduc-
tivity, bulk energy losses and other effects), 1s impossible without the
use of numerical calculations by computer.

A two temperature nature 1s characteristic of theta pinches (and,
generally, for fast, high current discharges). The ion component of
the plasma in theta pinches 1s heated by rapid radial compression and
subsequent slow final compression in a magnetic fileld which increases
over time. The electron temperature changes, both due to compression,
and as a result of Joule heating. Since the relaxation time between
the electrons and ions, as a rule, 1s greater than or comparable with
the characteristic time of the process, the plasma components can have
different temperatures: ‘I‘e#‘l‘i

Experiments show [1-2] that "end" lcsses (escape of mass, impulse
and energy through the ends of the plasma pinch) also can significantly
afffect the dynamics of the prccess in theta piriches.

To study a theta pinch with end losses, formulation of at least a /6

two dimensional prceblem is necessary. However, fer a qualitative analy-
sis of the processes, it also is adviseble tc¢ consider a one dimensional
probliem, vhkich models the erd lcsses, with bulk escape of mass, impulse

and energy.

—
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Sore results
presenced in this
are cconeldered In &

of numerlcal calculaticns of theta pinch problems are
study. The physicsl processes in theta pinch systems
cne dimensional two temperature magnetohydrodynamic
approximeticn, with allcwance fer end losces by lengitudiral reat
cenduetivity.  The numerdlceal czleulallens are compared with oxperinerts
conducted earlier at SFTI [3].
for a number of parameters.
agreempents of the results and exrerimental data.

The comparison gives satisfactory results
However, there also are & numboer of dig-
This mekes further re-
finement c¢f the physizal and mathematical formilation of the problem
necessary. The results of prelimilnery numerical calculations of the
two meter theta pirch built at SFTI are presented.

2. Fermuiation of the Problem

Electrical capacltence C, with initial voltage U0 on it, is discharged
in a coll, & circular netal cylinder cut along the generatrix. The
cylinder Zlength is g and the radius, ry,. A discharge chamber is placed

jnslde the cylinder. It is filled with a hot,
plasma with initial temperature T 0=Tio It is assumed that the chamber
walls are electrically nenconcducting ané %hat the conductivity in the

We

will consider the prccess of compression and heating the plasma pinch with
a magnetic field,
perature magnetohydrodyreamic approximation, with allowance for electron

conducting deuterivm

annular regior between the plasma eénd the coil (vacuum) is zero.

on the assumption of axial symmetry, in a two ten- .

and lon heat conductivity, Joule heatlng and bulk energy losses.

I

The corresponding systemn of magnetchydrodynamic equations, with

allowance for the effects >istea above, in Lagrangian mass coordinates,
hes the form: ‘
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Here, t 1s the time, r is the Euler cocrdinate, m(dm=pzdr) is the
Lagranglen mass coordinste, tre Lagrengiar. time derivative, v is the
plasma velocity, p 1s the density, €pe Eq: T . end Ti are the specific
internal eriergy and temperature of the electrons and Jdone, respectively,
Pe and T j are the electron and ion pressure, we and Wi are the racial
heat flows due to electren and ion heat conductivity, Kk is the coeffi-
client of heat conductivity, Qie is the

the intrinslc plasma bremsstrahlung, H

&

placlren-icn relaxation, Qe is
and E¢ are the axial and
azimuthal compcnents of the magnetic field strength, respectively, o is
the conduactivity and ¢ is the velocity of light.

Functicns Wz
by longitudinal (directed along the pinch axis) component of the electron

heat conductivity flow. It is expressed by the guantity

Woe mwic ';7’&’:":3‘ ‘
; z (9)
where K=K(Te) is the temperature dependent coerficient of heat conductiv-
ity and & is the length of the plasma pinch.

We shall consider the quantities which
ties of the deuterium plasma, or the assumptlcen of complete lonization,
for thelr

express the physical proper-

caleulation:
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exprets the end losses of erergy in the plasma pinch 4§
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In formulas (9)-(i2), tre guantity A L1s the Couleml logarithm, the
temperature 1s measured in c¢lectren volts, and the remaining quantitites, ]
in the CGCI system.

|
We wlll consider the equation of state of an ideal gas te be valid: i
oo (16)
System of equations (1)-(14) is solved in the region 0< m< M(0<r<ry), /9
where Ty 15 the redivs of the discharge chamber, M 1s the plasma mass
in one radian, in witsc of length of the plasma pinch.
With m=0(wr=C), the syrmetry conditions
W dda D WaiGzed wWilpd)e & Eeidd)=d (17)
are assigned. With mnM(r=ro},
WAL E = 8 Wty & s R 18 |
(AL )= 0w, ) =l, Wi )= 2, ¢ g,,)z,f)_./,f,.dgéf_ (18) ‘1
§
vliare disclharge current I(M,t) is determined from the electric circuit |
equations . . 2 ‘
d ot T e e B M T Y v R );-ﬁ? » ] :
‘;" .‘a l‘?." ! ‘V (V ( 1 9 ) A
2 - o7 (20)
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Fere, L, R and C are the Inductance, resistance and capacitance in the
external c¢ircult, respectively, and U0 is the initial voltage. The i
E
proklem fermulated above was sclved, by means of difference methods
developed at the Institute cf Applied Mathematiecs, Academy of Sciences
USSR, described in detail in [6-10]. We present some results of numerid-
cal solution of the problem formulated above.
L
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3.,__Results of Numerlcal Fxperimerts for "Small' Theta Pinch

A series of calculations was carricd cut for the so called "small"
theta pinch system, which was studied experimentally at SFTI 3 . The
initlel paranet.ers vere e follews: electrlcal capacltance C=12Cpl,
iniclal voltage U=33kV, ohmic resistance cf circult Re10™3 chr, inductance /10
L=7-10~8 H. At the init:al tine 1~C, at le assumed that the deuterium
plasma is heated to temperature T 0=r,%=5ev, tnitial magnetic field
HZO=O, chamber radius ry=3. .5 cm, initial density p Osp, 34.10 9g/cm
(n0=7'10 ‘cm"3). The length of the plasma pinch along the 2z axis is
2=2lcm,

The chsnges of the ocuter bcoundaries of the plasmg pinch r and dis-
charge current I in the c¢ircule vs. time during a half period are shown
in Flg. 1. After the filrgst mexlmum compression, which is reached at
t=0.3 usec, some radisl oscillations of the plasma are observed, which
dle cubt completely at time t=1.4 psec, Current ampiltude I=1.15MA, and
the discharge half peried T7/2=10.5 usec.

The averags vaiuee ¢l tempereatures Ti and T and density p (averages
e AT
over the entire plasma pinch mass M, i.e., ,};'ﬁ‘, 7r ol ete.) vs.

R S 45 (2‘-’7' ~, o ke
time and number cf neutrons TS S<OVZap C2Tal ap tipe .,

The maximum average tenpecratures sre reached before the time of the dis-
charge current neximum (T, = 11%eV), at t=4 ysec and T4 max® Lhoev,

at t=2.2 psec. This 1s connected primarily with the lcngltudinal electron
heat conductivity and, to a somewhat lesser extent, with the transverse
lon and electron heat ccnductivities. The maximum density p= 2.9010'7
g/cm (p/pO =124) 1s reached near the magnetic field maxirmum. The ‘tem-
perature and density fluctuations which arise in the initial stage of the
prccess, just like the inertilal oscillations of the plasma pinch (see

Fig. 1), die out over time¢, There 1o ¢ significant "breakaway" of the

ion component of the temperature from the electron component, which L;l
reaches the highest velues at the time of the maximum of Ti. The

bagie scurce of heating of the ion component is the work of the compres-
sion forces of the plasrma, with the increasing megnetic fleld. The ions
exchange energy by collisions with electrons, part of which then is lecst

i
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from the system by lergitudinal eleetron heat condvetivity {(see I'g. 3-4).
After the Ti maxinmum, Lhe rate cof increase In the magnetile fleld 1s so
small that the rate of escape cf enerpy bucones greater than the rate of
supply of energy (se¢ Fip., 6), Therefore, toward the end of the half
peried, ’I‘i relaxes to the velue cof Te. The number of neutrons per dis-
charge is ths quarility h=0.6-105 neutron/discharge.

Profiles of mase Lapranglan coordinate m as a function of temperature
Ve (sclid iine), T, (dagired ling), cdensity p (line with trianglews) erd
magnetic fleld strength HZ (det~dashed line) at vardous moments of time,
indicated by the corresponding figures on ihe curves (time 1s presented
in microseconds) are given in Fig. 3, 4. In the initial stage of the
process, the magnetic fleld forms a skin near the outer boundary of the
plasma. The azimuthal current density and Joule heating rate are at
a maximum in this region. Because of this, the electron temperature
is higher than the lon temperature on the surface of the plasma pinch
and lower than Ti in the remaining part of the system, In time, the
temperature equalizes quite rapidly over the mass of the pinch, and
we have T1>Te everywhere. The radlal distribution of the shock wave
and its accumulation on the pinch axis are followed from tre density
profiles. After the inertial oscillations of the plasma die out, the
density distribution has a bell shape.

The energy va&lucs which make up the balance of the total energy o
the system ve. time are presented in Fig. 5:

- L4 o 73 e
SopVr b s B {f,: & B ~lp ~ &p =7

(22)
Here, PR N electromegnetiic energy in capacitance; /12
. L 3 IR
w'~fﬂff%“7a energy in inductance;
”
O = %ﬂ?“aﬁ‘ energy converted to Joule heat of external
resistance (circuit losses);
[ N
;g:;‘ﬁgg;a%n f magnetic field energy, kirebic erergy anc
Gt e \ total internal energy of system, rcipectively,
Vo e :

o at glven bime:
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L7 Meaa + energy losses by longitudinal electron heat
' 'L'}.lui_‘ _ conductlvity and due to plasma bremsstrahlung;
Bo and 80 inltial circuit electromagnetic energy and

plasma internal energy.

It follows from the calculations that the efficlency of conversion
of the electrical energy of the external circult to internal energy, as
a function of the initial conditions, is in the 0.0014-0.009 range. The
energy losses due to longltudinal heat conductivity turn out to be
comparable to the internal energy, whille the energy losses due to brems- 3
strahlung of a pure deuterium plasma do not play a significant part in !
the energy balance. The energy values which make up the internal energy
balance of the system vs. time are presented in Fig, 6:

P P (23)

t'/’, ; ?
o K3
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here;

()

e work of compression; /1

, EM 3 20

7 y oy J/ & E P,{/O am et
ce Joule heat of system.

It is evident that the work of compression plays a considerably greater

part than Joule heat. 1

Fig. 7 and Table 1 1llustrate the effect of longitudinal electron
(Wz) and radial ion (Wi) heat conductivity on the processes under con-

sideration. The average lon temperature vs., time for varlous versions
of the calculation is presented in Fig. 7. The case WZ#O, Wi#O is
plotted as a solild line, WZEO, wiEO, as a dashed line, WZEO, wi#o, as

a dot-dash line and wz=o, wiEO, as a dash-double tick line. The maximum
plasma temperature and density, the number of neutrons per discharge

and the energy conversion efficiency for the abovementioned versions of
the calculations are presented in Table 1. It is evident that both
current wz and current wi significantly affect the plasma parameters.
However, the energy losses by longitudinal heat conductivity play a
decisive role., Allowance for WZ leads to a considerable reduction in
the lon and electron temperatures. The efficiency of conversion of elec-

tromagnetic energy to internal plasma energy is reduced to half, in



his cace, Here, the plasma concentration changes comparatively little,
he most scncltive parameter lc the neutron yileld, which, depending on
the calculation condition:, changes by three orders of magnitude.
Currents wz and wi affect both the amplitude of the quantities and, also,
these quantities vs. time (see Fig. 7).

%o
W
fasd
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TABLE 1.
M 2 - w I ) R T .38; o ’

Calculation , : ]
Quan- -.version 'Wi%S, Wia &2 WWh#g Wi =0 IWe=d Wi#0 iWz=d, Wa2|
sitlos .. ’ Se— f
R | 441 538 , 717 7 i

—rem v - ) } v

ey » k4 2 803

LBV | zI9 12 1608 ;
2o e 1 111 76 75,5
-/':uO ,omb “‘24 ! L} {
L ot 0.6°10° 3,4 108 2.5 108 i 1.3°707
__discharsa .
2V 0.0014 0.001I54 0,0035 i 0,0037
/3 ,
“at 7! max 2.2 2,42 5.27 ' 5.27
:IG‘GSGc] b

4, Comparison with Experiment

Comparison of the calculations carried out for the "small" system, /16
with allowance for the longitudinal electron ard transverse ion heat
conductivities, with the experimental results [3] shows that there is
quantitative coincidence of the parameters (Table 2). This model des-
cribes well the electrical engineering parameters of the discharge
circuit (I, T) and the initial stage of the process, including the rapid
compression and subsequent ilnertial plasma oscillations. The calculated
and measured electron temperatures are consistent.

At the same time, significantly understated ion temperatures Ti and
neutron yields and overstated plasma concentrations were obtained in the
calculations. It does not correspond to experience at the stage of slow,
adiabatic final compression of the plasma and time changes of the plasma
pinch radius r, Ti and N.
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in the experiment, »r deereases monotonically, and Ti and N reach :
maximun values in the magnetic field maximum. In the caleulations, r
i5 praetically cunstant ever time, but Ti and N reach maximum values in the
first quarter of the period. The cauze of this diserepancy may be
particle leoses through the ends of the system. The most severe end
losses chould chew up in short pinches. Qualitative analysis shows
that the escape of mass may result in additional heating of the particles
remaining in the system, due to the adiabatic final compression of

the plasma,

TABLE 2.
3 i | T dis= %sz*ggcuy
‘ . o ‘'charge [current|-dvi ) 1 ,
i h, /73,, meriod tmob : mz.x e 7: neutron |
'," Lo g [lo"ssec [ma] [107Csec| [ o I RV [Y] dischange
. Thoory (70U ar | Lis 0.3 (85700 | 119 | 440 | o0.6°10°
Experinent 7107 | 1970.5 |1.370.15] 0.370.05 [2+10%6; | 1co720 | 12007200 |7* 10B32- 105
| !1.1- 1016

5. Results of Numerical Experiments for Two Meter Theta Pinch

Similar calculations were carried out for the two meter theta pinch
built at SFTI (=200 cm), experiments on which will start in the second
half of 1979. The inltal data were the following: C = 1920yF, UO = /17
35kV, R = 3°10"%ohm, L = 8.5-207°n, 1.0 = 1,0 = 5ev.

The average electron and ion temperatures and concentrations vs.
time, as well as the total number of neutrons at time t, for initial
density po=2.34'10'9g/cm3 (n0=7,10140m-3>, are presented in Fig. 8.
Version (1) corresponds to the case, when there is no escape of heat by
longitudinal electron heat conductivity (wz=o). In version (2), the
coefficient of longitudinal electron heat conductivity for a deuterium
plasma is used (z=1). Allowance for longitudinal electron heat conduc-
tivity reduces the value of Te from 1900eV to 470eV. A comparison of
the calculation results for the "smail" (see Fig. 2) and "large" systemec
shows that a tenfold increase in pinch length % results in a 3-4 times
lncrease of 'I‘e (this result i1s consistent with the approximate analytilcal
relationship Tem/i, obtalned from analysis of the energy balance of the

TR N




electron component of ihe plasma). The eleetron temperature reaches the
maximum value in the initial stage of the discharge, and it subsequaenily
changes little.

A series of studlies [1l, 12] in receat vears has been devoted fo
study of a method of limitation of end losses, by means of physical
plugs (closures). Physical closures on the ends of the theta pinch
should both exclude losses of particles from the plasma, and reduce
(limit) energy losses caused by longitudinal electron heat conductivity,
by the formation of a high 2 plasma in the area of the plugs

I+ 0,8 77

»

radiation losses do not exceed losses by longltudinal electron heat
conductivity. Istimates chow that, at the optimum z=30, coefficilent

Kj decreases approximately elghtfold. Numerical calculations for z=20
(Fig. v(3)) give an aprreeiable increase in electron temperature over
the z=1 case (this regult should be considered approximate, since it was
obtalned within the scope 0f a one dimensional mathematical model with
bulk discharges).

The maximum lon temperature depends little on Kj. Since the re-
laxation time Tot 1s comparable to the half period T/2, a considerable
gap 1s retained hetween Te and Ty during the entire half period.

The radial distributions of funectilons p, Te, Ti’ Hz and J, for
time t=7.1 sec, with initial density p0=2.3h'10“9g/cm3, are presented
in Figs. 9 and 10. With ql=0 (Fig. 9), an electron temperature peak
forms at the boundary of the plasma pinch (T layer [13]). Inclusion of
the longiltudinal electron heat conductivity corresponding to z=1 results
in resorption of the T layer (Fig. 10).

The authors thank A.A. Samarskiy, R.G. Salukvadze and S.P.
Kurdyumov for interest in the work and useful discussions, as well as
L.N. Busurina, for participation in programing, conduct of the cal-
culations and processing of the results,

(" pvpmems et (Y1) The value of z should be selected, so that
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