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ABSTRACT

Damping of radial oscillation which is observed in the
early phase of pinch discharges is studied in a toroidal
pinch machine, STP-2. Since the experiment is carried out
in the toroidal machine, it becomes possible to ignore the
endloss effect which cannot be avoided in linear machines.
The temporal evolution of the oscillation is measured with a
diamagnetic loop, and the plasma temperature and density are
obtained by laser scattering. The tempergture varies from
5 to 30 eV, and the density from 2 x 1015 to 1 x 1016/cm3.
The temperature dependence of the observed damping time is
compared with the result calculated from MHD equations which
include dissipation terms. It is shown that the oscillation
damps due to resistivity at low temperature while ion viscous

damping is dominant at high temperature.



1. INTRODUCTION

Recently it was suggested that the damping of radial
oscillation of pinch plasma will be useful for further heat-
ing of high beta plasma} The radial oscillation of pinch
plasma has been well known for a long time? It was identified
to be a magneto-acoustic oscillation of m = 0 mode, which is
excited by the compression of plasma at the implosion phase
of the discharge. Here, m is the wave number in poloidal
direction. In 1959, Niblett and Green explained this oscil-
lation using a simple model which consists of bias field in-
side of an annulus plasma layer and magnetic field outside of
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it? They showed that the period of the oscillation is ex-

pressed as:

Nm. )'i{‘

= 2T ( H?

Here, H is the magnetic field, N is the line density of the
plasma, and m, is the ion mass in the plasma. This relation
was often used to estimate the line density of pinch plasmas.
Damping of the oscillation, however, has not been studied
much. The main reason for it is that the experimental study
on the oscillation in the past were done mainly in linear
machines. In such machines, the endloss of the plasma has

a strong influence on the damping of the oscillation and the
study on the physical mechanism of the damping process be-
comes difficult. Therefore the experiment should be carried
out in toroidal machines. Although the radial oscillation
were observed in several toroidal machines?’5 sufficient data

for the study of the damping process were not obtained. In



this paper, damping of the radial oscillation which appears
in the early phase of a toroidal pinch discharge is studied
experimentally. In order to clarify its physical mechanism,
the experimental results are compared with the calculated

results from MHD equations which include dissipation terms.

2. EXPERIMENTAL SETUP

The experiments are carried out in STP (Symmetrical
Toroidal Pinch)-2 machine?'7 A schematic drawing of STP-2
and the diagnostics are shown in Fig.l. The discharge tube
is made of quartz torus with the major radius of 25 cm and
the minor radius of 10 cm. Double copper shell structure
is adopted to reduce the stray field near the tub of ﬁhe
induction coil. 1Inner shell is used as the conducting shell
to get the equilibrium of the plasma column, and the outer
shell is used as the induction coil to induce the current
in the plasma. Outside of the shells are set the toroidal
field coils.

The radial oscillation is observed by measuring the
toroidal flux change with a so-called diamagnetic loop? The
vacuum field component in the signal of the diamagnetic loop
is cancelled by the signal of the Rogowskii coil which meas-
ures the toroidal coil current. The toroidal field distribu-
tion in the plasma is measured with magnetic probes inserted
into the plasma. The electron temperature and density are
obtained by laser scattering. The laser used here is a Ruby
laser with the energy of 1.2 J. A monocromator, NIKON P-250

[+
(30 A/mm dispersion) is used with the slit width of 0.6 mm.



The motion of the plasma column in major radius direction is
monitored with a streak camera.

Figure 2 shows the sequence of the discharge, and
typical wave forms of toroidal field Bz and plasma current
Ip. Deuterium gas is introduced into the discharge tube
through a fast acting gas valve. The initial gas pressure
in the tube is varied from 5 x 10”3 Torr to 4 x 102 Torr.
Pre-ionization is made by an RF field of 3 MHz applied at
the glass port. When the gas in the tube becomes homogeneous,
the bias field is applied. When it reaches to 330 G, the
toroidal current of 8 kA is induced for preheating. After
19 usec, the main discharges are applied. The toroidal
field rises to its maximum value of 9.4 kG in 5.5 usec. At
the peak it is crowbared, then it decreases with the decay
time of about 90 usec. The plasma current rises to

74 kA in 4.6 usec and decreases with the decay time of about

55 usec.

3. EXPERIMENTAL RESULTS

The radial oscillation of the plasma column is seen in
the streak pictures, in the diamagnetic loop signal, and in
the signals of the magnetic probes. Figure 3 shows typical
examples of the signals in a case of the filling pressure of
2 X 10—2 Torr. As is shown in Fig.l, the diamagnetic loop
and the magnetic probes are positioned to make an angle of
120° in toroidal direction. The phases of the oscillation

of these two signals are seen to coincide. This means that

the mode of the observed oscillation is k = 0. Here, k is




the wave number in toroidal direction, Figure 4 shows the
internal toroidal field distributions at the first compression
(a), and at the first expansion (b). They are normalized by

the vacuum field at each position, At the compression phase,
the distribution becomes paramagneticelike, because the field

in the plasma is compressed. At the expansion phase, it becomes
diamagnetic-like. It is apparently seen that the oscillation is

in the fundamental mode in the small radial direction.

Figure 5 shows the signals from the diamagnetic loop
with the filling pressure as a parameter. It is seen that
the amplitude and the period increase as the filling pres-
sure. Figure 6 shows the period of the oscillation versus
the filling pressure. Since the magnetic field is increas-
ing with time, its values at three different moments are
plotted to examine the dependence on the magnetic field.

As will be derived in the next section, the period calculated
from MHD equations is written as the following form in the

present plasma parameters:
?zl.QEJ—E/B'z )

Here, the period 71 is expressed in usec, the initial filling
pressure P_ in 10”3 Torr and the toroidal field B, in kG.
Three curves for calculated period which correspond to the
experimental data are plotted in Fig.6. Agreement between
the observed period and calculated one is quite good.

Now we study the temporal evolution of the flux change
A@. Because the total flux ¢ is increasing with time, it is

appropriate to introduce the normalized flux change A%/%.



In the present experimental parameters, it is expressed as:
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Figure 7 shows its temporal evolution for five different
filling pressure. The curves are seen to be classified into
two groups; concave-like curves (a, b, c¢) and S-like curves
(d, e). The first curves (a, b, c) belong to the condition
of the filling pressure higher than 2 x lO_2 Torr. The damp-
ing time of them increases monotonically with time. The
second curves (d, e) are in the case of the lower filling
pressure. The damping time of them increases at first, then
decreases. Figure 8 shows the average damping time of A®/d
over the time interval between 3.5 usec and 4.5 usec as a
function of the filling pressure. The typical feature of
the damping time is that it is not a monotone function of
the filling pressure. It increases with the pressure till
it reaches to the maximum at the pressure of 2 X 10—2 Torr.
It decreases with the pressure when the pressure is higher
than 2 X 10_2 Torr.

The electron temperature and density measured by laser
scattering are plotted versus the filling pressure in Fig.9.
They were measured at the center of the plasma column at 4
usec from the start of the main discharge. When the filling
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pressure is varied from 5 X 10”7 Torr to 4 x 10 ¢ Torr, the

temperature varies from 30 to 4 eV while the density changes

from 2 x 1015 to 1 X 1016/cm3.



~_ Discussions on the m = 0, k = 0 radial oscillation have
alreadX*b§ﬁﬂ made theoretically in the past without taking
the dissipative effects into consideration. Although the
period of the oscillation is derived in such a case, its
‘damping cannot be discussed. Braginskii treated the

oint of

damping of magneto-acoustic waves from the vies
enxtrcw_p{rodmtmﬂ? ~ However, his analysis was limited to
Onﬂ~diwﬁn$ianalwgeﬂmetxya,~Ia'thi&;8a¢#®onwv#ampﬁng‘ot the
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solving tﬁe MHD equationg which include dissipation terms.

As is estimatad in aAppendix, thermal conduction, particle
dxfqu1on. and energy loss due to netural particles have

small lnf;uenmes on the damping of the oscillation. The

and viseoqlty terms.
The ¢otlon of the. plaama is. desmrihad by the following
basic equ*tiana.,

i—%_— rV(gUY=C |, (3)
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where II is the stress tensor, ¢ is the conductivity of the plasma,

>

and for other quantities, the usual natations are used,




We solve above equations following the procedure used to
solve the MHD equations which do not include dissipation

terms '} 0

A simplified model shown in Fig.10 is adopted.
Plasma is an infinitely long cylinder of radius a, surrounded
by vacuum; bounded at r = b by a condueting shell. The cur-
rent flows only on the surface of the plasma, so that the
magnetic field inside the plasma has only the z-component B,
The radial oscillation is treated as a small deviation from
the equilibrium state. The unperturbed density and pressure
of the plasma are P, and p,, respectively. Since we are
interested in the m = 0, k = 0 mode only,

3 — 2

%6 5z — © .
Then it is shown that the perturbed velocity v, and magnetic
field By in the plasma have only the r-component and the z-com-
ponent, respectively. We develop the quantities into orders (p =
P * Pyr V = Ve +~vi;‘B'= Bz + ﬁi;'etc;). In cylindrical
coordinates, the equations for the first order quantities
becomes as follows, where n;, and ny are the parallel and perpen-

dicular viscosity coefficients, respectively.

(?)

ot { n (o
;foag"c e — )P __/_‘_l__ B + ( ” 'Z.L) = t- (TF(‘(U}) ’ (‘D)
' — ! aB. _ ,
%Bé’ t B, For(rudt e F = SF S TO0, (1)
o = - (re (12)
S = - SE(rvo) . |



Elimination of Py and p, yields cou
tions for v1~anﬂ=31. &

2
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In the casge when the dissipation terms are igpored (o = =,
ng-= ny =(0), these equations have the following solutionsi®

BT T B S X T i wa o
v,=C CvA"ér\};‘)“ :I.‘ (‘mr) et (1e)

B= CRT aa,n -t (e

where C is a dimensionless constant, vi Bz/uopO (Alfvén
'

velmcity};rvéww ypo/pb_(Buhn&wvalacityiyﬁahd~ao, J, are
Bessel functions of zeroth order and first order, respectively.

The frequency W, and the wnvm number ln tha radial direction
k are obtalned by solving Maxwell's equations in the vacuum
region and applying the bounﬂary condition at the. gianmﬁ

surface. The results are~ o

!

We = (VA *Vx _)? o am

\'Ae (l* ﬁn‘) "’/ﬂ\ \‘AQ b‘tﬁ: M (18)
w i ko = ‘ | ,’0& : ',,. i v U;" {hﬁ &3

: ‘z th ;
whera Vﬁe Bo/uopo and V . Bv/u

The qquatlon (1) in the previoua section is derived

from the above two equations by the following procedure.
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Substituting the plasma parameters of STP-2 into the equa-
tion (18), we find the value of koa to be about 2.7. Sub-
stituting o (= nombz/az) calculated from the filling pres-
sure and adopting that V_ << V,, we obtain the equation (1).
Now we introduce the dissipative effects to study the
damping of the oscillation. It is reasonable to assume the
dissipation terms as small perturbations. The frequency Wo
is modified by these diffipation terms. The equations (15),
(16) are used as the unperturbed solutions of (13), (14).

We assume the solutions as in the follow1nq forms:

Vi =C (VA™+ Vs )2‘]—('21':)’)

et (q)

B,=.:cC B?I(hoi’)€~:w£ (2¢)

)

which are to be substituted in (13), (14). Applying first

the property of the Bessel functions, we get:

_‘é__ BBl_____ 2 : '
rar" or = —Ro B

From (14), we obtain:

B = (7 + o ) Be ¥ Sr(ren . (1)

Substituting this relation into (13), we find:

Bgi ;b:' B?_,l'l lw )
SAe | WOME% (m + ) )“"

i hEBa?
o w ﬂJ/“'? gc

—_ — |
W= ( t o FE(re))

. . (N
— - b‘b (VA2+\/$2 _ ;; (,__3__'1_ ’?—L)) L;‘ .
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As the dissipation terms are small, it reduces to

‘ h«g \, '&’ _ (‘ ?'xﬁ,fl&)
20“'/('*0 —{’o\ +V; p] ?c

f

The imaqi#axy part appears due to ‘the included. d;asipation
terms. T#ns the damping of tha owcillatian ia deacribed by:

R £ X

0

und to agree with those derived by

In the ohapter 3, the value of kaa was derived to be 2,7,
and the p@riod of the oscillation calaulated from (17) was
agree well with the experimental results. Now we
£ -the damping time from (24) and (25) to
pare with the result of. the experiment. Using the plasma
paxamatarh of STP-2, we get:

: ; 3 ;
2= 3.3 %2 TP A - (20)




na?
(§”+Q¢) N
where the following relations? are used.
r=09x007 T3,
= 4.53x[0* T
n, = Ny, (5x*+2.32) JC16x*+16.122" +2.33)
DW= w2,

2= 933 x [p7%* (21)

Here, w3 is the ion gyrofrequency and t; is the ion-ion colli-
sion time, The temperature is expressed in eV, ¢ in sec”l,

and other quantities in cgs, The perpendicular viscosity n,
has the same order of magnitude as ny when the temperature

is below 10 eV, It becomes negligibly small at the temperature
higher than 20 eV. As is seen from (26) and (27), T, increases
rapidly with the temperature, while Tt,, has a dependence of T;s?
Because both of them are proportional to the square of the
plasma radius, we use the normalized damping time Td/az*to

compare with the experimental results. Here,

\ \ |

=Tt .
In Fig. 11 we plot T3/a? as a function of the electron temper-
ature, We assumed that Ti=T., and used the rélation between
the density and the temperature obtained from 'laser scattering

(Fig.9):

‘2
]

Ne = 2.3 ip" Te

As for B,, the value at 4 usec (8 kG) is employed. As is seen,
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. 'alue appeares when the temperature is 12 eV, 1In the
;, rature side, the damping is mainly due to the resi-
stivity, apd in the higher temperature side, it is controlled

lower ¢

by the visﬁosity.

 The e#perimental values of td/a2 are also plotted on the
same.figum%an‘Im»thaa@ﬁdnx&wuplaﬂmnaxnd&nmfﬁacdﬁﬂmmadwﬁrom the
stﬁaakwpickurea,-gThmsﬁ@nm&mgmﬂﬁ»hﬁa»@xgﬁximmm@nl values to
the . nulmnhpted curve: m fairly good. Thus it can be concluded
”thatﬁﬁhﬁ»ﬂ%@ﬁl&h&iqn;a%www&h?w ed by

in the experiment is

the: mmmﬁvty ‘at low twmperature; and by the viscosity at
'hﬁghﬁtamngQMnmnwf%hﬁwwﬂunwwmai@nuahmowammlm@ns'thevtqmgotal
evolution pf A¢/¢ in Fig.7. .Because the temperature increases
during hh«ag mplosion phase, the d:
of . time. Hh@n the filling pressure is higher than 2 x 1072
aﬂh&w@,, erature ﬁmeqmmmmfmmmmhwto 1&,mw, .80 that the

i | ““guwmiaally wiuh time. Therefore the
curves of. #%/@ ‘becomne nanWQMlemM&mu, b, «c). When the £illing
”pprusaurawmp dower -thani:2 ¥ 1072 Tomr, the teiiperature exceeds
12 eV, wmhp damping time iturns down due to the overwhelming

Torr,

viscous damping at that moment. Consequently the curves
‘hﬁﬂﬂmﬁﬂgﬂﬁﬁlkﬂiﬂw‘ﬂ)»"‘““

: mmﬂumwﬁhﬂ«ﬁhauawmmnmﬁdmmam@nuwwimgia~rnaamnah&e;tmwmxpamt
thardainnp;aﬁwtha'ascilﬁaﬂﬁbn‘ﬁmru;f;mﬁuﬁ;“‘x~hen&tngaof the
mhiqhm&mpaaﬁmmg-:mhenaffﬁamammwwﬁﬁwaau&amhnu&ﬁngudmcwnaﬂms as

~the~tem@ht?ﬁnna%inmneaaen%
vthemhwwﬁing»uhmmh:uaaswthmwmﬂum&wu
‘aswLﬂmgmna{hhmwﬂﬂﬂumodni!ﬁﬁa@ﬁﬁ&ﬁcﬁh&ew, For STP-2 plasma, it

, damping rincreases aq;T{%'

is roughly estimated that the MHD model is applicable when the

mping time is also a function
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temperature is lower than 50 eV, In the higher temperature
region than that, another approach which uses the kinetic
model is needed.

6., SUMMARY

The physical mechanism of the dampiﬁg‘of them=0, k=0
radial oscillation is studied experimentally in a toroidal
pinch machine STP-2, The period of the observed oscillation
agrees quite well with that calculated from the ideal MHD
equations. The damping time of the oscillation varies from
1 usec to 4 usec depending on the filling ptessure. It takes
the maximum value when the pressure is 2 x 10~2 Torr,

In order to explain the experimental results, MHD equa-
tions which include the dissipation terms are solved in the
cylindrical geometry. Damping time due to the resistivity

| 200 V§ + V@
~is derived to be 1, = - , which increases rapidly

x3 v
with the temperature. Damping time due to the viscosity is

found to be Ty = 200/(-§F+ HL)kgj which has a dependence of TIS/Z.
Total damping time takes the maximum value when the temperature
is 12 ev.

The damping time observed in the experiment agrees fairly
well with the calculated one in the temperature dependence and
in the order of the magnitude. It is concluded that the damp-
ing of the oscillation is mainly due to the resistivity at low
temperature, while is governed by the wviscosity at high temp-
erature. Thié conclusion snggestsfthat*the viscous damping of
‘the MHD oscillation can be expected fGMV;he#ﬁurther‘hegting of

the high-8 plasma,
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APPENDIX Estimation of the effects of particle diffusion,
heat conduction, and neutral particles on the

damping of the oscillation.

(i) Particle diffusion

As is well known, the de¢ay time“of the density distri-
bution due to particle diffusion is given by 1 = a2/(5.8D)
when the distribuf%on takes the form of Jo(kor). Here‘the
classicaltdiffusion coefficient D is give’n’by:9

- Me Te
D= PIr:S Ve

We estimate the decay time of the denéity distribution of
the oscillation due to this process. Substituting typical
parameters of STP-2 plasma (B = 6 kG, n = 5 X lols/cm3,

T, = 10 eV), we get
D N I étXf‘O‘F‘Cmi/gez. .
Then the decay time becomes:

2 = ‘__C_\:_. = 10’“' = (00 Atsec .
5.8p ’

This value is sufficiently large compared to the period of
the oscillation. Therefore the particle diffusion seems to
have no influence on the damping of the oscillation.

(ii) Heat conduction

Decay time of the temperature distribution of Jo(kor)

due to heat conduction is given by

, a* n
<h = E.Q kLl -




The~tharm?l conductivitiéajaié:'“”

ne Te e
me (e 2e)*

il = 444 (foi electron)

; (for ion)
mMilw: 200,

[

Kyl = 2

where tem@erature is expxaaaad in ev. othar quantities in
cgs. For dauterium plaama, the cyclntron fanuencies and

the colllslon tlﬂﬁs are~

(ve =], '75 % IC 1:; ‘2,1‘ = ? S x Io T”’/n (for elactrcm)

(C.0= U8 X 10" B, 2= 304 T /h . (for ion)

Tﬁéféfdte{the thermhl%cbﬁﬁﬁCtiﬁfEiéé:df5§T§¥§_?lﬁﬂﬁﬁJdie%

i | g ’; Gk owls :
Koo =003 xi07" , el =39 Nlﬂ33 ¥

—

Then the"deCay‘time‘becoﬁééi

Thls va1u¢ is three to five aimes as lgxgﬁ as the period of

the osclllatlon.

(111)} Ne@tral partlcles"m;
1t 1$ difficult to evaluate directly the effect of
neutral p¢rt1cles on the damplng oﬁ the oscillation. Here,
we estima%e the energy loss of plasma due to the existence
of the ne@tral particles. ﬂ&hﬁﬁaﬁmihénfyprdéésaES which

occur betﬁeen neutral and charged pgrticles in plasma, and
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their cross section near the energy ofvloyev‘are as follows:]‘l'12

(1) elastic scattering between electrons and neutral particles,

g v 5 x 10—18 cmz, (2) elastic scattering between ions and

neutral particles o v 2 X 10713 cm?, (3) ionization of neu-
tral particles by electrons, o ™ 0, (4) ionization of neutral
particles by ions, o ~ 0, (5) charge exchange between ions
and neutral partlcles, o " 5 x 10 =15 cm2. Since ion and
neutral partlcle have the same mass, elastlc COlllSlon and
charge exchange between them have the same effect for energy
transfer. The total cross section for both collisions is
about 7 x 10"15 cmz,,sp that the collision frequency becomes
V = n<gv>"v1l X 108/sec. Therefore the thermal equilibrium
between neutral particles and ions is achieved in much
shorter time than the period of the oscillation. Because
the neutral‘particles are not trapped by the magnetic field,
they can move freely in the distance of mean free path $.
Consequently half of the neutral particles in the layer of
thickness 6 on the surface of the plasma can escape from

the plasma. We evaluate the energy loss due to these escap-

ing particles. Plasma energy per unit length is:

o> (nkT x 2).

When the density of neutral particles is . the energy

carried out by them from plasma per collision time To is:

2T o & ('%: kT )

Its ratio to the total energy is:

i & Nn

> v N




Assuming that a = 3 cm and T, = 10 eV, we get § = v/v = 10
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-2

cm. If neutral particles of 5 % exist in the plasma, the

ratio bec
.energy is
becomes 1

‘life. time

~ tral particles on the ¢

omes o = 8 X 10“5. Because the temporal change of

-at/T

E =Ee "/ c the e-folding decay time of energy

30 usec. This value is long enough compared tp the

~of the oscillation.  Therefore the effect of neu-

nergy. loss is.neglected.
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FIGURE CAPTIONS

Fig.1l. Schematic drawing of STP-2 and layout of the diag-
nostics.
Fig.2. Sequence of the discharge and typical wave forms of

toroidal field Bz and plasma current Ip.

Fig.3. Typical examples of signals. (A) streak picture.
(B) Diamagnetic loop. (C) Internal magnetic probe
positioned at R = 26 cm.

Fig.4. Internal distribution of toroidal magnetic field Bz‘

Fig.5. Signals from the diamagnetic loop with the filling
pressure as a parameter.

Fig.6. Period of the radial oscillation. Symbols show the
experimental data. Curves show the value calculated

from the MHD theory. A: BZ = 5.6 kG, B: 6.5 kG,

C: 7.9 kG.

Fig.7. Temporal evolution of A®/%. a: Py, = 4 X 10-2 Torr,
b: 3 x 1072 Torr, c: 2 x 1072 Torr, d: 1 x 10~2
Torr, e: 5 x 10”3 Torr.

Fig.8. Average damping time of A%/d as a function of the
filling pressure.

Fig.9. Pressure dependence of the electron temperature and

density.
Fig.10. Plasma model used for theoretical consideration.
Fig.1ll. Normalized damping time. Curve shows the theoretical

value. Open circles show the experimental data.
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