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D eterm ination  of Tem perature  in a Toroidal Theta  Pinch Discharge 
w ith  an Image C o n v erte r  Cam era*

P. C. T. v a n  d e r  L a a n  and R. M e w e  

FOM -Instituut voor Plasma-Fysica, Rijnhuizen, Jutphaas, Nederland

(Z. Naturforschg. 20 a, 193— 196 [1965] ; eingegangen am 26. Oktober 1964)

With an image converter camera, developed at the Instituut voor Plasma-Fysica, streak pictures 
have been made of toroidal ©-pinch discharges in helium at pressures ranging from 0 .0 1  to 0.06 
torr. The discharges are produced by a capacitor bank of 2.5 k j. From the pictures the acceleration 
of the outward drifting plasma column and the drift time (1 to 2 /<s) have been measured. From 
these quantities the mean plasma tem perature after the compression has been determined. The 
temperature depends on the pressure and varies from about 5 x 105 °K at 0.01 torr to 105 °K  at
0.06 torr. These results are compared with tem peratures calculated from the irreversible heating 
during the compression. From spectroscopical measurements of the intensities of H e l l  /  =  4686Ä  
and He I X =  5015 A the electron tem perature is estimated and the assumption of complete ioniza­
tion is checked.

In the course of experimental work on various 
pinch configurations, e. g. alternating pinches 1 and 
screw pinches 2, a study of the toroidal 0-pinch 3 has 
been made as this discharge configuration might be 
used as an initial stage for a more complicated con­
figuration.

It is well-known that the 0-pinch in toroidal geo­
metry cannot be in equilibrium because of the in- 
homogeneous Z^-field. The outward motion limits the 
confinement time, but gives on the other hand a 
method to determine the mean temperature since 
the outward acceleration is proportional to the 
temperature 3~5.

In the measurements described in this paper the 
outward acceleration, and thus the temperature, is 
determined from streak pictures. The temperatures 
resulting from these drift measurements are com­
pared with values calculated from the irreversible 
heating during the compression.

1. Experimental Arrangement 3

The experiments are carried out in a quartz torus 
with major and minor diameters of 2 R =  0.32 and 
2 r t = 0.08 m respectively. The torus is surrounded by 
metal shells. The gaps between the shells are covered

* Vorgetragen von R .  M e w e  in der Sitzung Kurzzeitphysik der 
Physikertagung in Düsseldorf, 6 . Oktober 1964.
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with overlapping metal strips. Around the tube two 
helical coils with opposite pitch are wound, each con­
sisting of 10 parallel wires making 4 turns in the (in­
direction and one in the z-direction. Each coil is con­
nected with a 7.5 juF, 18 kV capacitor by a low-induc- 
tance plate system with a built-in triggered spark gap. 
In case of a 0-pinch the spark gaps are fired simultane­
ously; the frequency of the discharge is 90 kHz. The 
torus is shown in Fig. 1. One of the strips covering the

Fig. 1. Torus and helical windings.

azimuthal gaps between the metal shells has two rows 
of holes (“pepperpot”) and acts as the slit through 
which the streak pictures are made (see Fig. 1). The 
pictures are taken with a 45° mirror, so that plasma 
motions in the equatorial plane can be seen.

3 P. C. T. v a n  d e r  L a a n , Rijnhuizen Report 64 — 16 [1964].
4 P. C. T. van  d e r  L a a n , Plasma Physics (J. Nucl. Energy, 

Part C) 6 , 559 [1964].
5 U. G r o s s m a n n - D o e r t h , W .  L o t z , F. R a u , E. R e m y , and G .  
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Ed., 1964).
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The image converter camera, developed at the In- 
stituut voor Plasma-Fysica, can be used both as a streak 
camera with a writing speed, adjustable in steps from
0.5 to 25 mm per microsecond, and as a framing cam­
era (1 or 2 pictures) with an exposure time, adjust­
able from 0.2 to 100 microseconds. The delay time after 
triggering and the interval between two frames can be 
varied from 0.1 to 100 /.is. The linearity of the writing 
speed is cheeked with the aid of two sparks, which are 
fired with a certain delay. The light of the sparks is 
both photographed with the image converter and meas­
ured by a photomultiplier (see Fig. 2). The departure 
from linearity is less than 2% for the writing speeds
5 and 10 mm per microsecond.

2. Camera 6

Fig. 2. Streak picture of two sparks taken with the image con­
verter (writing speed 1 0  mm/^as) compared with an oscillo­

gram of the emitted light (time scale 0.5 /^s/div.).

3. D rift M easurem ents

The measurements have been made on a discharge 
in helium, preceded by a pre-ionizing rf pulse; an 
additional pre-discharge has been used for the 
measurements in the first half period. Typical results 
of streak pictures at several pressures are shown in 
Figs. 3 and 4 *. From the pictures it can be seen that 
after the compression the plama column shows radial 
oscillations and an outward motion, which is faster 
at lower pressures.

A theoretical description of the motion of a 
plasma column in a curved magnetic field is given 
in Refs. 3~5. On the basis of a magnetohydrodyna- 
mic model it can be shown that the outward accelera­
tion, a, is given by:

a —2 k T ( l  +  Z)I(rri\ R)  (1)

6 A. M. v a n  I n g e n  and A. B. S t e r k , Rijnhuizen Technisch
Rapport TEC 63/003 [1963].

where k is B o l t z m a n n ’s  constant, Z is the effective 
charge number of the ions, rri\ is the ion mass and 
T is the mean of the ion temperature, T j, and the 
electron temperature, Te , defined by:

( l + Z ) T  =  T i +  Z T e . (2)

All the temperatures are averaged over the cross sec­
tion of the plasma column.

Formula (1) is valid for an arbitrary current and 
field distribution and shape of the cross section of 
the plasma column with the only assumption that no 
appreciable transverse accelerations are present. In 
case T is constant during the time in which the 
column moves over a distance equal to the tube 
radius r 1 , the drift time, » can be found from:

tB ~ { m l R r 1/ L k T ( l + Z ) ] y 1' (3)

The temperature T can be found both from a and 
t \) . The acceleration a is given by the second time 
derivative of the curve which represents the motion 
of the centre of the plasma column on the streak 
picture. In practice this curve was approximated by 
a parabola, which gives a time-averaged value for 
the acceleration and thus for the temperature.

It is also possible to derive a time-averaged tem­
perature from the drift time; the time in which the 
centre of the column moves to the wall of the torus. 
If we assume that the drift starts at the end of the 
compression stage, the temperature found from 
equation (3) will be too high, because the initial 
outward velocity of the column is neglected. On the 
other hand, if the drift is assumed to begin at the 
start of the compression, we will find a too low 
temperature since during the compression the tem­
perature is low. The theory is not well applicable 
during the compression stage since large transverse 
accelerations are present. From the two values of 
an interval is found, which should include the tem­
perature of the pinched column.

In Fig. 5 the temperatures are plotted as a func­
tion of the pressure. A pre-discharge was used for 
the measurements in the first half period; for the 
measurements in the second half period only rf pre­
ionization was used. Complete ionization of the 
helium has been assumed (Z =  2).

To explain the measured temperatures and the 
variation of the temperature with pressure, the 
energy gained by the ions in the first compression

* Fig. 3. 4 see page 196 a.
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Fig. 5. Temperatures of a &- 
pinch in helium as a function of 
pressure. From a measurement 
of either the acceleration (circ­
les) or the drift time (intervals) 
a value of T\-\-Z T e averaged 
over the cross section and an in­
terval of time, is derived. The 
theoretical line (T  oc p -1/*) gives 
the tem perature attained in the 
compression stage calculated on 
the basis of the free particle 

model.

has been calculated. If the “free particle model” is 
used, the ion temperature, after thermalization in 
the column is, according to K e v e r  7 (in G io r g i  

units) :
j  =  4 rt (dB/dt) /

9 k  \ n i 0 ju j

where dBjd t  is the rate of rise of the vacuum mag­
netic field (in the experiment dB /d t  =  4.6 x 105 Wb 
pro m2 sec) and n10 is the initial ion density. The 
temperature found from equation (4) has been 
plotted in Fig. 5 with T equal to ^ T\ (Z =  2 ) .  Since 
the outward acceleration is proportional to T\ +  Z Te , 
the exchange of energy between ions and electrons 
does not influence the value of a. A calculation of 
the “equipartition time” given by S p i t z e r  8 shows 
that the ion and electron temperatures can be expect­
ed to be equal; however, at low pressures (< 0 .0 1  
torr) the equipartition time increases to about 1 //s.

As can be seen from Fig. 5 the predicted variation 
of the temperature with pressure (T a p~' /l) is in 
reasonable agreement with the measured temperature 
variation. In absolute value the measured tempera­
tures are too low; if radiation losses are taken into 
account a better agreement might be expected. Any­
way, the results indicate that an important fraction 
of the kinetic energy of the plasma is supplied by 
the irreversible heating during the compression.

4. Spectroscopical Measurements

The spectral lines He I ^ =  5015Ä  and H e ll  
X = 4686 Ä have been measured at a pressure of
0.023 torr. Shortly after the compression in the

second half period the intensity of He II /  = 4686 Ä 
reaches a maximum value and thereafter it drops off 
with a decay time of about 0.3 /us until a quasi- 
stationary value. The disappearance of the ionic 
light suggests that singly ionized helium is ionized 
in about 0.3 jus. Assuming the electron density 
ne = 1016 cm-3 and taking into account step­
wise excitation this would correspond w ith 9 T e ^  
2 x  105 °K. When H e I I i  =  4 686Ä  has reached its 
quasi-stationary value, the intensity ratio of He I 
X =  5015 Ä and He II X =  4686 Ä is 0.04 which, for 
ne = 1016 cm-3 gives Te ^  0.4 x 105 °K according to 
calculations 9 for a bounded isothermal and homo­
geneous helium plasma in a steady state. This last 
value is probably a lower estimate due to the pre­
sence of a region of cold neutral helium gas around 
the plasma column. For ne =  1016 cm-3 the same cal­
culations yield a percentage of doubly ionized he­
lium, that varies from 89% for T e =  0.64 x 105 °K 
to 98% for Te =  1.3 x 105 °K and thus Z from 1.9 
to 2, so that the assumption Z =  2 is quite reason­
able.

Conclusions

The analysis of the outward drift in a toroidal
0-pinch yields values of the mean temperature of 
the plasma. For discharges in helium these tempera­
tures are compared with values calculated from the 
irreversible heating during the compression accord­
ing to the free particle model. An agreement within 
about a factor two is obtained.

The assumption of complete ionization is con­
firmed by spectroscopical measurements.

8 L. S p i t z e r , Physics of fully ionized Gases, 2nd Ed., In ter­
science, New York 1962, p. 135.

7 H. K e v e r , Nuclear Fusion Suppl. Part 2, 613 [1962].
9 R. M e w e , to be published.
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Interferometrische Untersuchungen an elektromagnetisch 
beschleunigten Stoßwellen
H. B r i n k s c h u l t e  und H. M u n t e n b r u c h

Institut für Plasmaphysik, Garching bei München 

(Z. Naturforschg. 20 a, 196—202 [1965] ; eingegangen am 19. November 1964)

The phenomena of shock waves generated electromagnetically in T-tubes were studied with a 
M a c h - Z e h n d e r  interferometer. The measurements were made in hydrogen at initial pressures from
2.5 to 10 mm Hg. Shock velocity varied between Mach 6  and Mach 20. It was found that there 
are two fronts: the luminousity front due to the discharge plasma and the non-luminous shock front 
in front of this. The distance between the shock front and the luminousity front decreases with in­
creasing velocity. At vs ^  Mach 20 the luminousity front readies the shock front. Shock fronts are 
always plane. The density decreases directly behind the shock front. The shock waves thus formed 
cannot be described with the R a n k i n e - H u g o n i o t  equations. At small velocities, the density jump 
is 6 , at higher velocities the gas is dissociated. The refractive index of atomic hydrogen can be 
measured. ■ Simultaneously the selection of the computational method used to describe the shock 
conditions in hydrogen can be justified. Precursor effects have no influence, relaxations could not 
be seen.

In verschiedenen Arbeiten über elektromagnetische 
Stoßwellen kommen die Autoren zu unterschiedlichen 
Erklärungen der auftretenden Phänomene. Einige 
Veröffentlichungen besagen, daß das beobachtete 
Plasma im wesentlichen aus stoßwellen-aufgeheiztem 
Gas besteht 1? 2. Eventuelle Abweichungen von den 
durch die RANKINE-HUGONIOT-Gleichungen bestimm­
ten Plasmaparametern werden dem Einfluß von 
Precursor- oder Relaxationseffekten zugeschrieben. 
Andere Autoren beschreiben das leuchtende Plasma 
als im Elektrodenraum durch die Entladung auf­
geheiztes Gas 3-6. Durch elektromagnetische Kräfte 
wird es aus dem Elektrodenraum herausgeschleudert 
und läuft dann in Verbindung mit einer Stoßwelle 
durch das Rohr. Dabei wird das Entladungsplasma 
manchmal als „Kolben“ aufgefaßt, der das im Rohr 
befindliche Gas vor sich herschiebt. Abweichungen 
der Plasmagrößen von den durch die stationäre

1 E. A. M cL e a n , C .  F .  F a n e u f f , A. C .  K o l b  u. H. R. G r i e m , 

Phys. Fluids 3, 843 [I960].
2 W .  W i e s e , H. F. B e r g  u. H. R. G r i e m , Phys. Rev. 120, 

1079 [I960].
3 M .  C l o u p e a u ,  Phys. Fluids 6 , 679 [1963].
4 G .  B r e d e r l o w , Z. Naturforschg. 18 a, 8 6 8  [1963].

R a n k i n e —HuGONioT-Theorie berechneten W erten wer­
den z. B .  bei B r e d e r l o w  4 damit erklärt, daß der 
Kolben das Gas nicht vollständig aufsam m elt, also  
teilweise durchlässig ist.

Wie B r e d e r l o w  und andere, so konnte auch C o r - 

m a c k  7 bei seinen Untersuchungen feststellen, daß 
dem leuchtenden Entladungsplasma eine nichtleuch­
tende Erscheinung vorauseilt, die als Stoßwelle ge­
deutet werden sollte. Er fand ferner, daß die Leucht- 
erscheinungen in dem von ihm untersuchten Bereich 
nur vom Entladungsplasma herrühren, und daß die 
Leuchtfront sehr diffus und nicht reproduzierbar ist.

Die im folgenden beschriebenen interferom etri- 
schen M essungen sollten die CoRMAGKsche A rbeit 
fortsetzen und klären, ob es sich bei diesen nicht­
leuchtenden „Erscheinungen“ tatsächlich um Stoß­
fronten handelt. D arüberhinaus sollten diese Phäno­
mene auch quantitativ erfaßt werden.

5 P. J e a n m a i r e , H. K l i n g e n b e r g  u. H. R e i c h e n b a c h , Z. Na­
turforschg. 18 a, 318 [1963].

6 H. F. B e r g , K .  L. E c k e r l e , R .  W  . B u r r i s  u. W .  L. W e i s e , 

Astrophys. J. 139, 751 [1964].
7 G. D. C o r m a c k , Z. Naturforschg. 19 a, 934 [1964].


