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ABSTRACT

The X-ray emission from a plasma focus has been
studied using time integrated and streak photography. "The
plasma focus, a small volume of very dense and hot plasma
was created in a coaxial plasma gun driven by a fast current
pulse of period T 22 usec which was produCedvby discharg-
ing a condensor bank of V = 12-15 kV, and C = 84 uf.

| Measurements have shown that a diffuse X-ray
emitting plasma column is formed in the 'early' pinch stage,
which extends a few centimeters in the axial direction,
has expansion velocities of/betweén 2-6 x‘107 cn/sec. and
~lasts for 30-60 nsec. '

In the following 10-30 nsec. X—kay emission occurs
from small plasma regions which have 1ittle or hb axial
velocity. The distance between these "hot" spots are of
thé order of half a centimeter.

These measurements and observations of the X-ray
emitting regions are consistent with resu]ts obfained by
Peacock and Mather. By comparing their results with thosé
of this experiment it is concluded that the appeérance of
the isolated X-ray sources is associated with the m = 0 -

instability.
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Chapter 1

INTRODUCTION

1.1 The Plasma Focus

The plasma focus is a device consisting of coaxial
electrodes inside a vessel containing a mixture of gases
at a pressure of less than several torr.

fhe formation of the dense plasma fdcus.beyond
the end of the coaxial electrode geometry wés-first observed.
and studied by the Russian, T.I. Flippova in the 1960's.

Over the years studies of the plasma focus have
concentrated on the initial electrical breakdown between the
electrodes, the dynamics of the rundown of the current
sheath, and the final dense focus stage of the plasma focus,
with recent interest being on the latter and more specifically
on the neutron production which results if a D, gas is
used in the discharge vessel.

A high voltage (in this expt. 12-15 kV) from the
capacitor bank is applied between the inner and outer e1ec;
trodes of the discharge vessel. This producés évbreakdown-

in the region at the back of the electrodes near a Lucite.



insulator (see Fig. 1). Current then flows from the centre
electrode back along the insulator to the back plate pro-
ducing a "waterfall” flow over the insulator surface. Studies -
have shown [1] that during the early stages of current
build-up there is a complex filamentary light pattern pro-
duced at the back plate. The jz X Be, inverse pinch force
next drives the cukrent‘outward towards the outer electrode.
At this time the filamentary pattern of the current blends
to form,a uniform axisymetric discharge.

Because jr and B6 decréase with radius the force
(jr X Be) is greater nearer the inner electrode than af
the outer electrode and so the current sheath has a cant.
Photographs by Mather [2] have shown this appearénce of the
sheath. | | |

The current sheath as it moves down between the
copper electrodes aécumu]ates gas in front of it. This éffecfv
called snowploughing has led to several models describing
the physics of the current sheath [3]. The maximum average
sheath velocity in the annulus has been recorded to have
an upper limit of 1.5 x 107 cm/sec [4].

When the current sheath arrives at the end of the
electrodes it overshoots and experiences a fast (1-4 x 107
cm/sec) [5] radfa] collapse towards the axis as a result
of the strong radiai pinch force, jz X Bg. To maximize
this pinch force one chooses the gas mixture, and the voltage k

such that the peak of the current pulse occurs at the time of



radial collapse. In addition the peak of the'curfent pulée
is determined by the inductance of the voTtagé supply network.
Any reduction in the inductance, for example, by USing several
1ow'inductance cables to deliver the current from the‘capacftof
“bank to the discharge vessel will result in‘achieving a
greater pinch force.

The densé,plasma formed as a result of the pinéh
has been observed to have electron densities of 6rdér 1019

-3

cm and temperature of several keV.

1.2 Previous Work on the Plasma Focus

Measurements of densities have been done by observ-
ing the shape of the emission spectrum and the absolute
radiation flux in the soft X-ray region [8]. Shawdowgraphs
and Schlieren photographs have been used to determine the
spacial and témﬂora] development of the dense plasma [12],
and interferometric measurements have been used to obtain
~the .electron density [4]. The fitting of data to both X-ray
emission and neutron yields (assuming a thermonuclear plasma)
have given pltasma densities of the order of 10'° cm-2 [4].

'E]ectron temperatures (for deuterium) of approximately
.70 keV have been observed by laser scattering [7]. In
addition, it has been observed that in a'deuteriumrp1asma
the total neutron emission per discharge requires an ion.

temperature of several keV (assuming a thermonuclear plasma



[6]1). The assumption of thermal neutron producfion is not
clearly valid since there is evidence for a nonthermonuclear .
production in a deuterium plasma focus [9]. |
Due to.the high temperatures reached in the plasma

focus most of the radiation is in the X-ray region. These
X-rays are due to Bremsstrahlung and line radiation. " This
thesis devotes its main interest to the investigation of

the X-ray emission features of the dense focus stage. The
focus at U.B.C. does ﬁbt produce neutrons and as such is

primarily an X-ray emitting plasma.

1.3 Uniqueness of the Experiment

What is unique about this experiment performed ét
the U.B.C. plasma physics lab is that it is the first experi-
ment to take streak photographs of the X-ray emissions during
“the focus stage of the pinch. Other experiments which havé_
investigated the X-ray emission features of the focus have
included the recofding of X-ray emissions by the use of X-ray
pinhole cameras with various absorbers to obtain time inte-
grated photographs and thus information about the energies
of the X-rays emitted, in addition to correlation of framing
~pictures (in.the visible region) with X-ray monitored pulses.

Most of the theoretical work,done on the plasma
-focus so far has been to explain the observatibns of the

neutron flux that originates from a deutrium focus. To



explain the anisotropic distribution of_neutron fiuxes and
neutron energy spectra various models have been proposed,
as for example the beam target model, and other models,
which assume thermal and thermonué]ear processes occurring
within the focus.

Observations and possible mechanisms of X-fay
emission features have been studied by such noted experimen--
talists in this field as Peacock and Mather and to a lesser
extent Bostick. Their observations and proposed mechanisms
in éonjunction with what has been observed at the U.B.C.
plasma focus is discussed and summarized in the conclusion
of this thesis.

In summary it was the aim of this'experimént to
measure velocities and lifetimes of the X-ray emitting plasma
and to compare the X-ray time integrated photographs -with
those obtained by other experimentalists, and tovfit and
compare the results obtained with existing models so that a
possible mechanism for X-ray-production cou]d.be formulafed.

The experiment was‘a success in that the spacial-
and temporal features of the X-rays using nsec. streak;
ahd time integrated photography were recorded and analyzed.
As a result a possible mechanism for X-ray production cou]d‘

be formulated.



Chapter 2

APPARATUS -

2.1 The Focus

The experimental arrangement is shown in Fig.‘].
The plasma focus investigated in this experiment consists
basically of two coaxial cylindrical copper e]ectrpdes'of
approximately 25 cm in ]ength. The inner electrode cylinder
of positive polarity has an outer diameter of 5 cm and an
inner diameter of 2.5 cm. The cathode is a perforated
copper cylinder of 10 cm diameter. The outer cylinder is
soldered onto a brass disk with a concentric hole of 6 cm
diameter. The hole allows the coaxial assembly consisting.
of the anode, and a cylindrical Pyrex insulator (5 cm inngr
diameter and 5 cm length), whfch is fitted over the anode,
to be mounted inside the outer cylinder (see Fig. 2).

The glass sleeve and a p1ex591ass disk prevént
premature electrical breakdown between the opposite polarity
| electrodes. In addition the glass s]éeve allows the initial
formation of an inverse pinch following breakdown to occur
between the anode at the S]eeve end and the inside of the}

copper cathode cylinder.
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The entire electrode assembly is fitted inside a
Pyrex vessel which is evacuated and filled with a gas mixture
of Hydrogen and Argon (approximately 10% Argon by pressure)
to a pressure of between .5 to .8 Torr. '

The electrode assembly is‘held in position in the
Pyrex vessel by a brass plate. The brass plate (or cable
header) also provides an electrical connection between the
coaxial cables coming from the capacitor bank to the inner
and outer cylinderical copper e]ectrbdes (1ocated inside the
Pykex vessel).

The power required to produce the current sheath»
is provided by a bank of six, 14 uf capacitors charged to
a voltage between 12 and 15 kV. This energy is delivered
by 30 coaxial cables (five cables for each capacitor) which

are all connected to the cable header.

2.2 The Spark Gap

Each capacitor has a spark gap. A1l spark gaps
are triggered at the séme time by a pulse produced by firing
an auxiliary spark gap. Inside the spark can, which houses -
the spark gap, are four electrodes. Fig. 3 depicts the
four electrodes. One electrode (#2 in‘fhe diagram) is con-
nected to the hfgh vo]tagé terminal of the capacitor aﬁd
another (#1) is electrically connected (via the cable header)

to the inner positive cylindrical electrode.



?igure 3. Spark gap electrodes.
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Two other electrodes (#3 and #4) are Tocated
between the above mentioned electrodes. A high voltage pulse
(produced by the auxiliary spark gap) is applied between
~the outer disk shaped electrode (#3) and the fine point of
a tungsten wire (electrode #4), so that a Spark is produced
between them. This spark produces a U.V. flash which ih turn
ionizes the air and causes a current to start flowing between
electrodes #1 and #2. ~The resulting plasma short circuits
electrodes #1 and #2 and thereby discharges the capacitof.

| This electrical arrangement of the spark gap ensures
a fast and jitter-free breakdown of the capacitor bank.
This is important since simultaneous arrival of tﬁe voltage
pulses at the cable header is important for the format{on
of a good focus. See Fig. 4 for the detailed electrical

lTayout.

2.3 X-ray Imaging

‘Time integrated and streaked X-ray phqfographs
were taken simultaneously of the same plasma focus eQent.
‘The imaging was accomplished by using a pinhole X-ray camera.
| Located at right angles to the electrode axis (and
approximately 17 cm from the focus) are pinholes of .5 mm
(one on each side) with a 1 mil Be foil window (see Figs. 5
and 6). The pinhole diameter is of the order of a thousand

Fresnel zones wide. The X-rays passing through the pinholes
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travel down an evacuated hollow tube (approximately 17 cm in
length) uhti] they hit in one case X-ray recording film or
in the other a thin scintillator (1.5 mm) producing an image
in visible light. This 1magé is time resolved by a TRU
_Image Converter Camera. The streaked image ié then passed
through an image intensifier (RCA 8606) before finally

being recorded by a camera 6nto 10,000 A.S.A. polariod

film (Fig. 7).

2.4 Timing

The timing required to take the X—ray streak picturés
was achieved by placing a light pipe near the end and above
the outer perforated electrode. As the luminous front of
the current sheath passed down between the electrodes the
light radiated from it was picked up by the light pipe (see
Fig. 8) and then sent to a photomultiplier which in tufn
triggered the delay génerator wﬁich sent a pulse to the’ihage
converter to streak it.

This method was necessitated by the irreproduce-
ability in the discharge, because of variation ih the gas
pressure, gas composition (due to electrode material contami-
nation); and bank voltage. Triggering on the dI/df pulse
which is picked up by a Rogowski coil at the back plate was

tried but proved too unreliable.
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Chapter 3

OBSERVATIONS AND RESULTS

Before an interpretation of the X-ray photographs
are made, measurements of the magnification, the streak speed,
etc., must be done. The fo11owing describes how such measure-

ments were conducted.

3.1 Image  Magnification

The magnification of the time integrated pictures
was obtained by measuring the object-image distances from
the focus to the pinho]e‘and from the pinhole to the X-ray
film, assuming that the object (i.e. the focus) is on the
centre axis (z) defined by the inner electrode. For the
streak shot the object-image distances were measured to the
scinti]]étor. At the scintillator's surface two parallel
whfte threads were used as objects in a separate experiment
- to determine the magnification between the sciﬁti]]ator and
the film by measuring the real distance between the threads

and that recorded by the film.

18
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3.2 Spacial Resolution

The spacial resolution is limited to 1 mm and is
determined by the pinhole diameter and optical geometry.
.The scintillator thickness (.15 cm) though affecting image
formation does not affect the reso]ution'due to the com-
paratively large .distance (17 cm) between it and the pinho]e.'

The time duration of the streak from 50 to 200 nsec.
was determined by the setting of the controls on the image
converter unit. The Tlength of the streak on the film was
obtained by taking two picfures of the two parallel white
threads, one at the beginning and one at thevmidd1é of the
streak. This change in distance as recorded by the polariod

film, and the streak duration, determines the streak speed.

3.3. Temporal Resolution

The temporal resolution of the streak photographs
is limited by the decay time of the plastic scintillator
which is approximately 2 nsec. Since the image intensifier
has a very long decay time (or after image) it had to be
positioned after the streak unit or image converter in ordérv

that the temporal resolution was not sacrificed.

3.4 X-ray Photographs

Enlargements of the recorded X-ray pictures were

~taken such that the final enlargements of the time integrated
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and streak shoté have the same mdgnification (orbratio ofb
image to object size).

These measurements combined with the photographs
taken have given the following results and observations.

Two streak photographs with their corresponding
time integrated X-ray photographs are shown in Fig. 9. From
pictures as these it was determined ihat a 16ng emitting‘
X-ray region of plasma, extending over distances of order
of centimeters with lifetimes of 30-60 nsec. is produced
which mdves axially towards and away from the anode at
velocities between 2 and 6 x 107'cm/sec;

This X-ray burst is followed 10-30 nsec. latter
by small intense X-ray emitting regibns extending over
distances < .5 cm with lifetimes of 10-30 nséc (see Fig. 9b,c).
Some of these X-ray emitting regions exh1b1t no not1ceab]e
axial ve]oc1ty (see Figure 9f). From spac1a] correlation
with the corresponding time integrated photographs (see
Fig. 9a,c) these sources show up as very small dark dots on
the X-ray film in comparfson to the softer and diffuse back-
‘ground produced from radiation emitted from an earlier time.

The dI/dt signal was displayed on a scope, the
focus beihg indicated by a sudden dip;in the dI/dt waveform
(see oscillogram Figure 9e - upper trace A). The streak
duration was also mohitored and appears as a ‘'gap' in the
lower trace (B), on the 6scillogram. The real time of both

traces coincide within 10 nsec. of each other, extrenous
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time delay in the electrical cables and the equipment is
taken into account when calculating this figure; |

The discharging of the capacitors creétes con-
siderable electrical noise. This noise was eliminated by
the use of ferrite cores on most of the electrical cables,
and by the use of a light pipe for detecting the passage of
the current sheath. To further minimize electrical inter-
ference the trigger delay unit, photomultiplier, and scope
were placed in a shielded room. The room has double copper
walls and the electrical power to this room was filtered

before and after entering it.



Chapter 4

DISCUSSION OF RESULTS

The obsérved features of the focﬁs agree well with
the results of other experimenters who have studied the focus.
The time integrated photographs taken are similar
to those obtained by Mather [10], Peacock [11]; ahd Bostick
[13]. | |
Peacock [12] has observed that the sustainment
time of the pinched plasma is not hore than 50 hsec. and
corresponds directly to the duration of the fhitia] burst
of therma1lx—rays. He also found thaf the local break-up
of the pinch is often due to m = 0 instabilities, and thét
the‘time between formation of the dense pinch and its bréak-up
is not greater than 100 nsec. These observations'correSpond
well to the measured lifetimes of the heatéd (X-ray emitting)
plasma as recorded by streak photography in this experiment.
Peacbck [14] has further observed that the quasi-
- cylindircal compression produces a 'fountain' of a hot and
dense plasma which travels axially away from the electrodes

with a velocity of approximately 107 cm/sec., which agrees

23
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with the measured observed radial velocities of 2-6 x 107
'cm/sec.r

Bostick [13] observes that the duration of the X—réy
emission from small individual intense sources is only 10
to 30 nsec. This agrees with observations in this'epxériment..
But he intorrect]y assumes that these small intense sources
are triggered in sequence along the axial region. As is
- seen from the streak photbgraph "f' in Fig. 4, this is
.clear]y not a]Ways the case. Bostick states that 107 cm/sec.
is the order of magnitude of the velocity of the plasma
ejected from the axial region, which is in agreement with
the ,values measured by Peacock and in this experiment.

From a time sequence of‘shadowgraphs}Peacock
observes that the dense pinch breaks up due to am = 0
instability and that the time interval between fofmation of
the dense pinch and onset of the instability, the sustafnment
time, is of the order of 10 nsec. He measures further, that
the wavelength of-the ihstabi]ity, the distance between
constrictions, is of the order of half a centimeter. From
time resolved X-ray photographs of the p]asmaAinvestigated'
here (see Fig. 4) one measures time intervals between the
appearance of the X-ray emission, spreading over the whole
pinch channel, and the appearance of the isb]ated point-like
X-ray sources to be of the order of 10 hsec,,'which corresponds

to Peacock's substainment time. The distance between the
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isolated X-ray sources is on the average half a centimer
which corresponds to the wavelength of the m'= 0 instability
as observed by Peacock. These correlations strongly suggest
that the appearance of the isolated X-ray sources is asso-
ciated with the instability.

The features of the focus observed here and by
Peacock suggest that the following sequences of physical
events takes place. These events are describe in five
stages. |

The first stage is the co]]apse'of the current
sheath of the end of thé electrodes, the By field compress-
ing the gas mixutre rapidly inward. The second stage starts
by the plasma being pinched, and as a result the p]asmé
obtains an axial motion with velocities of the odér of 107
cm/sec. In the third stage the plasma coo]é by expansion
and by radiative TOSses. Stage four starts when the instabil-
ities, partfcu]ar]y them = 0 sausage instability forms,' |
with growth rates of the order of 10 nsec., a tfme which is
consistent with the observed times between the decay of the
diffuse plasma and the creation of "hot" spots. As a result
_the plasma is heated by localized fields and X-ray emission
occurs again. Since the pinch force or the magnetic Be'A
field is symmetric and perpendicular to the region of}pinch—
ing, the plasma expands equally away and towards the electrode
(with approximately the same axial velcoity) during its very

short Tifetime, and thus looks Tike an ablong 'dot' on the
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streak photograph. 1In stage five the "hot" spot in staée
four continues to expand while at the same time rapidly
cooling and emitting little or no X-rays.

This sequence would explain the observations during
the formation and breakup of the dense focus stage as |
observed in this and other experiments. The fellowing (Fig.

10) is a pictorial summary of the proposed process.
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Chapter 5

CONCLUSIONS

Measurements of the X-ray emissions from the plasma
focus by time integrated and streak photography has.yielded
informatidn about the ve]ocifies, ]ifetimes.and growth of
the X-ray emitting regions.

A diffuse X-ray emitting p]asma,.extending.severa]'
centimeters‘in the axial direction, having velocities of
2-6 x 107 cm/sec. and lifetimes of 30-60 nsec. has been
observed. This is followed 10-30 nsec. later by small intense
X-ray sources which have little or no axial velocity, andA |
lifetimes of the order of 10 nsec. | | |

The distance between these short;lived small X-ray
emitting regions correlated to observations made by Peacock
strong]y‘suggest that these X-ray sources are associated
with the m = 0 instability.

A possible model for explaining the sequence of
X-ray events has been proposed which is consisfent wﬁth the
observations and measurements obtained by Peacock and

Mather.
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