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Delayed hot spots in a low energy plasma focus
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Abstract. In a low energy Mather-type plasma focus device,hot spots having temperature
in the range of few KeV have been observed even 1#s after the pinch disintegration and in
regions away from the pinch area. These hot spots are perhaps created by the thermal runway
due to temperature fluctuations in the background gas.
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1. Introduction
Hot spots (Choi et al 1987) having temperature in the range of a few KeV temperature,
are observed in several Mather-type plasma focus devices (Mather 1971). They were
normally observed during and immediately after the pinch disruption and in the
proximity of pinch region. In a low energy plasma focus we observed hot spots even
1 #s after the pinch disruption and in the regions away form the pinch.

2. Experimental set-up
The experiments were conducted with a Mather gun-type plasma focus, having inner
and outer electrode diameters and length of 0-022, 0.071 and 0.10m respectively.
Tungsten, aluminium, titanium, brass and copper were used as electrode materials.
The outer electrodes were normally of squirrel-cage type but for some of the experiments,
tubes (of same size) with no perforation were also employed. The central electrodes
for most of the experiments were hollow tubes but for some solid rods were also
employed. The focus was ordinarily housed in a small chamber approximately 4 litres
volume filled with a -'- 104 pascal (few mbar) of hydrogen or deuterium. The device
was used on two low inductance banks the first had a capacitance of 14/zF and
charging voltage of 15 to 20kV. The second capacitor bank had a capacitance of
28/~F and was charged 12 to 15kV. For some of the experiments the banks were
also charged to negative voltages.
The space resolved emissivity and spectrum (temperature) of X-rays emanating
from the hot regions of the plasma was estimated by using two pin-hole (200 #m
diameter) cameras covered with beryllium foil of various thicknesses. Similarly the
time resolved emissivity and spectrum was estimated by fast plastic scintillator and
photomultiplier tube assemblies covered with various filters. As we do not have the
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instrumentation to record simultaneously the space resolved and time resolved X-ray
emission, correlation studies between them were attempted by comparing the spectra
obtained from pin-hole and scintillator observations. It was possible in the cases of
a few hot spots, where the spectrum was distinctly different from the rest, to correlate
the time resolved and space results.
Plasma density of the different hot region was compared using the absolute X-ray
intensity. The background plasma density (degree of ionization) and the effective
atomic number was estimated form the line emissions of hydrogen and impurities,
using an one metre long Czerny Turner spectrograph-cum-monochromator.
The dynamics of the plasma in the rundown and the pinch area was observed by
photographing the plasma in the optical region by an image converter camera. The
speed of the camera was varied from 105 to the maximum attainable 2 x 107 frame/s.
For deuterium filling, the absolute neutron yield was also measured by a silver
activation detector. The time resolved neutron emission was observed by fast plastic
scintillator and photo-multiplier tube set ups using a time of flight technique. In
addition the attenuation of the signals was observed through 0"01 m lead and 0.05 m
polyethylene. In this way it was possible to distinguish between the X-ray and neutron
pulses when multiple pulses were produced.
The time derivative of current (dl/dt) and the voltage across the plasma focus were
measured by a Rogowsky coil and copper sulphate voltage divider respectively.

3. Experimental observations
Unlike other plasma foci we observed several hot spots far away from the pinch area
and even 1 #s (which is approximately ten times the pinch confinement time) after
the pinch disintegration. All the hot spots as well as the filaments (the central high
temperature region formed after the initial focus disintegration, sometimes called the
second pinch, is called the filament here) had diameters of 300 (limit of resolution)
to 500/~m. However their length varied from 300#m to 10-2m (some of these hot
spots were as large as the axial filament). The lifetimes of filament as well as of hot
spots were a few tens of ns. The temperature of these hot spots varied from 1 keV to
4 keV. Generally smaller hot spots had higher temperature. Figures I and 2 are pin-hole
images of the X-rays emitted from the plasma. Figure 3 shows the time resolved X-ray
emission of the plasma focus. No correlation between their time of occurrence of the
spectrum and size was observed. No periodicity or reproducibility of these hot spots
could be observed. In some of the experiments six X-ray detectors, covered with
aluminium filters with thickness of 5/~m to 100/zm, were used to estimate the detailed
spectrum. The dominant component of the X-ray spectrum of the central filament
and the hot spots was soft and seemed to follow (within experimental errors) the
functional form as expected from a maxwellian hydrogen plasma. However the
filament and the hot spots also appeared to have a small hard X-ray component. The
intensity of this component was too small and it was not possible with our
instrumentation to analyze it further. From the intensity of X-rays, assuming the
emission is from a maxwellian hydrogen plasma, the density of the filament and the
hot spots was estimated to be _ 102'*/ma.
The typical dl/dt and the voltage variation across the plasma focus are shown in
Figures 4 and 5 respectively. The voltage peak is delayed by a few tens of ns (after
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Figure i.

X-ray pro-hole 12001ml) unage.

Figure 2.
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X-ray pine-hole (200/~m) image.

Figure 3. Time resolved X-ray emission from plasma focus. (x-axis: 5 mm = 200 ns, v-axis:
5 mm = 500 mVI.
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Figure 4. Oscilloscopepicture of dl/d T across plasma focus (5V/div, 500ns/div).
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Figure 5. Oscilloscopepicture of voltage across plasma focus(lV/div, 500ns/div).
compensating for the difference in cable transit times) with respect to dl/dt peak, and
is more prominent as compared to dl/dt peak in all the cases. From the time resolved
observations of X-ray, dl/dt and voltage, it is not possible to differentiate between
the main central filament and the hot spots. However the time of flight neutron
spectrum indicated that practically all the neutrons are emitted immediately after the
pinch disintegration and there is little or no neutron emission from these delayed
high temperature regions. The starting of the neutron pulse coincided with the second
X-ray pulse. However it was observed to last between 100 and 200 ns. The absolute
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neutron yield (estimated from a silver activation detector, at neutron optimized
pressure 2 x 104 pascal), varied from shot to shot from 106 to 108. However no
correlation between the number and size of the hot spots and the neutron yield could
be observed.
The image converter photographs failed to record any formation of a second sheath
in the rundown region. In the pinch region it was observed that initially a conical
focus is formed. No hot spot was observed during this time. After disintegration, in
the region where filament and hot spots were observed (by X-ray diagnostics), no
optical luminosity could be observed. However this region was surrounded by highly
luminous plasma. As the plasma in the pinch region after disintegration was of lower
density (as compared to the initial focus) but of higher temperature (as compared to
the background plasma) it was therefore not luminous enough for the sensitivity of
our camera.
The hot spot activity was maximum when the plasma focus was operated with
neutron optimized pressure (_~ 2 x 104pa of D2 for brass electrodes). Decreasing or
increasing the gas pressure appreciably reduced the hot spot activity. Using different
electrode geometries and materials and capacitor bank parameters had no observable
effect on hot spot activity (as long as the device was operated around neutron optimised
filling).
The device was also operated with admixtures of hydrogen and air. The hot spot
activity (and neutron yield) reduced with addition of air and completely stopped when
air content exceeded 209/o.
When the device was operated using a negatively charged capacitor bank no hot
spot was observed. The neutron yield dropped by more than two orders of magnitude.
Most of the experiments were conducted with plasma focus having brass electrodes.
The hydrogen lines and neutral lines from copper and zinc (these materials entered
into the plasma from the electrodes as high Z impurity) were prominent in the optical
spectrum of the background plasma. The hydrogen lines had very strong broadening
due to the first order Stark effect. Surprisingly the high Z neutral lines were also
broadened to 5-10/~ (the total error in measurements was < 1 ~). This broadening
was interpreted as due to second order Stark effect caused by collisions with hydrogen.
The analyses of these lines suggest that background gas in our plasma focus is highly
ionized (> 209/0) even after 1/~s of the focus formation (Rout et al 1987).

4. Discussion

There are several explanation for the formation of hot spots (Choi et al 1987; Stygar
1982). The device may form multiple loci by the same plasma sheath or by secondary
sheath. The environment created by the pinch (such as electron beams) may also
result in hot spot (perhaps by radiation collapse).
Since some of the hot spots are observed even after 1 k~s, these could not be due
to refocussing of the same sheath. Since the terminal sheath velocity (as deduced from
image converter picture) is > 10Sm/s and sheath will take -~ 100 ns to traverse across
the face of the central electrode.
Secondary foci may be formed by propagation of second plasma sheath. But these
are normally produced by long duration current drivers and are equi-spaced in time
and more or less at the same position as the first focus (Stygar 1982). In our case the
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hot spots are generated randomly and far away from central filament. The image
converter camera gives no indication of propagation or focussing of the second sheath.
There is remote possibility of a low density sheath starting randomly from any part
in the rundown region. However the voltage and the gas pressure in the rundown
region are very low at the time of hot spot formation, therefore the breakdown of
gas for such secondary sheath formation is perhaps unlikely. If secondary sheaths,
by any means, are propagated then hot spot activity should increase at higher gas
filling pressure (as residual gas may have higher pressure) and in the case, the bank
is charged to negative voltage one could observe focus when the voltage reverses to
positive. Absence of all these suggests that it is highly unlikely that these hot spots
are due to second sheath propagation.
Pinch devices (liners, plasma foci, vacuum sparks) having high Z elements are
known to generate hot spots perhaps due to radiation collapse. The generation of
these hot spots is most likely assisted by electron beams (Choi et al 1987). However
these hot spots, unlike the ones observed by us, are normally formed during or
immediately after pinch formation. In our case since we have observed (i) quenching
of hot spots with the addition of high Z gas (ii) no observable change in intensity or
frequency of occurrence or spectrum with the Z of the electrode changed from 6 to
30 (iii) the functional form of the spectrum of the hot spots is very close to that of
the central focus filament, it is likely that these hot spots are generated by some other
mechanism other than the radiation collapse.
One possible explanation for these hot spots is that the plasma is a medium with
strong positive temperature coefficient of electrical conductivity, therefore, any
fluctuation of temperature or degree of ionization anywhere in the vessel can result
in increase of conductivity and hence increase in current resulting in further increase
in temperature. This thermal run away may result in hot spot formation. In the initial
stages of formation, when the current is low, the hot spots will be only inertially
confined and they will lose their enhanced temperature or degree of ionization by
exchage of particles with the rest of the gas/plasma. This loss can be high if the
background gas is not sufficiently warm, thus stopping any further development. This
is perhaps the reason, why delayed hot spots have not been observed in other large
plasma foci. These foci have very large vacuum vessel volumes resulting in little
ionization of the background plasma. The low degree of ionization is also confirmed
by the line spectrum (Herold 1987), of the high Z neutral lines showing no broadening.
In our plasma focus we confirmed it simply by increasing the size of the vacuum
chamber by ten times, broadening of neutral lines and delayed hot spots disappeared.
Preliminary calculations have been performed to demonstrate that it is possible to
form hot spots in a plasma by thermal runaway. For these calculation the plasma is
assumed to be fully ionized and strongly magnetized. Figure 6a shows the electrical
circuit diagram used for the hot spot. Figure 6b shows the geometry assumed for the
computations. The circuit equations are
d2

d

d2

d

I

I

~ { L I } +-dt{Rb b} + ~ = 0
I

-z-~{LI} +-;7{g,lh} + -d = 0

(1)
(2)

where L, I and C are the total (of the capacitor bank) inductance, current and
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Figure 6b. Assumed geometryfor hot spot (current: 200 kA, Length: 10- am, Final hot spot
radius: 80/~m).

capacitance. Ib and I h are the background plasma and hot spot current (the subscripts
b and h denote quantities pertaining to background plasma and hot spot respectively).
I = I b + lh

(3)

R b is the background plasma resistance (in parallel to hot spot) while Rh is the hot
spot plasma resistance. In our device the current was primarily limited by the inductive
impedance of the bank. The energy balance equation for the hot spot (Haines and
Walker 1987; Hammel et al 1983; Spitzer 1962) is
d
~ ( ~ h ) ----"eohm -- [Pour -4- econd "]- Prad d- Pexp']

(4)

where 8h is the energy input into the hot spot. Pour is power loss due to the flow of
current (the electrical drift of electrons). P¢ond is the power loss due to thermal
conductivity (the plasma is strongly magnetized hence the conductivity loss is small).
Prad is the bremsstrahlung loss consisting of the free-free and free-bound radiations
(bound-bound radiation is ignored). Pexp is the power (stored magnetic) required
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(or lost) if hot spot expands. From (4)
~tt(~h) : JzhEzh --

flfbn~

(qzh) +

(rq,h) q- flf£ n2 T~/z +

,o/ dr 1

T h i / 2 + 4nr h d t .]

(5)

flow per unit area in longitudinal and radial direction, ~yy and fl/b are free-free and
free-bound bremsstrahlung coefficients, nh, T h and Ih are hot spot density, temperature
(ion and electron temperatures are assumed to be equal) and current.
qzh = - 2.5 k ThJz/e

(6)

qz, = 3 f hd Th/dr

(7)

= 3nhk T~
J:h = ahEzh + ~ohd Th/dZ

(8)
(9)

where Po, k and e are vacuum permeability, Boltzmann constant and electronic charge.
o,~h and am are the thermal and electrical conductivity. ~oh is the thermoelectric term.
Oh = 0t lnA T 3/2

(10)

3¢~h= ~,InA n2/(T~/2B 2)

(11)

~oh= 5trh

(12)

where B h is the current induced magnetic field, lnA is the Coulomb logarithm; 0t, 7
and 5 are constants. The pressure balance equation used along with the energy balance
equation is
161t2nhr2 T h = #012.

(13)

The radiation losses (if the current < 1-6 MA) and the thermal conductivity losses
(if the plasma is strongly magnetized) can be neglected for approximate estimates.
Under these approximations, using (5) and (6) the final temperature (T/h) of the hot
spot is
T/h = 0-4e Vh/k

(14)

where TIh is in keV, Vh is the potential drop across the hot spot. The current in the
circuit is limited by bank inductance. Therefore
Trh = 0"4Ih Rhe/k = 0"4el h Ih/(nkah r~ )

(15)

where R h is the hot spot resistance, lh its length. Substituting for radius from (13) and
for electrical conductivity from (10)
6-4he nhlh
Tyh = / l o k0t In A 1h

(16)

Equation (16) brings out the unusual fact that hot spots are more likely to occur in
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low current (small) and high background plasma density devices. Therefore in larger
devices to observe delayed hot spots the vacuum chambers have to be made as small
as practicable. It may also be pointed out that the radius of the pinch scales as
r.,~
i4/3/,,5/6
h'~" ~h
ItCh

(17)

"

Therefore higher temperature can be obtained only in very small sized hot spot. Since
the hot spot conducts current in parallel to the background plasma, the current
through the hot spot plasma is
Rb

Is = IRb + Rn " I

T3/2 ,.2
"th "h

(18)

--hT3/Z~'2"h"[- "t b"T'3/2~.2.b

where subscript b refers to the background plasma, I is the total current. From (18),
if Ih is to be small, T~ should be small for large Th (subject to the condition that the
plasma is fully ionized).
All the above calculations fail to explain how a hot spot gets started. For this a
simple 0-dimensional computer calculation has been performed. In this computation the
plasma is divided into two parts--hot spot and background plasma. Each is assumed
to have uniform temperature, density and current density. To start with the hot spot
plasma is assumed to be similar to background plasma. At the start of the code the
temperature is given a positive perturbation and then the variation of temperature
and radius is computed from eqs (1) to (13). In the initial stages the hot spot expands
rapidly, it is assumed that this leads to accretion of additional plasma. Because of
this accretion effect the initial perturbation dies if the hot spot radius is too small
(< 10/~m) or the background plasma temperature is too small (< 0-5 eV) or the initial
perturbation given is small ( < 59/o). On the other hand if the background temperature
is large (> 5eV) the eventual temperature reached is small (< 1 keV) because of
difference in resistivity of hot spot and background plasma is small. Under suitable
conditions the hot spot is formed within a fraction of a ns. Figure 6c shows the
increase of temperature of a hot spot with time. It is observed that when the
temperature perturbation is large it is much easier to form a hot spot (but the
4
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Figure 6c. Variation of hot spot temperature.
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dependence of final temperature on perturbation amplitude is very weak). This,
perhaps, is the reason for the observation of most of the hot spots (in other devices)
very close (in time and space) to the original pinch. In the vicinity of the pinch, the
strong thermal perturbation are provided by electron beams. In delayed hot spots
these fluctuations are perhaps provided by statistical fluctuations. Energetically it is
easier to form a long hot spot, however we have observed long spots rarely possibly
due to the fact that long thermal fluctuations are rare.
The calculations done above are only indicative as several approximations have been
made. Some of these assumptions are a) uniform temperature and density b) equal
ion and electron temperature c) pressure balance. None of these assumptions are fully
justified since the time taken for hot spot to develop is less than one ns. Apart from
this we are assuming classical thermal and electrical conductivity. Experimentally the
plasma is found to lose its energy much faster because of shock and radiation assisted
accretion. On the other hand since in the hot spot the electron drift velocity is much
larger than the ion thermal velocity, beam driven instabilities will develop. This will
result in anomalous resistivity. This will help in hot spot growth. The assumption
that the initial expansion of plasma leads to accretion may not be fully justified.
Therefore this calculation, at present is not suitable to fully explain all the experimental
observations, however it does indicate that hot spots resulting from thermal run away
are possible.
The hot spots and the filaments have life times > 102 Alfven transit times (across
the radius). This could be due to the finite ion Larmor radius stability (Hartman 1976)
(the ratio of ion Larmor radius to hot spot radius is> 0.6, assuming their density
-~ 102'*/m3). The longevity can also be due to hot spots and filaments developing
force free configurations due to relaxation.
The ratio of electron drift velocity to ion thermal velocity is > 1.4 for hot spots as
well as for filaments. This large ratio, which may increase with time due to particle
non-confinement at the ends may, eventually, result in the development of current
driven instabilities, enhancing the resistivity (Liewer and Krall 1973) and destroying
the hot spot or filament. This is perhaps observed as the sharp dip in the d I / d t and
a spike in voltage. In some discharges additional delayed dip in the d l / d t has been
observed but no corresponding X-ray pulses were observed. These could be due to
the hot spots, which got interrupted before they got luminous enough to be detected
by the X-ray detector.
The delayed hot spots make little or marginal contribution to the absolute neutron
yield. This further confirms that neutrons produced in the focus are not due to high
temperature plasma after the pinch disintegration. The accelerated ions, which produce
the bulk of neutrons (Jager and Herold 1987) are produced in the initial pinch perhaps
before the current interruption (Deutseh and Kies 1988).
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