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HIGHLIGHTS

e X-ray emitting zone changes with gas pressure and anode’s insert metal.

e Spatial distribution of X-rays from anode’s surface depends on the characteristics of the electron beam.

e Spatial distribution of X-rays from the plasma above the anode depends on properties of the working gas.
e Size and intensity of X-ray source increases with atomic number of the insert materials.

ABSTRACT

KEYWORDS

In this paper, the effect of anode’s insert material on spatial distribution of X-ray emission
zone of plasma focus device was studied. Anode’s insert materials were fabricated out of
aluminum, zinc, tin, tungsten and lead. For each insert material at the constant operating
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voltage of 21 kV, the image of pinhole camera which monitors the surface and the top

of anode was recorded at the various pressures of 0.3, 0.6, 0.9 and 1.2 mbar. The results
indicated that the X-ray emission zone above the anode surface not only includes thermal
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radiation of plasma, but also depends on anode’s insert materials. This zone could be
due to the passage of high energy electrons from the vapor of anode’s material above the

anode’s surface.

1 Introduction

A plasma focus (PF) device is able to produce a com-
pressed dense and hot plasma at the end of the anode.
The dynamics of the plasma focus operation can be physi-
cally described as follows: after the gas injection to the PF
chamber at the appropriate pressure, a high voltage ap-
plies across the anode and the cathode and the gas break-
down occurs. At the end of breakdown phase, the two
layers current sheath will be formed. The radial com-
ponent of current density (J) and self-induced magnetic
field in the azimuthal direction (B) (occurred Lorentz force
(JxB)) cause the current sheath to accelerate axially in
the axial phase. As the current sheath reaches the end of
the electrodes, the radial compression phase starts. This
phase can be divided into four phases which called ra-
dial inward shock, radial reflected shock, slow compression
(quiescent) or pinch phase, and expanded column phase
(Lee, 2014). After the slow compression phase, the ra-
diations like neutron (if deuterium is used as the injected

gas), ion particles, electron beam, and various electromag-
netic radiations, from IR to X-ray, started and continued
until the expanded column phase finished.

PF device has been found to be an intense source of
pulsed X-ray. Because of very short X-ray pulses (~100
ns) emitted from PF device, the measurement tools in
this situation are limited. Intensity, energy spectrum, and
the spatial distribution of X-rays emitted from PF can
be controlled using various parameters such as type and
pressure of injected gas, operating voltage and anodels in-
sert materials. The X-ray output from the plasma focus
device can be used in many applications including X-ray
imaging (Da Re et al., 2001; Moreno et al., 2001; Hussain
et al., 2003a; Raspa et al., 2004; Pavez et al., 2014; Kanani
et al., 2014), lithography (Kato et al., 1988; Kalaiselvi
et al., 2014a,b), and medical applications (Tartari et al.,
2004; Jain et al., 2016; Venere et al., 2001). In all of these
applications, the spatial distribution of X-rays and their
emission zone in PF device, and the effect of operation
parameters as well are important.
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The pinhole camera is an appropriate measurement
tool for monitoring and studying the spatial distribution
of PF pulsed X-rays. However, when the radiographic film
is used as the detector in pinhole camera, the spatial dis-
tribution measurements are independent of time, but can
be distinguished from time to time by using appropriate
detectors of X-rays (Benedetti et al., 2016). Harris et al.
(Harries et al., 1978) studied the location of soft and hard
X-ray production in a plasma focus device and separated
X-ray emissions considering two parameters of time and
position. They reported that soft and hard X-rays are
emitted from the plasma and from the tip of the central
electrode, respectively. They also found that the plasma
X-rays were emitted about 20 ns earlier than the tip of
anode’s X-rays (Harries et al., 1978). Owing to the fact
that a large portion of the X-rays emitted from the plasma
focus device are produced by the beam-target mechanism,
the material of the anode’s tip undoubtedly plays a deci-
sive role in the emission of X-rays. Hussain et al. (Hussain
et al., 2003b) studied the X-ray emission zone of a 1.8 kJ
plasma focus device at the pressure of 0.5 mbar hydrogen
gas by a pinhole camera. They placed the lead insert in
the copper anode. In this circumstance, they separated
the soft and hard X-ray areas by using the various filters
on the pinhole camera’s aperture, and recorded these areas
on Fuji films. Moreover, Shafiq et al. (Shafiq et al., 2003)
had investigated the characteristics of the X-ray emitted
from the plasma focus device in different energy windows
by inserting the discs of different metals in the tip of the
anode. PIN-diodes with differential filters were used as a
time-dependent detector and the pinhole camera was used
for time-independent analysis. They showed that the X-
ray emission is found predominantly as a result of electron
beam activity on the anode tip.

In this research, attempts were made to study the effect
of the material of anode’s tip on X-ray zone. For this pur-
pose, five metal inserts fabricated out of aluminum, zinc,
tin, tungsten and lead were used. In constant capacitance
charge voltage of 21 kV, one pinhole camera captured the
X-ray emission zone at various pressures (0.3, 0.6, 0.9 and
1.2 mbar) of air injection gas for each of the inserts and
further analyses were performed based on the images.

2 Laboratory layout

In this study, a 2.5 kJ Mather-type plasma focus device
was employed. This device is supplied by an 11.4 pF ca-
pacitor with 21 kV charge voltage. The diameter and the
effective length of central anode were 2.5 and 13 cm, re-
spectively. Anode is made of copper that its tip was drilled
about 1 cm in diameter and 2 cm in depth in a way that
the insert materials could be embedded into this site. The
insulator between the central electrode and six cathode
rods is made of quartz. Five insert materials in a cylin-
drical form with a diameter of 1 cm were fabricated out
of Al, Zn, Sn, W and Pb. These inserted materials were
placed in the hole of the anode’s tip such that their tips
were at the same height of the anode’s tip.

To record the image of pulsed X-ray spatial distribu-
tion emitted from the plasma focus device, one pinhole
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camera was used. Pinhole camera can offer an overview
of the spatial position of X-ray emission zone, its approx-
imate size, and a qualitative view of the radiation density
of the X-ray source. The components of a prototype pin-
hole camera which has been used in this study are shown
in Fig. 1.

Figure 1: The components of the pinhole camera which were
used for studying the spatial distribution of X-ray emitted from
plasma focus device.

Figure 2: Plasma focus device and assembled pinhole camera
which installed on the wall of the chamber.

After assembling its components, the pinhole camera
was installed on the wall of the chamber of PF devise, so
that the anode surface and its top can be monitored as
shown in Fig. 2.

The experiments were carried out using the 500 pm
aperture and the magnification of cameras was adjusted
to be unity. The images were recorded on Kodak E-speed
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dental radiographic films. The darkness of the points on
the film is proportional to the intensity and the energy of
X-rays emitted from different parts of the X-ray emission
zone. Because of different attenuation coefficients of fil-
ters for different energies, it should be noted that placing
a filter between the aperture of pinhole camera and the
radiographic film can complicate analysis of the X-rays
spatial distribution. Accordingly, in this study no filter
was used between the aperture and the radiographic film.

For the X-ray spatial distribution analysis, the
recorded films were scanned at 1200 dpi resolution by a
HP scanner. Then the images were analyzed by using the
MATLAB image processing section. The analysis were
carried out according to the average gray scale of the var-
ious parts of the images.

By placing different insert materials in the hole of the
anode tip, the images of pinhole camera was recorded at
four different pressures of injected air gas (0.3, 0.6, 0.9,
and 1.2 mbar).

X-ray emitted from plasma focus device shows shot-
to-shot variation, so integration of PF output over higher
number of shots (in the same conditions) will be more
predictable than the output of single shot.

Due to the high probability of saturation of the radio-
graphic films in five shots, the optimum number of shots
was chosen to be three for our experimental setup. In each
experiment, the film was exposed to three consecutive suc-
cessful shots in the same gas pressure, charge voltage, and
anode insert. Each experiment repeated three times. The
current derivative signal was measured using a Rogowski
coil. The intensity of the pulse X-ray was measured us-
ing a scintillator detector (BC-400) placed 1.5 m in front
of the Plexiglas window of PF chamber. The evidence to
confirm the occurrence of a successful shot (pinch) is a
sharp spike in the current derivative signal, as well as the
observation of X-ray pulse by a scintillator detector.

3 Results and discussion

The results recorded by the pinhole camera for five dif-
ferent materials at four different pressures are shown in
Fig. 3. X-ray emitted from the plasma focus device is
mainly produced by two processes including thermal radi-
ation of the plasma and radiation produced by the colli-
sion of high-energy electron beams with the anode surface.
Two X-ray emission regions are therefore considered: One
on the anode surface (similar to a line in Fig. 3), and the
other above the anode surface (similar to a cloudy cone
shape in Fig. 3). The hot and dense plasma produced
in the PF device is the source of X-rays. Three types
of electron transition including bound-bound, free-bound
and free-free emit X-ray from the plasma. These radia-
tions are called plasma thermal radiation. In addition, in
a plasma with a strong magnetic field, such as that used to
form a pinch plasma, there would be another type of emis-
sion called cyclotron radiation. The radiation caused by
the collision of the accelerated electron beam in the elec-
tric field which was created in the pinch region with the
anode surface, contains both discrete and continuous com-
ponents. Characteristic X-rays and Bremsstrahlung radi-
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ations are discrete and continuous components of beam-
target collisions, respectively.

At low pressure (0.3 mbar) of air injection gas, it has
been observed that for anode’s insert materials with low
atomic number, such as aluminum (Z=13), zinc (Z=30)
and tin (Z=50), X-ray emission zone is limited to the an-
ode surface. X-ray emission from anode surface becomes
thick at the pressure of 0.6 mbar. By further increase in
pressure (0.9 mbar), the cloudy and cone shape of X-ray
zone form above the surface of the anode, and this area
becomes larger at a higher pressure (1.2 mbar). In the
case of anode’s insert materials with high atomic num-
ber such as tungsten (Z=74) and lead (Z=82), even at
low pressures of working gas (0.3 mbar), the cloudy cone
shape area above the anode surface is clearly observed. In
these condition, the cloudy area is concentrated above the
anode surface and its height is lessen by increasing the
pressure.

The spatial distribution of X-rays emitted from the an-
ode surface strongly depends on the intensity, the energy,
and the dimensions of the electron beam. The intensity
of the electron beam is proportional to the density of the
electrons in the plasma. By considering constant current
passing through the gas, increment of the gas pressure
leads to increasing of swept mass of gas, and the density
of the electrons as well. It is worthy to mention that in
an optimal pressure which the plasma current reaches to
the end of anode and the discharge current becomes max-
imum, the current passing through the plasma is maxi-
mum. The energy of the electron beam depends on the
induction voltage in the plasma. This voltage itself de-
pends on the variations of the inductance and the plasma
current. The size of the electron beam depends on the
pinch radius which relates to the magnetic pressure and
the kinetic pressure in the column of the plasma.

Pressure of injection air gas (mbar)

Pb w Sn Zn Al
Anode's insert material

Figure 3: Digitized image of spatial distribution of X-ray
emitted from plasma focus device with various anode’s insert
materials at different pressure of injection air gas.
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Spatial distribution of X-rays emitted from the plasma
above the surface of the anode depends on the properties
of the plasma of injection gas, including the degree of ion-
ization, plasma temperature, density of the electron and
ion, and the radius and height of the pinch. The degree
of ionization depends strongly on the type of gas. The
smaller height and the radius of the pinch results in a
denser plasma and a more darkening of the plasma region
in the spatial distribution image.

According to the results obtained, it can be concluded
that the X-rays emitted from the region above the surface
of the anode are originated from the plasma of injected gas
as well as the vapor of anode’s material. In other words, at
the same pressure of air gas, cone region above the surface
of the anode is different for each anode’s insert materials.
It shows that the insert material affects the X-ray emis-
sion zone above the anode surface. The cloudy-cone region
above the surface of the anode can be caused by produc-
tion of metal vapor on the surface and the generation of
X-rays due to the passage of electron beam through this
vapor. Certainly, if the metal vapor can be produced in
the device, the atomic density of zinc vapor or aluminum
vapor should be far higher than that of tungsten which is
a very rigid and hard metal with a high melting point.

The intensity of the Bremsstrahlung radiation directly
relates to the atomic density of the target material. On the
other hand, the intensity of the Bremsstrahlung radiation,
and its average energy, increases by increasing the atomic
number of the target material. The question is that which
of the two mentioned factors (i.e. the vapor’s atomic den-
sity and the atomic number) determines the intensity of
X-ray source above the anode? The results of our ex-
periments show that the intensity of X-ray source in the
zone above the anode for tungsten, lead, and tin with high
atomic numbers is significantly greater compared with two
other metals. Therefore, the formation of metal vapor
should also be happened even for tungsten with very high
melting and boiling point. For a better understand of
these observations, a perfect analysis of the mechanisms
with governing the collision of the electron beam with the
surface of metals should be considered. On the interaction
between the high-energy electron beams of plasma focus
with the surface of the anode’s insert and conversion of the
metal from solid to gas phase, three probable mechanisms
can be considered: A) Transmission of energy by the elec-
tron beam to the metal’s surface, elevation of the surface
temperature, melting and then spreading out the melt by
the physical strike of the electron beam, B) Elevation of
the surface temperature and its sublimation, C) Physical
evaporation by electronic sputtering.

Which of these mechanisms are predominant in the
plasma focus device? The response of this question de-
pends on the material, the energy of electrons, and the
maximum thermal change of the surface of the anode. The
boiling point of all of the studied anode’s insert materi-
als, even at the lowest operational pressure, is still greater
than their general melting point, so that at the first, the
surface of the metal melts definitely. Therefore, the mech-
anism B is ruled out. The melting of the metal’s surface
and collision of electron beam with the surface causes its
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dispersion and emission in the space above the anode and
formation of a cloud of micro or nanoparticles in this zone.
This mechanism is the most likely for lead and tin inserted
anode with the lowest melting point.

Due to high melting point of tungsten, the damage of
anode’s surface after 18 shots was very trivial. However,
the cloudy-cone shape region above the surface of the an-
ode is bulky for tungsten. Therefore, the other probable
mechanism, sputtering, should also be taken into consid-
eration. The third mechanism is physical strike of high-
energy electrons and dispersion of metal particles and for-
mation of metal cloud above the anode for a short time.
This mechanism does not cause a significant deformation
of the metal surface. It can be shown that tungsten has
a minimum sputtering threshold energy of 496 keV. This
result gives the valuable information that a portion of the
electrons produced in plasma focus device have energies
more than 496 keV (Miremad and Bidabadi, 2018). The
value of the sputtering threshold energy can therefore be
an appropriate diagnostic tool for determining the upper
range of the electron beam energy. Furthermore, the flux
of these electrons is large enough so that tungsten vapor
develops a powerful X-ray source in the zone above the
anode.

It can be concluded that even if the three considered
mechanisms are not dominant in generation of the anode
vapor for a certain metal in comparison with others, the
magnitude of its atomic number provides a more great
effect on X-ray emitting from this gas vapor. This conclu-
sion can be seen clearly in comparison of the X-ray emis-
sion zone of tungsten with aluminum or zinc. Considering
aluminum as the insert metal with lowest atomic number,
almost no X-ray emission zone was observed above the an-
ode. X-ray emission from the anode surface was also very
weak for aluminum.

4 Conclusion

Spatial distribution of X-rays emitted from plasma focus
device develops from a linear zone on the anode tip (due
to Bremsstrahlung radiation and characteristic X-ray from
the anode surface) to a cloudy-cone shape above the an-
ode. Changing in the pressure of injection gas and anode
insert materials affect these regions. Significant differences
were observed in the spatial distribution and intensity of
the X-rays emitted from plasma focus device with differ-
ent anode’s insert materials. When the atomic number of
the anode’s insert material increases, the X-ray emission
region extends from the radiation of the anode surface to
the cloudy-cone shape above the surface of the anode, and
the intensity of X-rays increases. Formation of a cloudy-
cone shape above the anode can not be caused solely by
the thermal radiation of the plasma, and relates to anode’s
insert material. It has been observed that at all pressures,
the Bremsstrahlung radiation emitted from the anode sur-
face and X-ray emitted from cone region above its surface
increases by increasing the atomic number of anode’s in-
sert material. Also, given the gray scale of the images, it
can be concluded that the dose recorded in the films was
increased by increasing the atomic number.
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