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Abstract The generation of soft X-rays in a 2.8 kJ
plasma focus operated with argon as a filling gas is studied
using a system of five pin Si diodes filtered with different
thicknesses of Mylar, Aluminium and Copper. Attention is
paid to finding the pressure range for highest X-ray emis-
sion. The plasma focus device has been supplied by
capacitors bank with 25 pF, 20 kV, 200 nH and a closed
spark gap, to give a maximum current about 120 kA at
working voltage of 15 kV. On this device, some diagnos-
tics were carried out on the plasma focus using ohm volt-
age divider to record the voltage curves, Rogowskii coil for
measuring the current, and five channel diodes to evaluate
the temporal evolution of X-rays generated in the device
working on argon versus pressure varying between 0.15
and 1.25 mbar. The analysis based on the recorded X-ray
signals shows that there are two components in the X-ray
emissions: one arising from the focus argon plasma with
temperature of 2.5 keV and the other arising from the
electron beam activity on copper anode with a temperature
of 10 keV. The second component is predominant in most
of investigated experiments due to the use of solid anode.
In addition to that, the variation of X-ray intensity versus
the energy of device was also studied. From the obtained
results, it is obvious that the intensity is increased with the
energy increasing. The obtained X-ray intensity versus
pressure was compared with similar results taken from
references and almost similar behavior was observed. The
maximum energy of emitted X-rays in 4m geometry is
estimated to be about 1.3 J, with an efficiency of 0.046 %
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at pressure of 0.15 mbar. This PF device is capable to
generate X-rays, which was confirmed by making radiog-
raphy for metallic pieces, electronic elements and other
objects.
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Introduction

The attention on the plasma as a source of X-ray radiation
has been paid since 1960, when strong X-ray spectra were
observed from several plasma devices developed for
nuclear fusion research like Z and 6-pinch machines, to-
kamaks and others. The plasma focus (PF) is a kind of
pinch discharge. It reproduces a high energy density,
intense beams of charged and neutral particles and radia-
tion emission [1, 2].

The plasma focus is a special z-pinch-like device which
can produce plasma with electron density (n. > 10%° cm™>)
and temperature (T, > 500 eV). Because of its simple
construction, cost-effectiveness and easy maintenance, the
plasma focus appears to be a promising device for X-ray
generation. Also it is a simple device, which does not require
complicated high voltage techniques and expensive facili-
ties in comparison with other pulsed X-ray sources. Exper-
iments show that the radiation spectrum of the plasma focus
in the X-ray region covers a large range from below 1 keV
up to 500 keV in a time range varying from a few nano-
seconds to a few hundred nanoseconds [3, 4].

The generated X-rays by plasma focus are used in many
ways such as: plasma diagnostics, X-ray spectroscopy,
lithography, X-ray microscopy and X-ray laser pumping,
micro-machining and radiography.
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The five channel diode X-ray spectrometer (DXS) can
be used to obtain the temporal behavior of X-ray emission
from the plasma which can determine the intensity of the
X-ray yield. The used diodes in the DXS system are the
BPX65 pin diodes [5].

There is a continued interest in operating plasma focus
with argon for greater X-ray emission.

Ng et al. [6] studied the variation of soft X-ray emission
in a low-energy (3 kJ, 15 kV) plasma focus over a pressure
range in Ar and Ar-H, admixture. Soft X-rays originating
from the plasma and from electron beam activity on the
copper anode were observed.

Zakaullah et al. [7-10] investigated X-ray emission
from low-energy plasma focus (2.3 kJ) with filling gases
hydrogen, neon and argon, at different filling pressures,
where a hollow anode was used to prevent hard X-ray
emission.

Favre et al. [11] studied the temporal and spatial char-
acteristics of the X-ray emission in a 3 kJ plasma focus
when operating in H, with Ar admixture using UNU//ICTP
plasma focus device.

Lee et al. [12] developed two compact plasma focus
devices operating with neon, to use as an intense soft X-ray
(SXR) source for microelectronics lithography because of
its high performance and high repetition rate.

Wong et al. [13] studied the emission characteristics of a
high-performance low energy (3 kJ) plasma focus device
NX2 as an intense source of soft X-rays for microlithog-
raphy and micromachining.

Hussain et al. [14] have reported a study of X-ray
emission from a low energy (1.8 kJ) plasma focus device
as a possible X-ray source for good contrast radiography.
Rawat et al. [15] used a 3 kJ Mather—type UNU/ICTP
plasma focus device with neon filling as a soft X-ray source
for radiography.

Akel and Lee [16] carried out some numerical experi-
ments using five phase radiative model RADPF5.15E with
Ar as a filling gas on plasma focus device AECS PF-2 in
purpose to find its characterization and soft X-ray
optimization.

Since the detailed characteristics of the X-ray emission
of a given focus plasma device depend in a rather com-
plicated way on the design and operating parameters of the
plasma focus device (such as the storage energy, the
plasma current, and the driver impedance; the electrode
and insulator material shape, and configuration; the gas
pressure and composition). This motivates us to investigate
the X-ray radiation emitted from our local plasma focus
device (AECS PF-2 with 2.8 kJ). Because, this differs from
other devices in some aspects (like: its electrical circuits,
construction and parameters).

So the goal of this work is to define the working con-
ditions of our device to be served as X-ray source for
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Fig. 1 Experimental Set-up which consists of: a discharge chamber
that can be connected to a rotary vacuum pump and gas provider,
pressure meter, high voltage power supply (PS), capacitor bank, spark
gap (SG), triggering circuits, high voltage (HV) probe divider,
Rogowskii coil, five channel detector (DXS), digital storage oscillo-
scope, and a personal computer (PC)

suitable applications like plasma diagnostics and radiog-
raphy [16-18].

In this paper, we report the results of some X-ray
measurements with argon using DXS spectrometer, to
determine the X-ray intensity produced in the argon plasma
of AECS PF-2, versus the argon pressure and the applied
energy. Also we make some comparisons with other
devices and evaluate X-ray yield of our device using the
code RADPF5.15E [16].

Experimental Set Up

The schematic diagram of the AECS PF-2 Mather type
device is shown in Fig. 1. The system is energized by a
bank of two capacitors (12.5 pF, 20 kV each) connected in
parallel to give 25 pF, 20 kV with maximum stored energy
of 5 kJ, inductance 200 nH, and stray resistance of 14 mQ
(as nominal values). The device is provided with a high
current triggering switch, a purge valve using nitrogen gas
for cleaning the spark gap and a remote control unit. The
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cleaning process of the spark gap is carried out before and
after each discharge shot several times in the device.

AECS PF-2 has a central solid copper anode of length
16 cm and diameter 1.9 cm, and an outer cathode of six
copper rods of length 16 cm arranged in a circle of diam-
eter 6.4 cm, concentric with the anode. The anode is
insulated from the cathode by a Pyrex glass tube of 5 cm
length and 2.4 cm diameter. In the present work, argon is
used as a filling gas.

The X-rays are measured with a spectrometer consisting
of five BPX 65 pin diodes. The silicon diode has an
effective detection area of 1 mm?, an intrinsic wafer
thickness of 10 um and a rise time of 0.5 ns.

The device was evacuated to a vacuum (2 x 107> mbar)
by two stage rotary pump (ALCATEL 2010SD) and filled
with the required gas pressure before operation. To reduce
the impurity effect, after every shot, the previous gas is
purged and fresh argon is filled. We have recorded about
3-10 shots for each pressure. The current in the discharge
circuit and the voltage across the electrodes of PF device
versus time during the plasma focus process, were moni-
tored by Rogowskii coil as a current transformer and an
ohmic voltage divider 1:100 probe, respectively. Two
digital Tectronix oscilloscopes (TDS 520 C and TDS 3054
C) with 1:10 attenuators were used. The Rogowskii coil
was calibrated and it was found that the calibration coef-
ficient is 2.57 kKA/V in a real scale; it corresponds to a
maximum total current about 120 kA. The operational
conditions were found as in the following [17]:

The charging voltage Vo = 15 kV; the bank capacitance
Co = 25 pF; the measured inductance Ly = 270 nH, the
stray resistance 35 mQ, the gas filling is argon; the pressure
range is 0.15-1.25 mbar [19].

To record the X-ray signals and protect the diodes from
visible and UV lights emitted from the plasma focus, the
central diode is covered with a aluminized mylar foil of
22 pum thickness and the 2, 3, 4th diodes are covered with
aluminium foils of thicknesses 30, 60 and 90 pm and the
5th diode is covered with a copper foil of 10 pum thickness.
The X-ray spectrum may be analyzed using the recorded
signals. The BPX 65 diode covered with the 22 um alu-
minized mylar is sensitive to X-rays in the range of
1-10 keV [11].

For the present work the pin diodes are placed in a radial
position about 45 cm away from the focus axis, looking at
the pinch column and the tip of the anode as seen in Fig. 1.

The timing of the X-ray emission with respect to the
plasma focus discharge pressure in Ar is achieved by
simultaneously recording the X-ray signals and the tran-
sient voltage across the electrodes. The sharp spike of the
anode voltage corresponds to the maximum of the focus
discharge voltage.
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Fig. 2 BPX-65 diode sensitivity curve in C/J in terms of X-ray
wavelength in nanometer

The BPX 65 pin diodes are used as time-resolved X-ray
detectors. These detectors are mounted on one vertical disk
inserted inside the vacuum chambers shown in Fig. 1, and
are masked by suitable filters [20].

These detectors are normalized against each other by
masking each with an identical filter. To keep the X-ray
flux reaching the diode at a safe level, a 0.6 mm thick brass
sheet, with a 2 mm diameter hole at the center, is used to
cover the diode. The signals from the X-ray detectors are
recorded by four-channel 500 MHz storage digitized
oscilloscope [9].

So the results were taken as average of the experiments
number carried out for this work [19].

The sensitive curve of the BPX 65 pin diode is given in
Fig. 2. The X-ray transmission curves for the foil combi-
nations used in these diodes as function of wavelength are
shown in Fig. 3.

Determination of the Energy of X-ray Emission

To record the X-ray signals in the dense PF, DXS was used
[5]. The five BPX 65 pin diodes are placed onto five holes
on a circular brass plate with one of them is situated in the
centre of the plate and the others are in a circle around. The
glass windows are removed from the diodes to extend their
spectral response to the X-ray region. Instead of that, they
are covered with 22 um of aluminized mylar (where mylar
coated with 0.16 pum of aluminium foil to cut off the visible
light). When the outputs of the five channel diodes are
recorded simultaneously, it is possible to determine the
time behavior of the X-ray intensity of the plasma.
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Fig. 3 Transmission curves for Mylar, Cu, Al with different thick-
nesses versus X-ray wavelength in nm [22]

The signals recorded by the DXS are used to determine
X-ray intensity of the plasma by the X-ray foil absorption
technique [21]. The pin diodes in the DXS assembly are
arranged in such a way that each diode can receive almost
equal intensity of X-ray from the plasma focus pinch. Each
diode is reversely biased at 45 V. Individual bias voltage is
provided by a regulated power supply having five output
terminals each of —45 V. The bias circuit for such a
detector is shown in [17]. In this project, the used X-ray
filters for the five channel diodes are as were mentioned
before: 22 um aluminized Mylar (Chl), 22 pm aluminized
mylar with additional aluminium foils of 30, 60, 90 and
10 pm (Cu foil) thicknesses on Ch2, Ch3, Ch4 and ChS5,
respectively. The sensitivities of the five channel of pin
diodes are balanced and normalized by obtaining their
signals simultaneously from a plasma focus discharge with
22 pum aluminized mylar foil for all of them. The data of
X-ray transmission characteristics of the filters and the
computed sensitivity of the filtered pin diode BPX65 are
given in ref. [22].

The X-ray intensity from the plasma source is actually
detected by the pin diode with consideration of the
absorption by foil placed between the source and the
detector and the solid angle (assuming point source). For
the plasma focus, the spectrum is not monochromatic, but
having a continuum contributed by bremsstrahlung (free—
free transition) and recombination (free-bound transition)
[20, 21].

For this purpose, we can estimate the average value of
the total X-ray energy emitted from the X-ray PF source
from the area under the X-ray pulse recorded by any of the
five channels. If the X-ray pulse recorded is V(f)(measured
in V), then the total X-ray energy is given by [5]:
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where u is the X-ray mass absorption coefficient of alu-
minium; p is the mass density of aluminium; S, is the
sensitivity of the BPX65 diode to X-ray of wavelength A;
x is the thickness of the aluminium foil; R is the 51 Q
terminating resistor of the biasing circuit [16]; d is the
distance between the source and the diode; and A is the
effective detection area of the diode.

The transmission of photons displays a sudden jump
when the energy of the incident photon equals to the ion-
ization energy from the K, L, M, etc. energy levels of the
filter material. Thus every element exhibits transmission
windows. For the evaluation of the curves presented in
Figs. 2, 3, the data for the absorption coefficients was taken
from [22]. The energy of the atomic argon K, line is
2.95 keV, whereas the ionization potential of Ar XVIII is
4.43 keV. The energies of the K, lines arising from the
argon ions will lie within the energy interval of
2.95-4.4 keV.

Results and Discussion

Series of experiments were carried out to get X-ray signals
generated in the argon plasma focus of AECS PF-2 during
the compression phase under pressure varied between 0.15
and 1.25 mbar with step of 0.1 mbar, and applied voltage
of 15kV, using X-ray spectrometer consisted of five
BPX65 pin diodes.

The electrical signals of the X-ray detectors along with
the high voltage (HV) probe signal are recorded by two
four channel 500 MHz digital storage oscilloscopes, and
the data is transferred to a computer through a GPIB 488.2
interfacing card.

Among them, typical discharges at pressures of 0.15,
0.85 and 1.25 mbar are shown in Fig. 4a, b, c. As seen
from these discharges, multiple X-ray pulses are observed
in according to multiplicity of the voltage spikes in the
focus region. So to prevent the diodes from saturation, the
diodes are placed far away (at about 45 cm) from the anode
tip or the focus axis.

As seen from Fig. 4a, b, c, these X-ray pulses are
believed to be associated with the focused plasma during
the maximum compression of the focus discharge, except
the case where there are two bursts of X-ray emission like
in Fig. 4b (at 0.85 mbar). As seen from these figures the
maximum of X-ray pulses agrees well with the strongest of
the voltage spikes, which correspond to the maximum of
plasma compression. In the case of two bursts, the first one
corresponds to the X-ray produced from the argon plasma
and the second burst will correspond to X-ray emitted from
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Fig. 4 a, b, ¢ The temporal behaviour of voltage and X-ray signals at Ar pressures of 0.15 (a), 0.85(b) and 1.25 mbar (c) registered by voltage
divider and four diodes D1-D4 with Mylar (22 pm thickness) and Al filters (with 30, 60 and 90 um thicknesses)

the copper of anode [23]. The X-ray pulse width is about
80-150 ns [24].The pulses which occur much later are
probably belonged to the 8.0-10 keV copper K, lines.
From comparison, it is seen that the X-ray signal is cor-
related with the HV probe signal.

Figure 5a—d show the results of X-ray intensity mea-
surements defined by (*), where Fig. 5a represents the
measured X-ray intensity against the gas filling pressure for
all taken shots by each diode of five diodes of spectrom-
eter. The intensity has a high value at a lower pressure, and
decreases with the pressure increasing. The highest radia-
tion yield is recorded at a filling pressure of 0.15 mbar,
which is about 1.3 J in the 4n geometry. The total dis-
charge energy per shot in this experiment is 2.8 kJ. From
which the system efficiency for X-ray radiation, is
approximately about 0.046 %. The average intensity
recorded versus pressure by each diode on all shots is

shown in Fig. 5b. And then the average intensity estimated
for all diodes and shots versus pressure with error bars is
given in Fig. Sc. The comparison between our results and
the results reported in ref [9] is given in Fig. 5d, where in
the general behavior; there is a reasonable agreement
between two taken devices.

Obviously, the results in Fig. 5a—d show the decrease of
the X-ray intensity with pressure increasing. Also, from the
comparison, it is seen that, there are two maxima in the
X-ray yield curve, the biggest one is at 0.15 mbar and the
second is at 0.85 mbar (Fig. 5d). Here the strong maximum
of X-ray yield reproduced by PF is about 800 mJ in the 471
geometry, which gives an efficiency of about 0.029 %.

From the overall carried out experiments, we can
observe that the dominant part of X-ray emission is pro-
duced by the fast electrons bombardment with the copper
solid anode or with its evaporated copper in the radial
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Fig. 5 a—d The measured X-ray intensities in J versus Ar pressure in mbar recorded by BPX-65 diodes with Mylar, Al and Cu filters (a). The
average intensity versus pressure (b). The average intensity with error bars (¢). Comparison of our results with the results reported in ref [9] (d)

phase of PF, where the focus action is happened, and the
residual part of X-ray is emitted from the argon plasma in
pinch compression. On the basis of this radiation, the
plasma temperature (about 2.5 keV) was determined using
the ratio method, as was done in [17].

In a similar way, at a chosen pressure of 0.35 mbar, the
intensity of X-rays against the energy stored in the
capacitors bank, varying the applied voltage in the range of
12-16 kV, with a stored energy between 1.8 and 3.2 kJ
was found and represented in Fig. 6a. Also, the average
intensity versus the voltage was found as seen in Fig. 6b
for each diode. The average intensity for all diodes and
shots taking error bars (accuracy) into account was given in
Fig. 6¢. The measuring results show the increasing of the
X-ray intensity with the energy increase. The values of
intensity were located between 48 and 360 mJ, according
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to the values of the device energy varied between 1.8 kJ
and 3.2 kJ which correspond to the efficiency of 0.003 and
0.011 % respectively.

To verify the usage of the emitted X-rays in radiogra-
phy, we tried to make many photos by one or two PF shots
at pressure of 0.35-0.45 mbar and voltage of 15 kV. For
this purpose the scheme shown in Fig. 7a was used. The
obtained photos for some objects like an electric cable, a
diode and some metallic pieces fixed on a vertical rubber
disk are shown in Fig. 7b, c.

However, the generated X-rays are largely originated
from copper impurities arising from the interaction of
energetic electrons with the anode surface. Meanwhile, the
X-rays produced from the hot argon plasma constitute a
small fraction from the total X-ray yield, as it was defined
from the numerical experiments carried out using the code
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Fig. 6 a, b, ¢ The measured values of X-ray intensities in J versus a bank capacitor energy in kJ recorded by BPX-65 diodes with filters (a). The
average for each diode (b). The total average with error bars of X-ray intensity versus E in kJ (c)
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Fig. 7 a, b, ¢ The setup of radiography with PF (a), (b) is the first
image of an electrical cable and (c) for a diode taken using Kodak
personal monitoring film type 2 under the conditions of: argon

RAD PF 5.15 E of Sing Lee model. Applying this code on
AECS PF-2, the calculated value of SXR yield was about
2.64 ml] at pressure of 0.15 mbar in Ar, and applied voltage

(c)

pressure 0.35 mbar, voltage 15 kV and 2 shots, the second image is
for metallic pieces was taken using Fuji 100 film under the conditions:
pressure 0.36 mbar (Ar), 15 kV, and five shots (c)

of 15 kV. Comparing the measured and calculated SXR
yields we found that the calculated value did not exceed
0.33 % from the measured one (at the same conditions)

@ Springer



170

J Fusion Energ (2015) 34:163-171

[16, 17]. Meanwhile, the X-rays produced from the hot
argon plasma constitute a small fraction (about <10 %
[16]) from the whole X-rays emitted of the plasma focus
under taken conditions [17].

Also, the results of carried out experiments indicate that
the anode voltage records had much variation from one
shot to another. In some shots a single voltage spike is
recorded, and in most shots multiple spikes are seem, the
X-ray signals also show similar variations.

From the obtained results, we can conclude that the
X-rays emitted from AECS PF-2 consist not only of the
plasma soft X-rays (line and bremsstrahlung radiations
indicated by the first burst in Fig. 4b), but of the Cu line
X-rays arising from the copper anode hit by energetic
electrons (presented by the second burst in the same fig-
ure). Therefore, the AECS PF-2 belongs to the PF devices
which have X-rays contaminated with copper K, line.

Finally, the X-ray emission in this environment was not
predominantly from hot plasma, but rather from the inter-
action of fast electrons with the anode tip.

A significant damage at the anode surface was observed,
this enhances the interaction of electrons in the current
sheath or the electron beam from the focus region with the
anode tip.

It is suggested, that for improving the work of our PF
device as a source of X-ray emission, it is better to use a
hollow anode or an engraved anode to about several cen-
timeters deep to minimize the interaction of the energetic
electrons with the anode.

Conclusions

The five channel BPX 65 PIN diodes detector was used to
study the X-ray emission from plasma focus of argon.

It is obvious that AECS PF-2 with energy 2.8 kJ is
capable to generate X-ray emission in Ar as a filling gas
under pressure ranging from 0.15 to 1.25 mbar and applied
voltage of 15 kV. The maximum produced intensity is
about 1.3 J in one shot. This intensity is decreased with
increasing the pressure, which may be occurred due to the
temperature decreasing with the pressure increasing. Also
it was observed the existence of two X-ray bursts: the first
one is related to the argon plasma X-ray emission and the
second to the copper contamination ejected from the solid
anode under fast electrons bombardment. The second part
dominates the total X-ray radiation generated from the
AECS PF-2.

The X-ray intensity in related to the gas pressure and
energy of the PF device was determined and compared
with some results obtained from other PF device. The
behavior of the variation X-ray intensity versus pressure
was very close to each other.

@ Springer

The calculated results of the SXR intensity produced in
AECS PF-2 at a certain Ar pressure using the code RAD PF
5.15 E of Sing Lee model confirms the results obtained on
our device.

It is worthy to notice that the emitted X-ray from the
argon plasma was very weak in comparison with the X-ray
emitted from the copper anode especially on the copper K,
line which is accompanied with electron temperature
equals to 10 keV.

In addition to that, the variation of X-ray intensity ver-
sus the energy of device was also studied, where the
intensity is increasing with the energy increase. Also, clear
radiographic images for various objects were obtained, this
result serves as a good tool for X-ray emission from our PF
device.
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