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ABSTRACT

Dosimetric measurements of the hard X-ray emission by a small-chamber 4.7 kJ Mather-type plasma focus device
capable of producing neat radiographs of metallic objects, were carried out with a set of thermoluminescent
detectors TLD 700 (LiF:Mg,Ti). Measurements of the hard X-ray dose dependence with the angular position
relative to the electrodes axis, are presented. The source-detector distance was changed in the range from 50 to
100 cm, and the angular positions were explored between *+ 70°, relative to the symmetry axis of the electrodes.
On-axis measurements show that the X-ray intensity is uniform within a half aperture angle of 6°, in which the
source delivers an average dose of (1.5 = 0.1) mGy/sr per shot. Monte Carlo calculations suggest that the energy
of the electron beam responsible for the X-ray emission ranges 100-600 keV.

1. Introduction

Plasma focus derived X-ray sources may find potential applications
in medicine and industry, because they present a compact, low cost
solution that offers performances in terms of intensity and exposure
time. During the last decades plasma focus devices were intensively
investigated as pulsed X-ray sources suitable for many novel radio-
graphic applications (Dubrovsky et al., 2000, 2006; Castillo et al., 2001,
2008; Da Re et al., 2001; Hussain et al., 2003a, 2003b, 2004, 2005;
Bogolubov et al., 2009; Verma et al., 2010; Moreno et al., 2002; Venere
et al., 2001; Pavez et al., 2012). The operation principle of plasma focus
devices lies in the use of energy stored in a capacitor bank to create a
low density plasma that is electromagnetically accelerated and subse-
quently compressed by the Lorentz force associated with the discharge
current (pinch). During the pinch phase, an intense collimated beam of
relativistic electrons is usually emitted towards the anode, lasting the
time of the pinch, typically a few tenths of nanoseconds (Ceccolini
et al., 2011). Hard X-rays are produced by impact of runaway electrons
on a metallic target usually located inside the (hollow) anode, which
typically is also the central electrode of the discharge (Tartari et al.,
2004). The spectrum of the X-rays, generated by collisions of the
electron beam with a target, was determined indirectly in the past by
differential absorption-based techniques (Raspa and Moreno, 2009;
Raspa et al., 2010). The spectrum presents a single dominant peak
around 75 keV and a spectral bandwidth covering the 40-200 keV re-
gion (Raspa et al., 2004, 2008; Moreno et al., 2006, 2007).

In order to have commercially competitive devices, information
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about the distribution of the radiation dose in the application region is
important either from the point of view of radiation protection or the
design of radiographic procedures. Castillo et al. (2001) used TLDs to
measure the hard X-ray dose for energies above 25 keV in a 2 kJ 31 kV
plasma focus. They found that at a distance of 1 m from the focus, the
hard X-ray dose on axis is about 0.1 mrad per shot, not varying for half
aperture angles smaller than 5° from the electrodes axis. More recently
and also by using TLDs, Castillo et al. (2007) determined that the X-ray
emission of a 4.8 kJ 37 kV plasma focus shows a bimodal angular dis-
tribution peaked at 20° from the electrodes axis, for emitted photons of
energies above 15 keV. Krésa et al. (2002) performed a semiconductor
and thermoluminescent dosimetry of the soft X-ray emissions of a
plasma focus. Fabbri et al. (2007) performed an analysis of radiation
protection of a plasma focus used for medical applications, suggesting
several safety operational criteria. Whitlock et al. (2002) measured the
X-ray spectrum of a plasma focus operating at 60 Hz using a convex
curved-crystal spectrograph. Tafreshi et al. (2010) studied the aniso-
tropy in X-ray production and the absorbed X-ray dose in the Sahand PF
device using TLDs. The study showed that the X-ray production is iso-
tropic within the experimental resolution, and that a 2-mm iron shield
has a considerable role in decreasing the absorbed dose. Angeli et al.
(2006) used LiF TLD dosimeters and a differential attenuation tech-
nique to determine the X-ray spectrum of a 7 kJ 17 kV plasma focus,
finding a peak energy of 10 keV. El-Aragi et al. (2010) measured the X-
ray dose in a 100 J plasma focus device operated with different gases
and pressures, using a time-integrated thermoluminescence TLD 500
dosimeters. Tartari et al. (2004) designed a PF device to produce X-rays
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for brachytherapy by impinging the back electron beam on high Z
targets. They estimated that the dose rate delivered in a LiF dosimeter
at 10 mm from the X-ray source was around 4.5 Gy/shot, which makes
it suitable for radiosurgery. Recently, Zapryanov et al. (2011) de-
termined that the average dose of the X-ray emission in a 3 kJ 18 kV,
plasma focus is a few tenth of Sv per shot.

In general, pulsed photon radiation fields are currently a matter of
growing interest in applied radiology. Klammer et al. (2012) recently
presented a novel X-ray reference field for pulsed photon radiation for
medical applications. Radiation protection dosimeters are usually
tested in continuous fields, although Ankerhold et al. (2009) pointed
out the deficiencies of active electronic radiation protection dosimeters
in pulsed fields. Actually, standards for the calibration and use of do-
simeters in pulsed radiation fields is still a matter of study and pre-
paration (ISO, 2012; IEC, 2012). Therefore, the X-rays emissions of
plasma focus designed as pulsed radiation sources are promising can-
didates for reference studies.

In the present article, dosimetric measurements of the hard X-ray
output of a small-chamber 4.7 kJ 30 kV Mather-type PF device, espe-
cially designed for radiographic applications, are presented. The mea-
surements were performed using TLD 700 detectors, which are practi-
cally insensitive to the neutrons produced when operating with
deuterium. The dose in the spatial region where the best radiographic
images were obtained was carefully mapped using a tight array of de-
tectors.

2. Experimental setup

The experimental setup is shown in Fig. 1. The facility is the plasma
focus GN1, powered by a capacitor bank composed by fifteen 0.7 pF
capacitors Maxwell 31161, connected in parallel and charged up to
30 kV (4.7 kJ of stored energy). Peak currents of 340 kA can be driven
in a quarter-period of 1.23 ps. The coaxial gun is composed by a hollow
anode made of copper, surrounded by a squirrel-cage-like bronze
cathode. The anode is a tube of 85 mm in length and 38 mm outer
diameter, being the wall 2-mm-thick. The cathode is formed by eight
brass rods of 3 mm outer diameter (OD) and 87 mm long, disposed
equally spaced on a circle of 37 mm in diameter. The electrodes are
separated by a Pyrex sleeve of 50 mm OD, 4 mm thick and 34 mm long.
The set is coaxially located inside a 2-mm-thick stainless-steel cylind-
rical chamber.

In Mather-type plasma focus devices there are two sources of X-rays:
soft X-rays are produced inside the pinch and hard X-rays are produced
in the back of the anode. In the present study only the latter were
measured, which result from the impact of relativistic electron beams
originated in the pinch zone and accelerated backwardly along the
anode axis. These X-rays beams are of great interest for radiographic
applications for their intensity and short duration (tens of nanose-
conds). Fig. 2 shows radiographs of a car spark plug and a drill inserted
in a piece of copper both obtained with a single GN1 shot, locating the
objects at 1-m distance from the chamber front end. The present device
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Fig. 1. Sketch of the experimental setup to measure the hard X-ray dose on the electrodes
axis. (a) Hard X-ray source; (b) electrodes axis; (c) 8 X 10, plastic encased, TLDs array.
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Fig. 2. Single shot radiographic images of a spark plug and a drill inserted in a piece of
copper.

was operated using a total pressure of 3.5 mbar of a deuterium-argon
mixture (2.5% of argon by volume) as working gas, since it maximizes
the hard X-ray production and the shot to shot regularity for this device.
The output window of the hard X-ray radiation is a 0.75 mm thick
stainless steel flat disk, which is also the front end of the discharge
chamber. Additional details of the device can be found elsewhere
(Moreno et al., 2002, 2000). A non integrating Rogowski coil and a
photomultiplier tube coupled to a 5cm thick and 5cm in diameter
NE102A plastic scintillator were used to monitor the discharge. The
assembly was placed 3.9 m away from the chamber, inside a Faraday
cage to reduce noise pickup.

Thermoluminescent detectors Harshaw TLD 700 from Bicron were
used to measure the hard X-ray dose. They are lithium fluoride crystals
doped with magnesium and titanium impurities (LiF:Mg,Ti), mainly
enriched with “Li (99,93% of ”Li and 0,07% of Li). The preponderance
of 7Li makes the detectors practically insensitive to the neutrons that
can be emitted during the focalization. The low dependence of the
measured dose on the energy of the detected electromagnetic radiation
(Luo and Velbeck, 2002), is another advantage of using TLD 700. The
physical dimensions of each detector are: 3 X 3 x 0.89 mm rectangular
prism. To ensure the CPE (Charged-Particle Equilibrium) condition
during the measurements, the detectors were placed inside suitable
plastic containers. The dosimeters were calibrated for gamma-rays
using a certified '*”Cs source. At the time of the experiment, the dose
equivalent rate at 1 m from the source, at 101.4 kPa and 23.7 °C am-
bient pressure and temperature, respectively, as endorsed by the Ar-
gentine Nuclear Regulatory Commission, was 73.94 Gy/min. The fol-
lowing protocol was repeated three times to obtain the calibration
factor relating the total thermoluminescent signal with the dose:

1. Prior to the irradiation, the TLDs are submitted to 1-h annealing in
an oven at 400 °C followed by 3 h at 100 °C.

2. The dosimeter batch is exposed 30 min at 1 m from the standard
source.

3. After irradiation, the TLDs are placed in an oven at 100 °C during
30 min to eliminate porosity-dependent humidity effects.
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Fig. 3. Hard X-ray dose measured for angular positions near the axis, 53 cm away from
the source. Thirty plasma focus shots were accumulated.

4. In order to minimize humidity in the reader, 99.995%-pure dry ni-
trogen is circulated through the instrument for 20 min.

5. The recordings of the glow curve are performed with an automatic
TLD-Reader (model: QS3500, manufacturer: Harshaw/Bicron Inc.,
USA). The readout heating is defined according to the provider
specifications: from 110 °C to 350 °C with 5 °C/s ramp rate.

As a selection criteria, the TLD detectors used verify that under
controlled irradiation conditions, the individual measurements were
reproducible and also consistent with readings from any other element
of the set. The dose uncertainty was estimated as 6%, from the standard
deviation of the individual readings.

3. Hard X-ray dosimetry

Since the radiation emitted on axis is the one generally used for
radiographic applications, the uniformity of the hard X-ray dose for
angular positions near the electrodes axis was investigated considering
a typical object-source configuration. Measurements were carried out
using an 8 x 10 rectangular array of TLD 700 dosimeters, centered on
the electrodes axis and positioned at 53 cm away from the source. Fig. 3
shows the dose registered by each detector as a function of the corre-
sponding angular position of each column of the array, after being ir-
radiated with 30 plasma focus shots. The dispersion between the dose
registered by the detectors placed on different columns of the array is
below the measurement uncertainty. The same observation can be
made for the dose associated to different rows. Accordingly, the on axis
absorbed dose was determined from the average of the individual
measurements.

Regarding that each point in Fig. 3 corresponds to the accumulated
dose of 30 shots, a hard X-ray dose of (53 + 3) uGy/shot on axis at
53 cm from the source is calculated. These measurements additionally
show that the corresponding uniform irradiation cone has a half aper-
ture angle of 6°. The hard X-ray dose per shot on the electrodes axis was
also measured at 73 and 93 cm from the source, and the 1/r? depen-
dence between the dose and the source-detector distance (r), was
checked.

The angular distribution of the dose was investigated also by using
TLD 700 dosimeters. The detectors were placed concentrically with the
source position (Di Lorenzo et al., 2007), at two different radial dis-
tances from the source: 54 and 74 cm, respectively, as sketched in
Fig. 4. The hard X-ray source is located inside the anode tube, centered
on axis, at 6 cm from the anode open end where a lead target was
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Fig. 4. Experimental setup for the measurements of the dose angular profile. The TLDs
were placed concentrically with the source position.

placed. This kind of target configuration inside the anode is the one we
normally use to enhance the X-ray production and collimation. The
angular positions were explored between = 70° relative to the sym-
metry axis of the electrodes. The detectors were irradiated with 40
plasma focus shots. The emission was found to be anisotropic and
collimated, having a dominant peak on the electrodes axis, and a + 20°
angle range where the dose symmetrically decays to 20% of its central
value (see Fig. 5).

In order to elucidate the experimental results, Monte Carlo simu-
lations were performed using the MCNP5 code (Briesmeister, 2000).
The experimental setup was modelled in full detail including floor,
walls, chamber and its internal structure, and the lead target. The dose
absorbed by each detector was calculated assuming narrow electron
beams with energies ranging 100-600 keV colliding with the lead
target. Fig. 5 compares the numerical doses obtained averaging 10%
events with the experimental data, showing excellent agreement.
Moreover, the calculated X-ray spectrum (see Fig. 6) is consistent with
experimental measurements from differential attenuation on metallic
filters performed for the same device and reported in Raspa et al. (2010,
2004).

4. Conclusions

Dosimetric measurements were used to investigate the angular
distribution of the hard X-ray output of a 4.7 kJ 30 kV plasma focus
device, exploring angular positions between + 70° relative to the
electrodes axis. Measurements show that the major fluency of radiation
was detected on the electrodes axis, and determine a + 20° range where
the dose symmetrically decays from its central value.
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Fig. 5. Angular distribution of the hard X-ray dose per shot, measured at 54 cm (circles)
and 74 cm (squares) from the source. The symbols refer to the experiment (solid) and
MCNP Monte Carlo simulation (empty).
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Fig. 6. X-ray spectrum calculated with a Monte Carlo code assuming narrow electron
beams with energies ranging 100-600 keV colliding with the lead target (continuous
line). The measured spectrum is also shown (dashed line) (Raspa et al., 2010). The spectra
are normalized by their maxima.

A dose per shot of (53 + 3) uGy was registered on axis at 53 cm
from the hard X-ray source, which is a typical object-source config-
uration for single shot radiographic applications. Additionally, the ir-
radiation was found to be uniform for angular positions within the + 6°
range.

Monte Carlo calculations allowed to infer electron beams energies
up to 600 keV to reproduce the measured angular distribution of the
hard X-ray dose.

The collimation imposed by the anode tube produces a narrow ra-
diation beam of small aperture angle, providing a pulsed intense hard
X-ray source with strong directionality, all features that can benefit
applications.

Even if the device operator was placed on the axis at 53 cm from the
source, a thousand plasma focus shots with hard X-ray production
would be required to exceed the average annual limit of 20 mSv ef-
fective dose on a 5 years period, under the condition that the limit of
50 mSv is not exceeded in any individual year, as determined
by International Commission on Radiation Protection (2007).
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