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Plasma focus based flash hard X-ray source in the 100 keV region
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A pulsed hard X-ray source with shot to shot reproducible spectrum, based on a 4.7 kJ small-chamber
Mather-type plasma focus device, is presented. The hard X-ray output spectrum was measured in a single
shot basis by differential absorption on metallic plates. The measured spectra have a single dominant
peak around 75 keV and a spectral bandwidth covering the 40–150 keV range. A hard X-ray dose of
(53 ± 3) μGy per shot was measured on axis at 53 cm from the source, and found to be uniform within
a half aperture angle of 6◦.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Plasma focus technology offers pulsed X-ray sources of un-
matched characteristics. Very high brightness, extremely short
pulse duration, spectral richness, profuse emissions at very short
wavelengths, cost effectiveness and simplicity of use and mainte-
nance, are among their distinctive characteristics. Plasma focus de-
vices were intensively investigated and used as outstanding X-ray
sources for lithography [1–11], backlighting [12,13], micromachin-
ing [6] and radiography [14–28]. Applications field expands as
more intense, energetic and stable X-ray sources are made avail-
able.

In the current Letter, we present a small plasma focus de-
vice whose hard X-ray output exhibits a shot to shot reproducible
spectra that includes significative components beyond 100 keV
(λ < 12 pm) and whose brightness is high enough to allow for in-
trospective imaging of metallic objects. As an example, in Fig. 1,
a single shot radiography of a standard door lock, mainly made on
steel and brass, is shown.

2. Material and methods

2.1. The device

A small-chamber Mather-type plasma focus device was adapted
to function as a flash hard X-ray source of reproducible spectrum.
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Fig. 1. Single shot radiography of a standard door lock made on steel and brass.
Expossure time: 50 ns FWHM.

The facility is powered by a capacitor bank, formed by fifteen
Maxwell capacitors model 31161 (0.7 μF each) connected in paral-
lel and charged up to 30 kV (4.7 kJ of stored energy), that delivers
a peak current of 340 kA in a quarter of period of 1.23 μs. To re-
duce connection impedances, the capacitors were connected to the
discharge chamber using 15 coaxial cables of 1 m in length and
19.8 � of characteristic impedance, and grouped in three identical
modules, each of which is controlled by a spark gap switch from
Maxwell, model 40264. An auxiliary, low inductance spark gap
controlled by an external trigger, is used to simultaneously switch
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the three main spark gaps, ensuring the discharge synchronicity
within 10 ns. The overall bank stray inductance and resistance
were measured in (55.6 ± 0.2) nH and (11.2 ± 0.1) m�, respec-
tively. The capacitor bank footprint and height are 0.60 m2 and
1 m, respectively. The coaxial electrodes are formed by a hollow
copper anode (central electrode) surrounded by a squirrel-cage-
like bronze cathode. They are separated by a Pyrex insulator and
located coaxially inside a 1 dm3 stainless steel cylindrical chamber
of 2 mm thick lateral wall. The anode is a tube of 38 mm outer
diameter, 2 mm thick wall, and 85 mm in length. The anode base,
which is the target for the electron beam emitted as a consequence
of the focalization, is made of lead and it is 2 cm thick. The cath-
ode is formed by eight brass rods, each one of 3 mm in diameter
and 87 mm in length, located equally spaced around a circle of
37 mm in radius concentric with the anode. The insulator sleeve is
50 mm in outer diameter, 4 mm thick wall, and 34 mm in length.
Insulator walls thinner than 3 mm are not advisable because they
break after a few hundreds of shots. The insulator length was cho-
sen according to criteria given in Ref. [29]. The discharge chamber
is filled with 3.5 mbar of an admixture of 2.5% (in volume) of ar-
gon in deuterium, since it maximizes the hard X-ray production
and the shot to shot regularity for this device. The output window
for the hard X-ray radiation is a 0.75 mm thick stainless steel flat
disk, which is also the front end of the chamber, and it is placed
at 14 cm from the electron beam target.

A non-integrating Rogowski coil and a photomultiplier tube
coupled to a cylindrical NE102A plastic scintillator 5 cm thick and
5 cm in diameter were used to monitor the discharge and the
hard X-ray output, respectively. The photomultiplier signal exhibits
a typical FWHM of 50 ns for the X-ray pulses. High sensitivity
KODAK T-Mat/G X-ray film along with terbium-doped gadolinium
oxysulphide (Gd2O2S:Tb) intensifying screens were used as hard
X-ray detector.

2.2. Spectral measurements

A method based on differential absorption on metallic plates
and the densitometry of their radiographs [30], was used to mea-
sure the continuum component of the hard X-ray output spectrum.
Such method can be briefly outlined as follows.

For a set of metallic samples made of different materials and
thicknesses, transmission coefficients Tij can be defined, as

Tij ≡
∫ ∞

0 η(E)S(E)e−ki(E)dij dE
∫ ∞

0 η(E)S(E)dE
(1)

where η(E) is the spectral response of the detector, S(E) is the
unknown hard X-ray spectrum and dij is the thickness of the sam-
ple j made of the material i. ki(E) is the linear attenuation co-
efficient that characterizes the radiation decay, depending on the
sample material and the energy of the attenuated spectral com-
ponent [31]. A standard regularization method [32] was followed
to infer a point-defined function S(E) from the transmission val-
ues prescribed by Eq. (1) and the corresponding measured values
T meas

i j .
To take eventual film inhomogeneities into account, the den-

sitometric analysis of the radiographs was done by means of its
normalized optical density (NOD), defined as the ratio between the
optical density (OD) measured for the region of interest, and that
measured for the corresponding nearby background. A calibration
of the film exposure was conducted as in Ref. [30] to relate the
NOD measurements with certified transmission values. Each T meas

i j
value was obtained interpolating the calibration data for the corre-
sponding normalized optical density.

The used set of plates is detailed in Ref. [30], and a single
shot radiograph of them, when placed at 70 cm from the chamber
Fig. 2. Single-shot radiographic image of the plates set used to determine the ra-
diation spectrum. Refs.: (1) calibration image, (2) silver, (3) nickel, (4) titanium,
(5) copper and (6) fog level reference.

Fig. 3. Normalized optical density measured for the copper samples as a function of
the sample thickness.

front wall, is shown in Fig. 2. To illustrate the NOD measurements,
Fig. 3 shows the normalized optical density for the copper samples
as a function of the sample thickness. All the processed radio-
graphs verify that the film exposure was above the film fog level
(which corresponds to OD = 0.2) and well below the saturation
level (OD = 3.5) [33].

3. Results

Fig. 4 presents the hard X-ray output spectrum of single plasma
focus shots fired under the same experimental conditions. As it can
be observed, there are no substantial differences between the ob-
tained spectra. All of them have a single dominant peak around
75 keV and a spectral bandwidth covering the 40–150 keV region.
Moreover, the spectral amplitudes decay for increasing energies
greater than 75 keV until becoming negligible beyond 250 keV. The
small bump that appears at ∼ 25 keV is a numerical artifact of the
regularization method. In fact, spectral components below 30 keV
are strongly attenuated (more than 100 times) by the chamber
front wall.

Since it is also very important for applications, the hard X-ray
dose on axis was measured using thermoluminescent detectors
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Fig. 4. Hard X-ray continuum spectra obtained from the analysis of different radio-
graphies taken under the same experimental conditions.

Harshaw TLD 700 from Bicron, placed at 53 cm from the source.
The TLDs were exposed to 40 shots to enhance the signal to noise
ratio. An uniform irradiation (within ±5% of its mean value) over a
disk of 5.6 cm in radius and an average dose value of (53 ± 3) μGy
per shot over that area, were obtained from the measurements.
This allows to estimate the half aperture angle of uniform dose for
the beam in 6◦ .

Although the electron energy spectrum is unknown for our de-
vice, the hard X-ray dose mentioned in the preceding paragraph,
was calculated using Monte Carlo simulations [34] in which the
experimental setup was modeled and a monoenergetic beam of
100 keV electrons was assumed in the light of the obtained X-ray
spectra.

The simulation gave a dose value of 136.8 mGy per coulomb
deposited on the lead target. Thus, a deposited charge of 0.39 mC
is required to reproduce the measured dose of 53 μGy. Consider-
ing that the X-ray emission lasts 50 ns, this allows to estimate
an average current of 8 kA for the electron beam. Similarly, as-
suming monoenergetic electron beams either of 75 or 150 keV,
average currents of 24 and 2 kA are obtained, respectively. This
range of values is consistent with measurements previously re-
ported [35–38] for plasma focus devices of stored energies and
operating voltages similar to the one presented here.

4. Conclusions

A small chamber, medium energy, plasma focus device which is
a pulsed hard X-ray source with reproducible spectrum in the 40–
150 keV region, was presented. The method used to determine the
hard X-ray spectrum allowed to test the spectral reproducibility
of the hard X-ray output of a plasma focus device in this en-
ergy region, for the first time, in a single shot basis. The source is
optimized for hard X-ray imaging applications, and is intense, en-
ergetic and wideband enough to be well suited for good contrast
images of different metals. The metallic chamber window helps to
strengthen the hard X-ray output spectrum without preventing ra-
diographic applications on metallic objects.
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