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Using high energy, pulsed X-rays, generated by a 4.7 kJ Plasma Focus operated with deuterium - argon admix-
tures, images of fast rotating metallic pieces were obtained. This illustrates the potential application of Plasma
Focus devices for non invasive scanning of moving metallic objects. The samples for radiographic imaging
were located outside the plasma focus chamber. High-sensitivity, fast-response commercial radiographic film
was used as X-ray detector. The use of small doses of argon helps to enhance both the neutron production and
the hard X-ray emission. By analyzing the mean attenuation of the studied radiation in different metals, an
X-ray effective energy of about 100 keV was obtained.

1 Introduction

Plasma Focus (PF) are pulsed power devices that generate
dense magnetized plasmas by means of electrical dischar-
ges in rarefied gases. These devices produce pulsed ener-
getic beams of ions and electrons, a wide spectrum of elec-
tromagnetic radiation, and 2.45 MeV neutrons (when filled
with deuterium). The current basic and applied research in-
terest of PF is related to dense plasma physics and innovative
applications of pulsed radiation sources. The latter had at-
tracted the attention of researchers during recent years, such
as the use of ion beams for surface treatments [1,2], litho-
graphy by means of either soft X-rays or electron beams
[3,4], radiography [5,6], metal defectoscopy [7], and neu-
tronic detection of hydrogen in samples [8,9].

The fist part of this article shows how a small PF can be
used as a hard X-ray source to take clear radiographs of fast
moving metallic objects. Due to the extremely short dura-
tion of the X-ray emission (about 50 ns), the exposure time
is six orders of magnitude shorter than what can be reached
with conventional sources. This characteristic, together with
the degree of penetration of the associated radiation, contri-
bute to produce high quality X-ray images of moving metal-
lic objects.

In the second part, the characterization of the effective
energy of the X radiation responsible for the radiographs is
presented. The method is based on the analysis of the atte-
nuation properties in different metallic samples.

2 Experimental setup

The experimental study was performed on the PF device
GN1 detailed in [10-12]. The capacitance of the bank is
10.5µF and it is charged to 30 kV (4.7 kJ). The electrodes
are a hollow copper anode and a squirrel-cage-like cathode
made of bronze bars. Both electrodes are separated by a
cylindrical Pyrex insulator, and located inside a cylindrical,
1 dm3, stainless steel chamber (see Fig. 1). The chamber
walls are 3 mm thick.

The device has a 1 m2 footprint and for optimal per-
formance, the chamber is filled with deuterium mixed with
2.5 % of argon. The optimal total pressure for X-ray pro-
duction is 3.5 mbar.

The origin of the high energy X-ray emission is brems-
strahlung radiation produced during the collision of a colli-
mated electron beam emitted by the focus, with the anode
bottom. To enhance the hard X-ray emission a lead blanket
was placed where the electron beam collides with the anode
(see Fig. 1).

Figures 2 show two experimental setups used to obtain
radiographic images of fast moving metallic objects. A
stainless steel ball bearing (Fig. 2a) mounted on an axis was
radiographied rotating at 2820 rpm. Fig. 2b shows the setup
to radiograph an aluminum turbine blade rotating at 6120
rpm. The radiographic film is located at 17 cm and 34 cm
away from the PF chamber, for the ball bearing and the tur-
bine, respectively. These distances were chosen to balance
intensity and homogeneity over the film. A commercial Cu-
rix Agfa 13 x 18 cm film was used as in reference [7]. The
hard X-ray production in every shot was monitored using a
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photomultiplier tube coupled with a NE 102A plastic scin-
tillator placed 3.9 m away from the chamber.

Figure 1. Sketch of GN1 Plasma Focus chamber.

Figure 2. Experimental setup used to obtain radiographs of (a) a
ball bearing (b) a turbine.

Figure 3. Radiographic images of a stainless steel ball bearing:
static and rotating.

Figure 4. Radiographic images of an aluminum turbine: static and
in fast rotation.

3 Results

3.1 Hard X-ray imaging

Figures 3 show the ball bearing images obtained with the
object at rest and rotating. The darker regions observed in
the images correspond to thickness differences. The inner
balls can be seen in great detail in both images.

Figures 4 show the turbine negative images obtained
with the object at rest and rotating. In both cases, the distri-
bution of the blades can be clearly distinguished, including
indentation marks on the border.
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The global contrast differences observed in Figs. 4 are
due to intensity differences of the PF shots. The correspon-
ding photomultiplier peak amplitudes (PP) are detailed in
the figure caption. The global resolution of the digitized
images was 300 dpi.

3.2 Effective Energy

To determine the effective energy of the radiation responsi-
ble for the radiographies shown above, the attenuation pro-
duced by metallic strips of different composition and thick-
nesses was measured and analyzed. Assuming a continuous
energy spectrum, the total intensity of the incident beam is:

I0 =

∞∫

0

S(E) dE (1)

whereS(E) is the spectral density andE is the energy of
the photons. In a first approximation, the intensityI(x) of
the beam after passing through a certain material is:

I(x) =

∞∫

0

S(E) e−µ(E)x dE (2)

whereµ(E) is the linear attenuation coefficient for that ma-
terial andx is the sample thickness. The relative attenuation
due to the sample is:

I(x)
I0

=

∞∫
0

S(E) e−µ(E)xdE

∞∫
0

S(E) dE

(3)

Equation (3) can be used to define an effective attenuation
coefficientµ* ≡ µ(E*) as the weighted average of the atte-
nuation factor exp[−µ(E) x], where the spectral density is
the weighting coefficient:

I(x)
I0

= e−µ∗x (4)

Measuring the attenuation ratioI(x)/I0 for known sample
thicknessesx of the same material, it is possible to estimate
µ* for that material using equation (4). Onceµ* is known,
E* can be estimated from theµ(E) relationship.

From the experimental point of view,I(x)/I0 can be de-
termined dividing the grey level of a radiograph with and
without an attenuating sample, which in turn are numerically
determined from the digitized images of the corresponding
radiograph. Assuming a linear relation between the grey le-
vel, N , and the ratioI(x)/I0:

N(x) = Nmax − (Nmax −Nmin)
I(x)
I0

(5)

whereNmax andNmin are the maximum and minimum grey
levels of the radiograph. They correspond, respectively, to
the minimum and maximum blackening of the film. For a

8 bits scanner,Nmax is close to 255 andNmin to 0. From
equation (5):

I(x)
I0

=
Nmax −N(x)
Nmax −Nmin

(6)

Equations (4) and (6) can be used to obtainµ* for different
materials. However equation (5) should be experimentally
validated.

A series of radiographs of pure-metal samples (analy-
tical quality) were obtained and analyzed. Table 1 details
the sample materials and thicknesses, which were measured
using a 0.01 cm precision caliper.

TABLE 1. Thicknesses of the metallic samples used in the attenu-
ation study. Accuracy is 0.01 cm.

Material Thicknesses (cm)
Cd 0.11; 0.22; 0.30
Cu 0.11; 0.22; 0.33; 0.44; 0.55
Ni 0.16; 0.27; 0.43; 0.54
Ti 0.36; 0.44; 0.56; 0.68

Figure 5 shows the measured dependence of ln[I(x)/I0]
with the sample thickness,x, for copper. The linearity that
corroborates equation (5) in the studied range is clear. The
slope of the line in Fig. 5 gives the value of the effective
attenuation coefficient:

µ∗ (copper) = (3.90± 0.12) cm−1

Using the tabulated attenuation properties for copper [13]
one can determine the effective average energy of the X-
rays. Analogous procedures are followed with the attenua-
tion data of the other materials. The resulting effective atte-
nuation coefficients are detailed in Table 2. Among the stu-
died materials, cadmium has the greater attenuation power,
followed by copper and nickel. The average effective X-rays
energyE* is around 100 keV.
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Figure 5: Graph of ln[I(x)/I0] as function of the copper 
thickness for five samples. The continuous line 
corresponds to the linear adjustment of the data. 

Figure 5. Graph ofln[I(x)/I0] as function of the copper thickness
for five samples. The continuous line corresponds to the linear ad-
justment of the data.
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The error bands in Table 2 come from the grey scale (di-
gitalization of the image, discrete scale, etc.), and from the
precision inx measurements.

TABLE 2. Effective values of the attenuation coefficients and ave-
rage X-rays energy.

Material µ∗(cm−1) E∗(keV)
Cd 9.48± 0.13 103± 13
Cu 3.90± 0.12 101± 15
Ni 3.35± 0.04 104± 14
Ti 1.16± 0.03 99± 9

4 Conclusions

The images of metallic objects presented in this article de-
monstrate the feasibility of hard X ray emissions from small
PF devices to obtain radiographs of rapidly rotating indus-
trial samples. This in turn open the way toward innovative
applications of plasma technology in non-destructive testing
of materials, such as the detection of dynamic tensions on
defects.

The study of the spectrum of the X radiation coming
from the chamber shows energy values in agreement with
previous measurement using different techniques [14,15].
The procedure presented in the present study is interesting,
simple and not expensive, which can facilitate the research
in small laboratories in developing countries. In particu-
lar, an interesting issue to explore is the dependence of the
X-rays energy with the PF design, such as anode material,
charging voltage, filling gas and operating pressure.
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