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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 2 Experimental setup

The experimental study was performed on the PF device
Plasma Focus (PF) are pulsed power devices that generatgN1 detailed in [10-12]. The capacitance of the bank is
dense magnetized plasmas by means of electrical dischari0.5,,F and it is charged to 30 kV (4.7 kJ). The electrodes
ges in rarefied gases. These devices produce pulsed enegre a hollow copper anode and a squirrel-cage-like cathode
getic beams of ions and electrons, a wide spectrum of elec-made of bronze bars. Both electrodes are separated by
tromagnetic radiation, and 2.45 MeV neutrons (when filled cylindrical Pyrex insulator, and located inside a cylindrical,
with deuterium). The current basic and applied research in-1 dn?, stainless steel chamber (see Fig. 1). The chamber
terest of PF is related to dense plasma physics and innovativavalls are 3 mm thick.
applications of pulsed radiation sources. The latter had at- The device has a 1 ffootprint and for optimal per-
tracted the attention of researchers during recent years, sucformance, the chamber is filled with deuterium mixed with
as the use of ion beams for surface treatments [1,2], litho-2.5 % of argon. The optimal total pressure for X-ray pro-
graphy by means of either soft X-rays or electron beamsduction is 3.5 mbar.
[3,4], radiography [5,6], metal defectoscopy [7], and neu- The origin of the high energy X-ray emission is brems-
tronic detection of hydrogen in samples [8,9]. strahlung radiation produced during the collision of a colli-

mated electron beam emitted by the focus, with the anode

The fist part of this article shows how a small PF can be bottom. To enhance the hard X-ray emission a lead blanket

used as a hard X-ray source to take clear radiographs of fasfvas placed where the electron beam collides with the anode
moving metallic objects. Due to the extremely short dura- (see Fig. 1).
tion of the X-ray emission (about 50 ns), the exposure time  Figures 2 show two experimental setups used to obtain
is six orders of magnitude shorter than what can be reachedadiographic images of fast moving metallic objects. A
with conventional sources. This characteristic, together with stainless steel ball bearing (Fig. 2a) mounted on an axis was
the degree of penetration of the associated radiation, contrivadiographied rotating at 2820 rpm. Fig. 2b shows the setup
bute to produce high quality X-ray images of moving metal- to radiograph an aluminum turbine blade rotating at 6120
lic objects. rpm. The radiographic film is located at 17 cm and 34 cm

away from the PF chamber, for the ball bearing and the tur-

In the second part, the characterization of the effective bine, respectively. These distances were chosen to balance

energy of the X radiation responsible for the radiographs is intensity and homogeneity over the film. A commercial Cu-
presented. The method is based on the analysis of the atterix Agfa 13 x 18 cm film was used as in reference [7]. The
nuation properties in different metallic samples. 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.
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Figure 3. Radiographic images of a stainless steel ball bearing:
static and rotating.
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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-

Figure 2. Experimental setup used to obtain radiographs of (a) abution of the blades can be clearly distinguished, including

ball bearing (b) a turbine.

indentation marks on the border.
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The global contrast differences observed in Figs. 4 are 8 bits scannerV,,,, is close to 255 anav,,;, to 0. From
due to intensity differences of the PF shots. The correspon-equation (5):
ding photomultiplier peak amplitudes (PP) are detailed in I(x)  Nmax — N(x)
the figure caption. The global resolution of the digitized Io - Nyax — Ninin 6)
images was 300 dpi.

Equations (4) and (6) can be used to obtafrfor different
) materials. However equation (5) should be experimentally
3.2 Effective Energy validated.
A series of radiographs of pure-metal samples (analy-

To determine the effective energy of the radiation responsi- . | i btained and lvzed. Table 1 detail
ble for the radiographies shown above, the attenuation pro-ic@l quality) were obtained and analyzed. Table 1 details

duced by metallic strips of different composition and thick- the_ samglglmaterlals_a_nd th|(|:_knesses, which were measure
nesses was measured and analyzed. Assuming a continuod$®'nd @ ©-U1 €M precision caliper.

energy spectrum, the total intensity of the incident beam is:
TABLE 1. Thicknesses of the metallic samples used in the attenu-

x° ation study. Accuracy is 0.01 cm.
Iy = / S(E) dE (1)
0 Material Thicknesses (cm)
where S(FE) is the spectral density anfl is the energy of gg 0 11%1212%2323%321 055
the photons. In a first approximation, the intendity) of Ni ' 0 ’16" 0 ’27'_ 0 ’43', 0 ;54'
the beam after passing through a certain material is: T 0.36 0.44- 0.56- 0.68

Figure 5 shows the measured dependence &fin[I]
with the sample thickness, for copper. The linearity that

wherey(E) is the linear attenuation coefficient for that ma- corroborates equation (5) in the studied range is clear. The

terial andz is the sample thickness. The relative attenuation slope of the line in Fig. 5 gives the value of the effective
due to the sample is: attenuation coefficient:

I(z) = / S(B) e 1B 4 @)
0

* — 1
S(B) e-r B w* (copper) = (3.906+ 0.12) cnm
I(z) - ©) Using the tabulated attenuation properties for copper [13]

Io TS(E) dE one can determine the effective average energy of the X-

0 rays. Analogous procedures are followed with the attenua-

) ] ] _ tion data of the other materials. The resulting effective atte-
Equation (3) can be used to define an effective attenuationnyation coefficients are detailed in Table 2. Among the stu-
coefficient,* = p(E*) as the weighted average of the atte- gied materials, cadmium has the greater attenuation power,
nuation factor expfu(E) x], where the spectral density is  followed by copper and nickel. The average effective X-rays

the weighting coefficient: energyE* is around 100 keV.

P < et (4)

Measuring the attenuation ratidz)/I, for known sample
thicknesses: of the same material, it is possible to estimate
w* for that material using equation (4). Ong# is known,

E* can be estimated from the( E') relationship.

From the experimental point of viedi(z)/1, 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 ratid (z)/1:

In(1 (/1)

N (@) = Nos — (N — Noi) 2 (8) 01 02 03 04 05 06
x [cm]

WhereN ., and N, are the maximum and minimum grey  gigyre 5. Graph on[I(z)/Io] as function of the copper thickness
levels of the radiograph. They correspond, respectively, tofor five samples. The continuous line corresponds to the linear ad-
the minimum and maximum blackening of the film. For a justment of the data.
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precision inz measurements. [3] S. Lee, P. Lee, G. Zhang, X. Feng, V. Gribkov, M. Liu, A.
) ) - Serban, and T. Wong, IEEE Trans. on Plasma 36i(4),
TABLE 2. Effective values of the attenuation coefficients and ave- 1119 (1998).

rage X-rays energy.
g y 9y [4] P. Lee, X. Feng, G. Zhang, M. Liu, and S. Lee, Plasma Sour-

ces Sci. Technob (3), 343 (1997).

Material [ p*(cm™! E™(keV)
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