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ABSTRACT
The characteristics of ion beams produced in a Mather-type plasma focus device have been studied. When a 
capacitor bank of 41.6 |aF was charged to 30 kV, the discharge current reached a peak current of 450 kA, and 
after the current dip, an ion current density of 8 kA/cm2 with a pulse width of 60 ns was obtained 110 mm 
downstream from the top of the anode on the axis. Ion beam was found to be emitted with very large spread of 
emission angle up to ±80 deg. To evaluate the dependence of ion energy spectrum on the emission angle, we 
arrayed the incident angle resolved energy spectrometers simultaneously at different angular positions on a 
circumference of 110 mm in radius, centered at the focus. From the evaluation, we found that the ion energy 
was distributed from 0.1 MeV to 2 MeV and that ions with small emission angle have higher energy and wide 
spread of incidence angle. In addition, the ion energy and spread of incidence angle decrease with increasing 
emission angle.
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1 .Introduction
The plasma focus device has long been known to 

be a copious source of different types of radiation 
such as intense X-rays [1,2], energetic ions [3-5] and 
electrons [6]. It is an interesting phenomenon that 
plasma focus devices having energies from a few kJ 
to MJ generate ions with energy more than a few 
hundred of keV to tens of MeV [3-5, 7, 8]. The 
mechanism leading to the generation of the 
high-energy ion beam is believed to be closely 
correlated to phenomena that give rise to a localized 
high electric field, such as rapid compression during 
the radial pinch phase and instability. Many works 
has been done to evaluate the characteristics of the 
particle beams to clarify the acceleration mechanism 
and various theoretical and computational models on 
ion production and acceleration have been considered. 
Among those models, the moving thermal plasma 
model [9], the generalized beam target model with a 
cross-field acceleration [10] and the converging ion

model [11] have explained the production mechanism 
to some extent. However, an individual model is best 
suited for a particular energy range of the plasma 
focus device, and none of the models is in 
satisfactory agreement with the experimental results 
for different plasma focus devices with different 
energy ranges. The physical mechanism of the 
production of these energetic ions remains unclear. 
These ions were anticipated for application as an 
intense pulsed ion source [12]. More recently, the 
ions from the plasma focus were expected to be 
applied to the field of plasma processing [1 3 ,14]. 
Hence, the determination of ion beam characteristics 
is very important not only for understanding the 
mechanism of the production of high-energy ions but 
also for their applications.

We have evaluated the characteristics of the ion 
beam to clarify the mechanism of the production of 
the ion beams. In our resent work, high current 
density ion beams are observed even in far off-axis
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positions. In this paper, we report the dependence of 
ion energy spectrum on the emission angle. To 
evaluate the energy spectrum o f the beam, incidence 
angle resolved energy spectrometer was employed.

2. Experimental Setup
The plasma focus device used in the present work 

is a Mather-type device having squirrel cage 
electrode geometry. Figure 1 shows the electrode 
structure of the plasma focus device. The plasma 
focus device basically comprises of a pulsed power 
driver (capacitor bank) and an evacuated stainless 
steel chamber, which houses the coaxial electrode 
system as shown in F ig .1 .The electrode assembly of 
the plasma focus device consists of an inner electrode 
(anode), an outer electrode (cathode), and a glass 
insulator. The anode is a cylindrical copper electrode 
and its length and the diameter are 242 mm and 50 
mm, respectively. In order to reduce the production of 
impurity ions and to reduce the damage of the 
electrode, the anode has a hollow shape top and has a 
hollow of 30 mm in diameter and 20 mm in depth on 
the top. The cathode is made up of 24 copper rods 
having 10 mm diameter and 230 mm long that are 
uniformly mounted coaxially with the anode. The 
effective inner diameter of the cathode is 100 mm. 
The bottom end of the electrode assembly is 
separated by a 100 mm long glass insulator sleeve., 
which is rigidly fixed around the central anode. The 
outer diameter of the insulator is 60 mm.

unit: mm

Fig.l Electrode configuration of PF device.

In the present study, the charging voltage of the 
capacitor bank of capacitance 41.6 [i¥ was fixed to 
30kV, which corresponded to discharge energy 19 kJ. 
When the capacitor voltage is applied across the 
electrodes, current sheaths developed across the 
insulator and these current sheaths are axially 
accelerated down the coaxial electrodes by the 
self-generated JxB force. At the end of the electrodes, 
the sheaths undergo radial pinching and forming a hot 
and dense plasma. This plasma is quite unstable and 
disrupts due to the growth of m=0 instabilities. 
Immediately after the disruption, ions and electrons 
are emitted. Ions are accelerated towards the top of 
the chamber while electrons are accelerated towards 
the anode.

Figure 2 shows the experimental arrangement. The 
vacuum chamber consisted of the electrode chamber 
and the analyzer chamber, which is separated by a 
hemispherical chamber of 110 mm in radius to 
support the incidence angle resolved electric ion 
energy spectrometers. The ion energy spectrometers 
were arranged on a circular frame of 110 mm in 
radius, centered at the focus, at nine different angles 
relative to the electrode axis, -80°, -60°, -40°, -20°, 
0。，30。，50。，70。 and 90。 ， as shown in Fig. 2. The 
vacuum chamber was evacuated to < 5x l〇"3 Pa by a 
diffusion pump package and after that the electrode 
chamber filled with hydrogen gas to 300 Pa, while 
the analyzer chamber was differentially pumped to 
<10 3 Pa.

Figure 3 shows the geometry of the observation. 
Pinholes of the spectrometers are placed on the 
positions corresponding to the ion emission angle (B)
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(angle from the axis). The slit is placed 43 mm 
downstream from the pinhole. The direction of the 
slit is parallel to the 0 direction.

Fig.3 Geometry of the observation.

Figure 4 shows the schematic of the incident angle 
resolved energy spectrometer used in the experiment. 
It consists of a pinhole, a slit, an electric deflector and 
an ion track detecting film of CR-39. The diameter of 
the pinhole and the width of the slit are 0.12 mm. A 
small portion of the ion beam is collimated parallel to 
the axis-0 plane by the pinhole and the slit and 
deflected by the electric field and recorded on the ion 
track detecting plastic plate of CR-39. The electric 
deflector comprises two plane electrodes with electric 
field area of 20x30 mm2 and gap length of 5 mm. The 
applied electric field was 24 kV/cm. The CR-39 film 
was covered with PET film of 3 |im thickness to 
eliminate heavy ions and low-energy protons with 
energies lower than 300keV. In each spectrometer 
placed at -20°, 0° and 30°, the detecting film was 
located at 60 mm downstream from the electric 
deflector to avoid the detector saturation. In other 
spectrometers, the distance between the deflector and

PET film  CR-39

Fig.4 Cross-section of incident angel resolved 
energy spectrometer.

the detector was 20 mm.

3. Experimental Results and Discussion
Figure 5 shows typical waveforms of the discharge 

current measured with a Rogowski coil and of the ion 
current density measured with a biased ion collector 
(BIC) at emission angles of 10° and 80°. As seen in 
the figure, the discharge current reaches a peak value 
of 450 kA at 1.65 fis, and after the peak, a 200 kA 
current dip is observed, which suggests a strong 
pinch and disruption of the plasma. The ion current 
density rises sharply with the current dip (t=1.7 îs). 
The ion current density on the axis (0=0°) has a peak 
value of 7.8 kA/cm2 with a pulse duration of 60 ns 
(FWHM) while at 0= 80°, a peak value of 2.3 kA/cm2 
is observed with a pulse duration of 300 ns. As shown 
in the figure, the time difference between the peaks of 
the ion current density is 100 ns, which suggests that 
the ion beam produced in the plasma focus device has

Fig. 5 Typical waveforms of discharge current 
and ion current density.

a dependence of the energy on the emission angle.
Figure 6 shows examples of track patterns obtained 

by using incident angle resolved energy 
spectrometers mounted at emission angles of 0°. The 
CR-39 detectors were exposed with a single shot. 
After exposure, the detectors were etched in a 6N- 
NaOH solution at 70° for 3 hours to make the tracks 
visible. From the figure, we can observe that ion 
beam of protons emitted in the axial direction (0°) 
has a wide spread on ^  direction and that the energy 
spectrum is distributed from 300 keV to 2 MeV. Note 
that the obtained tracks refer to protons with energies
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Fig.6 Example of track patterns measured at 
emission angle of 0°.

Figure 7 shows examples of the ion energy spectra 
as a function of the incident angle measured at 
emission angles of 0°, -20°, 50° and -80°, 
respectively. Here, in case of -80°, PET film is 
removed, since the energy of ion is smaller than 300 
keV. As seen in Fig. 7, for the case of small emission

higher than 300 keV (the lower detection limit) 
because the detector is covered with 3 jam thick PET 
film.

angle (0=0°, -20°), ions are distributed widely over 
incident angles ranging from -10° to 10°. The ion 
energy and ion number tend to decreases with 
increasing incident angle. In contrast, for the case of 
larger emission angle (©=-80°), ions are observed up 
to the incident angle of ±2° and the maximum energy 
is about 250 keV. The energy and the ion number 
density decreases rapidly with increasing incident 
angle. From the dependence of ion energy spectrum 
on the emission angle, we found that the ions with 
energies lower than 300 keV are distributed widely 
over the emission angle of ±80°, while the 
higher-energy ions (> 1 MeV) are confined within the 
emission angle of -20。〜30〇.

4. Conclusions
The ion energy spectrum for each emission angle 

was evaluated by the incident angle resolved ion 
energy spectrometer. From the experimental results, 
we found that ion beam produced in the plasma focus
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device was emitted with very large spread of 
emission angle up to 士80° and that the energy 
spectrum of ion beam is distributed from 100 keV to 
2 MeV. In addition, the ion energy in each emission 
angle decreases with increasing the incident angle. 
We found from the dependence of ion energy 
spectrum on the emission angle that ions with small 
emission angle have higher energy and wide spread 
or incidence angle. The ion energy and spread of 
incidence angle decreases with increasing emission 
angle.

In this study, the ions with energies lower than 300 
keV was observed at larger emission angles. This 
result does not agree with the physical explanation 
that the lower-energy ions are easily trapped in the 
pinched plasma column by the azimuthal magnetic 
field. In order to clarify the exact physics behind the 
production of the high-energy ion beams in the 
plasma focus we are planning to evaluate the 
characteristics or ion beams in detail.
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