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A B S T R A C T   

Energy and flux of ion beams in a Mather type (5 kJ) plasma focus device was investigated. The experiments were 
performed with argon as the chamber gas at the optimum pressure of 0.3 mbar and the charging voltage of 15 kV. 
Six identical Faraday cups located at angular positions 0, 15, 30, 45, 60 and 75◦ with respect to the anode axis 
were exploited to collect ion signals. The Faraday cups were mounted on a quadrant holder so that all Faraday 
cups have the same radial distance of 7 cm from the anode tip. In order to gain knowledge of target ions, when 
the plasma focus device is used for thin film deposition, three different targets of copper, graphite and tungsten 
were inserted on top of the anode tip. The ion signals registered by Faraday cups showed three main peaks 
relating to X-ray, argon gas and target ions, respectively. Plots of ion flux as a function of ions energy were 
obtained for argon gas and different targets separately. Energy spectra obtained from the Faraday cups revealed 
different anisotropies for argon gas and targets ions.   

1. Introduction 

Plasma focus (PF) device has the capability of being used effectively 
in material processing, ion implantation, semiconductor doping and thin 
film deposition. It is one of the prominent choices for energetic ions, 
relativistic electrons, fast neutrons and X-ray radiation. Emission of 
charged particles occurs as a result of plasma pinch and is affected by 
pinch dynamics. Recent studies show that in plasma focus device, after 
pinch formation, plasma plume has an asymmetric angular distribution 
of ions energy and density [1–3]. This anisotropy has been explained by 
the fact that ions are originated from different micro-sources which are 
created inside a dense pinched plasma column [3,4]. These 
micro-sources are not symmetrical with respect to the anode axis and 
they are characterized by different local parameters. Furthermore, the 
intensity of PF ion beam depends upon electrode geometry, capacitor 
bank energy, working gas type and pressure [5]. For each special con
dition, ions have different energy range and density at various angle and 
position with respect to anode tip. Ions flux angular distribution in 
plasma focus devices depends upon the working gas type. Mohanty et al. 
[3] showed that in a nitrogen filled PF device, ions flux along anode axis 
(0◦) is less than that of the off axis and the maximum flux is obtained at 
5◦. Bhuyan et al. [1] using a set of five identical Faraday cups positioned 
at different angles 0◦, 20◦, 25◦, 50◦ and 90◦ revealed that maximum 

neon ion beam flux is at 25◦ angular position. In yet another study, 
Bhuyan et al. [2] reported that among the dominant charge states of H+, 
C4+ and C5+ obtained from methane operating gas, C4+ and C5+ ions flux 
maximizes at off axis (15◦), while the maximum H+ ion flux occurs at 0◦. 
Similar results have been reported concerning the fact that maximum 
ion flux for H2, deuterium and proton occurs along the anode axis [6–8]. 
Both the range and most probable energy of ion beam of nitrogen and 
methane gases are known to be irrespective of the angular position [2, 
3]. For neon ion beam, the most probable energy at 0◦ angular position 
has been larger than that of off axis [1]. 

Ions energy and density distribution are essential for understanding 
the physics behind production and acceleration of the PF device ions. 
Furthermore, it is vital to study and evaluate ions spatial energy and 
density distribution in order to optimize the use of plasma focus device 
in applications such as material processing and thin film deposition. The 
angular position has a crucial effect on these processes. In recent reports 
by Aghamir et al. [9,10], samples positioned at 60 and 75◦ with respect 
to anode axis experienced different depositional processes than those 
located near the axis. Their findings indicate that angular positions of 60 
and 75◦ are more apt for forming crystal structures, whilst sample lo
cations at 0 and 30◦ are more proper for ion implantation. Therefore, 
using PF as a material processing device involves knowledge of ions 
energy spectrum and flux at different angular position. 
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In the present study, thorough investigation of angular distribution 
of ions energy and flux is considered using time of flight (TOF) tech
nique. An array of six Faraday cups positioned at 0, 15, 30, 45, 60 and 
75◦ with respect to the anode axis, has been used. Due to the semi- 
hemispherical shape of the plasma plume after the pinch, the Faraday 
cups were located at different angular positions on a quadrant holder, all 
with the same radius distance with respect to the anode tip. The ex
periments were conducted under the assumption that the ion beam is 
azimuthally uniform. Furthermore, the plasma focus device was used as 
an apparatus for thin film deposition where targets were located on the 
anode tip. After the pinch, working gas ions move upward from the 
anode tip and the relativistic electrons bombard the target surface and 
create the second wave of ions. In the present study the angular distri
bution of secondary ions energy and flux has also been evaluated. 

The outline of the manuscript is as follows: The description of 
experimental apparatus is given in section 2. The obtained data, the 
calculation methods, and the resultant curves along with related dis
cussions are presented in section 3. Conclusions are drawn in section 4. 

2. Experimental set-up 

2.1. Plasma focus device 

The experiments were conducted on a Mather-type plasma focus 
device comprising a 11 μF capacitor bank with maximum voltage of 30 
kV (5 kJ energy). The plasma producing electrodes consisted of one 13.6 
cm long OFHC copper rod as anode located at the center surrounded by 
six 12 cm long copper cathodes placed in a squirrel cage arrangement 
with an annular distance of 2 cm. The diameter of the anode rod was 2 
cm and those of six cathode rods were 0.9 cm. A Pyrex insulator sleeve 
with 2 cm length and 0.25 cm thickness surrounded the bottom end of 
the anode separating the electrodes. The entire anode-cathode assembly 
was placed in a stainless-steel chamber. A rotary mechanical vacuum 
pump was employed to evacuate the chamber up to 4× 10− 2 mbar 
before the introduction of the filling gas. The experiments were per
formed with argon as filling gas, at the optimum operating pressure of 
0.3 mbar and the charging voltage of 15 kV in all experiments. At these 
conditions, the peak current (current at pinch time) was 120 kA. The 
total circuit inductance was 140 nH and the quarter period was 2 μs. 

2.2. Faraday cup 

The Faraday cup is a charged particle detector, composed of two 
deep cylindrical electrically conductive electrodes separated by a 
dielectric. The inner collector detects the charged particles and the outer 
electrode which is grounded shields it from improper electromagnetic 
radiations. The charged particles enter the inner collector through a 
small aperture in order to confine the load. When charged particles 
impinge on the inner collector, a potential difference is generated be
tween the two cylinders and passes through RG58, 50 Ω coaxial cable to 
the oscilloscope. The related circuit is showed in Fig. 1. The dimensions 
of the coaxial cylinders of Faraday cup must also be such that the 
impedance Z given by: 

Z =
138.2

̅̅̅̅
K

√ log 10

(
D
d

)

(1)  

is 50 Ω. Here D is the inside diameter of the outer electrode, d the outside 
diameter of the inner electrode and K is the dielectric constant. The 
Faraday cup signal recorded by oscilloscope is a voltage-time curve. 
With the assumption that the ions leave the pinch region at the same 
time, the X-ray peak which occurs as the pinch collapses and the ions fly 
upward, is considered as the origin of time for ions flight. It is also 
considered that the pinch region is negligible compared to the distance 
between the Faraday cup and the pinch region on top of the anode. 
Therefore, it is assumed that the flight distance is the same for all ions. 

Using ions time of flight, the corresponding velocity and non-relativistic 
energy is calculated by the simple relation: 

E=
1
2

Mv2 (2) 

Thus, the time axis in Faraday cup signal is related to the energy. The 
ions flux corresponding to each energy is calculated by 

flux
(

ions
m2s

)

=
Vosc

RqA
(3)  

where Vosc is the voltage of the Faraday cup signal, R the resistance 
across the oscilloscope input signal (50 Ω), q the ions charge and A the 
area of the aperture. Therefore, the ion flux curve as a function of ion 
energy can be obtained. 

The ion energy spectrum was measured by a Faraday cup assembly 
and TOF analysis. The schematic diagram of the PF device and the 
Faraday cup assembly is shown in Fig. 2. In order to have assessment of 
the ions’ spectrum due to the plasma plume umbrella shape after the 
pinch, six identical Faraday cups placed on a quadrant holder were used 
simultaneously. All Faraday cups have the same radial distance of 7 cm 
from the anode tip. They are located at the angular positions 0, 15, 30, 
45, 60 and 75◦ with respect to the anode axis. The Faraday cups are 
composed of two coaxial cylinders made up of brass and a dielectric 
between them. The dielectric was a sheet of PTFE Teflon with a 
dielectric constant of 2.1. The height of the Faraday cups was 20 mm 
with the inner diameter of the outer cylinder (D) and the outer diameter 
of the inner cylinder (d) 15 mm and 5 mm, respectively (Fig. 1). These 
dimensions are selected to avoid the impedance mismatch between 
Faraday cups and the 50 Ω transmission cable. The outer brass electrode 
plays the role of the grounded shield. In order to minimize the secondary 
electron emission, a graphite tube, which is used as the ion collector 
electrode, is inserted inside the inner brass cylinder. Graphite has shown 
to generate significantly a smaller number of secondary electrons 
emitted per incident ion [11]. Furthermore, the diameter to length ratio 
of the graphite collector (3 mm–15 mm) was in the range that minimizes 
the escape factor of the secondary electrons [12]. To reduce the signal to 
noise ratio, the Faraday cups outer brass electrode and the copper 
shields on the transmission cables were grounded. The Faraday cups 
were biased at − 150 V throughout the experiments. In order to atten
uate the ion signal, a plate with a 500 μm aperture was screwed to the 
bottom end of the Faraday cups. The ion signals of the six Faraday cups 
were recorded simultaneously by two four channel oscilloscopes. 

As mentioned earlier, the aim of present work is to study the energy 
and flux of ions in PF device when it is used for thin film deposition or 
ion implantation. Besides the energy and flux of argon filling gas ion 
beams, energy and flux of target ions were also taken into account. When 
PF device is used for thin film deposition, the intended material for 
deposition is fixed on the anode tip. A set of three experiments was 

Fig. 1. Schematic diagram of the Faraday cup and related circuit.  
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conducted with argon as the chamber filling gas along with three 
different targets of copper, graphite and tungsten. In each experiment, 
disc shaped target was screwed down on top of the anode, making the 
anode flat end. The results of the experiments are presented in the 
following section. 

3. Results and discussion 

The ion beams generated in the PF device were monitored by an 
assembly of six identical Faraday cups located at different angular po
sitions at the same radial distance of 7 cm from the anode tip. Typical 
signals of Faraday cups located at the angular positions 0, 15, 30, 45, 60 
and 75◦ with respect to the anode axis for different targets of copper, 
graphite and tungsten along with voltage probe signal are shown in 
Fig. 3. In order to have a proper interpretation of the signals registered 
by Faraday cups, a brief glance at successive PF device phases is helpful. 
In the PF devices, the application of a high voltage pulse between the 
electrodes initiates the breakdown phase. The filling gas as a result of 
dielectric breakdown forms a plasma layer (current sheath) through 
which the discharge current flows. The plasma generation process starts 
with the acceleration of free electrons which leads to ionization of the 
filling gas. The current sheath forms on the insulator surface or radially 
bridges the electrodes at the end of the insulator [13]. This initial phase 
ends up when the current sheath starts to move toward the electrodes 
open end by the Lorentz force. In this axial run-down phase, the current 
sheath accelerating along the electrodes creates a shock wave in front of 
it [14]. The gas that is swept up by the moving shock front is ionized and 
converts into plasma by the current flow [15]. When the current sheath 
reaches the open end of the electrodes, radial compression of the plasma 
occurs. The current sheath pushed by the inward Lorentz force, forms a 
dense hot plasma column and the plasma pinching process starts. At the 
final stage of the radial compression near the z-axis of the PF chamber, a 
cumulative plasma stream is produced on top of the anode which ac
celerates in the direction of z-axis with the energy of the order of keV. 
This axial cumulative plasma jet forms a shock wave above the anode. 
The hemispherical shock wave propagates along the z-axis through the 
medium [16–18]. A short period of time after the mentioned processes, a 
plasma diode is formed in the pinched plasma near the anode (proven by 

both experimental and theoretical studies [17,19,20]). Within this 
diode, at first fast electrons are accelerated towards the anode gener
ating X-rays and then beams of fast ions with the energy of the order of 
0.1–1 MeV move in the opposite direction. The fast ion beam takes little 
divergence before it reaches the hemispherical shock wave front [16]. 
Then it penetrates through the shock wave front into the medium and 
propagates with more divergence [17]. As is reported in literature, the 
height of the pinching area, namely from the anode top to the shock 
wave front, is different in various PF devices [18,21,22]. The Faraday 
cups distance from the anode determines which one of the fast ions or 
dense plasma stream first reaches the detectors [23]. If the Faraday cups 
are placed outside the pinching area (above the shock wave front), fast 
ions reach the Faraday cups first, since ions penetrate the shock wave 
front due to their MeV energy; afterwards, the dense plume of plasma 
streams, in their divergence movement, reach the Faraday cups. As 
mentioned earlier, in this study, Faraday cups are located at the same 
radial distance of 7 cm from the anode tip and ion signals registered by 
the array of Faraday cups are presented in Fig. 3. The common feature in 
all of Faraday cup signals for every target is the appearance of three 
main peaks. The first peak starting to shape once the pinch event ends, 
namely at the end of singularity in voltage probe signal, has been proven 
to be due to X-ray emission [24]. The emission of X-ray occurs as the 
electrons of the plasma diode collide with the anode surface at the end of 
pinching process. The signals of the Faraday cup located at 0◦, for all 
three targets, show higher level of X-ray peak compared to previous 
reports [1–3]. This is due to the shape of the inserted anode targets in the 
present experiments, which made the anode flat end resulting in stron
ger collisions between electrons and the anode tip [25]. Furthermore, it 
is worth mentioning that as it is expected, a stronger X-ray peak is 
registered for tungsten target compared to copper and graphite targets 
(Fig. 4). In order to ascertain that the first peak is caused by X-ray 
emission, the ion entrance pinhole of the Faraday cups was covered by a 
plastic film with the thickness of <50 μm. The plastic film is transparent 
to X-rays and other strong electromagnetic radiations while it can 
obstruct flying ions to reach the Faraday cup collector. The typical signal 
of the entrance-covered Faraday cup along with the discharge current is 
shown in Fig. 5. The peak occurring simultaneously with the dip of the 
current signal, which is due to the pinch, is recorded and the second and 

Fig. 2. Schematic diagram of PF device and Faraday cups assembly and configuration.  
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third peaks are vanished. It could be inferred that the first peak is not 
related to ions and it is totally due to the X-ray emission. 

The second main peak is the strongest peak in almost all Faraday cup 
signals. However, there is slight change between the second main peak 
of the Faraday cup positioned at 0◦ with the other five Faraday cups 
signals. The dense plume of plasma streams is created prior to the X-ray, 
whereas there is no signal registered by the Faraday cups before the X- 
ray peak. Therefore, it can be inferred that the array of Faraday cups is 
located outside the pinching area. In this regard, it is expected that fast 
ion beams reach the Faraday cups first and soon after that plasma 
streams are registered. This is visible in the signal of 0◦ angular position 
Faraday cup, where the second main peak is actually composed of two 

Fig. 3. Voltage probe and Faraday cup signals for copper, graphite and tung
sten targets. 

Fig. 4. 0◦ Faraday cup signals for targets of copper, graphite and tungsten. The 
first peak belongs to X-ray and peaks “1” and “2” belong to fast ion beams and 
plasma streams, respectively. 

Fig. 5. Faraday cup signal when the pinhole entrance is covered by plastic film.  
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tightly adjacent sub-peaks. The primary sub-peak (peak1) is related to 
the fast ion beams and the secondary one (peak 2) belongs to plasma 
streams. To have an accurate sight, the signals of 0◦ Faraday cups of 
three targets are presented in Fig. 4 with slight magnification. Since fast 
ion beams diverge in a narrow solid angle, this peak is absent in the 
signals registered by the other five Faraday cups located off-axis (Fig. 3). 
As fast ion beams are created due to plasma diode and the result of 
pinching process, it would be expected that primary sub-peak (peak 1) 
does not show up in the signals pertaining to the shots with no pinch. In 
Fig. 6, two different signals are compared and it is apparent that the 
Faraday cup signal related to the no-pinch experiment has no primary 
sub-peak belonging to the fast ion beams. Comparison of the two signals 
proves that the primary sub-peak (peak 1) pertains to the fast ion beams. 

The third main peak relates to the ions of target placed on the anode 
tip. When energetic electrons of the hot plasma collide with the target 
surface at the end of the pinching process, the ablated ions from the 
target surface splash upward. The magnitude of the third peak in the 
Faraday cup traces of the present study is much more substantial than 
what has been previously reported in literature [1–3]. This is due to the 
fact that targets screwed on top of the anode make it flat end rather than 
being hollow, hence more ions are ablated due to electrons collision. In 
order to verify that the third peak is indeed linked to the target ion 
beams, a typical Faraday cup signal obtained from a hollow anode was 
examined (Fig. 7). The inspection indicates that the third peak is nearly 
absent in the signals obtained from hollow anode. This confirms that the 
third peak belongs to target ions. 

Energy spectra of both gas and target ions have been evaluated by 
TOF technique. The end of plasma pinch which coincides with the rise of 
X-ray pulse, has been taken as reference time for the onset of both gas 
and target ions flight. Typical dN/dE spectra of argon fast ion beams 
(peak 1) using the signal obtained from the Faraday cup placed at 
0◦ angular position are shown in Fig. 8. As mentioned earlier fast ion 
beam signals occurred only at 0◦ Faraday cup. The maximum energy of 

fast ions for all three targets are of the order of 0.1 MeV. The equation 
governing the behavior of dN/dE spectrum is given by Ref. [12]: 

dN
dE

=

(
Lm1/2

(2E)3/2

)(
Vosc

eR(kσ + Z(E)

)

(4)  

where L is the distance between Faraday cup and anode tip, m the mass 
of argon ions, σ the secondary electron emission for graphite collector 
[26], k the escape factor for the secondary electrons which is determined 
according to the Faraday cups dimensions [12]. The parameter Z(E) is 
called the equilibrium charge state and is the changed charge of ions. It 
is used as a correction factor because beam ions capture and lose elec
trons to the chamber gas during the passage from focus to the Faraday 
cup entrance hole. This parameter is given by following equation [27]: 

Z(E)=Zp
376x + x6

1428 − 1206x0.5 + 690x + x6 (5)  

where Zp is the projectile (argon ions) nuclear charge, and x is: 

x=
(

vp

v0
Z− 0.52

p Z
0.03− 0.017Z− 0.52

p vp/v0
t

)1+0.4/Zp

(6) 

Here v0 is Bohr velocity (2.19× 106 m/s), vp is the projectile velocity 
and Zt is the target nuclear charge. In this study the correction has not 
been made for energy attenuation and lateral spreading. 

The registered ion signals have also been used to calculate the ion 
flux by averaging over a few similar shots. The results of ion flux as a 
function of ion energy are presented in Figs. 9 and 11. Fig. 9 shows the 
energy spectrum of argon plasma streams (argon ions which were 
mentioned as peak 2). Argon ions showed almost the same spectrum 

Fig. 6. Typical signals registered by 0◦ angular position Faraday cup with 
copper target. The experiment is carried out in a situation producing (a) strong 
pinch, and (b) almost no pinch, in which X-ray is weaker and peak “1” is 
nearly absent. 

Fig. 7. Faraday cup signal when the experiment is performed by hollow anode.  

Fig. 8. Argon fast ion beams energy spectrum measured by data obtained from 
0◦ Faraday cup for three different targets. Maximum fast ions energy for all 
targets are of the order of 0.1 MeV. Corrections were made for equilibrium 
charge state. 
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irrespective of the target material, hence the argon ion streams of copper 
target experiment have been considered as a typical case. As was ex
pected, Faraday cups have registered a wide range of ions energy from a 
few keV to energies as low as tens of eV. The maximum energy of argon 
ions was recorded by the Faraday cup positioned at 0◦; however, the 
highest flux was detected by the Faraday cup at 15◦. This can be 
observed in Fig. 10(a) where the area under the curve of ion signals 
registered by oscilloscope (Fig. 3) are presented. It is evident from Fig. 9 
that the ions flying towards the Faraday cup located at 0◦ expand over a 
wider energy range compared to the 15◦ Faraday cup. In this regard the 
energy spectrum curve of the 0◦ Faraday cup (Fig. 9) appears more 
extended. However, as was mentioned earlier, the overall ion flux 
calculated from the ions signal gathered by the oscilloscope shows that 
the area under the curve for the Faraday cup located at 15◦ is more 
stretched compared to 0◦ Faraday cup. It should be noted that in pre
vious studies of chamber gas ion flux distribution in other PF devices, the 
data registered by polycarbonate track detectors [28,29] and CR-39 
nuclear track detectors [30–32] also confirm that the maximum gas 
ion flux occurs at some degrees off the anode axis. The most probable 
energy recorded by Faraday cups at 0, 15, 30 and 45◦ were 3 keV, 710, 
770 and 600eV, respectively. Although the ions moving right upward 
have higher energies, their numbers are less compared to those accel
erating toward 15-degrees direction. The ions flux carrying most prob
able energy was 1.55× 1025 ions/m2s at 0◦, while 2.35× 1025 and 
1.70× 1025 ions/m2s were recorded for 15 and 30◦, respectively. The 
Faraday cups at 60 and 75◦ recorded the least value for ions energy and 
flux. These findings are consistent with those previously reported [30, 
33,34] that most ions in a cylindrical gas chamber accelerate towards 

mid-off axis directions. 
The flux as a function of energy for target ions is presented in Fig. 11. 

An obvious anisotropy is also observed in both energy and flux of target 
ions for all three targets of copper, graphite and tungsten. The area 
under the curve of target ion signals is presented in Fig. 10(b). The 
common feature is that the highest flux for target ions occurs at 30◦

angular position irrespective of the target material. However, Fig. 11 
shows that the angular position at which the highest value of most 
probable energy occurs, depends on the target material. The highest 
value of most probable energy maximizes at 0◦ angular position in the 
case of argon-tungsten experiment, while for copper and graphite targets 
it occurs at 30◦ angular position. Similar to argon ions, target ions move 
towards 45, 60- and 75-degrees directions with least energy and flux 
irrespective of the target material. It is interesting to note that for thin 
film deposition in PF device, angular positions consisting of target ions 
with higher energy, resulted in more irregular surfaces. In a previous 
report concerning tungsten deposition by PF device, samples located at 
0◦ showed more irregular surface compared to those at 30◦ [10]. In yet 
another experiment for deposition of graphite, samples located at 30◦

experienced rough surface deposition compared to 0◦ angular substrate 
location [9]. Regular surfaces along with crystal structures and inter
atomic bonds have been observed for substrates located at 60 and 75◦

receiving less energetic target ions [9]. As far as deposition process is 
concerned, more energetic gas and target ions moving toward near axis 
angular positions result in different properties compared to those flying 
far off axis. This is due to the significant difference in energy and flux of 
ions at various angular positions. Furthermore, these findings imply that 
for ion implantation processes in which high energetic ions are needed, 

Fig. 9. Argon ions energy spectrum registered by Faraday cups located at 0, 15, 30, 45, 60- and 75-degrees angular positions with respect to anode.  

Fig. 10. The area under the curve of ion signals registered by Faraday cups located at different angular positions. (a) argon plasma ions and (b) target ions.  

M. Etminan and F.M. Aghamir                                                                                                                                                                                                              



Vacuum 191 (2021) 110352

7

on axis positions are more proper if gas ions are intended to be 
implanted and 30◦ angular position are more apt if target ions are to be 
implanted except for tungsten targets where 0◦ is more suitable for ion 
implantation. 

4. Conclusion 

The temporal and spatial distribution of argon gas and three different 
target ions in a plasma focus device was investigated by an assembly of 
six identical Faraday cups placed at different angular positions. The 
Faraday cups signals depicted three main peaks. The first peak occurring 
simultaneously with the pinch event on the voltage probe signal, was 
proved to be X-ray signal. The second main peak which was the highest 
and the temporally longest one, attributed to argon gas ions. In the 

second main peak, the primary sub-peak was related to fast ion beams 
which were the product of plasma diode as the final stage of pinching 
process and the secondary sub-peak was related to the cumulative 
plasma streams which were produced during radial compression. The 
complementary experiments confirmed that the third peak is relevant to 
the target ions. Plots of ion flux as a function of ions energy for argon 
plasma streams indicates that ions traveling towards 0◦ direction, had 
the highest most probable energy. However, the largest ion flux was 
recorded by the Faraday cup located at 15◦. Considering target ions, the 
common fact observed in three different targets of copper, graphite and 
tungsten was that the largest flux took place at 30◦ angular position. 
However, the most probable energy had the highest value at 0◦ angular 
position for tungsten target and at 30◦ angular position for copper and 
graphite targets. 

Fig. 11. Ion energy spectrum relating to three different targets of copper, graphite and tungsten.  
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