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Abstract. In this research, a design for a dense plasma focus device has been developed, the
plasma-focus parameters and the processes of gain/loss energy have been studied using the Lee
code. The outcome was compared with that for UNU ICTP/PFF dense plasma focus device.
The obtained results gave a good agreement between the data on the two devices, they also
showed an increase in the linear emission process and thus an increase in the X-ray yield of
the designed device compared to UNU ICTP/PFF one.
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Annoranusa. Pa3pa®oraHa KOHCTPYKIUS YCTpOMCTBa (hOKYCHPOBKHU IUIOTHOM ILIA3MBI, U
¢ moMOIIbI0 Kofa JIu mpoaHaau3upoBaHbl ITapaMeTphl KaK ero Ila3MeHHOro (okyca, Tak u
MPOIIECCOB MPUPOCTa/TIOTePh F3HepTruu. [IpoBeaeHO cpaBHEHME MEXAY MOJTYYECHHBIMU PE3YJib-
TaTaMd M COOTBETCTBYIOIIMMHU AaHHBIMU, oTHocswmmumucsa K yctpoiictsy UNU ICTP/PFF
111 POKYCUPOBKM ITIJIOTHOM ILT1a3Mbl. B MTOre mosiyueHo Xopollee coriacue MeXay 3Haye-
HUSIMU TIapaMeTPOB ABYX YCTPOMCTB. YCTaHOBJIICHO YBEJIMYEHNE WHTCHCHUBHOCTU JIMHEHHOM
SMUCCUM, a CJCHOBATEIbHO, YBEINUYCHNE BBIXOOHON MOIIHOCTA PEHTTE€HOBCKOTO M3ITyUCHMUS
pa3pabOTaHHOTIO YCTPOMCTBA, IO CpaBHEHUIO ¢ TakoBoil mis ycrpoiictBa UNU ICTP/PFF.

KnoueBbie cioBa: HoKyc IUJIOTHOM IUTa3Mbl, Ko JIu, JTUHEHOE U3TydyeHUe
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Introduction

The phenomenon of dense plasma focus was first discovered by a scientist N. V. Filippov in
1961 [1], then J. W. Mather in 1965 [2], who put two designs for a dense plasma focus device
from a geometric point of view (the dimensions of the vacuum chamber) (see Fig. 1). But they are
similar in terms of the mechanism of formation and movement of the plasma layer until reaching
the focusing stage, and these two designs are also similar in the measurement laws that give the
neutron yield and the soft X-ray one. After that, a large number of dense plasma focus devices
were manufactured and installed in many laboratories around the world, with operating energies
ranging from several joules to megajoules [3].

A brief description of devices

Soft X-rays are emitted from dense plasma
focus by two mechanisms: linear emission
and continuous one (recombination and
bremsstrahlung) [4 — 6], and hard X-rays also

+——Cathode from the collision of electron beams from the
L Anode collapse of plasma pinch with anode [7 — 9].
—— Insulator As for using deuterium gas, nuclear fusion
produces 10" neutrons per second and the
Capacitor - emission period is a few tens of nanoseconds
Eank -L making these devices one of the most powerful
sources of pulsed radiation in the laboratory
Switch [11]. In 2018, W. Sahyouni and A. Nassif
| Cathode studied numerically the emission of soft
Anode X-rays from the NX2 plasma focus device
—Insulator using neon gas and found that the maximum
\J value of the soft X-ray yield with the basic
— parameter of the device Y . = 22.6 J at 2.9
Capacitor  Switch Torr, and by shortening the length of the anode
Benk and lengthening the radius, the soft X-ray
Fig. 1. Schematic sketches showing the geometry yield increased to 26.01 J with an efficiency
of the Mather’s (at the top) and the Filippov’s  of 1.53 % [12]. In 2019, W. Sahyouni and
(at the bottom) models [3] others conducted numerical experiments using
the Lee code to study the properties of the
ion beam produced by NX2 device when using helium and nitrogen gases with a pressure
change, and the results showed that the beam flux was higher with helium, while the ion beam
energy was higher with neon because the effective charge of the nitrogen ion being greater
and the pinch collapse voltage being higher [13]. In 2021, W. Sahyouni and others conducted
a series of numerical experiments to study the effect of the difference in the anode length in
NX2 and PF400 devices. The studies showed that the low value of the anode length in the
NX2 device affected the axial velocity due to the arrival of a greater amount of energy from
the capacitor bank and the highest X-ray value was Y_ . = 4.5 J for the NX2 device and
Y... = 0.2 ] for the PF400 device [14].
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Results and discussion

We initially selected the power of the capacitor bank and determined the values of the
capacitance, inductance, internal impedance of the electrical circuit, the applied voltage, and the
dimensions of the electrodes. Then, these parameters were entered into the Lee model code, and
this was to test the quality of these parameters in the plasma focus formation process. After that,
the results obtained from the new designed device were compared with those for the UNU ICTP/
PFF device for several properties of the plasma focus at two different neon gas pressure values.

Determining electrical circuit parameters. Founding the values of the device’s operating
power and the parameters of the capacitor bank was mainly based on experimental observations.
Therefore, we chose the device’s operating energy 3 kJ so that the designed device was in the
category of medium-power plasma focus. The capacitance of the capacitor bank was C; = 30 pF
and the value of inductance L, = 110 nH.

Thus, the operating voltage is calculated by the following way:

E=tcpimy= 222 2200 4y,
2 C, 30-10
and the total discharge current is found by
1000
L 0.06

0

C
The internal resistance is calculated by

0
I 107
p=t Lo L HOA0_46150
a\c,  4\30-10

Determination of the dimensions of discharge chamber electrodes. We chose the anode
length z = 15 cm, its radius ¢ = 1 cm, and the ratio of the cathode radius to the anode
¢ = b/a = 3.37, so the cathode radius was b = 3.37 cm. Table represents the parameters of the
designed device (see the top line).

The designed device was compared with the UNU/ICTP PFF plasma focus device, which had
slightly different parameters [12, 14, 15] (see Table, the bottom line).

Table 1

A comparison of parameters of the two devices

ZO| a | b
E,K | C,uF | V,kV | L,nH | I,kA — r, mQ
The designed device
30 | 30 | 14 | no | 231 [15]1.00[337] 15
UNU/ICTP PFF device
29 | 30 | 14 | 10 | 231 [16]095|337| 15

A comparison of the results on the designed device
with the dense plasma focus device UNU/ICTP PFF

Discharge current. The waveform of the total discharge current is considered the most important
indicator of the overall performance of plasma focus devices, because it provides energy for all the
dynamic, thermodynamic, electrodynamic, and radiation emission processes in the various stages
of plasma focus. The waveform of the discharge current contains important information about all
the previous processes. On the other hand, the general shape of the discharge current is related
to the parameters of the capacitor bank and the dimensions of the discharge chamber electrodes.
Therefore, the first step when dealing with plasma focus is to study the discharge current starting
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from the moment the capacitor bank is closed until the discharge process ends. Therefore, the
path of the total discharge current of the designed device was first compared with UNU/ICTP
PFF device at the neon gas pressure value 3 Torr.

We notice from Fig. 2 that the maximum value of the discharge current in the designed
device is more than its value in the UNU/ICTP PFF device, and that the time required to reach
focusing is less. This is due to the difference in the geometric dimensions of the electrodes and
the operating energy in the designed device is the highest.

Designed DPF at 3 Torr
= == Designed DPF at 1 Torr

200 -
200 ~ e Designed DPF
180 o=

, ~ = == UNU DPF
160 - 4 >,

, A} 150
140 - ’ ¥

120 - ’ \

100 - / \

80 4 fr \
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Total current, kA
Total current, kA

Time, ps Time, ps

Fig 2. Total discharge current waveforms Fig. 3. The total discharge current waveforms
of the designed device and UNU/ICTP PFF device of the designed device at pressure values
of 1 Torr and 3 Torr

We can also see from Fig. 3 the path of the discharge current for the designed device at the two
pressure values of 1 Torr and 3 Torr. We notice the compatibility in the shape of the paths of the
two curves and the correspondence between them in the first stage of the discharge process, and
they diverge at the peak, noting that the peak decreases in the case of low pressure, in addition
to the early end of the discharge process. It is also worth noting that the process of focusing for
a pressure of 1 Torr occurs at an instant close to the maximum value of the current, and with a
slight reduction in pressure, pinching can occur completely at the peak of the current, and these
are ideal conditions for the plasma focus device, in which the device performs as best as possible.
Therefore, it can be said that each device, according to its parameters, has ideal experimental
conditions that need to be achieved to reach the best X-ray yield.

For example: In the case of pressure 1 Torr, we find that the highest value of the discharge
current is 182 kA, and the radial phase begins at 2.55 ps and ends at 2.60 ps. The plasma pinch
takes approximately 0.05 ns. As for the pressure value 3 Torr, we find that the highest value of the
discharge current is 192 kA, and the radial phase begins at 3.7 us and ends at 3.8 ps. The plasma
pinch takes approximately 0.1 ns, as increasing the value of the gas pressure leads to an increase
in the duration of the diagonal phase and the pinch phase.

The vacuum chamber voltage. The changes in the vacuum chamber voltage of the designed
device were compared with the one of the UNU/ICTP PFF device (see Fig. 4).

By comparing the two shapes in Fig. 4, we notice the identical shape of the function expressing
the vacuum chamber voltage in both devices and the difference in the peak voltage due to the
geometric difference between the two devices.

We note in Fig. 5 the changes of the vacuum chamber voltage in terms of the discharge time
at the pressure values of 1 Torr and 3 Torr, where the beginning of the peak indicates the end of
the axial phase and the beginning of the radial compression phase, which includes within it. The
phase of plasma pinch formation where the steep slope of the peak indicates its formation.

It is clear from Fig. 5 that the highest value of the chamber voltage at 3 Torr is 1.62 kV, while
at 1 Torr it is 3.30 kV, as the decrease in the value of the neon gas pressure led to an increase in
the value of the chamber voltage.

Temperature. Figs. 6 and 7 also show a similarity in the general shape of the two curves, as
we notice an exponential increase, then stability in temperature, then a linear decrease with the
progression of time, indicating a sharp increase in temperature in the case of low pressure within
a shorter time than in the case of high pressure.
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Fig. 4. Time dependences of the vacuum chamber Fig. 5. Time dependences of the vacuum chamber
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Fig. 6. Time dependences of the plasma Fig. 7. Time dependences of the plasma
temperature for the designed device and temperature for the designed device at the pressure
the UNU/ICTP PFF one values of 1 Torr and 3 Torr

The stability in temperature in the upper part of the two curves is due to the stability of the
speed of the plasma shock wave, and a decrease that occurs after this stability is due to a decrease
in the value of the discharge current, that is, the decrease in the value of the energy arriving from
the capacitor bank to this stage of the development of the plasma focus.

Energy gain. Joule heating expresses the process that occurs when an electric current passes
through a conductor, which leads to the emission of heat. In plasma focus, the Joule heating
results from the passage of current through the plasma (transmitter) which leads to an increase
in its temperature, and this is what is considered heat gain (energy gain) for the plasma through
this process.

L3 ; 3
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Fig. 8. Joule heating dynamics of the designed Fig. 9. Joule heating dynamics for the designed
and UNU/ICTP PFF devices device at the pressure values of 1 Torr and 3 Torr
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The Joule heating value was compared between the designed device and the (UNU/ICTP)
device (Fig. 8) during the radial phase at 3 Torr, where we notice an agreement between the
two curves, noting that the designed device acquires higher energy (Joule heating), as the highest
value of this energy reaches 2.72 J, while in UNU/ICTP device 1.67 J, due to the difference in
geometric dimensions between the two devices.

We also notice from Fig. 9 the value of the Joule heating at 1 Torr and 3 Torr respectively for
the designed device, where we can see an increase in the process of energy gain with the increase
in the value of the neon gas pressure.

Energy loss. Energy loss in the plasma focus is carried out through three processes:
bremsstrahlung — recombination — linear emission.

Bremsstrahlung. Energy is lost by bremsstrahlung as a result of the Coulomb interaction
between electrons and ions, which is known as the (free — free) transition of the electron.

By comparing the process of braking energy loss between the designed device and UNU/
ICTP one at a single pressure value of 3 Torr, we note that the bremsstrahlung energy loss in
the designed device is less than that of the device and this energy loss increases with increasing
the neon gas pressure in the designed device (Fig. 10). Fig. 11. represents the bremsstrahlung
dynamics for the designed device at the pressure values of 1 Torr and 3 Torr.
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Fig. 10. The bremsstrahlung dynamics of the Fig. 11. The bremsstrahlung dynamics for the
designed and UNU/ICTP PFF devices designed device at the pressure values of

1 Torr and 3 Torr
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Fig. 12. Recombination dynamics of the designed Fig 13. Recombination dynamics for the designed
and UNU/ICTP PFF devices device at the pressure values of 1 Torr and 3 Torr
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Recombination. Energy is lost in this process through combining an electron with an ion, or
what is known as the (free — bound) transition. It is clear from Figs. 12 and 13 that the designed
device loses energy in this process is slightly greater than that for UNU/ICTP device, and also
the energy loss increases by recombination in the designed device with an increase in the applied
gas pressure.

Line emission. Energy is lost by line emission in the plasma focus through electron transfer to
lower ionic states or the so-called (bound — bound) transition.

We notice from Figs. 14 and 15 that the energy loss through line emission in the designed
device is slightly higher than that in UNU/ICTP device, and the increase in pressure in the
designed device leads to an increase in energy loss through this mechanism.
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Fig. 14. Line emission dynamics of the designed Fig. 15. Line emission dynamics for the designed
and UNU/ICTP PFF devices device at the pressure values of 1 Torr and 3 Torr

Conclusions

The Lee model was used to develop a new design for a plasma focus device working by
neon gas, discuss the plasma focus parameters and energy gain/loss processes, and compare
their values with those of the UNU/ ICTP PFF device, which was chosen due to the
similar operating energy between the two devices and the difference in vacuum chamber
dimensions. It was also confirmed that the plasma parameters focus (the voltage, current and
temperature) were compatible at two pressure values: of 1 and 3 Torr. The results showed
that the designed device gained more energy (by Joule heating), and the energy loss (by
bremsstrahlung, recombination, and line emission) was higher. The higher linear emission
value in the designed device means that the soft X-ray yield value of the designed device will
be greater compared to that of the UNU/ ICTP PFF device.
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