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Abstract. In the paper, a theoretical study to calculate the value of the radioactivity of
nitrogen-13 isotope required for use in positron emission tomography (PET) has been present-
ed. The isotope is produced by deuteron beams from NX2 dense plasma focus device. First the
effect of three factors was studied, namely, the deuterium gas density, exposure time and the
repetition rate of the device. The results showed an increase in radioactivity as deuterium gas
pressure decreased. It was next possible to obtain four radioactivity values, suitable for use in
PET, by varying the two rest factors.
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AnHotamus. B pabote mpeacTaBieHO TeOpeTUUYECKOE MCCleNOBaHWE, HallpaBjeHHOE Ha
pacyeT 3HaYeHWI PagUOAKTUBHOCTU M30TONa N, HEeOOXOAUMBIX I MEIULMHCKOTO MpPHU-
MEHEHMSI B TO3UTPOHHO-IMUCCHOHHOU ToMmorpaduu (I1DT). M3oTonm MoXHO ToaydaTh Iy-
TeM saepHoii peakiuuu 2C(d, n)'3N, peanusyeMoil myuykamu AE€ATPOHOB U3 ycTpoiicTBa (o-
KYCUPOBKM IUIOTHOM 1asmbl NX2. Ha mepBoli cTaauu MCClIeAOBaHUS M3y4yaJloCh BIUSHUE
Ha ypoBEHb PaIMOAKTUBHOCTHU TpeX MapaMeTpoB ycTpoiicTBa NX2: maBjieHMsI ra3000pa3HOTO
nevitepust (A1), BpeMeHM BKCMO3ULIMM U YACTOThI CJIEIOBAHUSI MMIYJIbCOB. Pe3yabTaThl
MMoKa3aJ POCT YPOBHSI paguOaKTUBHOCTH IO Mepe cHikeHus JIJI. Ha BTopoit cramum yma-
JIOCH TIOJIYIUTD YeThIpe 3HAUCHUSI pafOaKTUBHOCTH, IIPUTOAHBIC TSI MCIOIb30BaHus B [19T,
MyTeM noadopa 3HaYeHUI ABYX APYTUX (PaKTOPOB.
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Introduction

Since the initial design of the dense plasma focus devices by J. W. Mather [1] and N. V.
Filippov et al. [2], a large number of studies have been conducted on this phenomenon due to its
distinction in terms of obtaining very hot, very dense plasma that constitutes a source for a large
number of radioactive emissions and ion beams and electrons, depending on the type of gas used
in the operation process [3].

In Fig. 1 one can see an elementary scheme of this
4 device. In the process of evolving plasma, a focus known
I as "pinch" is formed; it is a small column of plasma that
3 collapses after a very short period (ns) due to the instability
of the plasma [4, 5], leading to beams of ions and electrons
moving in opposite directions [6]. The properties of these
beams have been studied and characterized with a view
to their practical application such as thin film deposition
- 1 [7 — 11], material synthesis [12 — 15] and the production of
S | | short-lived radioisotopes [16, 17].
! In the case when deuterium gas is used in a dense plasma
device, it is possible to take advantage of the energy ion

Anode

Switch beams produced after the collapse of the plasma pinch
— and its collision with a suitable target in order to cause the
Capacitor desired reaction. For this purpose, many researches have

Bank

been conducted experimental and computational studies
Fig. 1. Scheme of the dense plasma aimed at the possibility of benefiting from the ion beams
focus device able to cause the emitted by the collapse of a plasma column formed in the
nuclear reaction required for the dense plasma focus device, especially when using deuterium
production of short-lived radioactive ~ as working gas in order to bring about the nuclear reaction
isotopes, €. g. ®N required for the production of short-lived radioactive
isotopes. M. Sumini et al. [18] designed a 150 kJ dense
plasma focus device operating in a 1 Hz frequency mode to produce the '8F radioactive isotope
(1 Ci in a time of 2 hrs) and put the engineering designs of the electrodes and the parameters
of the electrical circuit, and 128 shots were carried out. B. Shirani et al. [19] also studied the
possibility of obtaining the radioactive isotope *N from a low-energy dense plasma focus device,
and a radioactivity value of 10 kBq for one shot was obtained. In the process, the radioactivity
value increased to several tens of MBq at an operating rate of /= 1 Hz with an operating time of
600 s. Since the medically required radioactivity is about 4 GBq, the idea to change the design
of the electrodes or the pressure of deuterium gas was put forward. In order to increase the
energy of the outgoing deuterons spectrum, M. Akel et al. [20] conducted numerical experiments
using the Lee code for calculating the characteristics of the ion beams emitted by a number of
dense plasma devices with different operating energies and for calculating the radioactivity of the
2C(d, n)"*N reaction. As a result, they found that the device should operate in a repetitive mode
(the repetition rate was f = 25 Hz for an operation period of 600 s) to reach the value of the
medically required radioactivity and came to the conclusion that this possibility of operation was
not available in the current devices. In addition, there was a problem of endurance of targets to
resulting thermal loads.

© Haccud A., Caxpionu B., 3eitman O., Kada H., 2023. Uzparens: Caukr-IleTepOyprckuil MoJMTEeXHUYECKUI
yauBepcutet Iletpa Benaukoro.
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In 2019, H. Sadeghi et al. [21] developed the idea of adding magnetic lenses in order to focus
and direct the outgoing ion beams, as well as to reduce the scattering ratio. Simulations were
carried out on 16 different plasma incinerators with different energies (from 400 J to 500 kJ) and
a radioactivity value of 0.016—7.71 GBq was reached. It was established that 9 of the devices
studied were able to achieve the medically required radioactivity value of the isotope '*N by using
this technique.

Research technique

Firstly, the number of deuterium ions emitting from the collapse of the plasma pinch was
found, then the radioactivity of the isotope was calculated for the 3 Torr pressure deuterium gas.
Secondly, the effect of changing the pressure of deuterium gas on the value of radioactivity was
calculated. Thirdly, the advantage of repetitive operation of the studied plasma focus device NX2
was taken in order to explore the effect of the exposure time and repetition rate on radioactivity.
The results obtained are presented next.

Results and discussion

Finding deuterons beam properties emitted by a NX2 dense plasma focus device. The number
of generated ions was calculated by taking advantage of the parameters of the plasma pinch (the
source) that were found using the Lee code, by taking advantage of the following device features
[22]:

Operating potential V' = 14 kV;

Capacitor bank capacity C; = 28 pF;
Inductance L, = 20 nH.

The value of the total discharge current produced by the capacitor bank can be calculated as
follows:

3
4-10 =523.83 KA. (1)
\/20 107
28-10°°
The capacitor bank discharge time is
t, =JL,C, =/20-10°-28-10° =74.8 ps; )
T=2nt,=2mn-74.8:10° = 469.98 ps. 3)

The time of movement of the plasma sheath through the axial phase is given by Ref. [23]:

2 (e 1)] VI Zolp @)
y, Inc 1y ’

()

where c is the ratio of the cathode radius b to the anode one a (¢ = b/a = 4.1/1.9 = 2.2); y, is
the permeability of the plasma, p, = 4n-107 H/(m-Z); Z, is the anode length; f , f are the factors
of mass and current losses in the axial phase, relatively, fm = 0.06 f =0.70 [2 ].

The time of movement of the plasma sheath radially at the top of anode until reaching the
stage of pinching is given by Ref. [23]:

t, = L \/_ )

HO(Y"'I) f

Bl
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where v is the specific heat capacity of deuterium plasma, y = 5/3.
The density p (kg/m?) of deuterium gas is calculated by the formula

p=P-M/(R-T). (6)

Our studies showed that about 60 % of the total discharge current will form the peak current
1 . Which continues to push the plasma sheath until reaching the stage of the formation of the
plasma pinch [24]. Deuterium gas has P =3 Torr where this condition is met by Lee code. Thus,
we get that the pressure is

P=3-1.013-10°/760 = 400 Pa.

The temperature 7= 273 + 20 =293 K; the gas constant R = 8.31 J/(K-:mol); the molar mass
of deuterium gas M = 4.027 kg/mol.
Substituting these values into Eq. (6) for the deuterium gas density, we obtain that

p=0.661 kg/m>. (7)

The values obtained were taken to calculate the velocity values of the plasma sheath in the
axial and radial phases by using Lee code. The following are the results obtained:

The axial velocity v, = 1290 km/s, (8)

The radial velocity v_ = 327 km/s, )

The ion current density is calculated using the Langmuir — Child formula [25]:

3/2
J, =l.86-[gj80 /%-q;—z, (10)

where € is the permittivity of free space, £ = 8.854:10'; e is the electric charge, e = 1.6:107" C;
m, is the mass of the deuterium ion, m = 3,34 1027 kg, d is the width of the formed plasma
sheath @ is the induced voltage w1th1n the plasma pinch,

o=1 (de/dt). (11)
We calculate the induction within the plasma pinch de/dt by using Ref. [26]:

dL
S Mol Dy 2 (12)
dt 2m r, r,

where b, r,are the radii of the cathode and plasma pinch, relatively, » = 4.100 cm, r,= =0.302 cm;
z is the length of the plasma pinch, z = 2.806 cm.

Substituting these values, we get that dL /dt =0.674.

Thus, according to Eq. (ll) the induced potential within plasma pinch is

® =523.83-10*0.674 = 353 kV.

Now let us calculate ion current density:

3/2
Ji:l.86-(ijso 2.2 _19 kam,
9 m.d’

Thus we get the number of deuterium ions ejected from the plasma pinch:
2

Nl_n—Jr =6.5-10" (ions). (13)

Calculation of the radiative yield. The energy distribution f (E) of the ions emitted from the
plasma pinch is given by Ref. [20]:

f(E)=dN./dE=CE™, (14)

where C is the constant, power coefficient m takes values within the range 2.0 < m < 3.5;
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E o Em Enax
N,.=_[CE‘"’dE=C{ } .

£ 1-m N

‘min

Consequently, the function f(E) is of the form

1-m o
e e "

where £, E . are the maximum and minimum energies of the emitting deuterons.
The radiative yield of the reaction is given by Ref. [27]:

Q 1I-m ™ E"c(E)
<y>:9_l(E;;;"—E;:]I" & Y
w2

where Q , Q. are the solid angles of the source (the pinch) and of the target, relatively; 7 is the
density of graphite target, n = 1.129-10% m=; dE/dx is the stopping power of the graphite target;
o(E) is the experimental cross-section of the reaction '*C(d, n)"*N.

There are two angles Q and Q. that need to be calculated: the former is the angle of emission
of ions from the pinch, and the latter is the angle of arrival of ions to the target.

Deuterium ions are emitted in the form of a cone whose top rests on the grip and its base does

on the target. The solid angle of a cone is given by
Q =2m(1 —cos 0)). (17)

If we assume that the angle 6, = 25° = 0.436 rad, then Q = 0.587 sr.
The portion of the released ions falls on the graphite target. The angle of arrival of ions to the
target is proportional to the surface area and is given by the following relationship:

Q, =70, = n(r/R), (18)

where r is the radius of the source, R is the distance between the target and the source (the grip).

If we assume that » =1 cm and R = 20 cm, then Q = 0.0078 sr.

Calculation of the stopping power dE/dx of a graphite target. The 2013 SRIM (The Stopping
and Range of lons in Matter) program (see Ref. [28]) was used to find the stopping power of
deuterium ions within the energy range 0.6 — 3 MeV within the graphite target. By drawing the
matching curve, we obtained the formula for the stopping power: dE/dx = 51408E 01,

The results obtained are shown in Table 1 and Fig. 2.

Table 1
The ion energy — the stopping power
relationship obtained using SRIM

Ion kinetic energy, MeV | Stopping power, GeV/m
0.60 71.6
0.70 65.0
0.90 55.5
1.00 51.9
1.10 49.0
1.50 394
1.70 36.0
1.80 34.5
2.00 32.0
2.50 27.1
2.75 25.3
3.00 23.7
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Fig. 2. The dependence of the stopping power of deuterium ions within the graphite target
on their kinetic energy

Finding the experimental cross-section 6(E) for the reaction '*C(d, n)"*N. To find this cross-
section, the Experimental Nuclear Reaction Data (EXFOR) of the International Atomic Energy
Agency (IAEA) (see Ref. [29]) was used. This result is presented in Fig. 3 and Table 2. Thus, we
obtained the formula giving the cross-section:

o(E)=-T72.771E* + 314E — 164.78.
Table 2

Experimental dependence of cross-section values on the ion energy
for the '2C(d, n)"*N reaction (taken from EXFOR database)

Ion kinetic energy E, Mev o, mb
0.65 12.37
1.04 82.29
1.52 130.2
2.00 186.5
3.00 119.9

Substituting the previous relations to calculate the yield value at the values m = 2.0, 3.0, 3.5,
we can find three (y) values. They are equal respectively:

9.3100-10°°, 1.4534-10°°, 3.1420-10>.

The radioactivity is calculated by Ref. [20]:
A =N (y) In2/T

1/2°

where T, is the half-life of the radioactive isotope "N, T, = 10 min = 600 s.

Therefzore the value of the radioactivity for m = 2 is: A 6.99-10° Bq.

The effect of the density of deuterium gas on the value of radioactivity. The density of deute-
rium gas is considered as one of the factors affecting the formation of the plasma sheath, its axial
and radial velocity, and the parameters of the plasma pinch formed at the end of radial phase, and
thus, its effect on the induction generated within the pinch and the voltage generated within it,
and later on the current density and the number of ions emitting from the collapse of the pinch.

The calculations of the density of the gas when changing the pressure of deuterium gas from
the value P =1 Torr to the value at which focusing does not occur, and then finding the values of
the velocities of the axial and radial plasma sheath, the dimensions and the duration of the formed
plasma pinch using the Lee code were performed. The results obtained are presented in Table 3.
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Fig. 3. Cross-section of the >C(d, n)"*N reaction (taken from (EXFOR) database)
Table 3

The dependence of some key plasma parameters
on the deuterium gas pressure and density using the Lee code

Deuterium gas Plasma sheath velocity Plasma pinch
Pre%‘ssure, Densi;cy, Axial, Radial, km/s Radius, | Length, | Duration,
orr g/m km/s mm mm ns
1 220 176 457 3.01 28.06 13.5
2 440 145 371 3.02 28.04 16.7
3 661 129 327 3.04 28.06 19.1
4 881 118 297 3.05 28.04 21.0
5 1102 111 274 3.06 28.05 22.8
6 1322 105 257 3.08 28.03 243
7 1543 100 243 3.09 28.02 25.8
8 1763 95 231 3.11 28.05 27.3
9 1984 92 221 3.12 28.03 28.6
10 2204 89 211 3.13 28.03 30.0
11 2424 86 203 3.15 28.05 314
12 2645 83 195 3.17 28.02 32.6
13 2865 81 189 3.18 28.04 33.9
14 3086 79 183 3.20 28.03 35.2
15 3306 77 176 3.22 28.04 36.5
16 3527 75 171 3.24 28.05 37.7
17 3747 74 166 3.26 28.04 39.0
18 3968 72 161 3.28 28.04 40.3
19 41885 71 157 3.30 28.02 41.6

The value of the plasma pinch induction, the voltage generated within it, the density of the ion
current and the number of the ejected ions were calculated using Eqgs. (10) — (13) (see Table 4).
Then, using Eq. (19), the value of the radioactivity was calculated with changing in the deuterium
gas pressure. The results are shown in Fig. 4.

104



4 Biophysics and medical physics >

Table 4

The dependence of some plasma pinch and deuterium
ion beam parameters on the deuterium gas pressure using the Lee code

Deuteriun Plasma pinch Deuteriun ion beam
gas pressure, Induction Voltage | Current density, Number of
Torr in it, kV kA/m> ejected ions
1 0.9439 494.5 31.64 660
2 0.7645 400.5 23.09 595
3 0.6707 351.4 18.95 559
4 0.6074 318.2 16.35 530
5 0.5599 293.3 14.46 509
6 0.5221 273.5 13.04 489
7 0.4924 257.9 11.95 475
8 0.4656 243.9 10.97 462
9 0.4444 232.8 10.24 452
10 0.4237 221.9 9.534 441
11 0.4056 212.5 8.919 432
12 0.3872 202.8 8.336 419
13 0.3747 196.3 7.924 414
14 0.3608 189.0 7.495 407
15 0.3457 181.1 7.022 395
16 0.3341 175.0 6.668 388
17 0.3230 169.2 6.342 382
18 0.3116 163.2 6.010 374
19 0.3023 158.4 5.753 369
8.00E+05
7.00E+05
6.00E+05
5.00E+05
Activity, , 5oE405
Bq
3.00E+05
2.00E+05
1.00E+05
0.00E+00 T T ]
0 5 10 15 20
Pressure, Torr

Fig. 4. The plots of the radioactivity values versus the deuterium gas pressure

An analysis of the obtained results allows us to note that an increase in the pressure of deu-
terium gas has led to an increase in the time of movement of the plasma sheath both axially and
radially and consequently decreasing of axial velocity of the plasma from 176 km/s at a pressure
of 1 Torr to 71 km/s at the highest pressure value (19 Torr), and the plasma velocity at the top of
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the anode radially decreased from 457 km/s to 157 km/s, and thus, the decrease in the value of
the energy coming from the capacitor bank to the plasma pinch, and as a result the decrease in
the value of the induction inside the plasma pinch and the voltage generated within it, and thus,
the number of ions ejected from the plasma pinch according to Egs. (11) — (13), the value of
the radioactivity of the isotope *N decreases, as shown in Fig. 3, from 710 kBq to 397 kBq. So,
decreasing the gas pressure led to an increase in the radioactivity value of the isotope >N, but in
order to make it suitable for use in medicine, rather in PET, the radioactivity value must be with-
in the range 370 — 740 MBq [30] and therefore it is necessary to search for additional methods
for increasing the value of radioactivity, apart from the low pressure of deuterium gas, such as
increasing the device’s operating rate, i. e., exposure of the target to a number of successive shots
(i. e., increasing reaction yield) or by increasing the operating power of the device.

Calculation of the radioactivity value when changing the frequency of operation and exposure
time. The value of the radioactivity of the isotope '*N was found at repetition rates equal to 1, 5,
10, 16 Hz and the exposure time of the graphite target to deuterium ions equal to 30, 60, 100,
200, 300, 400, 500 s.

The value of the radioactivity was calculated according to the formula given in Ref. [20]:

4,= N, ) v[1 - exp(-h)]. (20)

where v is the frequency of shots, A = (In 2)/T, , (T, is the radioactive half-period); 7 is the ex-

posure time.
The calculation results are presented in Table 5 and Fig. 5.

Table 5

The dependence of the radioactivity values
on the exposure time at different values of the repetition rate

) Radioactivity value, MBq
Exposure time, s
1Hz | SHz | 10Hz | 16 Hz
30 189 | 94.3 189 302
60 349 174 349 558
100 53.8 269 538 861
200 97.8 489 978 1560
300 133.0 | 666 1330 2130
400 164.0 | 818 1640 2620
500 189.0 | 944 1890 3020
3.50E+09
3.00E+09
Activity
Bq 2.50E+09 -
2.00E+09
—e—1Hz
e 5, LSO0E+09 -
—e—10Hz 1.00E+09
—=—16 Hz 500E+08 /
0.00E+00 LS — :
0 100 200 300 400 500 600
Time, s

Fig. 5. Plots of the radioactivity values versus the exposure time at different repetition rates
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Table 6

The radioactivity values that meet the requirements for use in PET

Radioactivity value, MBq | Exposure time, s | Repetition rate, Hz
489 200 5
538 100 10
558 60 16
666 300 5

It is evident from the results shown in the Table 5 and Fig. 5, that there are four values for
the radioactivity of the isotope for use in a PET technique. We specially listed these values in
ascending order in the separate Table 6.

Conclusions

This study presents a visualization of the operational conditions that should be met in the
NX2 dense plasma focus device as a medium-energy apparatus for the possibility of producing
BN isotope suitable for use in PET. The results also determined the values of the repetition rate
and the exposure time required in order to obtain the value of the required radioactivity, where
four values were obtained.

This study can be expanded in order to study the effect of the geometric dimensions of the
vacuum chamber and the possibility of modifying them for increasing the radioactivity.

We expect that in the current operational conditions, the operating energy of the dense plasma
focus device should not be less than 100 kJ in order to obtain the required radioactivity of N
isotope.
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