Physics Letters A 378 (2014) 2168-2170

www.elsevier.com/locate/pla

Contents lists available at ScienceDirect

Physics Letters A

PHYSICS LETTERS A

Potential medical applications of the plasma focus in the radioisotope

production for PET imaging

@ CrossMark

M.V. Roshan®"*, S. Razaghi?, F. Asghari?, R.S. Rawat”, S.V. Springham®, P. Lee®, S. Lee",

T.L. Tan”

a Amirkabir University of Technology, Tehran, Iran
b National Institute of Education, Nanyang Technological University, Singapore

ARTICLE INFO ABSTRACT

Article history:

Received 23 October 2013

Received in revised form 11 March 2014
Accepted 19 May 2014

Available online 24 May 2014
Communicated by F. Porcelli

Devices other than the accelerators are desired to be investigated for generating high energy particles
to induce nuclear reaction and positron emission tomography (PET) producing radioisotopes. The
experimental data of plasma focus devices (PF) are studied and the activity scaling law for External
Solid Target (EST) activation is established. Based on the scaling law and the techniques to enhance the
radioisotopes production, the feasibility of generating the required activity for PET imaging is studied.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Positron Emission Tomography (PET) has become a major di-
agnostic imaging modality used predominantly in determining the
presence and severity of cancers, neurological conditions, and car-
diovascular disease. A radiopharmaceutical (containing a radioac-
tive nucleus such as 13N) is injected into the patient and its emis-
sions are measured by a PET scanner [1].

In PET facilities, the short-lived radioisotopes may be derived
from suitable targets by bombarding the targets with high-energy
particles; usually proton beams in current facilities obtained from a
particle accelerator - in most cases a cyclotron. But the cyclotrons
suitable for use in medical environment are large and expensive
and require heavy shielding. A brief comparison between Siemens
cyclotron and NX2 PF has been made in Table 1. Production of low
quantities of Short-Lived Radioisotopes (SLR) has also been demon-
strated using femto-second lasers, but such systems are still very
expensive and the yield of isotopes is very low [2]. It is desirable
to investigate other methods for generating high energy particles
to induce nuclear reaction, and PET producing radioisotopes.

If expensive cyclotron isotope production facilities for PET can
be replaced with simpler, cheaper and more easily maintainable
repetitive plasma focus devices (PF), this would help to make PET
an affordable procedure for many countries. Consequently, this
would bring considerable benefits to the medical services in partic-
ular for the early diagnosis and treatment of cancer. Pulsed plasma
systems, wherein self-generated | x B Lorentz forces act on ionized
gas through the interaction of a large current discharge with the
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Table 1

Comparison between cyclotron and PF.
Device Cyclotron NX2
Energy efficiency ~1% ~0.01%
Received dose 20 pSvh~! 1.2 pSvshot ™!

through shielding

Weight 50 ton (10 ton for device itself 0.5 ton device

and 40 ton for shielding) lonely

induced magnetic fields, have been extensively studied. Although
several geometries have been employed, e.g. parallel plate and
coaxial accelerators, inverse and linear pinches, and plasma focus,
the sequence of electromagnetic interactions is much the same for
each [3]. Namely, capacitively stored energy is abruptly switched
across a pair of electrodes separated by ambient gas in the pres-
sure range of 0.01-14 mbar [4,5]. The gas breaks down, the cur-
rent rises rapidly in the circuit, and the discharge forms as a thin
sheet of current which presents a minimum inductance configu-
ration to the external circuit. The magnetic field enclosed by the
circuit then interacts with the discharge current to accelerate the
sheath through the ambient gas, ionizing it, and under proper cir-
cumstances, accelerating it to a high velocity.

The capacitor bank voltage for a plasma focus device is typically
10 to 30 kV. But, results from many experiments [6] have shown
that deuteron beams emitted from the plasma pinch column have
a wide range of energies: up to a few MeV. The acceleration of ions
to such high energies (many times the charging voltage) is one of
the most unexpected aspects of plasma focus devices. A number
of models for the acceleration mechanism have been proposed [6].
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Table 2
SLR activity results of NX3.

Pressure (mbar) Activity (kBq)

2 1.45+%0.2
3 23.26 £ %0.8
4 1.57+£%0.2
5 1.07 £%0.17

However the ion acceleration mechanism within the plasma fo-
cus pinch column is still far from being well understood. Many
previous plasma focus experiments have concentrated on the char-
acteristics of the neutron yield (e.g. emission time and anisotropy),
but since the bulk of fusion neutrons are produced by relatively
low energy deuterons (<100 keV [7]), the neutron characteristics
are not very informative with regard to the high energy tail of the
deuteron spectrum.

Different aspects of producing short-lived radioisotopes (SLRs),
with significant activity required for PET imaging, using pulsed
plasma facilities are investigated in this work. The main approach
is the foundation of experimental activity scaling law for >N from
external solid targets. Comparison with neutron scaling law, reac-
tion cross section, deuteron spectra, and repetition mode is made.

2. SLR production in NX3

The NX3 (20 k] at 20 kV) plasma focus device is driven by eight
2.5 kJ (12.5 pF, 20 kV) low inductance (<40 nH) capacitors con-
nected in parallel. Simultaneous discharge from eight modules, cu-
mulatively delivers peak current in the range of 200 kA to 600 kA
depending upon the charging voltage. The quarter time period of
the discharge current is about 3 ps. For rapidly transferring the
energy stored in capacitors to the PF load, a 150 kA/20 kV pseu-
dospark switch has been installed on each of the eight capacitors.
The specified inductance of each switch is less than 20 nH.

The bombardment of a graphite target by accelerated deuterons
produces radioactive >N through the reaction 2C(d,n)!*N. The
threshold energy for the reaction is 328 keV [8]. The interac-
tion of high energy deuterons with the graphite target results in
the production of 13N, which is a short-lived radioisotope, and
decays with the half-life of 9.96 min, producing a positron. The
positrons slow-down in the graphite and annihilate with electrons.
Two oppositely directed 511 keV gamma-rays are produced by
each positron annihilation event. BGO scintillation detector along
with Multi-Channel Analyzer (MCA) system are used for gamma-
ray measurements.

After each series of shots (30 shots at 0.5 Hz), the graphite
target is removed from the chamber and placed in contact with
BGO. The BGO crystal is 7.62 cm in diameter and 2.54 c¢cm thick.
The graphite target (15 x 15 x 0.7 cm®) was placed normal to
the deuteron beam with 0.5 sr solid angle covered by the tar-
get. Output pulses from the scintillation detector are measured by
a Multi-Channel Analyzer (MCA) system. Following graphite tar-
get activation, gamma-ray energy spectra are collected over eight
consecutive 10 minute intervals. The photo-peak of the spectrum
represents 511 keV gamma-rays which undergo photoelectric ab-
sorption in the scintillator crystal. The detection efficiency for g+
decay was found to be 52%, for an energy window from 400 to
600 keV in the BGO spectrum. The procedure described in Ref. [8]
was used to measure the activity induced in the NX3 at four dif-
ferent pressures.

As shown in Table 2, the maximum activity of 23 kBq is ob-
tained at 3 mbar. The optimum pressure for neutrons produced in
NX3, however, is about 6 mbar.

Table 3
SLR activity of some PF devices.

Type  PF/Year SLR PF energy (kJ)  Activity (kBq)
EST NX2/2010 [8] BN 1.7 5.2

EST SBU [private BN 5 13

communication]

EST 2011 [15] BN 6.3 18.5

EST NX3/2012 [current]  '3N 10 23

EST 1996 [9] BN 20 28

EST 1978 [7] 13N 76 160

IGT 2001 [10] 18 7 5.5

IGT 2005 [11] 13N, 150, 17F 7 37
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Fig. 1. Activity vs. PF capacitor bank energy.
3. SLR activity scaling law

Several attempts have been made to measure SLR activity at
different PF capacitor bank energies. Table 3 shows the activities
of some PF devices with two methods namely External Solid Target
(EST) and Internal Gas Target (IGT).

Literature survey for IGT results, unlike EST, does not provide
enough data for specific radioisotope to establish the scaling law.
Therefore, the EST SLR production mechanism is addressed. How-
ever, in the EST mode, the activity results are all for a single
radioisotope (13N) and more importantly, the activity varies with
PF bank energy. This enables foundation of the scaling law for
SLR production as a function of capacitor bank energy, shown in
Fig. 1, as:

A~ KE (1)

where A is the activity in kBq, E is the PF capacitor bank energy
in kJ, respectively, and k ~ 2.

At 1 MJ, the SLR activity, produced by EST mechanism, is about
2 MBq, and by further increasing capacitor bank energy up to
10 M]J, the activity will be about 20 MBq, which is much less than
the activity required for PET imaging (about 1 GBq [8]).

The scaling law for EST SLR production mechanism shows that
considering larger PF devices does not make any sense and a small
device at high repetition mode produces higher activities. However,
the activity saturation and technical obstacles are further discussed
in the next section.

4. Discussion

Deuterons energy spectra well fitted with a power function
of the form g—’g o« E7", where E is the deuteron energy and n
is a number between 4-6 [13]. In a PF device, fusion neutrons
(beam-target mechanism) and SLRs (induced activity in the exter-
nal solid target) are produced by this deuteron spectrum. Neutrons
are produced by low energy part of the spectrum (<100 keV) [7],
while graphite activation occurs by deuteron energies exceeding



2170 M.V. Roshan et al. / Physics Letters A 378 (2014) 2168-2170

328 keV [8]. Therefore, low energy part of the spectrum contain-
ing greater number of deuterons is responsible for fusion neutron
production. In contrary, high energy tail of the spectrum, which
has less number of deuterons, activates the target. For specific ca-
pacitor bank energy, the total number of neutrons is always more
than that of SLRs. The number of deuterons in the pinch increases
with the PF energy. Consequently, neutron yield increases, whereas
SLRs does not. Therefore, neutron yield changes faster (E2) with PF
energy, compared to the activity (E).

Based on the Lee Model, neutron scaling law for capacitor bank
energies of the order of kilo joules is Y, ~ E? and for higher en-
ergy values is Y, ~ E%8, By increasing the PF energy, Y, saturates
and reaches a constant value and further energy increment does
not cause dramatic change in Y, [12]. If neutron generation is lim-
ited at higher PF energies, clearly the activity saturates with energy
as well.

5. Repetition mode

A small PF is capable of producing 3N nuclides in the order of
a few kBq in one shot. This can be increased to 10 MBq in a repe-
tition mode operation of 16 Hz, which is far less than the required
amount of activity for PET imaging. So even if a small plasma focus
device works at a high frequency cannot produce adequate activity
for PET imaging [8].

Technically, increasing repetition rate in order to increase sys-
tem efficiency is not always possible and has some limitations.
Since the time required for capacitor discharge is several microsec-
onds, so discharge circuit must be equipped with special switches
which are capable of maintaining such frequencies in current range
in the order of several tens of kA. By increasing number of shots,
time becomes more important since the PET radioisotopes are
short-lived.

Selection of switching frequency is a trade-off between size
and efficiency, therefore at high energies, increasing repetition rate
is not possible. Transformer, inductor and capacitor filter dimen-
sions at high frequencies decrease significantly. Moreover, not only
switching and transformer core loss increases with frequency but
also system’s total efficiency decreases [14]. This fact imposes third
limitation on operating the PF at high repetition rate in order to
increase the activity.

6. Conclusion

The experimental results of newly designed NX3 and other PF
devices with a range of energies were used to establish the scaling

law for activity with the PF energy in EST mode. The experimental
results show that the activity changes linearly with the PF energy.
Therefore, with the largest PF available, the required activity for
PET imaging is still far from being achieved.
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