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In recent years, research conducted in the US and in Italy has demonstrated produc-
tion of radioisotopes in plasma focus devices, and particularly, on what could be
termed “endogenous” production, to wit, production within the plasma itself, as op-
posed to irradiation of targets. This technique relies on the formation of localized
small plasma zones characterized by very high densities and fairly high temperatures.
The conditions prevailing in these zones lead to high nuclear reaction rates, as pointed
out in previous work by several authors [1, 2, 3, 4]. Further investigation of the cross
sections involved has proven necessary to model the phenomena involved. In this pa-
per, the present status of research in this field is reviewed, both with regards to cross
section models and to experimental production of radioisotopes. Possible outcomes

and further development are discussed.
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INTRODUCTION

In recent years, the request for radioisotopes
has been increasing steadily. In particular,
short-lived radioisotopes (SLRs) for nuclear medi-
cine have been in ever greater demand. In contrast
with this growing need, production facilities have
notincreased quite as fast. This is due, largely, to the
high cost of cyclotrons, the sole present-day com-
mercial source of short-lived isotopes. Cyclotrons
are the state-of-the-art in radioisotope production,
and do an excellent job: however, they are very so-
phisticated and rather expensive. Expensive to buy,
in the first place, and very demanding in shielding,
requiring a large concrete bunker; a cyclotron facil-

ity can generally be afforded only by large hospitals.
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It is also quite expensive to run, as it requires a num-
ber of specialized personnel to operate it, and
demanding maintenance. This said, if you can af-
tord one, a cyclotron is an excellent way to produce
radioisotopes.

Another side to the issue is peculiar to
short-lived isotopes: due to their fast decay they
cannot travel far lest the majority of the product is
lost. Fluorine-18, for instance, with a half time of
less than 2 hours, can hardly travel longer than an
hour or two.

The third point to stress is that, albeit few hos-
pitals can afford a cyclotron, many more can set up a
nuclear medicine service, and the exams offered by
such services are requested ever more often.

Summing up the problem, only hospitals
within easy reach of a cyclotron facility can offer the
type of services mentioned above, and still they sat-
urate the capability of the existing facilities.

What can be asked of science and technology
is to devise a novel approach to the production of ra-
dioisotopes, that could make them available to a
larger class of medium hospitals thereby making it
possible to increase significantly the number of pa-
tients examined.

In recent years, a research group in the USA
[5, 6, 7] tried successtully to demonstrate the use of
plasma focus (PF), to produce several SLRs with
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relatively high yields per discharge. An ongoing
joint University of Ferrara and University of Bolo-
gna experimental campaign (henceforth referred to
as Bologna/Ferrara) is being conducted, focusing
on the production of a few positron-emitting radio-
isotopes through (d, n) reactions. The results ob-
tained so far are within the same order of magnitude
as those obtained by the Brzosko group. In the fol-
lowing sections the present scenario will be re-
viewed briefly and the results of the experimental
campaign presented.

THE PLASMA FOCUS AS A
RADIOISOTOPE BREEDER

The PF is a device that can generate, accelerate
and pinch a plasma [8]. A “Mather-type” PF is com-
posed of two coaxial cylindrical electrodes, closed
and electrically insulated at one end and open at the
other. The electrode assembly is contained in a vac-
uum chamber filled with an appropriate mixture of
gases. Pressure ranges typically from 2 to 10 Torr
(1 Torr = 133.322 Pa). The electrodes are con-
nected by means of a fast switch to a capacitor bank,
charged to tens of kV. A pulse is produced when the
fast switch closes and the energy Estored in the ca-
pacitor bank is released to the electrodes in micro-
seconds, producing currents of hundreds of
kiloampere and more. The electrical discharge pro-
duced forms between the electrodes a thin sheath of
plasma that evolves axially along the electrode as-
sembly under the effect of the J x B force. The
plasma collapses at the open end where it is pinched
by the electromagnetic fields: the pinch has dura-
tion of a few tens of nanoseconds. In the view of
many authors, a number of localized small plasma
zones, generally termed “hot spots”, “plasma do-
mains of enhanced nuclear reactivity” or
“plasmoids”, often form within the pinch volume;
these zones are typically characterized by very high
densities (strongly above the average levels in the
pinch region and even above solid state values),
fairly high temperatures (above 3 keV), small di-
mensions (20 to 300 microns), and magnetic fields
sufficiently strong to trap ions with energies of the
order of 5 MeV/nucleon. The time-stability of these
domains is considered to be from 0.5 to 5 ns. If the
reagents involved are captured within the plasmoids
the density and temperature conditions inside these
regions produce high nuclear reaction rates [1, 2, 3,
4]. The main advantage of producing SLRs within
the plasma (“endogenous” production) are the sig-
nificantly higher reaction rates that can be obtained
within the plasmoids. Breeding is obtained filling
the PF vacuum chamber with a mixture of a low
atomic number gas (LZ) and one or more higher Z
(HZ) gases.

EXPERIMENTAL RESULTS

The results obtained so far by the US group
can be summarized in fig. 1, where they are con-
fronted with the results of analytical calculations:
the error bars refer to a 95% confidence level.

To obtain the analytical results of fig. 1,
knowledge of the reaction cross sections is needed.
Cross sections for some of the reactions tested by
the US group are, to date, at best very approximate
and at worst entirely unknown, either as experimen-
tal data or calculated values. Therefore the Bolo-
gna/Ferrara group has resorted to the EMPIRE II -
Mondovi v. 2.18 code suite [9] as a tool for the
re-evaluation of the cross sections of interest. Em-
pire II is a modular system of nuclear reaction
codes, comprising various nuclear models, and de-
signed for calculations over a broad range of ener-
gies and particles. It accounts for the major nuclear
reactions mechanisms (optical model, coupled
channels, distorted-wave Born approximation,
multi-step direct, multi-step compound, exciton
model, Hauser-Feshbach efc.) and is very
user-friendly, with a graphical interface based on
Tcl/Tk libraries. In fig. 2 a comparison between the
EMPIRE II calculation and the experimental data
availabe for the *N(d, n)'®O reaction is shown as
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Figure 1. Experimental results and calculated yields
(1e + 09 read as 109)
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Figure 2. Computed cross section and experimental
data points for *N(d, n)!50 [10, 11, 12, 13, 14]
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Figure 3. Schematic diagram of the experimental
setup with a section of the PF vacuum

part of the preliminary results of this reevaluation
work.

The Bologna/Ferrara experimental work was
performed on the Ferrara University PF1 shown in
fig. 3, whose technical features are summarized in tab.
1. The apparatus is similar in energy and geometry to
that used by the US group; however, the measuring
technique is different: the 511 keV annihilation pho-
tons were measured with gamma spectrometers lo-
cated outside the vacaum chamber, whereas in the US
experiments GM detectors were used to measure beta
emission directly inside the chamber itself.

Table 1. Ferrara PF1 features

Total capacitance 48 uF
Operating voltage 17 kV
Bank energy 7 kJ
Total inductance 30 nH
Electrode length L 13.3 cm
Inner electrode diameter 34 cm
Outer electrode diameter 10.7 cm
Pseudoperiod t 9 us
Vacuum chamber volume 20 dm3

The gas mixtures used in the Bologna/Ferrara
experiments had D, as the LZ component and ei-
ther N,, O,, and CO, or ambient air as the HZ
component. The nuclear reactions involved were all
of the type (d, n), with a positron emitter as product
(see tab. 2).

Table 2. SLRs produced in the experiments described,
with the reactions used for production, the half-lives
and the decay daughters

Radioisotope Reactions []‘;11‘{ 12] dglegcﬁtycr
150 4N, n)150 | 2.04 15N
17g 160(d, n)17F 10.7 70
13N 12C(d, n) 13N 9.97 13C

Gamma spectrometry was effected with a
3.28” thick, 3.22” diameter Nal(Tl) scintillator
crystal, having a resolution of 7.5% at 511 keV; the

scintillator phototube was coupled to an Ortec
Digibase base & digital MCA, and the assembly was
logged in a cavity so designed to place the detector
as near as possible to the pinch region (fig. 3).
Quantitative calibration of the gamma spectrome-
ter was effected with a sealed 10 pCi (1 Ci =
= 3,7-10' Bq), 1¥7Cs reference source, located on
the outer walls of the vacuum chamber, directly
above the detector. The relative geometrical effi-
ciency of the detector with the '37Cs source and
with the volume source was assessed with MCNP-5.
An Ortec LO-AX coaxial HPGe detector with a
22.5 mm thick, 51 mm diameter crystal, having a
resolution of 0.35% at 511 keV, was used independ-
ently to exclude the presence of unrelated nearby
peaks. The neutron burst emitted by the PF has a
time-spread (tens of nanoseconds) that is very short
compared to the time-resolution of the available
electronics: therefore, neutron counting was ef-
tected with a silver activation detector composed of
four LND 72527 GM tubes wrapped in a thin silver
toil, placed inside a paraftin block covered with a
thin cadmium foil. The activation produced in the
silver foil by the fast neutrons slowed down by the
parattin is recorded by a standard counting chain for
60 s. The cadmium around the paraffin block pre-
vents ambient backscattering thermal neutrons
from reaching the silver foil. To calibrate this neu-
tron counting device a set of 8 high-sensitivity
superheated emulsion detectors was used. A
Rogowski coil was used to register the total current
on a 1 GHz oscilloscope.

Figure 4 shows the gamma spectrum of a dis-
charge in a mixture of about 7 Torr of D, and 0.5 Torr
of N,. The counting live time was 244 s, which corre-
sponds to about 2 half-lives of 1°0. The peak is exactly
at 511 keV.

The activity of O measured in the discharge was
0.7 £0.15 pCi, corresponding roughly to the breeding
of approx. N = 4.7-10° nuclei of this radioisotope. In
the same discharge, measurement of neutrons pro-
duced found a yield Yy = 6:108, giving a ratio Yy / N
=127.7. The 'O breeding in this discharge, which can
be considered typical, was one order of magnitude less
than the average values published by Brzosko et al.
(2001), as mentioned above. However, considering
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Figure 4. Photon spectrum (background not sub-
tracted) for a typical discharge; the live time was 244 s
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Figure 5. Upper plot - time decay of 511 keV peak (di-
amonds) and the Matlab fitting with 95% prediction
confidence boundaries; Lower plot - scatter plot of
the residuals of the fitting of the upper plot

that Ferrara PF1 is not a machine optimized for the
production of SLR, the results obtained can be consid-
ered to agree with Brzosko’s.

Figure 5 pertains to a discharge in a mixture of
8 Torr of D, + 0.5 Torr of air, with a total neutron
yield of 1.7-108.

As expected, there are three isotopes simulta-
neously present: 1°O, 17E and 3N, each decaying ex-
ponentially with its own half-life. The time decay of
the 511 keV peak, due to the cumulative effect of the
three isotopic species present, is shown in the top part
of the figure, where the experimental data are shown
together with the linear combination of the three de-
cay exponentials as calculated with a best fitting stan-
dard Matlab package. The amplitudes g; and the
half-lives T, from the fitting are reported in tab. 3.
The dashed lines in fig. 5 (upper part) are the 95%
confidence prediction boundaries for the fitting; it can
be seen how all the experimental points fall within
these boundaries. The bottom part of the figure shows
a scatter plot of the residuals of the fitting. The pre-
dicted half-lives agree very well with the known values
pertaining to the three isotopes.

Table 3. Predicted half-lives and a; coefficients, and
confidence intervals for a multi-product discharge

Isotope Prccﬁcted PrClei/cthd K;g;/\;m coa%){(j)clgcc
' [min] [min] interval
150 | 2641 2.07 2.04 | [1157,4124]
17§ 2174 1.05 1.07  [[286.1, 4062]
13N | 1959 9.9 996 | [1722,2197]
CONCLUSIONS

In concluding, activities of the order of 1 uCi
of %0, 'E and 3N were produced in a single dis-

charge ofa 7 k] PF with the endogenous production
method. These data seem to agree with those in lit-
erature; the fact that a different measurement tech-
nique was used confirms further the validity of the
results. More research is needed and is in progress as
far as the gas extraction from the vacuum chamber is
concerned.
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Eprucro AIbEJIU, Aroctuao TAPTAPU, Muxkene ®PPUIHLAHU, Bunhenno MOJIMHAPH,
Homumujano MOCTARU, ®enepnko POKU, Mapko CYMUHHN

NNPOU3BOIIbA PAINOU3OTOIIA Y YPEDBAJY CA
O®OKYCHUPAHOM IINTAZMOM

HcrpaxknBama Koja ce mocneamux roguaa cnposofie y CAJl n Mtanmju, cKpeHyia cy maxmby Ha
NPOM3BOKY M30TONA y ypebajuma ca pokycrpaHOM IIa3MOM, M HAPOYHTO, HA OHO IITO OW Ce MOTJIO
Ha3BaTH €HIOICHOM” IPOU3BOAHOM, TO jeCT, IPOU3BOAKOM YHYTAp caMe IIa3Me, HaCylIpOT 03pauuBamba
Mera. OBaj IOCTylaK 3acHUBaA ce Ha 00pa30Bamy JOKAIU30BaHUX MaIUX 30HA IIa3Me KOje KapaKTepuuLy
BEOMa BHCOKa T'yCTHHA M IPUIIMYHO BICOKe TemmepaType. Kao mTo je ykazaHo y paHHjIM pajjoBIMa BHIIIE
ayTopa, YCIIOBH KOjH BJIaJiajy y OBUM 30HaMa BOJie BENMKNM Op3WHaMa HyKJIeapHHX peakuuja. [lama
UCTPaKUBalka YKJbYUCHHUX IIpeceka 3a Cyfap YUBpPCTHIIA cy HNOTpely 3a MOJEIOBAHEM MNPUCYTHHX
c¢eHoMeHa. Y 0BOM pajy jaT je Iperiie]i CaBpeMEHUX UCTPaKuBakba y 0BOj 00/1acTH, ¥ ca [IIeJUIlTa MOjiena
Ipeceka 3a CyJap U ca CTpaHe eKCIepHMeHTallHe NPOU3BObe pajguon3oTona. Takobe cy pasmMoTpene
Moryhe nocneguiie u jajbu pa3Boj.

Kmwyune peuu: tinazma ¢poxyc, paouousoitioniu, upecex 3a cyoap



