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In re cent years, re search con ducted in the US and in It aly has dem on strated pro duc -
tion of ra dio iso topes in plasma fo cus de vices, and par tic u larly, on what could be
termed “en dog e nous” pro duc tion, to wit, pro duc tion within the plasma it self, as op -
posed to ir ra di a tion of tar gets. This tech nique re lies on the for ma tion of lo cal ized
small plasma zones char ac ter ized by very high den si ties and fairly high tem per a tures.
The con di tions pre vail ing in these zones lead to high nu clear re ac tion rates, as pointed
out in pre vi ous work by sev eral au thors [1, 2, 3, 4]. Fur ther in ves ti ga tion of the cross
sec tions in volved has proven nec es sary to model the phe nom ena in volved. In this pa -
per, the pres ent sta tus of re search in this field is re viewed, both with re gards to cross
sec tion mod els and to ex per i men tal pro duc tion of ra dio iso topes. Pos si ble out comes
and fur ther de vel op ment are dis cussed. 
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IN TRO DUC TION

In re cent years, the re quest for ra dio iso topes
has been in creas ing steadily. In par tic u lar,
short-lived ra dio iso topes (SLRs) for nu clear med i -
cine have been in ever greater de mand. In con trast
with this grow ing need, pro duc tion fa cil i ties have
not in creased quite as fast. This is due, largely, to the
high cost of cy clo trons, the sole pres ent-day com -
mer cial source of short-lived iso topes. Cy clo trons
are the state-of-the-art in ra dio iso tope pro duc tion,
and do an ex cel lent job: how ever, they are very so -
phis ti cated and rather ex pen sive. Ex pen sive to buy,
in the first place, and very de mand ing in shield ing,
re quir ing a large con crete bunker; a cy clo tron fa cil -
ity can gen er ally be af forded only by large hos pi tals.

It is also quite ex pen sive to run, as it re quires a num -
ber of spe cial ized per son nel to op er ate it, and
de mand ing main te nance. This said, if you can af -
ford one, a cy clo tron is an ex cel lent way to pro duce
ra dio iso topes.

An other side to the is sue is pe cu liar to
short-lived iso topes: due to their fast de cay they
can not travel far lest the ma jor ity of the prod uct is
lost. Flu o rine-18, for in stance, with a half time of
less than 2 hours, can hardly travel lon ger than an
hour or two.

The third point to stress is that, al beit few hos -
pi tals can af ford a cy clo tron, many more can set up a
nu clear med i cine ser vice, and the ex ams of fered by
such ser vices are re quested ever more of ten.

Sum ming up the prob lem, only hos pi tals
within easy reach of a cy clo tron fa cil ity can of fer the
type of ser vices men tioned above, and still they sat -
u rate the ca pa bil ity of the ex ist ing fa cil i ties.

What can be asked of sci ence and tech nol ogy
is to de vise a novel ap proach to the pro duc tion of ra -
dio iso topes, that could make them avail able to a
larger class of me dium hos pi tals thereby mak ing it
pos si ble to in crease sig nif i cantly the num ber of pa -
tients ex am ined.

In re cent years, a re search group in the USA
[5, 6, 7] tried suc cess fully to dem on strate the use of
plasma fo cus (PF), to pro duce sev eral SLRs with
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rel a tively high yields per dis charge. An on go ing
joint Uni ver sity of Ferrara and Uni ver sity of Bo lo -
gna ex per i men tal cam paign (hence forth re ferred to
as Bo lo gna/Ferrara) is be ing con ducted, fo cus ing
on the pro duc tion of a few pos i tron-emit ting ra dio -
iso topes through (d, n) re ac tions. The re sults ob -
tained so far are within the same or der of mag ni tude 
as those ob tained by the Brzosko group. In the fol -
low ing sec tions the pres ent sce nario will be re -
viewed briefly and the re sults of the ex per i men tal
cam paign pre sented. 

THE PLASMA FO CUS AS A
RA DIO ISO TOPE BREEDER

The PF is a de vice that can gen er ate, ac cel er ate
and pinch a plasma [8]. A “Mather-type” PF is com -
posed of two co ax ial cy lin dri cal elec trodes, closed
and elec tri cally in su lated at one end and open at the
other. The elec trode as sem bly is con tained in a vac -
uum cham ber filled with an ap pro pri ate mix ture of
gases. Pres sure ranges  typ i cally  from 2 to 10 Torr
(1 Torr = 133.322 Pa). The elec trodes are con -
nected by means of a fast switch to a ca pac i tor bank,
charged to tens of kV. A pulse is pro duced when the
fast switch closes and the en ergy EC stored in the ca -
pac i tor bank is re leased to the elec trodes in mi cro -
sec onds, pro duc ing cur rents of hun dreds of
kiloampere and more. The elec tri cal dis charge pro -
duced forms be tween the elec trodes a thin sheath of
plasma that evolves ax i ally along the elec trode as -
sem bly un der the ef fect of the J ´ B force. The
plasma col lapses at the open end where it is pinched
by the elec tro mag netic fields: the pinch has du ra -
tion of a few tens of nano sec onds. In the view of
many au thors, a num ber of lo cal ized small plasma
zones, gen er ally termed “hot spots”, “plasma do -
mains of en hanced nu clear re ac tiv ity” or
“plasmoids”, of ten form within the pinch vol ume;
these zones are typ i cally char ac ter ized by very high
den si ties (strongly above the av er age lev els in the
pinch re gion and even above solid state val ues),
fairly high tem per a tures (above 3 keV), small di -
men sions (20 to 300 mi crons), and mag netic fields
suf fi ciently strong to trap ions with en er gies of the
or der of 5 MeV/nu cleon. The time-sta bil ity of these 
do mains is con sid ered to be from 0.5 to 5 ns. If the
re agents in volved are cap tured within the plasmoids 
the den sity and tem per a ture con di tions in side these
re gions pro duce high nu clear re ac tion rates [1, 2, 3,
4]. The main ad van tage of pro duc ing SLRs within
the plasma (“en dog e nous” pro duc tion) are the sig -
nif i cantly higher re ac tion rates that can be ob tained
within the plasmoids. Breed ing is ob tained fill ing
the PF vac uum cham ber with a mix ture of a low
atomic num ber gas (LZ) and one or more higher Z
(HZ) gases.

EX PER I MEN TAL RE SULTS

The re sults ob tained so far by the US group
can be sum ma rized in fig. 1, where they are con -
fronted with the re sults of an a lyt i cal cal cu la tions:
the er ror bars re fer to a 95% con fi dence level.

To ob tain the an a lyt i cal re sults of fig. 1,
knowl edge of the re ac tion cross sec tions is needed.
Cross sec tions for some of the re ac tions tested by
the US group are, to date, at best very ap prox i mate
and at worst en tirely un known, ei ther as ex per i men -
tal data or cal cu lated val ues. There fore the Bo lo -
gna/Ferrara group has re sorted to the EM PIRE II –
Mondovì v. 2.18 code suite [9] as a tool for the
re-eval u a tion of the cross sec tions of in ter est. Em -
pire II is a mod u lar sys tem of nu clear re ac tion
codes, com pris ing var i ous nu clear mod els, and de -
signed for cal cu la tions over a broad range of en er -
gies and par ti cles. It ac counts for the ma jor nu clear
re ac tions mech a nisms (op ti cal model, cou pled
chan nels, dis torted-wave Born ap prox i ma tion,
multi-step di rect, multi-step com pound, exciton
model, Hauser-Feshbach etc.) and is very
user-friendly, with a graph i cal in ter face based on
Tcl/Tk li brar ies. In fig. 2 a com par i son be tween the
EM PIRE II cal cu la tion and the ex per i men tal data
availabe for the 14N(d, n)15O re ac tion is shown as
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Fig ure 1. Ex per i men tal re sults and cal cu lated yields
(1e + 09 read as 109)

Fig ure 2. Com puted cross sec tion and ex per i men tal
data points  for 14N(d, n)15O [10, 11, 12, 13, 14]



part of the pre lim i nary re sults of this re eval u a tion
work.

The Bo lo gna/Ferrara ex per i men tal work was
per formed on the Ferrara Uni ver sity PF1 shown in
fig. 3, whose tech ni cal fea tures are sum ma rized in tab.
1.  The ap pa ra tus is sim i lar in en ergy and ge om e try to
that used by the US group; how ever, the mea sur ing
tech nique is dif fer ent: the 511 keV an ni hi la tion pho -
tons were mea sured with gamma spec trom e ters lo -
cated out side the vac uum cham ber, whereas in the US
ex per i ments GM de tec tors were used to mea sure beta
emis sion di rectly in side the cham ber it self.

         Table 1. Ferrara PF1 features

Total capacitance 48 mF

Operating voltage 17 kV

Bank energy 7 kJ

Total inductance 30 nH

Electrode length L 13.3 cm

Inner electrode diameter 3.4 cm

Outer electrode diameter 10.7 cm

Pseudoperiod t 9 ms

Vacuum chamber volume 20 dm3

The gas mix tures used in the Bo lo gna/Ferrara
ex per i ments had D2 as the LZ com po nent and ei -
ther N2, O2, and CO2 or am bi ent air as the HZ
com po nent. The nu clear re ac tions in volved were all
of the type (d, n), with a pos i tron emit ter as prod uct 
(see tab. 2).

Ta ble 2. SLRs pro duced in the ex per i ments de scribed, 
with the re ac tions used for pro duc tion, the half-lives
and the de cay daugh ters

Radioisotope Reactions
T1/2
[min]

Decay
daughter

15O 14N(d, n)15O 2.04 15N

17F 16O(d, n)17F 10.7 17O

13N 12C(d, n)13N 9.97 13C

Gamma spec trom e try was ef fected with a
3.28” thick, 3.22” di am e ter NaI(Tl) scintillator
crys tal, hav ing a res o lu tion of 7.5% at 511 keV; the

scintillator phototube was cou pled to an Ortec
Digibase base & dig i tal MCA, and the as sem bly was 
logged in a cav ity so de signed to place the de tec tor
as near as pos si ble to the pinch re gion (fig. 3).
Quan ti ta tive cal i bra tion of the gamma spec trom e -
ter was ef fected with a sealed 10 mCi (1 Ci =
=j3,7×1010 Bq), 137Cs ref er ence source, lo cated on
the outer walls of the vac uum cham ber, di rectly
above the de tec tor. The rel a tive geo met ri cal ef fi -
ciency of the de tec tor with the 137Cs source and
with the vol ume source was as sessed with MCNP-5. 
An Ortec LO-AX co ax ial HPGe de tec tor with a
22.5 mm thick, 51 mm di am e ter crys tal, hav ing a
res o lu tion of 0.35% at 511 keV, was used in de pend -
ently to ex clude the pres ence of un re lated nearby
peaks. The neu tron burst emit ted by the PF has a
time-spread (tens of nano sec onds) that is very short
com pared to the time-res o lu tion of the avail able
elec tron ics: there fore, neu tron count ing was ef -
fected with a sil ver ac ti va tion de tec tor com posed of
four LND 72527 GM tubes wrapped in a thin sil ver 
foil, placed in side a par af fin block cov ered with a
thin cad mium foil. The ac ti va tion pro duced in the
sil ver foil by the fast neu trons slowed down by the
par af fin is re corded by a stan dard count ing chain for 
60 s. The cad mium around the par af fin block pre -
vents am bi ent back scat ter ing ther mal neu trons
from reach ing the sil ver foil. To cal i brate this neu -
tron count ing de vice a set of 8 high-sen si tiv ity
super heated emul sion de tec tors was used. A
Rogowski coil was used to reg is ter the to tal cur rent
on a 1 GHz os cil lo scope.

Fig ure 4 shows the gamma spec trum of a dis -
charge in a mix ture of about 7 Torr of D2 and 0.5 Torr
of N2. The count ing live time was 244 s, which cor re -
sponds to about 2 half-lives of 15O. The peak is ex actly
at 511 keV. 

The ac tiv ity of 15O mea sured in the dis charge was 
0.7 ± 0.15 mCi, cor re spond ing roughly to the breed ing
of approx. N = 4.7×106 nu clei of this ra dio iso tope. In
the same dis charge, mea sure ment of neu trons pro -
duced found a yield YN = 6×108, giv ing a ra tio YN / N
= 127.7. The 15O breed ing in this dis charge, which can 
be con sid ered typ i cal, was one or der of mag ni tude less
than the av er age val ues pub lished by Brzosko et al.
(2001), as men tioned above. How ever, con sid er ing
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Fig ure 3. Sche matic di a gram of the ex per i men tal
setup with a sec tion of the PF vac uum

Fig ure 4. Pho ton spec trum (back ground not sub -
tracted) for a typ i cal dis charge; the live time was 244 s



that Ferrara PF1 is not a ma chine op ti mized for the
pro duc tion of SLR, the re sults ob tained can be con sid -
ered to agree with Brzosko’s. 

Fig ure 5 per tains to a dis charge in a mix ture of
8 Torr of D2 + 0.5 Torr of air, with a to tal neu tron
yield of 1.7×108.

As ex pected, there are three iso topes si mul ta -
neously pres ent: 15O, 17F, and 13N, each de cay ing ex -
po nen tially with its own half-life. The time de cay of
the 511 keV peak, due to the cu mu la tive ef fect of the
three iso to pic spe cies pres ent, is shown in the top part
of the fig ure, where the ex per i men tal data are shown
to gether with the lin ear com bi na tion of the three de -
cay ex po nen tials as cal cu lated with a best fit ting stan -
dard Matlab pack age. The am pli tudes ai and the
half-lives T1/2 from the fit ting are re ported in tab. 3.
The dashed lines in fig. 5 (up per part) are the 95%
con fi dence pre dic tion bound aries for the fit ting; it can 
be seen how all the ex per i men tal points fall within
these bound aries. The bot tom part of the fig ure shows 
a scat ter plot of the re sid u als of the fit ting. The pre -
dicted half-lives agree very well with the known val ues
per tain ing to the three iso topes.

Ta ble 3. Pre dicted half-lives and ai co ef fi cients, and
con fi dence in ter vals for a multi-prod uct dis charge

Isotope
Predicted

ai

Predicted
T1/2

[min]

Known
T1/2

[min]

95% ai
confidence

interval

15O 2641 2.07 2.04 [1157, 4124]

17F 2174 1.05 1.07 [286.1, 4062]

13N 1959 9.9 9.96 [1722, 2197]

CON CLU SIONS

In con clud ing, ac tiv i ties of the or der of 1 mCi
of 15O, 17F, and 13N were pro duced in a sin gle dis -

charge of a 7 kJ PF with the en dog e nous pro duc tion 
method. These data seem to agree with those in lit -
er a ture; the fact that a dif fer ent mea sure ment tech -
nique was used con firms fur ther the va lid ity of the
re sults. More re search is needed and is in prog ress as
far as the gas ex trac tion from the vac uum cham ber is 
con cerned.
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PROIZVODWA  RADIOIZOTOPA  U  URE\AJU  SA
FOKUSIRANOM  PLAZMOM

Istra`ivawa koja se posledwih godina sprovode u SAD i Italiji, skrenula su pa`wu na
proizvodwu izotopa u ure|ajima sa fokusiranom plazmom, i naro~ito, na ono {to bi se moglo
nazvati ”endogenom” proizvodwom, to jest, proizvodwom unutar same plazme,  nasuprot ozra~ivawa
meta. Ovaj postupak zasniva se na obrazovawu lokalizovanih malih zona plazme koje karakteri{u
veoma visoka gustina i prili~no visoke tem per a ture. Kao {to je ukazano u ranijim radovima vi{e
autora, uslovi koji vladaju u ovim zonama vode velikim brzinama nuklearnih reakcija. Daqa
istra`ivawa ukqu~enih preseka za sudar u~vrstila su potrebu za modelovawem prisutnih
fenomena. U ovom radu dat je pregled savremenih istra`ivawa u ovoj oblasti, i sa gledi{ta modela
preseka za sudar i sa strane eksperimentalne proizvodwe radioizotopa. Tako|e su razmotrene
mogu}e posledice i daqi razvoj.

Kqu~ne re~i:  plazma fokus, radioizotopi, presek za sudar


