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Consideration is given to the possibility of '°Pd radionuclide production in nuclear reactions on protons and

deuterons at the cyclotron C'V —28, for a subsequent use of the radionuclide in medicine, in particular, for brachyther-

apy. Activity estimates of '°3Pd produced on both the internal and external targets of the cyclotron CV — 28 are

given. The energy transferred by the proton/deuteron beam to the target under irradiation is determined. Possible

ways of heat removal from the target substrate are considered.

PACS: 621 039. 8

1. INTRODUCTION

Currently, there has been a considerable growth
in the diagnostics of human diseases with the help of
radioisotope injection into the human body (radionu-
clide diagnostics). Radionuclides are widely used in
nuclear medicine for both the diagnostics and the
treatment of different diseases [1, 2].

The prostate gland cancer is the most frequently
occurring form of malignant tumor of men. The
treatment may include a temporary implantation of
radioactive source (radionuclide) for a certain base
period, after which it is extracted from the body.
As an alternative, the radioactive source may be im-
planted permanently into the patient’s body, where
it stays until it becomes weak for the pre-calculated
time (brachytherapy). The use of temporary or per-
manent implantation is dependent on the type of
the isotope chosen, the duration and intensity of re-
quired treatment. Compared to temporary radioac-
tive sources, permanent implants for the treatment
of prostate gland comprise radioisotopes that have a
relatively short half-life and a low energy radiation.
These are, for example, iodine-125 (half-life period
Ty/9 = 60days) or palladium-103 (T3, = 17 days).
The radioisotopes are usually placed inside a sealed
container made from a biocompatible material (e.g.,
titanium) in the shape of a ”grain”, which is then
implanted. Generally, about 50 to 120 such grains
are introduced into the patient’s body. They are
arranged as a three-dimensional array formed by
pricking numerously with a needle, which introduces
the in-line grains. The radioactive source positioned
in this way in the vicinity of the body’s zone to be
treated. The advantage of this technique is that high

radiation doses can be delivered to the site of treat-
ment at one time with relatively low radiation doses
for the surrounding or intermediate healthy tissues.

Up to now, there has been no definite decision as
to which of the radionuclides (*25I or %3 Pd) should
be preferred in the treatment of prostate or pancreas.

In recent years, there has been an appreciable
increase in the number of patients who threw off
the prostate disease by the method of permanent
brachytherapy (over 40 000 people in 1998 in the
USA, and more than a 50% increase of recovered in
2006). Palladium-103 was proposed for interstitial
implantation in 1958 [3]. And only in 1987 it became
commercially possible to encapsulate palladium-103
sources, with 10 accelerators designed for their pro-
duction. Regular communications on the satisfactory
outcome of palladium-103 application in brachyther-
apy are published by the Brachytherapy Society of
America [4].

2. PRODUCTION OF PALLADIUM-103 AT
THE CYCLOTRON CV-28

Palladium-103 radionuclide is produced at the
accelerators at rather low energies. Generally,
palladium-103 can be produced in the reaction
102pd(n, )19 Pd, which is based on natural pal-
ladium containing 1% of '°2Pd, and shows rather
high neutron capture cross sections. However, due
to a low content of 1°2Pd, this technique does not
yield short-lived palladium-103 isotope in sufficient
quantities that are required for its regular use in
medical 2- or 3-week cycles. Therefore, for the pro-
duction of palladium-103 use was made of the reac-
tion 193 Rh(p,n) 93 Pd with a low threshold energy
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Ein = 1.35MeV. The method is based on ir-
radiation of metallic rhodium targets with protons.
The yield of palladium-103 isotope is strongly de-
pendent on the proton energy, reaching its maximum
at the highest attainable energies at the cyclotron
CV-28 (21 to 24 MeV). This procedure is followed
by a labor-intensive chemical separation of the ra-
dionuclide from an expensive metallic rhodium tar-
get. An increase in the incident proton energy above
18 M eV in the production of palladium-103 has no
sense for several reasons. Over this energy, an ad-
ditional reaction yield is negligibly small (a gain in
yield is less than 4% within the 18...20 MeV energy
range). However, at these energies the contamination
with 101 pg, 101m,101g,102m, 1029 Rh pyclides becomes
appreciable [3].

The nuclear data on cross sections for this reac-
tion, on the yield from a thick target and on possible
impurities occurring during the use of the reaction
on rhodium are few in number, especially at energies
higher than 12 MeV.

The mentioned reactions were investigated from
threshold energies up to 23 MeV (see ref. [5]).

The production of palladium-103 radioisotope
in the reaction 193 Rh(d, 2n)'%3Pd is an alternative
and more promising method [6]. For optimization
of palladium-103 production from rhodium-103 the
cross sections of two main reactions %3 Rh(p,n)'%3 Pd

and 19 RA(d, 2n)193 Pd are of importance. The yields
from thick targets, obtained from the corresponding
cross sections at a deuteron energy of 20 MeV are
nearly two times higher than the yields at exposure
to protons [6]. For palladium production, an increase
in the deuteron energy beyond 20 MeV is unbeneficial
for two reasons: an additional yield at higher ener-
gies is insignificant (only a 10% increase at energies
between 20 and 22 MeV'). However, similarly to the
case of proton irradiation, the 1917 1019, 102m, 1029 pp
impurities become increasingly important, because
the cross sections of their production quickly grow
at energies higher than 20 MeV. At the stage of
rhodium target recovery, these impurities separate
from palladium, however, the accumulation of these
long-lived contaminating radionuclides can be ob-
served with further recovery of rhodium targets.

At present, palladium-103 radionuclide is pro-
duced almost without exception during irradiation of
the rhodium target with protons. Experimental data
on the reaction cross sections have been collected and
published elsewhere [3].

In the nearest future, the NSC KIPT team intends
to put into operation the isochronous cyclotron CV-
28 with an adjustable energy of light ions p, d, 3He,
4He. Below, Table gives the characteristics of this
cyclotron [7].

Accelerated particles | Accelerated particle energies, | External target current, | Internal target current,
MeV wA nA
P 2-24 40-60 200
d 4-14 50-100 300
3He 6-36 5-50 135
‘He 8-28 6-40 90

In connection with this it appears of interest to es-
timate the possibility of palladium-103 radionuclide
production at this cyclotron for a subsequent use in
medicine, in particular for brachytherapy.

From the above-given analysis it is evident that
the palladium production at the cyclotron CV-28 can
be realized from both the reaction 13 Rh(p,n)1% Pd
and the reaction 19 Rh(d,2n)'1%Pd on the internal
and external targets of the cyclotron. As the energy
increases over 18 MeV for protons and over 20MeV
for deuterons, then, as mentioned above, deeper nu-
clear reaction channels begin to open. Apart from the
particle energy, the beam particle current and the ir-
radiation duration are also the essential factors for
radionuclide production.

Here we consider the possibility of palladium-
103 production at the KIPT cyclotron CV-28 from
both the reaction 19 Rh(p,n)!% Pa and the reaction
103Rh(d, 2n)193 Pd on the internal and external tar-
gets of the cyclotron.

Since the activity yield, which is determined as
the activity produced under irradiation for 1 hour at
1A current, and which is a convenient parameter

that characterizes the rate of radionuclide produc-
tion, we have calculated the activities of palladium-
103 produced for the both cases of radionuclide pro-
duction in proton and deuteron reactions for the in-
ternal and external targets of the cyclotron. The en-
ergy transferred by the proton/deuteron beam to the
rhodium target under irradiation has also been cal-
culated for the both cases.

3. ESTIMATION OF ACTIVITY FOR
PALLADIUM-103 PRODUCED IN
PROTON AND DEUTERON REACTIONS
AT THE CYCLOTRON CV-28

The 3Rh(p, n)!%3Pd reaction cross sections
have been measured in ref. [3] in the proton energy
range from 14.7 to 29.4 MeV. The excitation func-
tion of the reaction was determined in the energy
range from (4.8 +£1.0) to (25+0.4) MeV by fitting to
the experimental data newly obtained in [3] and those
existed previously [11, 12]. On the strength of the
mentioned data the radionuclide yields from a thick
target were calculated. We have used the data to es-
timate the activity of radionuclides produced at the
cyclotron CV-28. Thus, according to our estimates,

61




for the proton energy chosen to be E, = 18 MeV
and currents I, = 200 pA and I, = 60 1A on internal
and external targets of the cyclotron, respectively,
the activities 2.05 GBq (55.35m(C'%) and 0.61 GBq
(16.6 mC1i) can be, correspondingly, attained for 1
hour of irradiation.

For the chosen proton energy and rhodium target,
the specific activity yield, i.e., activity per unit target
mass, was calculated in the assumption of uniform ac-
tivity distribution in the radius and thickness of the
target. At target diameter d = 1c¢m and the target
thickness equal to the proton range in rhodium at en-
ergy E = 18 MeV the specific activity in the internal
and external targets exposed to radiation will make
up B = 0.1mCi/mg and B = 0.03mC'i/mg, respec-
tively. In this case, the target thickness should be
somewhat greater than the proton range in rhodium
equal to 0.7003 g - em™2 or 564.3 um [3].

On  this  basis, with  production  of
palladium-103 radionuclide in the deuteron reac-
tion %3Rh(d,2n)103 we have chosen the deuteron
energy to be 14 MeV. The reaction cross sections
were measured in work [6] at deuteron energies of
15.3 MeV and 20.5 MeV. The excitation function
was determined by fitting to already available theo-
retical calculations [13] and to the experimental data
recently measured in [6] in the energy range from
(4.1 £1.0) to (20.2 £ 0.2) MeV. As in the case of
proton irradiation, the radionuclide yields from thick
targets, calculated from the excitation function [5],
were used to estimate the palladium radionuclide ac-
tivities, which might be produced at the cyclotron
CV-28 at the deuteron energy E; = 14 MeV and
deuteron currents Iz = 300 uA and I; = 100 #A in
the internal and external targets, respectively. We
have obtained that for 1 hour of irradiation, activ-
ities 3.09 and 1.03 GBq (or 83.5 and 27.8 mC'i) can
be attained on internal and external targets of the
cyclotron, respectively.

The yield of specific activity of palladium-103 ra-
dionuclide produced from the deuteron reaction was
calculated in a similar way. In this case, the deuteron
range in rhodium is calculated from the proton range
by the relation given in paper [10] as

where Rq and R, are the ranges, while mg and m,,
are the masses of the deuteron and the proton, re-
spectively.

At deuteron energy Fy = 14 MeV the range Rd
will be equal to 0.2926 g/cm? or 235.8 um.

The specific activity of palladium-103 at the beam
diameter d=1 cm will be B = 0.37mC%/mg and
B = 0.12mCi/mg on internal and external targets
of the cyclotron, respectively.

The target thickness must be somewhat greater
than the deuteron range in rhodium.

The resulting total radionuclide activity is limited
only by the heat power that can be dissipated on in-
ternal cyclotron targets. The energy transferred by
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the proton beam to the target under irradiation and
converted mainly to heat will attain 1.08 kW - h and
3.6 kW - h on the external and internal targets, re-
spectively. At irradiation with deuterons, the energy
released on the external and internal targets will be
1.4kW - h and 4.2kW - h, correspondingly. Though
the melting temperature of rhodium is high (1963°C'),
it would be necessary, when working, to remove the
heat from high heat conduction target backing by
cooling them with a heat carrier (e.g., water).

The manufacture of a water-cooled rhodium tar-
get that permits the dissipation of high heat energy
presents difficulties. So the heat removal from the
target to be exposed to protons and deuterons at the
cyclotron CV-28 is a rather complicated but solvable
problem.

Thus in ref. [8] it was shown that the use of an
external water-cooled rhodium target of certain de-
sign and its positioning at an angle to the main beam
trajectory make it possible to dissipate up to 2 kW
of heat energy.

A more considerable heat removal from 6 up to
12 kW (current 400 uA and the proton irradiation
energy 30 MeV') was realized with some substantial
modifications in the design of a set of targets and
with a special method of target cooling with water
by means of a ducting system [9].

4. CONCLUSIONS

The present estimates of palladium-103 radionu-
clide activities point to a real possibility of production
of the mentioned radionuclide on internal and exter-
nal targets of the NSC KIPT cyclotron CV-28, using
both proton and deuteron reactions.

If the irradiation run lasts 10 hours, then with the
reaction on deuterons the total activity of the result-
ing palladium-103 makes 0.835 and 0.276 Ci on the
internal and external cyclotron targets, respectively,
while in the case of the proton reaction it makes 0.553
and 0.166 C'i on the internal and external targets, re-
spectively.

Therefore, with the use of the deuteron reaction,
the cyclotron CV-28 can annually produce about
200C'i per an. on the internal target and about
100 Ci per an. on the external cyclotron target. If
it is remembered that one run of brachytherapy con-
sumes about 50 to 70 mC', then it can be easily seen
that the amount of the activity produced will be suf-
ficient to carry out about 2000 brachytherapy runs
for the patients.

At an average price of about 50 hryvnyas
(~ 10 U.S. dollars) for 1mC% of palladium-103, the
annual capacity of the complex under discussion may
be worth of 1...2 million hryvnyas.
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OIIEHKA BO3MOYKHOCTH HAPABOTKU PAJIVMOHYKJIVIA IIAJIJIAINIA-103 HA
IIMUKJIOTPOHE CV-28 JIJId SIAEPHON MEJIUIINHBI

IO.T. Ilempycenxo, A.I. JIvuimaps, JI.U. Hukroaatiuyk, T.A. Ionamapernxo,
A.U. Tymybaarun, A.I'. Illenenes

B pabore paccmaTpuBaercst BO3MOYKHOCTD MOJTy YeHUsT PAJHOHYKIINIa naiiaanii-103 na nukiaorpone CV-28 B
peaknusax Ha TPOTOHAX U JIEUTPOHAX JJIsT UCIIOJIH30BAHUS €0 B MEIUITUHE, /I OPAXUTEPAITUU B YaCTHOCTH.
IIpuBeeHBl pacCYNTAHHBIE OIEHKH aKTHBHOCTeH Hapaboramaoro '°3 Pd Ha BHyTpeHHe# n HapDYKHON MHuIIIe-
Hax nukyorpora CV-28. Ouperenena sHeprus, mepegaBaeMas IyIKOM IIPOTOHOB U JIEATPOHOB MUIIEHU TPU
obaydaennu. O6CyXKIaeTCsT BOSMOKHOCTD OTBOJIA TEILIA OT MOJIJIOYKKHU MUIIEHEH.

OIIHKA MOXKJINBOCTI HAITPAITIOBAHHS PAJIOHVYKJIIIA TTAJIAIIN-103 HA
[MKJIOTPOHI CV-28 AJISI AAEPHOI MEIUIINHI

IO.T. Ilempycenxo, A.I. JIumapsw, JI.I. Hixorativuyk, T.0. IHonamapenxo, A.I. Tymybanin,
A.T. Illenencs

YV poboTi PO3IISAYETHCS MOXKJIUBICTD 3700yTTS pagioHyKaiga manamiit-103 wa mukmaorponi CV-28 B peak-
[isIX Ha MPOTOHAX 1 JEHTPOHAX I BUKOPUCTAHHS HOr0 B MeIUMIMHI, 1jig Opaxiteparrii 3okpema. [Ipuseneno
PO3paxoBaHi OIIHKE aKTUBHOCTel HampaipoBanoro (03 Pd na BHyTpimmiit i 30BHIITHI{ MilTeHIX IIKIOTPOHA
CV-28. Busnauena eHeprisi, sika [epeaeThCs My9IKOM IIPOTOHIB 1 JeiTpoHiB Mmimnteni npu onpominenni. O6-
TOBOPIOETHCST MOKJIMBICTh BiJBeJeHHSI TeILIa BiJl i IKIaIKU MillTeHeil.
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