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Radioactive isotopes of palladium (**Pd) and rhenium (**Re and **®Re) have found wide use in nuclear medi-
cine. The present report deals with the conditions for their production by a photonuclear method at an electron ac-
celerator. Studies have been made into the channels of target isotope/attendant impurity production as palladium and
rhenium targets of natural isotopic composition were exposed to a mixed flux of X-ray (bremsstrahlung) with end-
point energy of 40 MeV and photoneutrons. By placing a bremsstrahlung converter and the target inside a neutron
moderator, data have been obtained for the effect of photoneutron spectrum on the isotope yield. The simulation
technique has been used to investigate the photonuclear yield of target isotopes and major impurities as function of

electron energy.
PACS: 07.85.-m, 81.40wx,87.53-},87.53Wz

INTRODUCTION

Radioactive sources based on the isotopes '°*Pd
(Ex~20 keV; Ty,=16.9 days), '*Re (E;=346.7 keV;
E,=137.2keV;  Ty,=89.2hours) and  '*Re
(Ep=764.3 keV; E,=155.0 keV; T1,,= 17 hours) are used
in current medicine for brachytherapy.

Until recently, a common practice for “**Pd produc-
tion has been to use the reactor technique, which con-
sisted in neutron irradiation of palladium targets en-
riched in the “%Pd isotope [1], and also, to employ a
cyclotron technology for carrier-free production of the
target isotope [2]. The market demand for '®Pd is so
great that in the USA only, its production is provided by
more than 10 cyclotrons.

As regards **°Re isotope sources, they are produced
at reactors through thermal neutron irradiation of either
rhenium powder enriched in the **Re isotope [1] or a
natural rhenium wire [3]. Attempts of carrier-free pro-
duction of the '®Re isotope with the use of a cyclotron
have also been made [4]. ®Re is generally obtained as a
result of decay of the generating *W isotope, which is
produced in high-flux reactors through the double neu-
tron capture by the tungsten target enriched in the %W
isotope [1].

In view of the tendency to gradually abandon the re-
actor technologies [5], and also, considering a high cost
of cyclotron-produced isotopes, it appears of interest to
investigate the conditions of isotope production at rela-
tively inexpensive and ecologically safe electron accel-
erators.

1. PRINCIPAL REACTIONS

Natural palladium presents a mixture of 6 stable iso-
topes: '?Pd (1.02%), “**Pd (11.14%), *Pd (22.33%),
106pd (27.23%), '%®Pd (26.46%) and °Pd (11.72%).
193pd can be generated in the field of bremsstrahlung
radiation at an electron accelerator due to the reaction
194pd(y, n)'%pd. To provide a sufficient flux of brems-
strahlung photons in the giant resonance region, the
electron energy must range between 35 and 40 MeV. In
this case, there arises one more photonuclear channel of
desired isotope generation, viz., **Pd(y, 2n)'%*Pd. Be-
sides, the process of electron radiation conversion into
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bremsstrahlung is accompanied by generation of photo-
neutrons (e.g., see Ref. [6]). These may give rise to the
192pd(n, y)'%Pd reaction, too.

Natural rhenium consists of two isotopes: '®°Re
(37.4 %) and ®Re (62.6%). To generate ***Re at an
electron accelerator, the reactions **’Re(y, n)***Re and
185Re(n, 7)**°Re can be used. Under the action of photo-
neutrons, natural rhenium can also yield ***Re through
the *®'Re(n, y)*®Re reaction.

It is known that the neutron radiative-capture cross-
sections in the thermal region increase by one order of
value or more. Therefore, for simultaneous engaging the
photonuclear and neutron-capture channels, it has been
suggested that the bremsstrahlung converter and the
isotopic target should be placed inside the neutron mod-
erator [7].

2. EXPERIMENT

2.1. For measuring the isotope yields during expo-
sure of targets to a mixed X,n-radiation with and with-
out the neutron moderator, an output device has been
developed, the schematic of which is presented in
Fig. 1. The device includes an aluminum tube 1, which
is axially symmetric to the electron beam axis of the
accelerator A and accommodates the bremsstrahlung
converter C and the target T. The converter consists of
four tantalum plates, each 1 mm thick and 30 mm in
diameter, separated by same-size air gaps to provide
cooling. The target includes the enclosed in aluminum
holder 3 aluminum locking discs 4 and 8, each 20 mm
in diameter and 3 mm thick. The discs are separated by
a 0.1 mm thick molybdenum foil-monitor 5, and a 3 mm
thick aluminum spacer having a cell of diameter 10 mm,
where the isotopic targets 7 were located.

All the targets, except rhenium, presented foil frag-
ments of maximum size no more than 5 mm. The rheni-
um powder was placed in an aluminum thin-walled cap-
sule with an inside diameter 8 mm, and 4 mm in height.

2.2. The fluence of bremsstrahlung photons on the
isotopic targets was controlled against the yield of the
reference reactions in the foil-monitor 5. Natural mo-
lybdenum comprises seven stable isotopes, including
*2Mo (14.84%), **Mo (24.13%) and *®°Mo (9.63%). The
photon fluence can be estimated against the Mo
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(T1,=5.7 hours) yield by the “Mo(y, 2n)**Mo reaction,
because “°Mo can be generated only in this channel. In
turn, the isotope **Mo (Ty,= 66.02 hours) can be gener-
ated in the two reactions at once: *®Mo(y, n)**Mo and
98Mogn, v)*Mo. So the comparison between the **Mo
and ®Mo yields, normalized to the electron beam charge
on the converter, enables one to estimate the contribu-
tion of each of the channels. To determine the profile of
the high-energy photon flux, at the converter output a
0.1 mm thick tin-foil 9, measuring 40x40 mm, was
placed, which was activated together with the isotope
target. The profile of the photon flux was reconstructed
by measuring the 2D-distribution of the foil 9 surface
activity using a gamma-scanner [8].

2.3. To measure the isotope yield as a result of a
combined action of the bremsstrahlung and moderated
photoneutrons, the system with the converter and the
target was arranged inside the moderator M. The de-
tailed description of the latter can be found in Ref. [7].
In this case, at point 10 of the output device one more
isotopic target was placed so that the distance from the
target to the beam axis corresponded to the distance
from the target 7 to the converter. Each target comprised
samples of palladium, rhenium and gold. The latter were
used as activation detectors. In this way, the target 7
experienced the action of a mixed flux of brems-
strahlung and soft photoneutrons, whereas the target 10
was exposed mostly to neutrons.
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Fig. 1. Schematic of output device

2.4. The targets were irradiated at the NSC KIPT ac-
celerator LU-40 [9] for 2 hours at an electron energy of
40 MeV, the beam pulse length of 1.5 ps, the pulse
repetition frequency 50 Hz, and the average current
4.1 pA. The electron beam profile on the converter cor-
responded to the Gaussian distribution with the FWHM
1.2 cm. The FWHM of the beam energy spectrum was
no more than 2%. Fig. 2 shows the measured profile of
the X-Ray flux.

After each exposure, the targets were cooled for
24 hours to provide the decay of induced activity caused
by short-lived impurities.

The isotope activity in the samples was determined
with the use of the gamma-spectrometer based on the
Canberra HPGe detector with the analyzer InSpector-
2000 and the software Genie 2000. The detector pro-
vides the relative registration efficiency of 20 % and the
energy resolution of 1.8 keV at a photon energy of
1332 keV (Co-60). The error of specific isotope activity
measurement varied within the 7...10% range. The data
obtained were normalized to the electron-beam charge
value in the course of the target activation.
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Fig. 2. X-Ray flux distribution behind the converter

2.5. An independent analysis of the target photoacti-
vation processes was performed by a simulation method
based on the modified transport code PENELOPE-2008
[10]. The yield of photonuclear reactions was calculated
by summing their microyields along all the trajectories
of all above-threshold photons in the corresponding
target device elements [11]. The reaction cross-sections
were taken from the database [12]. The processes of
target activation by neutrons were not simulated.

3. RESULTS AND DISCUSSION

Tables 1 and 2 present the data on the principal iso-
tope yield obtained experimentally and by the simula-
tion method (in brackets the mass of each target in mg is
given). Their analysis shows that the calculated photo-
nuclear yield of °*Pd, **Re in the isotopic targets, and
also, of Mo and **°Au in the targets-monitors (Table 3)
located on the electron beam axis, are in satisfactory
agreement with the experimental results. This bears wit-
ness to a sufficiently exact description of the reaction
cross sections, as well as to adequacy of their computer
simulation. The last fact gives grounds for calculation of
isotope yields at different modes of target activation.
Thus, Figs. 3 to 6 show the yields of 1%Pd and **°Re,
and also, of the major impurities as function of the elec-
tron energy and activation time expressed in terms of
half-life of the desired isotope.

The yield of **®Re from the Re target 7 without the
moderator was determined to be 0.2 uCi/hour-pA-g. In
the presence of the moderator, the yields of **Re and
%8Au in the samples situated on the beam axis and
sideways were found to be nearly the same. This con-
firms the closeness between the values of neutron fluxes
acting on the targets, and permits one to estimate the
contribution of neutron-capture channels to the yields of
desired isotopes.

In the case of palladium, the °?Pd(n, y) reaction pro-
vides no more than 1.5 % of the total yield of *®Pd, this
being within the total measurement error. It should be
noted that the photonuclear yield of *®*Pd was calculated
with account of the **Pd(y, n)*®*Pd reaction only. So the
experimentally observed excess can be explained by the
contribution of the *®Pd(y, 2n)*®pPd channel. In its turn,
the ***Re(n, v) reaction adds ~10 % to the total yield of
186Re. Note that with the use of the moderator, the pro-
duction of **Re increases by more than ten times.

Table 1
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Isotope yields in Pd targets

Yield, uCi/hour-pA-
Isotope Ty, days Reaction Pd-7 (83.5) Pd-10 (84.3)
Simulated Experimental Experimental
1O4Pd('}/, n)103pd 1.8
%%pg 16.9 '%°pd(y, 2n)"Pd - 3.3 0.05
1°2Pd(n, y)103pd -
1%%pg 3.63 1%2Pd(y, 2n)'*%Pd - 8.6-10° 8-10"*
*lpd 0.34 12pd(y, n)'*Pd 7.6 7.0 0.073
110Pd(y, n)1°9Pd _
%pg 0.56 %%pd(n, y)"*°Pd - 62.5 16
110Pd('}/, p)loth—> -
106Pd(y, P) 105Rn _
Rh 1.47 %°Pd(n, p)**Rh - 2.0 0.02
%pd(n, o) "®Ru— -

Table 2
Isotope yields in Re targets
Yield, uCi/hour-uA-g
Isotope Ty, days Reaction Re-7 (852) Re-10 (960)
Simulated Experimental Experimental
187 186
Re(y, n)""Re 49.8
185Re 3.72 e 56.9 46
Re(n, y)"Re -
"%Re 0.71 87Re(n, 1)'*Re - 3.30 3.25
'%Re 38.0 185Re(y, n)'*Re 2.9 2.85 0.6
Table 3
Isotope yields in targets-monitors
. Yield, pCi/hour-pA-
Target Isotope Ty, days Reaction - ! uCihour-p _g
Simulated Experimental
100, 99
Mo(y, n)”Mo 4.69
Mo-5 ®Mo 2.75 _Mo(y. n) 5.48
(312) Mo(n, y)”"Mo -
*Mo 0.24 Mo(y, 2n)*Mo 1.56 1.48
AUT (111 AU 6.2 Y Au(y, n)°Au 5.95 5.15
( ) 198Au 2.7 197Au(n, 'Y)198AU - 2.65
Au-10 95 AU 6.2 Y Au(y, n)*°Au - 0.62
(112) AU 2.7 7 Au(n, v)"*®Au - 2.59
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Fig. 3. Specific activity of "*Pd versus time of exposure  Fig. 4. Specific activity of **Re versus time of exposure
at different electron energies at different electron energies
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CONCLUSIONS

A satisfactory fit of experimental results and the
simulation data on the photonuclear isotope yield makes
it possible to calculate the yields in the thick technolog-
ical targets and to compare different methods of isotope
production (Tables 4 and 5). For example, from Table 4
it can be concluded that the cyclotron technology has a
preference as to the specific and total yields of “%*Pd
alongside with a low level of impurities. At the same
time, it involves a considerable amount of radiochemi-
cal procedures, and the produced isotope sources are
beyond regeneration. The photonuclear method is capa-
ble of providing a high yield of *®Pd in case of using
the targets enriched in the ‘*Pd isotope at much less
expenses for the accelerator. In this case, the decayed
sources can be reactivated an unlimited number of
times.

As regards “® Re (see Table 5), an electron accelera-
tor having routine parameters (40 MeV, 250 pA) can
provide a considerably higher yield than the reactor and
cyclotron technologies do. An additional gain in the
yield, along with a reduction in the **Re vyield, can be
provided by using the target enriched in '®’Re. The
cooled sources can also be reactivated. At the same
time, the reactor method retains its advantage as to the
specific yield of *°Re.

Table 4
Comparison between the methods of *®Pd production
Facility, Target, reaction, Yield Major
parameters cross-section specific total impurities
Reactor [1] 192pd, %Pd(n, y), 3b 150 uCi/hour-g 15 pCi/hour pd, *Au
4-10" n/cm®s
Cyclotron [2] "Rh, *®Rh(p, n), 505 mb | ~270 uCi/pA-hour-g | 270 uCi/uA-hour | Carrier-free
20 MeV (E;=10 MeV)
Electron accelerator | "Pd, ***Pd(y, n), 180 mb | 4 uCi/pA-hour-g 50 uCi/ pA-hour | *°Pd, **Pd,
[13] 40 MeV (E,=15 MeV) '%°pd, *®Rh
Table 5
Comparison between the methods of *®Re production
Facility, Target, reaction, Yield Major
parameters cross-section specific total impurities
Reactor [1] ®Re(>94%), 7.5 Cilhour-g 75 uCi/hour ®*Re
3-10" n/em®s 185Re(n,y), 112b
Cyclotron [4] "W, ®*W(p, n), 80 mb | ~20 pCi/uA-hour-g | 20 pnCi/uA-hour Carrier-free
14 MeV (Ex=9 MeV)
Electron accelerator | "Re, 8’Re(y, n), 420 mb | ~60 pCi/pA-hour-g | ~1 pCi/uA-hour "Re, "Re
[13] 40 MeV (E,=14 MeV)
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MNOJYYEHHUE N30TOINOB Pd U Re B ITIOJIE CMEIIAHHOT'O
X,n-U3JIYYEHUSA YCKOPUTEJIS DJIEKTPOHOB

H.II. Tuxuit, B.A. Kywinup, 10.B. /Iawko, B.B. Mumpouenko, C.A. llepescocun, KO.B. Pozos, A.3. Tenuuies,
A.B. Topzoexun, BJI. Yeapoe, B.A. Illeeuenxo, H.H. Illnaxos, b.U. IlIpamenko

Pasmoaxtunsie m3orons! mammagus (‘Pd) u penns (**Re u **Re) mmpoko ucrnons3yiores B syiepHOil MeH-
muHe. M3ydarorcst ycinoBHs MX ITOIydeHHs (OTOSIEPHBIM METOIOM Ha YCKOPHTEJIE JJIEKTPOHOB. ccienoBaHbl Ka-
HaJIbl HApaOOTKM LIENIEBBIX M30TOIOB M MPUMECEH NMpH OOJTy4YEeHHH MUINEHEH W3 Majiajus ¥ PeHHs NPUPOTHOTO
W30TOITHOTO COCTaBa CMEIIAHHBIM ITOTOKOM TOPMO3HOI'O M3JIydeHHUS ¢ TpaHMYHOH sHeprueit 40 MaB u ¢oroHei-
TpoHOB. [IyreM pa3mMerieHnsi KOHBEpTEpa TOPMO3HOTO M3ITYUEHUS M MUILIEHNW BHYTPH MOJEpPAaTOpa HEWTPOHOB IT0-
Jy4eHbl JaHHbBIE 10 BIMSHUIO CIIEKTpa ()OTOHEWTPOHOB HA BBIXOJ M30TOMOB. METOIOM MOJEIHPOBAHMS H3ydeHa
TaKXe 3aBUCUMOCTH (POTOSIEPHOTO BBIXO/[A LEJIEBBIX M30TONOB M OCHOBHBIX IPUMECEH OT SHEPTUH JIEKTPOHOB.

OTPUMAHHA I30TOIIIB Pd I Re B ITOJII 3BMIIITAHOTI'O
X,n-BUITPOMIHIOBAHHS TPUCKOPIOBAYA EJIEKTPOHIB

MLIL Tukuit, B.A. Kywnip, I0.B. JIawko, B.B. Mumpouenko, C.0. Ilepescozin, FO.B. Pocos, A.E. Tenuwes,
O.B. Topzoekin, B.JI. Yeapos, B.A. Illeguenxo, 1. M. Illnaxos, b.1. IlIpamenko

PaioaktusHi i3oTomu namaziio (“°Pd) ta peniio (‘*°Re i **Re) mmpoko BUKOPHCTOBYIOTHCS B sICPHIil MeIUIH-
Hi. BuBuatorbcst ymMoBH iX oTpuMaHHs (OTOSAEPHUM METOJOM Ha IPHCKOPIOBadi el1eKTpoHiB. JlociKeHO KaHau
HaIpamnioBaHHA [[UTHOBUX 130TOMIB 1 TOMIIIOK ITPX ONMPOMIHIOBAaHHI MillIeHEH 3 Majiaiio i peHilo IPUPOAHOro i30To-
ITHOTO CKJIaAy 3MIIIaHNM ITOTOKOM TaJIbMiBHOTO BHITPOMIHIOBAaHHS 3 TpaHW4HOIO eHeprieio 40 MeB i ¢ortoneiirpo-
HiB. [1lnsxoM po3MilIeHHs1 KOHBEpTepa raJlbMiBHOTO BUITPOMIHIOBAHHS 1 MiIlIEH] ycepeaHi MojiepaTopa HEHTPOHIB
OTPHMAHO JlaHi MO0 BIUIMBY CIIEKTpa (POTOHEWTPOHIB Ha BUXiJ 130TOMiB. MeTOIOM MOJENIOBaHHS BUBUEHA TAKOXK
3aJIeKHICTh (POTOSAIEPHOTO BIUXOY IIIEOBHUX 130TOITB i OCHOBHHX JIOMIIIIOK BiJl €HEPTii EIEKTPOHIB.
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