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Abstrat

Deuteron-indued nulear reations for the generation of

103

Pd were investigated

using the staked-foil ativation tehnique on rhodium targets at deuteron ener-

gies up to Ed = 33MeV. The exitation funtions of the reations

103

Rh(d,xn)

101,103

Pd,

103

Rh(d,x)

100g,um,101m,g,102m,g

Rh and

103

Rh(d,2p)

103

Ru have been measured,

and the Thik-Target Yield for

103

Pd has been alulated.

Keywords: palladium-103,

103

Pd, rhodium target, deuteron partile

irradiation, ross-setion, exitation funtion, yield, Pd, Rh, Ru radioisotopes,

ylotron

1. Introdution

103

Pd (t1/2=16.991 d [1℄) deays almost exlusively (99.90%) by eletron

apture (EC) to

103m

Rh (t1/2=56.12 min) whih de-exites through internal

transition (IT). As a result of these proesses (EC and IT) Auger-eletrons and
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X-rays are emitted whih are ideally suited for aner therapy. Taking into a-5

ount also the de-exitation of the �daughter� nulide

103m

Rh, every 100 deays

of

103

Pd are aompanied by the emission of about 263 Auger eletrons, 188

low-energy onversion eletrons and 97 X-rays [2℄. These deay features and

the pratial absene of high-energy γ-rays make 103

Pd partiulary suitable for

interstitial brahytherapy: enapsulated in millimetre-size seed implants it is10

used in prostate [3℄, breast [4℄ or horoidal melanomas [5℄ aner brahytherapy.

It has been shown that gold nanopartiles (Au NPs) distributed in the viinity

of

103

Pd radioative implants an at as radiosensitivers that strongly enhane

the therapeuti dose of radioative implants [6, 7℄. A new strategy under de-

velopment to replae millimetre-size seeds [8℄, onsist in injeting radioative15

nanopartiles in the a�eted tissues. The development of

103

Pd�Au NPs dis-

tributed in the diseased tissue, ould inrease the uniformity of the treatment

ompared to larger seeds, while enhaning the radiotherapeuti dose to the an-

er ells through Au-mediated radiosensitisation e�et.

The synthesis of radiolabeled nanopartiles suh as albumin miro- and20

nanospheres [9℄ or

103

Pd-labeled moleules for targeted therapy [10℄ require the

highest ahievable Spei� Ativity (A

S

), de�ned as the ratio between the ativ-

ity of the radionulide of interest and the mass of the sum of all radioative and

stable isotopes of the nulide [11℄ (ideally approahing the theoretial arrier

free value of A

S

(CF)=2.76GBq·µg−1
). While for the seeds already in use the25

spei� ativity is pratially unimportant, the nanomediine approah involv-

ing the synthesis of nanopartiles as nano-seeds or as drug arriers high spei�

ativities have to be ahieved and only the radioative omponent should be

present in the synthesis proess. Therefore, a quantitative radiohemial sepa-

ration of the Pd from the Rh target and its o-produed radionulides is required30

whih an be ahieved by ion-exhange reations or omplexation [12℄.

Currently,

103

Pd is produed in reators via the

102

Pd(n,γ) reation with a

very low A

S

or in no-arrier-added form with aelerators using proton indued

reations [13℄.35
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Irradiation of pure palladium-102 (enrihed from 3.2% natural abundane

to 100%) to saturation (tirr ≃ 85 d) in a nulear reator with a �ux of 1015 ·

n s−1 · cm−2
will lead to about 6.8% of

103

Pd.

The most widely used aelerator prodution method based on high-�ux 18

MeV proton irradiation of a

103

Rh target in ylotrons [14, 15℄ allows to reah40

a yield [16℄ equal to 2.40 GBq·C−1
and of 3.25 GBq·C−1

if protons of 50 MeV

ould be used.

The use of a deuteron beam appears to be attrative for the prodution of

several radionulides sine the (d,2n) reation ross-setion in the medium to

high mass region is generally higher than that of (p,n) reations [17℄. However,45

studies on this alternative prodution methods using deuterons are sare, and

only two studies were reported at the beginning of this researh work [18, 19℄.

The present work presents experimental results for the ross-setions of the

103

Rh(d,2n)

103

Pd reation and of the o-produed radionulides in the 5�3350

MeV energy range.

2. Experimental

The exitation funtions were determined using the staked-foil tehnique.

Staks of thin foils onsisted of alternating high purity aluminium (as energy de-

grader and monitor foils inserted between the Rh and the Ti targets), rhodium55

and titanium foils. In partiular eah stak was omposed of four or �ve ouple

of Rh and Al foils, depending on the irradiation energy, and (i) by one Ti foil,

inserted as �nal monitor foil in the stak for the JRC-Ispra irradiations or (ii)

one Ti foil after eah of the Rh/Al foils in the stak for the GIP-ARRONAX

irradiations.60

High purity

103

Rh targets (99.9%, Goodfellow Cambridge Ltd., Ermine

Business Park, Huntingdon PE29 6WR, UK) had a nominal thikness of 12.5 or

25 µm (∼ 15.1-31.7 mg·m−2
with a general relative unertainty of ± 2%: these
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values of target thikness used in the alulation were measured aurately by65

weighing).

Low-energy irradiations were arried out on �ve staks with the ylotron

(Sanditronix MC40, K = 38) of the JRC-Ispra at di�erent inident energies

overing the energy range from 16.6 MeV down to 5.2 MeV with a onstant70

urrent of 100 nA for a duration of 1 hour.

Eah irradiation was arried out in an insulated target holder under vauum,

whih was designed as an elongated Faraday up to determine the integrated

harge of the deuteron beam. Inside the Faraday up a strong magnet was

installed to avoid esaping of sattered or baksattered eletrons as the loss75

of suh eletrons ould lead to a virtually larger deuteron harge on the foil

staks. Two oaxial Al ollimators (5 mm in diameter) were plaed in front of

the Faraday up. Based on the distane between the ollimators and the last

ouple of quadrupoles, a maximum broadening of the beam of a few µm was

alulated. The harge was integrated by a urrent integrator (BIC Brookhaven80

Instruments Corporation, Austin, TX, USA; model 1000C), alibrated within

2% of unertainty by an authorized alibration servie (Nemko S.p.A., Bias-

sono, MB, Italy). The inident deuteron energy had an unertainty of ± 0.20

MeV [20℄.

The reliability of the integrated urrent has been validated by the values of the85

ross-setions measured for

nat

Ti targets used as monitor foils, ompared with

the IAEA tabulated monitor reation

nat

Ti(d,x)

48

V [21℄.

Medium and high-energy irradiations were arried out with an IBA C70

ylotron of the ARRONAX enter, Saint-Herblain (FR). The ARRONAX y-90

lotron delivers deuteron beams at variable energies with an energy unertainty

of ± 0.25 MeV [22℄. The staks were irradiated with an external deuteron beam.

A 75 µm thik kapton foil was used as beam exit window, separating the beam

line vauum from atmospheri pressure in the vault. The staks were loated

68 mm downstream in air.95
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Figure 1: Exitation funtion for

nat

Ti(d,x)

48

V nulear reations.

During the irradiation, an instrumented beam stop was used to ontrol the

beam urrent stability. However, it was not used as a Faraday up with preise

intensity measurements, sine it is not under vauum and is not equipped with

a magnet to avoid esaping of sattered or baksattered eletrons.

In this ase, it was mandatory to use titanium and aluminium foils as degraders100

and as monitors to determine the experimental beam intensity value and energy

from the

nat

Ti(d,x)

48

V and

27

Al(d,x)

24

Na IAEA tabulated monitor reations

[21℄ (Figures 1 and 2).

Four di�erent staks were irradiated with a di�erent inident energy in order

to minimize energy straggling in a single experiment and to over the energy105

range from 34 MeV down to 14 MeV, with an overlap of more than 2 MeV with

the irradiations performed at the JRC-Ispra. The irradiations were arried out

with a mean beam intensity of about 170 nA for 1 h.

The mean deuteron beam energy and energy degradation in eah foil were110
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Figure 2: Exitation funtion for

27

Al(d,x)

24

Na nulear reations.

omputed by the Monte Carlo based omputer ode SRIM 2013 [23℄. The un-

ertainty of the mean energy in eah foil (± 0.2�0.4 MeV) inludes the energy

unertainty of the extrated deuteron beam, as well as the unertainties (± 0.1�

0.3 MeV) in the mean mass thiknesses and the beam-energy straggling inside

the target foils.115

The ativity of the radionulides deteted in eah foil was measured at the

LASA laboratory (INFN and Physis Dept. of University of Milan, Segrate

MI), without any hemial proessing, by alibrated high purity germanium

(HPGe) detetors (EG&G Orte, 15% relative e�ieny, FWHM = 2.2 keV at120

1.33 MeV). The detetors were alibrated in energy and e�ieny with erti-

�ed

152

Eu and

133

Ba soures (CeraLEA, Frane and Amersham, UK). All foils

were measured in the same geometrial position as that used for the alibration

soures in order to avoid orretions for di�erent geometries. The distane from
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the detetor ap was su�iently high to redue dead time and pile up errors to125

negligible values (< 0.1%). The �rst measurements of the samples were gener-

ally started within a few hours (for the Ispra irradiations) or within 48 hours

(for ARRONAX irradiations) after the end of bombardment (EOB). The mea-

surements ontinued for about six months in order to follow the deay of the

main radionulides and to let ompletely deay eventual �parent� radionulides.130

The overall unertainty of the determined ross-setions is aused by several

error soures in the measurement and evaluation proess. Regarding the mea-

surement proess, a typial omponent is related to the statistial error in the

peak ounts: partiular attention is given to redue this value as low as possi-135

ble (< 1%�18%, depending on the radionulides and on the energies). Other

signi�ant error soures were: the target thikness and uniformity (< 2%), the

integrated harge (≤ 2%), the unertainty of the alibration soures (1.5% and

2.0%) and the �tting of the detetor e�ieny urves (< 1%), with an overall

relative error of 4�20%.140

The published data for the abundane of the gamma emissions and the half-

lives were onsidered as being exat. Admittedly, espeially the unertainty

of the low values of the abundane of the gamma emission of

103

Pd will add

diretly to the overall error in the determination of the reation ross setion

[17℄. Deay harateristis for the radionulides investigated, as summarized in145

Table 1, were taken from [1℄ and [24℄.

3. Results

The thin foils were measured, positioning them on the detetor with the

beam-on and the detetor up being fae to fae. The experimental ross-

setions σ(E) [m2·atom−1
℄ for eah target were alulated from the thin-target150

yield making use of the relationship:

σ(E) = yEOIB(E) ·
M · Z · e ·∆E

λ ·NA · ρx
(1)
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Table 1: Deay data [1℄ of Pd, Rh and Ru radionulides and ontributing reations with

the energies Eγ used for the ativity alulation and the orresponding abundanies Iγ . The

thereshold energy (Eth) evaluation is based on the mass defets reported in [24℄.

Nulide t1/2 Contributing reations Eth (MeV) Eγ (keV) Iγ (%)

104

Pd stable

103

Rh(d,n)

104

Pd 0

103

Pd 16.991 d

103

Rh(d,2n)

103

Pd 3.62 357.47 0.0221

102

Pd stable

103

Rh(d,3n)

102

Pd 11.39

101

Pd 8.47 h

103

Rh(d,4n)

101

Pd 22.17 296.29 19.2

102m

Rh 3.742 a [25℄

∗ 103

Rh(d,p2n)

102m

Rh 11.91 697.49 43.9

103

Rh(d,dn)

102m

Rh 7.91

103

Rh(d,t)

102m

Rh 1.53

102g

Rh 207 d

103

Rh(d,p2n)

102g

Rh 11.77 468.59 2.813

103

Rh(d,dn)

102g

Rh 7.77

103

Rh(d,t)

102g

Rh 1.39

101m

Rh 4.34 d

103

Rh(d,p3n)

101m

Rh 19.52 306.85 87

103

Rh(d,d2n)

101m

Rh 17.25

103

Rh(d,tn)

101m

Rh 10.87

101g

Rh 3.3 a

103

Rh(d,p3n)

101g

Rh 19.36 197.6 70.88

103

Rh(d,d2n)

101g

Rh 17.09

103

Rh(d,tn)

101g

Rh 10.71

100g

Rh 20.8 h

103

Rh(d,p4n)

100g

Rh 29.44 539.51 80.6

103

Rh(d,d3n)

100g

Rh 27.18

103

Rh(d,t2n)

100g

Rh 20.80

103

Ru 39.26 d

103

Rh(d,2p)

103

Ru 2.25 497.08 90.9

∗
The value reported in [1℄ is ∼ 2.9 a: in this ase we prefer to use a more preise value

from another database
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where yEOIB(E) is the thin-target yield [Bq·C−1·Mev

−1
℄ at the End Of Instan-

taneous Bombardment, M denotes the atomi mass [g·mol−1
℄, NA Avogadro's

onstant [atom·mol−1
℄, E = 〈E〉 denotes the mean deuteron beam energy ross-

ing the �thin� foil [MeV℄, e the eletron harge [C℄, Z the atomi number of the155

projetile, ∆E the beam energy loss in the target [MeV℄, λ the deay onstant

[s

−1
℄ of the investigated radionulide, and ρx the mass thikness [g·m−2

℄.

yEOIB(E) was alulated using the equation:

yEOIB(E) =
COUNTSγ

εγ · Iγ · LT
·

1

Q ·∆E
·D(RT ) ·G(tirr) · e

λ·∆t
(2)

where Q is the integrated deuteron harge [C℄, COUNTSγ denotes the net

photo-peak ounts at energy Eγ above the ontinuum bakground, Iγ the γ-160

emission absolute abundane, εγ the experimental e�ieny of the HPGe de-

tetor at the γ-energy onsidered, LT the Live ounting Time [s℄, RT the Real

ounting Time, whih is the sum of LT and the Dead ounting Time DT (RT

=LT + DT [s℄), ∆t denotes the waiting time from the EOB [s℄, tirr the irradi-

ation time [s℄ and ∆E the beam energy loss in the foil [MeV℄. The quantities165

D(RT ) (the deay fator to orret deay during ounting time) and G(tirr)

(the growing fator to orret deay during irradiation) with the dimension 1

are de�ned as:

D(RT ) =
λ ·RT

1− e−λ·RT
(3)

and

G(tirr) =
λ · tirr

1− e−λ·tirr
. (4)

170

The measured exitation funtions are ompared in Figures 4�13 with avail-

able literature data. The numerial data are olleted in Table 2 and Table 3.

The ross-setions for Pd isotopes were also theoretially alulated with EMPIRE-

3.2.2 [26℄ in order to evaluate the best energy of irradiation to obtain

103

Pd with175

9
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Figure 3: Example of γ-ray spetrum. The ounting unertainty of the 357.47 keV emission

is ∼ 1.5%. The γ-ray emissions of

103

Pd are learly visible in spite of their low intensities.

the highest A

S

(Setion 3.7).

In spite of the di�erenes in the irradiation onditions (see Setion 2) there is a

very good overlap between the experimental data obtained from the JRC-Ispra

and the ARRONAX failities.

3.1.

103

Rh(d,2n)

103

Pd180

103

Pd has a half-life of t1/2 = 16.991 d and an be produed by the (d,2n)

reation. The ativity was determined from the 357.47 keV emission (Iγ =

0.0221%). In some ases (e.g. Figure 3), we ould verify the ativity using the

294.978 keV emission (Iγ = 0.00280%). The results are in very good agreement

and provide some on�dene in the tabulated γ-intensities in spite of their small185

values.

Due to the small γ-ray intensities, whih suggest that they may exhibit a

10



Table 2: Experimental ross-setions (± 1 Standard Deviation, ± 1SD) of the

103

Rh(d,xn)

103,101

Pd,

103

Rh(d,2p)

103

Ru and

103

Rh(d,p5n)

100g

Rh reations

Energy

101

Pd

103

Pd

103

Ru

100g

Rh

(MeV) (mb) (mb) (mb) (mb)

5.2 ± 0.3 22.5 ± 2.9

6.5 ± 0.3 131.2 ± 7.8 0.0108 ± 0.0016

7.4 ± 0.2 325 ± 18 0.0204 ± 0.0013

7.8 ± 0.3 317 ± 21 0.0271 ± 0.0040

8.4 ± 0.2 516 ± 30 0.0370 ± 0.0031

8.9 ± 0.3 604 ± 35 0.0513 ± 0.0053

9.5 ± 0.2 681 ± 41 0.0567 ± 0.0047

10.0 ± 0.3 800 ± 45 0.0639 ± 0.0054

10.5 ± 0.2 845 ± 49 0.0780 ± 0.0062

11.1 ± 0.3 0.0870 ± 0.0047

11.5 ± 0.3 0.090 ± 0.011

12.2 ± 0.3 0.1019 ± 0.0063

12.5 ± 0.3 1166 ± 64 0.1063 ± 0.0063

13.2 ± 0.4 1127 ± 64 0.1076 ± 0.0055

13.6 ± 0.3 1141 ± 70 0.1085 ± 0.0069

13.9 ± 0.3 1253 ± 72 0.1200 ± 0.0063

14.3 ± 0.3 1140 ± 110 0.125 ± 0.014

14.5 ± 0.3 1210 ± 110 0.146 ± 0.012

15.0 ± 0.4 1261 ± 71 0.1491 ± 0.0080

15.5 ± 0.4 1108 ± 62 0.1404 ± 0.0071

15.7 ± 0.3 1090 ± 96 0.157 ± 0.013

16.1 ± 0.4 1127 ± 53 0.196 ± 0.010

16.5 ± 0.3 1044 ± 93 0.180 ± 0.015

16.6 ± 0.4 1040 ± 59 0.1747 ± 0.0088

18.7 ± 0.3 743 ± 66 0.326 ± 0.028

21.3 ± 0.3 393 ± 66 0.628 ± 0.052

21.7 ± 0.4 374 ± 37 0.625 ± 0.052

23.8 ± 0.4 240 ± 28 1.002 ± 0.082

25.8 ± 0.3 12.3 ± 1.1 208 ± 25 1.37 ± 0.11

27.7 ± 0.3 56.6 ± 4.7 189 ± 24 1.68 ± 0.14

28 ± 0.4 46.9 ± 3.9 169 ± 24 1.59 ± 0.13

29.8 ± 0.4 122 ± 10 143 ± 24 1.92 ± 0.16 0.233 ± 0.031

31.5 ± 0.4 195 ± 16 141 ± 31 2.17 ± 0.18 0.684 ± 0.067

33.1 ± 0.4 266 ± 22 96 ± 20 2.39 ± 0.19 1.36 ± 0.12
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Table 3: Experimental ross-setions (± 1SD) of the

103

Rh(d,pxn)

•
Rh

Energy

102m

Rh

102g

Rh

101m

Rh

101g

Rh

(MeV) (mb) (mb) (mb) (mb)

7.4 ± 0.2 1.40 ± 0.32

8.9 ± 0.3 1.91 ± 0.18

9.5 ± 0.2 2.04 ± 0.18

10.0 ± 0.3 0.230 ± 0.079 3.35 ± 0.55

10.5 ± 0.2 0.161 ± 0.064 3.77 ± 0.22

11.1 ± 0.3 0.66 ± 0.12 7.83 ± 0.47

12.2 ± 0.3 0.81 ± 0.20 9.69 ± 0.60

12.5 ± 0.4 0.407 ± 0.055 10.37 ± 0.72

13.2 ± 0.4 0.51 ± 0.10 11.09 ± 0.53

13.6 ± 0.3 0.74 ± 0.18 11.0 ± 1.2

13.9 ± 0.3 0.67 ± 0.08 13.51 ± 0.69

14.3 ± 0.3 1.56 ± 0.27 14.1 ± 1.4

15.0 ± 0.4 1.46 ± 0.20 15.40 ± 0.88

15.5 ± 0.4 1.39 ± 0.11 15.21 ± 0.74

16.1 ± 0.4 2.35 ± 0.29 16.8 ± 1.0

16.5 ± 0.3 2.21 ± 0.26 17.6 ± 1.5

16.6 ± 0.4 2.19 ± 0.16 16.89 ± 0.88

18.7 ± 0.3 8.22 ± 0.83 23.7 ± 2.1

21.3 ± 0.3 33.6 ± 2.8 32.7 ± 4.8

21.7 ± 0.4 35.7 ± 3.0 39.1 ± 3.3 1.074 ± 0.089 0.50 ± 0.13

23.8 ± 0.4 73.0 ± 6.0 63.4 ± 5.3 0.950 ± 0.078 1.08 ± 0.23

25.8 ± 0.3 113.4 ± 9.2 85.1 ± 7.1 17.7 ± 1.6 1.58 ± 0.16

27.7 ± 0.3 148 ± 12 105.0 ± 8.6 76.9 ± 6.6 1.86 ± 0.17

28.0 ± 0.4 138 ± 11 97.4 ± 8.0 64.7 ± 5.6 1.97 ± 0.18

29.7 ± 0.4 167 ± 14 112.8 ± 9.2 114 ± 10 3.85 ± 0.34

31.5 ± 0.4 186 ± 15 119.8 ± 9.8 268 ± 23 7.35 ± 0.66

33.1 ± 0.4 191 ± 16 121.8 ± 9.9 371 ± 32 14.3 ± 1.3
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large unertainty, Sudar et al. [27℄ based their quanti�ation of

103

Pd on the

X-ray emissions of

103

Pd. More reently Hussain et al. [28℄ pointed out that

also the abundane of the emitted X-rays exhibits an unertainty of up to 20%190

whih might require a renormalization of the reation ross setions derived

by Sudar et al. [27℄. Additionally, also the quanti�ation via X-rays is not

straightforward due to interfering X-ray emissions from o-produed nulides

and due to self-absorption e�ets [27℄. Where our quanti�ation was based on

the 357.47 keV and the 294.978 keV emissions both, of whih the latter exhibits195

an even lower intensity, the results agreed very well. This seems to orroborate

the statement made by Hussain et al. [28℄ that the intensity of the 357.4 keV

gamma-ray is low but still appears to be orret. Therefore, in the present work

we assume that the 357.47 keV and 294.978 keV emissions have an intensity

unertainty of 3.2% of 2.5%, respetively [1, 29℄.200

The measured experimental ross-setions are shown in Figure 4 together

with the data determined in the earlier studies and urves of theoretial al-

ulations with EMPIRE-II [30℄, EMPIRE-3.2.2 and TENDL-2015 [31℄ odes.

Our ross-setions are in good agreement with the results of Hermanne et al.205

[18℄ (γ data), while they are in the maximum about 15% higher than those of

Ditroi et al. [19℄. The predition of EMPIRE-3.2.2 and EMPIRE-II and the

reommended set of Hussain et al. [28℄ are lose to the experimental data, while

TENDL-2015 underestimates the reation ross-setions at energies above 10

MeV.210

In order to enable quantitative onsiderations for the prodution of

103

Pd,

it is useful to alulate the Thik-Target Yield (TTY). This was done using the

polynomial �t result of the experimental thin-target yields presented in Figure

5 and integrating it up to a given deuteron energy. Figure 6 shows the resulting215

Thik-Target Yield in omparison with four experimental Thik-Target Yields

presented in literature (Dmitrievet al. [32, 33℄ and Mukhammedov et al. [34℄)

and the IAEA reommended ones [15℄ for deuteron (solid line) and proton (dash

13



 Hermanne 2002,  ray
 Tarkanyi 2009
 present work - JRC Ispra
 present work - ARRONAX
 TENDL-2015
 EMPIRE II (Menapace)
 EMPIRE 3.2.2
 Hussain 2009

Figure 4: Comparison of the exitation funtion for the

103

Rh(d,2n)

103

Pd nulear reation

with literature data and simulation odes.

line) irradiations.

A very good agreement between the experimental data sets and the urve220

related to the present work an be reognized. The inreasing disrepanies

between the IAEA urve and the present work at energies above 15 MeV still

remain inside the error bars of the experimental data sets.

A omparison between our urve for the deuteron prodution and the IAEA225

urve for the proton prodution of

103

Pd shows that the Yields are omparable

up to 12 MeV. For higher partile energies the ahievable Thik-Target Yield

with deuterons is higher than with protons.

3.2.

103

Rh(d,4n)

101

Pd

101

Pd has a half-life of t1/2 = 8.47 h and an be produed by the (d,4n)230

reation. The ativity was assessed through the 296.29 keV gamma line (Iγ =

19.2%).

14
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Pd experimental and �tted thin-target yield.
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Figure 7: Exitation funtion for

103

Rh(d,4n)

101

Pd nulear reation.

Our ross-setions are in good agreement with the results of Ditroi et al. [19℄

(Figure 7). The predition of EMPIRE-3.2.2 is generally higher than experi-

mental values.235

3.3.

103

Rh(d,x)

102m,g

Rh

102

Rh an be produed via the (d,p2n), (d,dn) and (d,t) reations.

102m

Rh has a half-life of t1/2 = 3.742 a and the ativity was assessed through

the 697.49 keV gamma line (Iγ = 43.90%).240

Our ross-setions are in reasonable agreement with the results of Ditroi et al.

[19℄ and Hermanne et al. [18℄ (Figure 8).

102g

Rh has a half-life of t1/2 = 207 d and its ativity was determined from

the 468.59 keV gamma line (Iγ = 2.813%). Under our experimental onditions245

102g

Rh is mainly formed diretly beause the ontribution of the deay of the

16
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Figure 8: Exitation funtion for

103

Rh(d,x)

102m

Rh nulear reations.

metastable level is negligible (only 0.233% IT and low ratio between the half-

lives).

Our ross-setions are in good agreement with the results of Hermanne et al.

[18℄ (Figure 9). The disrepany with Ditroi et al. [19℄ may be explained taking250

into aount that Ditroi et al. used the 628.05 keV gamma line to determine the

ativity but also

102m

Rh ontributes to this emission (Iγ = 8.5%) whih may

result in an overestimation of the

102g

Rh ativity. It is possible to appreiate

this ontribution at energies greater than 18 MeV: it is shown in Figure 8 that

the

103

Rh(d,x)

102m

Rh ross-setion starts to inrease rapidly exeeding this en-255

ergy value.

3.4.

103

Rh(d,x)

101m,g

Rh

101

Rh an be produed by the (d,p3n), (d,d2n) and (d,tn) reations.

260
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Figure 9: Exitation funtion for

103

Rh(d,x)

102g

Rh nulear reations.

101m

Rh has a half-life of t1/2 = 4.34 d and the ativity was determined from

the 306.85 keV emission (Iγ = 87%);

101m

Rh is also formed by the deay of the

muh shorter lived

101

Pd (8.47 h, 99.731%). Therefore, the measurements for

this radionulide were done one that

101

Pd was ompletely deayed in order to

subtrat this ontribution. Our ross-setions are quite smaller than the results265

of Ditroi et al. [19℄ (Figure 10) beause Detroi et al. measured the umulative

prodution of

101m

Rh.

101g

Rh has a half-life of t1/2 = 3.3 a and the ativity was determined quan-

tifying the 197.6 keV emission (Iγ = 70.88%).

101g

Rh is also formed by the270

de-exitation of the shorter lived metastable level

101m

Rh and, also in this ase,

the measurements for this radionulide were done one that its metastable level

was ompletely de-exited. Our ross-setions are in quite good agreement with

the few data points of Ditroi et al. [19℄ (Figure 11).

275
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Figure 12: Exitation funtion for

103

Rh(d,x)

100g,um

Rh nulear reations.

3.5.

103

Rh(d,x)

100g,um

Rh

100

Rh an be produed by the (d,p4n), (d,d3n) and (d,t2n) reations.

100g

Rh has a half-life of t1/2 = 20.8 h and the ativity was determined

analysing the 539.51 keV gamma emission (Iγ = 80.6%)280

The determined ross-setion inludes a ontribution from the not measured

short lived and totally deayed

100m

Rh isomer (t1/2 = 4.7 m).

The derived ross-setion data are in good agreement with the results of Ditroi

et al. [19℄ (Figure 12).

285

3.6.

103

Rh(d,2p)

103

Ru

103

Ru has a half-life of t1/2 = 39.26 d and an be produed via the (d,2p)

reation. The ativity was determined from the 497.08 keV gamma emission (Iγ

= 90.9%).
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Figure 13: Exitation funtion for

103

Rh(d,2p)

103

Ru nulear reation.

The determined ross-setions are in good agreement with the results of Ditroi290

et al. [19℄ (Figure 13).

3.7. Spei� Ativity for

103

Pd prodution

In spite of the good agreement between the presented experimental data for

the prodution of

103

Pd and the theoretial alulations using EMPIRE-3.2.2295

ode there is a ertain unertainty in the alulation of the stable

104

Pd via the

(d,n) reation due to di�ulties to inorporate the deuteron breakup proess in

the simulation odes. However, the unertainties assoiated with these di�ul-

ties are less for heavier nulei (suh as

103

Rh) when ompared with light nulei

suh as

19

F where the e�ets may be dominating. In any ase they are more300

pronouned for (d,p) reations [35℄ and do also ontribute up to 50% to (d,2n)

reations [36℄ whih are in the present ase aeptably desribed by EMPIRE-

3.2.2 ode. It may therefore be justi�ed to assume that this e�et is not ritial
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for the derivation of the ahievable spei� ativity.

305

Based on the EMPIRE simulation (Figure 14) and in ase of a thik target

with total energy absorption, in order to obtain the highest A

S

of

103

Pd (90%),

the best inident energy is 13.3 MeV (Figure 15). The urve presented in Fig-

ure 15 is exat for an Instantaneous Bombardment but, for an inident deuteron

energy smaller than 22 MeV (the energy threshold for the prodution of

101

Pd),310

it is a very good desription at the End of Bombardment for tirr ≪ (λ103Pd)
−1

(i.e. tirr ≪ 588 h).

Additionally we alulated the Spei� Ativity of

103

Pd for the produ-

tion using protons using the ross-setion data for the

103

Rh(p,n)

103

Pd nulear315

reation reommended by the IAEA [15℄ and the ross-setion data for the

103

Rh(p,xn)

102,101

Pd nulear reations reported in TENDL-2015 [31℄

.

Normalizing the alulated Spei� Ativity at the end of bombardment to

its theoretial arrier free value it an be reognized from Figure 15 that for320

proton energies up to about 8.5 MeV the value of A

S,EOIB

/A

S

(CF) stays at

nearly 100% and drops below the value for deuteron ativation when a proton

energy of 10.7 MeV is exeeded. Thus, the ahievement of higher Thik-Target

Yields making use of the

103

Rh(p,n)

103

Pd reation is ompromised above 8.5

MeV proton energy by the ahievable spei� ativity and drops above 10.7 MeV325

below the values for the spei� ativity that an be obtained with deuterons.

It should be noted that a o-prodution of Rh and Ru isotopes does not

ompromise the radiohemial purity as these elements an be separated from

Pd easily [12℄.330
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4. Conlusions

In the present study the exitation funtions for the radionulides produed

by ylotron irradiation of Rh targets with deuteron beams have been experi-

mentally determined in the energy range from 5 to 33 MeV. In partiular, the

ross-setion for

103

Pd prodution by

103

Rh(d,2n)

103

Pd nulear reations have335

been determined.

In the energy range presented here, the only radio-isotopi impurity is the

101

Pd radionulide that has an energy threshold of 22 MeV and an half-life of

8.47 h.

340

In order to ahieve a high Spei� Ativity A

S

it is mandatory to take into

aount also the prodution of stable palladium isotopes (f. Figure 15). The

presented exitation urves allow the alulation of the optimized

103

Pd bath

yield and Spei� Ativity. For deuteron ativations using the

103

Rh(d,2n)

103

Pd

reation the highest spei� ativity an be ahieved with an inident deuteron345

energy of 13.3 MeV, and it is possible to produe 2.6 GBqC

−1
of

103

Pd at the

EOIB. The same produt quality an be obtained by proton irradiations making

use of the

103

Rh(p,n)

103

Pd reation with an inident proton energy of about 10.5

MeV however at the expense of an about 3 times lower Thik-Target Yield (see

Figure 6). This ould be ompensated by a ombination of higher proton beam350

urrent and longer irradiation time. Unfortunately, at least at the moment, the

number of ylotrons that an provide deuterons with an energy above 13 MeV

(taking into aount losses in beam entrane windows et.) is very limited.

The radiohemial separation of the

103

Pd from the target material is easier

the smaller the target mass, whih points to deuterons having a higher stop-355

ping power than protons and hene a shorter range in the target material. For

13.3 MeV deuterons a thik target would orrespond to a 188µm thik Rh foil.

Comparing this with the optimized irradiation onditions for protons we have to

ompare with the range of 10.5 MeV protons in Rh whih requires a thikness of

about 214µm to slow the protons to the energy threshold for the prodution of360

24



103

Pd. Therefore, no deisive advantage an be derived from this onsideration.

However, using a proton energy around 17 to 18 MeV, whih is the maximum for

many ylotrons used in medial environments, a thik Rh target needs to have

a thikness of at least 500µm and only about 30% of the theoretial spei�

ativity an be obtained.365

So, the use of deuteron beams leading to high TTYs, high radionulidi

purity, high spei� ativity is aompanied by the o-prodution of a small

amount of rhodium to be removed by the radiohemial separation. Due to

larger −dE/dx in the ase of deuteron more

103

Pd is formed when ompared370

over proton irradiations whih redues the required mass of

103

Rh for the tar-

gets: this is the major advantage of using deuteron beams beause of the high

ost of the high pure rhodium targets.

The main issue with the prodution of

103

Pd by deuteron irradiations is the375

sare availability of ylotrons providing high deuteron energies with reasonable

intensity. But due to the not so short half-life of

103

Pd radionulide, nothing

prevents to produe it now and in future in adequate Centres.

Aknowledgements

This work was funded by the Italian National Institute of Nulear Physis380

(INFN) in the framework of the researh projet TECHN-OSP (CSN5).

Speial thanks to the whole sta� of the ylotron of the Institute for Health

and Consumer Protetion, JRC-Ispra, EC: this was the last work together after

years of very good researhes and results.

Referenes385

[1℄ R. B. Firestone, C. M. Baglin, S. Y. F. Chu, Table of Isotopes: 1999 Update

with CD-ROM, 1999 Update, 8th Edition, Wiley-Intersiene, 1999.

25



[2℄ National Nulear Data Center, National Nulear Data Center, information extrated from the NuDat 2 database,

http://www.nnd.bnl.gov/nudat2/, aessed: 2016-11-21 (2016).

URL http://www.nnd.bnl.gov/nudat2/390

[3℄ Y. Yoshioka, Current status and perspetives of brahytherapy for prostate

aner, International Journal of Clinial Onology 14 (1) (2009) 31�36.

doi:10.1007/s10147-008-0866-z.

[4℄ J. P. Pignol, B. Keller, E. Rakovith, R. Sankreaha, H. Easton,

W. Que, First report of a permanent breast

103

Pd seed implant as ad-395

juvant radiation treatment for early�stage breast aner, International

Journal of Radiation Onology*Biology*Physis 64 (1) (2006) 176 �181.

doi:10.1016/j.ijrobp.2005.06.031.

[5℄ E. Semenova, P. T. Finger, Palladium-103 radiation therapy for

small horoidal melanoma, Ophthalmology 120 (11) (2013) 2353�2357.400

doi:10.1016/j.ophtha.2013.04.017.

[6℄ E. Lehtman, N. Chattopadhyay, Z. Cai, S. Mashouf, R. Reilly, J. Pignol,

Impliations on linial senario of gold nanopartile radiosensitization in

regards to photon energy, nanopartile size, onentration and loation,

Physis in Mediine and Biology 56 (15) (2011) 4631�4647, ited By 75.405

doi:10.1088/0031-9155/56/15/001.

[7℄ B. L. Jones, S. Krishnan, S. H. Cho, Estimation of mirosopi dose en-

hanement fator around gold nanopartiles by Monte Carlo alulations,

Medial Physis 37 (7) (2010) 3809�3816. doi:10.1118/1.3455703.

[8℄ S. Moeendarbari, R. Tekade, A. Mulgaonkar, P. Christensen, S. Ramezani,410

G. Hassan, R. Jiang, O. K. Öz, Y. Hao, X. Sun, Theranosti nanoseeds for

e�aious internal radiation therapy of unresetable solid tumors, Sienti�

Reports 6 (2016) 20614. doi:10.1038/srep20614.

[9℄ V. M. Petriev, V. K. Shiryaev, V. G. Skvortsov, L. A. Smakhtin, O. Y.

Kohnov, O. A. Smoryzanova, Pharmaokinetis of a new radiopharma-415

26

http://www.nndc.bnl.gov/nudat2/
http://www.nndc.bnl.gov/nudat2/
http://dx.doi.org/10.1007/s10147-008-0866-z
http://dx.doi.org/10.1016/j.ijrobp.2005.06.031
http://dx.doi.org/10.1016/j.ophtha.2013.04.017
http://dx.doi.org/10.1088/0031-9155/56/15/001
http://dx.doi.org/10.1118/1.3455703
http://dx.doi.org/10.1038/srep20614


eutial based on alubmin mirospheres and palladium-103 and modi�ed

by heat and radiation, Pharmaeutial Chemistry Journal 45 (8) (2011)

449�453. doi:10.1007/s11094-011-0652-5.

[10℄ A. R. Jalilian, M. Sadeghi, Y. Yari-Kamrani, M. R. Ensaf, Development of

[

103
pd℄-2-aetylpyridine 4n-methyl thiosemiarbazone omplex for targeted420

therapy, Journal of Radioanalytial and Nulear Chemistry 268 (3) (2006)

605�611. doi:10.1007/s10967-006-0212-8.

[11℄ J. J. M. de Goeij, M. L. Bonardi, How do we de�ne the onepts spei� a-

tivity, radioative onentration, arrier, arrier-free and no-arrier-added?,

Journal of Radioanalytial and Nulear Chemistry 263 (1) (2005) 13�18.425

doi:10.1007/s10967-005-0004-6.

[12℄ F. L. Bernardis, R. A. Grant, D. C. Sherrington, A review of meth-

ods of separation of the platinum-group metals through their hloro-

omplexes, Reative and Funtional Polymers 65 (3) (2005) 205�217.

doi:10.1016/j.reatfuntpolym.2005.05.011.430

[13℄ R. A. Kuznetsov, V. M. Radhenko, V. A. Tarasov, N. N. Andreihuk, L. S.

Lebedeva, V. D. Gavrilov, A. N. Pakhomov, Prodution tehniques and

quality ontrol of sealed radioative soures of palladium-103, iodine-125,

iridium-192 and ytterbium-169 � IAEA-TCDOC-1512, INTERNATIONAL

ATOMIC ENERGY AGENCY, 2006, Ch. Priniples development of

103
Pd435

reator prodution tehnology and palladium seed ore prodution tehnol-

ogy by eletrohemial plating, pp. 128�142.

[14℄ INTERNATIONAL ATOMIC ENERGY AGENCY, Cylotron Produed

Radionulides: Physial Charateristis and Prodution Methods, no.

468 in Tehnial Reports Series, INTERNATIONAL ATOMIC ENERGY440

AGENCY, Vienna, 2009.

[15℄ F. Tárkányi, S. M. Qaim, M. Nortier, R. Capote, A. Ignatyuk, B. Sholten,

S. F. Kovalev, B. Kiraly, E. Menapae, Y. N. Shubin, Nulear Data for the

27

http://dx.doi.org/10.1007/s11094-011-0652-5
http://dx.doi.org/10.1007/s10967-006-0212-8
http://dx.doi.org/10.1007/s10967-005-0004-6
http://dx.doi.org/10.1016/j.reactfunctpolym.2005.05.011


Prodution of Therapeuti Radionulides, INTERNATIONAL ATOMIC

ENERGY AGENCY, 2011, Ch. Charged partile prodution of

64,67
Cu,445

67
Ga,

86g
Y,

102
Rh,

103
Pd,

111g,114m
In,

124,125
I,

169g
Yb,

177g
Lu,

186g
Re,

192g
Ir,

210,211
At and

225
A, pp. 143�376.

[16℄ N. Otuka, S. Takás, De�nitions of radioisotope thik target yields, Ra-

diohimia Ata 103 (1) (2015) 1�6. doi:10.1515/rat-2013-2234.

[17℄ S. M. Qaim, Nulear data for prodution and medi-450

al appliation of radionulides: Present status and fu-

ture needs, Nulear Mediine and Biology 44 (2017) 31�49.

doi:http://dx.doi.org/10.1016/j.numedbio.2016.08.016.

[18℄ A. Hermanne, M. Sonk, S. Takás, F. Tárkányi, Y. Shubin, Study on

alternative prodution of

103

Pd and haraterisation of ontaminants in455

the deuteron irradiation of

103

Rh up to 21 MeV, Nulear Instruments and

Methods in Physis Researh Setion B: Beam Interations with Materials

and Atoms 187 (1) (2002) 3�14. doi:10.1016/S0168-583X(01)00851-5.

[19℄ F. Ditrói, F. Tárkányi, S. Takás, A. Hermanne, H. Yamazaki,

M. Baba, A. Mohammadi, A. V. Ignatyuk, Study of ativation ross-460

setions of deuteron indued reations on rhodium up to 40 MeV, Nu-

lear Instruments and Methods in Physis Researh Setion B: Beam

Interations with Materials and Atoms 269 (18) (2011) 1963�1972.

doi:10.1016/j.nimb.2011.05.026.

[20℄ C. Birattari, M. Castiglioni, M. Silari, Absolute alibration of ael-465

erator beam energies by the rossover tehnique, Nulear Instruments

and Methods in Physis Researh Setion A: Aelerators, Spetrom-

eters, Detetors and Assoiated Equipment 320 (3) (1992) 413�431.

doi:10.1016/0168-9002(92)90938-Z.

[21℄ F. Tárkányi, S. Takás, K. Gul, A. Hermanne, M. G. Mustafa, M. Nortier,470

P. Obloºinský, S. M. Qaim, B. Sholten, Y. N. Shubin, Z. Youxiang, Beam

28

http://dx.doi.org/10.1515/ract-2013-2234
http://dx.doi.org/http://dx.doi.org/10.1016/j.nucmedbio.2016.08.016
http://dx.doi.org/10.1016/S0168-583X(01)00851-5
http://dx.doi.org/10.1016/j.nimb.2011.05.026
http://dx.doi.org/10.1016/0168-9002(92)90938-Z


monitor reations, in: Charged Partile Cross-Setion Database for Med-

ial Radioisotope Prodution: Diagnosti Radioisotopes and Monitor Re-

ations, INTERNATIONAL ATOMIC ENERGY AGENCY, 2001, pp. 49�

152.475

[22℄ F. Haddad, L. Ferrer, A. Guertin, T. Carlier, N. Mihel, J. Barbet, J.-F.

Chatal, ARRONAX, a high-energy and high-intensity ylotron for nulear

mediine, European Journal of Nulear Mediine and Moleular Imaging

35 (7) (2008) 1377�1387. doi:10.1007/s00259-008-0802-5.

[23℄ J. F. Ziegler, M. D. Ziegler, J. P. Biersak, SRIM - the stopping and range480

of ions in matter (2010), Nulear Instruments and Methods in Physis

Researh, Setion B: Beam Interations with Materials and Atoms 268 (11-

12) (2010) 1818�1823. doi:10.1016/j.nimb.2010.02.091.

[24℄ M. Wang, G. Audi, A. H. Wapstra, F. G. Kondev, M. MaCormik, X. Xu,

B. Pfei�er, The Ame2012 atomi mass evaluation 36 (12) (2012) 1603.485

doi:10.1088/1674-1137/36/12/003.

[25℄ J. K. Tuli, Nulear Wallet Cards, 8th Edition, NNDC, Brookhaven Na-

tional Laboratory, 2011.

URL http://www.nnd.bnl.gov/wallet/wall35.pdf

[26℄ M. Herman, R. Capote, B. Carlson, P. Obloºinský, M. Sin, A. Trkov,490

H. Wienke, V. Zerkin, EMPIRE: Nulear reation model ode

system for data evaluation, Nul. Data Sheets 108 (2007) 2655.

doi:10.1016/j.nds.2007.11.003.

[27℄ S. Sudár, F. Cserpák, S. M. Qaim, Measurements and nulear model al-

ulations on proton-indued reations on

103

Rh up to 40 MeV: evaluation495

of the exitation funtion of the

103

Rh(p,n)

103

Pd reation relevant to the

prodution of the therapeuti radionulide

103

Pd, Applied Radiation and

Isotopes 56 (6) (2002) 821 � 831. doi:10.1016/S0969-8043(02)00054-4.

29

http://dx.doi.org/10.1007/s00259-008-0802-5
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1088/1674-1137/36/12/003
http://www.nndc.bnl.gov/wallet/wall35.pdf
http://www.nndc.bnl.gov/wallet/wall35.pdf
http://dx.doi.org/10.1016/j.nds.2007.11.003
http://dx.doi.org/10.1016/S0969-8043(02)00054-4


[28℄ M. Hussain, S. Sudár, M. N. Aslam, H. A. Shah, R. Ahmad, A. A. Malik,

S. M. Qaim, A omprehensive evaluation of harged-partile data for pro-500

dution of the therapeuti radionulide

103

Pd, Applied Radiation and Iso-

topes 67 (10) (2009) 1842�1854. doi:10.1016/j.apradiso.2009.06.010.

[29℄ D. De Frenne, Nulear data sheets for A = 103, Nulear Data Sheets 110 (9)

(2009) 2081 � 2256. doi:10.1016/j.nds.2009.08.002.

[30℄ E. Menapae, M. L. Bonardi, F. Groppi, E. Persio, Z. B. Alfassi, Exper-505

imental and alulated nulear reation data relevant to innovative pro-

dution of medial radioisotopes, in: Pro. Intern. Conf. Nulear Data

for Siene and Tehnology, Vol. 2, EDP Sienes, 2008, pp. 1403�1406.

doi:10.1051/ndata:07655.

[31℄ A. J. Koning, D. Rohman, Modern nulear data evaluation with the510

TALYS ode system, Nulear Data Sheets 113 (12) (2012) 2841�2934.

doi:10.1016/j.nds.2012.11.002.

[32℄ P. P. Dmitriev, M. V. Panarin, G. A. Molin, Prodution of

103
Pd by the

103
Rh(p, n) and

103
Rh(d, 2n) reations, At.Energ. 53 (1982) 198.

[33℄ P. P. Dmitriev, N. N. Krasnov, G. A. Molin,515

Yields of radioative nulides formed by bombardment of a thik target with 22-MeV deuterons,

Teh. Rep. INDC(CCP)-210/L, INTERNATIONAL ATOMIC ENERGY

AGENCY (1983).

URL http://www.iaea.org/inis/olletion/NCLColletionStore/_Publi/15/043/15043227.pdf

[34℄ S. Mukhammedov, A. Vasidov, E. Pardaev, Use of proton and deuteron520

ativation methods of analysis in the determination of elements with Z >

42, At.Energ. 56 (1984) 50.

[35℄ J. P. Farrell Jr., C. M. Vinent, N. Austern, Three-body model of

deuteron breakup and stripping, Annals of Physis 96 (2) (1976) 333�381.

doi:10.1016/0003-4916(76)90195-0.525

30

http://dx.doi.org/10.1016/j.apradiso.2009.06.010
http://dx.doi.org/10.1016/j.nds.2009.08.002
http://dx.doi.org/10.1051/ndata:07655
http://dx.doi.org/10.1016/j.nds.2012.11.002
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/15/043/15043227.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/15/043/15043227.pdf
http://dx.doi.org/10.1016/0003-4916(76)90195-0


[36℄ M. Avrigeanu, V. Avrigeanu, Deuteron breakup e�ets on ativation ross

setions at low and medium energies, Journal of Physis: Conferene Series

205 (1) (2010) 012014. doi:10.1088/1742-6596/205/1/012014.

31

http://dx.doi.org/10.1088/1742-6596/205/1/012014

	Introduction
	Experimental
	Results
	103Rh(d,2n)103Pd
	103Rh(d,4n)101Pd
	103Rh(d,x)102m,gRh
	103Rh(d,x)101m,gRh
	103Rh(d,x)100g,cumRh
	103Rh(d,2p)103Ru
	Specific Activity for 103Pd production

	Conclusions

