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Abstract: Cross sections of the 86Sr(p,3n)84mY,
86Sr(p,αn)82mRb, and 86Sr(p,x)85gSr reactions were
measured from their respective thresholds up to 16.2 MeV
and from 23.0 to 44.1 MeV at FZJ, and from 14.3 to
24.5 MeV at LBNL, using 96.4% enriched 86SrCO3 as
target material. Thin targets prepared by sedimentation
were irradiated with protons in a stacked-form, and the
induced radioactivity was measured by high-resolution
γ-ray spectrometry. Nuclear model calculations based on
the code TALYS reproduced our experimental cross
section data well. From the excitation functions, the in-
tegral yields of the above three radionuclides were
calculated. The yield of 85gSr via the natSr(n,γ) process
was also measured using the TRIGA Mark-II reactor at
AERE, Savar. A comparison of the reactor and cyclotron
production of carrier-added 85gSr is given. The produc-
tion possibilities of the three investigated radionuclides

in no-carrier-added forms at a 30 MeV cyclotron via new
routes are discussed.

Keywords: 86SrCO3 thin samples; cyclotrons and TRIGA
Mark II reactor; excitation function; integral yield and
isotopic purity of the product; nuclear model calculation;
proton- and neutron-irradiations.

1 Introduction

The first three adjacent elements of the 5th Period of the
Periodic Table of Elements, namely rubidium, strontium
and yttrium, occurring in well-defined chemical valence
states of 1+, 2+, and 3+, respectively, have several radio-
isotopes suitable for applications in medicine and other
tracer studies [cf. 1, 2]. In the case of monovalent rubidium,
for example, the short-lived 82Rb (T1/2 = 1.3 min), available
via the 82Sr (T1/2 = 25.3 day)/82Rb generator system, finds
wide application in myocardial perfusion investigations
using positron emission tomography (PET). In addition, the
radionuclide 82mRb (T1/2 = 6.3 h) has been suggested as a
potential longer lived substitute for the short-lived 82Rb.
Furthermore, the radionuclide 81Rb (T1/2 = 4.58 h) is used in
the form of the 81Rb/81mKr (T1/2 = 13.3 s) generator for lung
ventilation studies, employing the short-lived krypton
gas, and imaging via single photon emission computed
tomography (SPECT). As regards the divalent strontium,
the β−-emitting radionuclide 89Sr (T1/2 = 50.5 day) has been
found to be very effective in reducing the pain due to
prostate and bone cancer. In addition, the radionuclides
83Sr (T1/2 = 32.4 h) and 85gSr (T1/2 = 64.9 day) are also useful,
the former as a positron-emitting partner of the “matched”
theranostic pair 83Sr/89Sr [cf. 3] and the latter as a useful
tracer in agricultural and environmental studies. In fact
85gSr is the only longer lived tracer of strontium which can
be conveniently used. Furthermore, the radionuclide 87mSr
(T1/2 = 2.8 h), obtained via the 87Y (T1/2 = 80.3 h)/87mSr
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generator system, finds application in bone scanning,
utilizing SPECT imaging. As far as the trivalent element
yttrium is concerned, the radionuclide 90Y (T1/2 = 2.7 day),
obtained generally via the 90Sr (T1/2 = 28.5 a)/90Y generator,
is commonly used in radionuclide targeted therapy and its
β+-emitting partner 86gY (T1/2 = 14.7 h) serves to determine
the dose distribution accurately via PET scanning [cf. 3, 4].
Thus, further investigations on the production methodol-
ogies of the above-mentioned radioisotopes as well as of
some other potentially useful radioisotopes of those three
elements appear to be of considerable value.

In two recent studies on the interactions of protons
with 86Sr, accurate cross sections were measured for the
production of the medically important radionuclide 86gY
[5] as well for the formation of the isomeric states 86m,gY
and 85m,gY from the theoretical point of view [6]. Some
additional data on the formation of a few other radio-
nuclides were also obtained which are being reported in
this paper. Furthermore, thick target yields of all inves-
tigated products have been calculated. Therefrom, the
production possibilities of the useful or potentially useful
radionuclides 85gSr, 83Rb, and 82mRb in no-carrier-added
form via new routes are deduced. The decay data of the
radionuclides being treated in some detail in this work
are summarized in Table 1 (taken from [7]).

Regarding the known productionmethodologies of the
above-mentioned three radionuclides, 85gSr is generally
obtained in small amounts via the 84Sr(n,γ)-reaction in a
nuclear reactor using a natSr target. However, the

abundance of 84Sr in natSr is only 0.56% and σth for the
process is also small. The resulting yield and specific ac-
tivity of 85gSr are therefore low. The radionuclide is
commercially available with low specific activity for
tracer studies but also as a standard for γ-ray spectros-
copy (e.g. from Eckert and Ziegler, Berlin). From the cross
sections measured for the 85Rb(p,n)85gSr [8] and
natRb(p,xn)85gSr [9, 10] reactions it is deduced that higher
specific activity product could be obtained. We discuss
here a new production route, namely 85m,gY → 85gSr pre-
cursor system. Regarding the radionuclides 83Rb and
82mRb, production yields can be calculated from the
known excitation functions of the reactions 83Kr(p,n)83Rb
[11] and 82Kr(p,n)82mRb [12]. In the present work, we
discuss new possible production routes of those two ra-
dionuclides as well.

2 Experimental

2.1 Samples and irradiations at cyclotrons

Details on sample preparation technique, irradiations at several
cyclotrons and radioactivity measurement of several radionuclides
produced in the interactions of protons with 86Sr have been reported
in two recent publications [5, 6]. Therefore, in this paper we give only
a very short description of some salient aspects of production of a few
potentially useful radionuclides. Thin samples of enriched 86SrCO3

(isotopic composition: 96.4% 86Sr; 1.33% 87Sr; 2.26% 88Sr, supplied
by Eurisotop, France) were prepared by the sedimentation technique

Table : Decay data of the investigated radionuclides* (taken from NUDAT []).

Radionuclide Production reaction Q-value
(MeV)

Decay mode
(%)

Half-life γ-ray energy
(keV)

γ-ray intensity
(%)

mY Sr(p,n) −. β+ =  . () min . . ()
.  ()

EC =  . . ()
.  ()

mSr Sr(p,pn) −. IT = . . () min . . ()
Sr(p,n)mY / mSr −. EC = .
Sr(p,n)gY / mSr −.

Sr Sr(p,pn) −. EC =  . () day   ()
Sr(p,pn)mSr / Sr −.
Sr(p,n)mY / Sr −.
Sr(p,n)gY / Sr −.

Rb Sr(p,α) −. EC =  . () day . . ()
Sr(p,pn) −. . . ()
Sr(p,Hen) −.

mRb Sr(p,αn) −. β+ = . . () h . . ()
EC = . . . ()

*Data for other isotopes of Y, Sr, and Rb used in two previous investigations were given in relevant publications [, ].
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and irradiated in several stacks with low-current proton beams at
three cyclotrons, namely 88-Inch cyclotron at the Lawrence Berkeley
National Laboratory (LBNL), USA, and the cyclotrons BC1710 and
JULIC at the Forschungszentrum Jülich (FZJ), Germany. The beam
current was measured by charge collection and via the natCu(p,x)62Zn
and natCu(p,x)65Znmonitor reactions whose cross sections are known
very well [13]. The radioactivity of each product was determined
through high-resolution γ-ray spectroscopy.

2.2 Samples and irradiations at TRIGA Mark-II research
reactor

For determining the 85gSr-activity formed via the 84Sr(n,γ) reaction,
SrCl2 (99.9% purity; LEICO Industries, New York) having natural iso-
topic composition of strontium, was used as target material. A 10 mg
powder sample of SrCl2 was weighed, placed in a polyethylene bag,
heat sealed and finally sandwiched between a thin Ni foil (29 mg, 1 cm
diameter) and a Au foil (8.8 mg, 1 cm diameter). Similarly, another set
of 18 mg SrCl2 sample was prepared. The Au foils were used to deter-
mine thermal and epithermal neutronfluxes, whereas the Ni foils were
used to monitor the fast neutron flux. The above two sets of samples
were placed in a single irradiation vial and irradiated in the core of the
3 MW TRIGA Mark-II reactor installed at the campus of Atomic Energy
Research Establishment in Savar. A brief description of the basic
characteristics of the reactor has been given [cf. 14]. During irradiation
the reactor powerwas kept constant at 500 kWand the irradiation time
was 20min. After irradiation the samples were taken out of the reactor
core but kept in the transfer tube for two days to allow decay of the
unwanted short-lived radionuclides as well as to reduce the radiation
dose to the permissible level. Thereafter, the radioactivities produced
in the irradiated strontium samples and the monitor foils were
measured nondestructively using a HPGe γ-ray detector (Canberra,
40% relative efficiency, 1.9 keV resolution at 1332.6 keV γ-ray of 60Co)
associated with a digital gamma spectrometry system (ORTEC DSPEC
jrTM) and Maestro data acquisition software. All the samples and
monitor foils were counted at 5 cm from the detector surface. The
counting was repeated three times in weekly intervals.

3 Data analysis

In this work we report the new cross section data for the
formation of 84mY, 85gSr, and 82mRb via the proton induced
activation of 86Sr. Measurements on the short-lived radio-
nuclides 84mY and 82mRb were done at FZJ within a few
hours after the end of bombardment (EOB). In the case of
85gSr, on the other hand, measurements were done both at
LBNL and FZJ several days after the EOB, so that the short-
lived 85mY, 85gY, and 85mSr had all decayed to 85gSr. A very
special carewas needed to perform the analysis of the γ-ray
spectrum because the characteristic γ-ray of 85gSr, has the
energy 514 keVwhich is close to the 511 keV β+ annihilation
peak emitted by other radionuclides. Using the Fitzpeak
gamma analysis software [15], however, the net peak area

of the 514 keV line could be conveniently determined. A
typical analysis of the γ-ray spectrum in the vicinity of the
annihilation radiation has been recently presented [16].
The resulting cross section for 85gSr was a cumulative
value of the decay (of 85mY, 85gY, and 85mSr) and direct
formation (via the 86Sr(p,pn)-reaction). The uncertainties
of the reported cross sections were estimated as described
earlier [5, 6].

A typical γ-ray spectrum of the SrCl2 target irradiated
in the research reactor is shown in Figure 1. This spectrum
was taken 18 days after the end of bombardment and the
measurement was performed for 25,000 s. The peak at
514 keV emitted in the decay of 85gSr is clearly visible and
separable from the annihilation radiation at 511 keV. Due
to complete decay of short-lived radionuclides, the
annihilation peak at 511 keV was weak. No peak due to
decay of 83Sr was visible in the spectrum. This was due to
the expected low integral cross section of the 84Sr(n,2n)
reaction [17], the low isotopic abundance of 84Sr (0.56%)
in natural strontium and the relatively low fast neutron
flux. On this basis we assume that the contribution of the
86Sr(n,2n)85gSr reaction to total production of 85gSr should
also be negligible under the present experimental
condition.

4 Nuclear model calculations

The cross sections of the reactions 86Sr(p,αn)82mRb,
86Sr(p,3n)84mY, and 86Sr(p,x)85gSr were calculated theoret-
ically by using the TALYS-1.8 code, developed by Koning
et al. [18]. This code incorporates several nuclear models to

Figure 1: A typical γ-ray spectrum of the natSrCl2 sample taken
18 days after irradiation with neutrons in the core of the TRIGAMark-
II research reactor at Savar: an expanded form of the spectrum
around the peak at 514 keV is given in the inset.
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calculate all the significant nuclear reaction mechanisms
over the energy range of 1 keV–200 MeV. In general, the
results obtained for proton-induced reactions using
global set of parameters, as expressed in the TENDL file
[19], give only approximate values. Special care regarding
the choice of the input parameters is necessary to repro-
duce the experimental data [cf. 5, 6]. A few free parame-
ters of the nuclear reaction models are optical model
potential, level density formalism, spin distribution of the
level density, γ-ray strength function, etc. These values
are generally varied within the recommended limits [20].
The spin distribution of the level density is characterized
by the ratio of the effective moment of inertia to the rigid-
bodymoment of inertia (η =Θeff/Θrigid). For the best fitting
of our 82mRb data η = 0.95 was used, and for 84mY and 85gSr
the values of η = 0.55 and η = 0.50, respectively, were
used. Those values were obtained from the systematics
based on the evaluation by Sudár and Qaim [21]. The
radionuclide 85gSr is formed via the (p,pn) reaction as well
as via the decay of 85mY, 85gY, and 85mSr. Those four

contributions were calculated and summed; the result is
compared with the experimentally measured cumulative
data.

5 Results and discussion

5.1 Charged-particle induced reactions

5.1.1 Cross sections

The measured cross sections for the three proton induced
reaction products, 84mY, 85gSr, and 82mRb, investigated in
this work are given in Table 2. The respective uncertainties
are also given; they amount to between 8 and 15% (for
details cf. [5, 6]). The excitation functions are shown in
Figures 2–4. The data for 84mY (Figure 2) are reported for
the first time. The shape of the excitation function is
smooth and the data are reproduced by the TALYS
calculation fairly well while using an η value of 0.55. With

Table : Cross sections of some additional reaction products* formed in protons on Sr.

Proton energy (MeV) Cyclotron Cross section (mb)

Sr(p,n)mY Sr(p,x)Sr Sr(p,αn)mRb

. ± . JULIC  ±  . ± .
. ± .  ±   ±  . ± .
. ± .  ±   ±  . ± .
. ± .  ±  . ± .
. ± .  ±   ±  . ± .
. ± .  ± 

. ± .  ±   ±  . ± .
. ± .  ± 

. ± .  ±   ±  . ± .
. ± .  ±  . ± .
. ± .  ±  . ± .
. ± .  ±  . ± .
. ± .  ±  . ± .
. ± .  ± 

. ± . -inch  ±  . ± .
. ± .  ±  . ± .
. ± .  ±  . ± .
. ± .  ± 

. ± .  ± 

. ± .  ± 

. ± . . ± .
. ± . BC  ± 

. ± .  ± 

. ± . . ± .
. ± . . ± .
. ± . . ± .
. ± . . ± .

*For data on other reaction products cf. [, ].
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regard to 82mRb, our measured values and the earlier data
by Levkovskii [22], whichwere normalised bymultiplying
with a factor of 0.75 [23], agree fairly well (Figure 3). The
excitation function follows a smooth curve and it is
reproduced by the TALYS calculation. In the case of 85gSr
(Figure 4), besides our data, the normalised cross section
values reported by Levkovskii [22], are also given. Our
data show a very smooth trend and are reproduced by the
TALYS calculation. The data by Levkovskii are 2–6 times
lower compared to the data of this work. The reasons for
this difference are not clear. His data might only repre-
sent the 86Sr(p,pn)85gSr reaction cross section, not
including the contribution through the decay of the pre-
cursors, or there might be other reasons. But since no
details are available, it not possible to analyse them
critically.

5.1.2 Calculated yields of the investigated products at
accelerators

From the fitted excitation functions of the reaction prod-
ucts 86mY, 86gY, 85mY, 85gY, 83Rb, and 84Rb reported previ-
ously [5, 6] and of the products 84mY, 85gSr, and 82mRb
described in this work, the integral yield A (i.e. the decay
rate at EOB) of each product was calculated using the for-
mula given below (taken from [1]):

A = NL ⋅ H
M

 I  (1 − e−λt) ∫E2
E1

( dE
d(ρx))

−1
σ(E)dE (1)

where NL is the Avogadro number, H the enrichment of
86Sr,M the mass number of the target isotope, I the proton
current (particles s−1), λ the decay constant of the product

Figure 2: Excitation function for the formation of the radionuclide
84mY in proton irradiation of an enriched 86Sr target. The calculated
data using the TALYS code are presented for three different η values.

Figure 3: Excitation function for the formation of the radionuclide
82mRb in proton irradiation of an enriched 86Sr target. The calculated
data using the TALYS code are presented for two different η values.

Figure 4: Excitation function for the formation of the radionuclide
85gSr in proton irradiation of an enriched 86Sr target. Our
experimental data and the results of themodel calculation represent
cumulative cross sections.

Figure 5: Integral yields of the radionuclides 84m,85m,85g,86m,86gY
calculated from the measured excitation functions of the 86Sr(p,x)-
processes, assuming an irradiation time of 1 h at a proton beam
current of 1 µA. The data are shown as a function of the proton
energy. The excitation function of 84mY was determined in this work;
those other products were adopted from our earlier works [5, 6]. The
yield for 86gY is cumulative (see text).
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under consideration and t is the time of irradiation. The
term ( dE

d( ρx)) describes the stopping power, σ(E )dE the cross
section at energy E, and E1 and E2 are the lower and upper
energy limits of the proton in the target. In each calcula-
tion, the beam current was assumed as 1 µA and the irra-
diation time as 1 h. The results for the Y-isotopes are shown
in Figure 5. The cross sections for the formation of 84mY and
86mY are not high, but the calculated activities are rather
high due to their short half-lives. The curve for the 86gY
gives the cumulative decay rate, i.e. a sum of the directly
formed 86gY and that formed through the complete decay of
86mY (which is very small when adjusted to the half-life of
86gY). The yields of the various individual contributing re-
actions to the formation of 85gSr are shown in Figure 6, and
those for 82mRb, 83Rb, and 84Rb in Figure 7. From those yield

data the appropriate energy range for the production of a
particular radionuclide via a given reaction could be
deduced.

5.2 Yield of 85gSr via the 84Sr(n,γ) process

The fluxes of thermal neutrons and epithermal neutrons at
the irradiation position in the TRIGA Mark-II reactor, Savar
[cf. 14] at the reactor power of 500 kW were determined via
the 197Au(n,γ)198Au reaction and the results obtained
amounted to 5.71 × 1012 ncm−2s−1 and 3.06 × 1011 ncm−2s−1,
respectively. The fast neutron flux at the same irradiation
position was determined using the monitor reaction
58Ni(n,p)58Co and the well characterized shape and intensity
of the neutron spectrumover the energy range of 0.5–20MeV
[14]. The spectrumaveraged cross sectionof the 58Ni(n,p)58Co
reaction adopted was 91.2 ± 5.5 mb. From this cross section
value and the measured 58Co radioactivity, the fast neutron
flux above 0.5 MeV was determined as 3.95 × 1012 ncm−2s−1.
Under the above experimental condition, the measured
activity of 85gSr was 42.7 ± 2.6 kBq/g of Sr at 20 min irradi-
ation. For comparison, we also calculated the yield of 85gSr
theoretically for a 20 min irradiation using the neutron
fluxes determined in this work and adopting the cross sec-
tion data reported in the literature [24–28]. The results are
given in Table 3. The activity of 85gSr obtained for thermal
and epithermal component is different for each calculation
due to different cross sections reported by various groups
[24–27]. Regarding the contribution of the fast neutrons to
the formation of 85gSr, no experimental data were available.
We therefore estimated the (n,γ) cross section averaged for
the fast neutron spectrumof TRIGAMark II reactor, based on
the values given in the evaluated file ENDF/B-VIII.0 [28]; the
integrated value obtainedwas 71.32mb. Byusing that value,
the amount of the product 85gSr formed in the irradiation by
fast neutrons was estimated, and that result is also given in
Table 3. This contribution amounts to about 3% of the total
calculated 85gSr activity. Considering all the yield data we
conclude that our experimental yield of 42.7 ± 2.6 kBq/g of
Sr is close to the value of 46.5 ± 8.3 kBq/g of Sr obtained
by calculation using the most recent measurement by
Krane [24].

5.3 Production possibilities

Based on the calculated yields, we discuss the produc-
tion possibilities of the three useful or potentially useful
radionuclides mentioned in the Introduction, namely
85gSr, 83Rb, and 82mRb, in no-carrier added form, using a

Figure 6: Integral yield of the radionuclide 85gSr calculated from the
measured excitation function of the 86Sr(p,x)-process, assuming an
irradiation time of 1 h at a proton beam current of 1 µA. The data are
shownas a function of the proton energy. The yields of the threemajor
contributing processes to the cumulative yield, i.e. the 86Sr(p,pn)-
reaction and thedecay of theprecursors 85gY and 85mY, are also shown.

Figure 7: Integral yields of the radionuclides 82m,83,84Rb calculated
from the measured excitation functions of the 86Sr(p,x)-processes,
and the 82mRb yield also from the 82Kr(p,n)-process [11, 12], assuming
an irradiation time of 1 h at a proton beam current of 1 µA. The data
are shown as a function of the proton energy.
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30 MeV proton beam. There is a special focus on this
energy because a new cyclotron with this energy (IBA
CPx30) has been recently installed at FZJ. The calculated
data via various routes for each radionuclide for a suit-
able energy range are given in Table 4.

5.3.1 85gSr (T1/2 = 64.85 day)

5.3.1.1 Carrier-added product
The total calculated yield of this relatively long-lived
radionuclide via the 86Sr(p,x)85gSr process is rather high.
ForEp = 30→ 16MeV it amounts to 14.2MBq/µAh. Thus, if a
96.4% enriched 86Sr target is irradiated with protons in the
above energy window (0.6535 g 86SrCO3) with a beam cur-
rent of 10 µA for 10 h, the radioactivity of 85gSr would
amount to 0.619 GBq, and the specific activity would be
1.609 GBq/g of Sr. Due to the very high cost of the enriched
target material, however, it is unlikely that this production
route would be used, particularly because the target
material cannot be recycled (since the target and the

product are two isotopes of the same element). On the other
hand, from the cross section data we estimate that under
the above-mentioned conditions and using a natSrCO3

target, 85gSr could be obtained in quantities of about
71.5 MBqwith a specific activity of about 185.7 MBq/g of Sr.
In that case, however, a chemical separation of Sr from
radioyttrium and radiorubidium would be necessary. This
should, however, not be a big problem. An efficient solid
phase extraction chromatographic separation of the three
elements from proton-irradiated natSrCO3 has already been
developed at FZJ [29].

As regards the production of 85gSr at the TRIGA
reactor, from our measured yields we estimate that a 10 h
irradiation at the full reactor power of 3 MWwould lead to
about 7.7 MBq of 85gSr/g of natSr. The yield and specific
activity could be increased by using an isotopically
enriched 84SrCl2 target. But the cost of the enriched 84Sr
target is even higher than that of the enriched 86Sr target
used in cyclotron production. We therefore conclude that
using a natural Sr target the production of carrier-added

Table : Measured and calculated yields of gSr via neutron induced reaction at TRIGA reactor.

a) Measured gSr activity at TRIGA Mark-II reactor

Sample Neutron flux (ncm−s−) Measured activity of gSr (kBq/g of Sr) (natSr target,  min irradiation at  kW)

Thermal Epithermal Fast Total

natSrCl . × 


. × 


. × 


. ± .

b) Calculated gSr activity based on available literature cross section data and the above neutron fluxes

Source Thermal cross section (mb) Resonance integral (mb) Calculated activity of gSr (kBq/g of Sr) (natSr
target,  min irradiation at  kW)

Thermal Epithermal Fast Total

Krane []  , . . . . ± .
Heft []  , . . . . ± .
Van der Linden et al. []  , . . . . ± .
Farina Arbocco et al. []  , . . . . ± .
ENDF/B-VIII. []  , . . . .

Table : Calculated yields of the radionuclides gSr, Rb, and mRb in no-carrier-added form via various proton-induced reactions.

Radionuclide Reaction Proton energy
range (MeV)

Yield
(MBq/µAh)

Reference

gSr Rb(p,n)  →  . []
natRb(p,xn)  →  . [, ]
Sr(p,x)gSr  →  .* [This work]

 →  . [This work]

Rb Kr(p,n)  →  . []
Sr(p,α)  →  . [This work]

mRb Kr(p,n)  →   [, ]
Sr(p,αn)  →   [This work]

*Carrier-added product.
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85gSr would be more effective at a medium-sized cyclotron
than at a medium-flux nuclear reactor. However, if a 84Sr
target of about 50% enrichment could be made available,
or if the irradiation time could be increased to about 100 h,
the yield and specific activity of 85gSr via both the pro-
duction routes (reactor or cyclotron) would be compara-
ble. Very long irradiations (4–6 months) in a nuclear
reactor would improve both the quantity and specific
activity of 85gSr considerably.

5.3.1.2 No-carrier-added product
Besides the production of carrier-added 85gSr at a cyclotron
or in a nuclear reactor, we also analysed the 85m,gY → 85gSr
precursor route which leads to no-carrier-added 85gSr. From
the calculated yields of 85mY→ 85gSr and 85Y→ 85gSr given in
Figure 6, one obtains a value of 7.23 MBq/µAh of 85gSr over
Ep = 30 → 16 MeV. Thus a 10 h irradiation of a 96.4%
enriched 86SrCO3 target at about 10 µA proton beam current
could lead to about 619MBqof no-carrier-added 85gSr. In this
process, however, two separation steps would be involved;
first, isolation of the parents 85m,gY and then, after their
decay, separation of the daughter 85gSr. The separation of
radioyttrium from the 86Sr target is easily done through
adsorption on La(OH)3, as described earlier [cf. 30, 31]. The
subsequent removal of the no-carrier-added product 85gSr
from the bulk of La could then possibly be achieved via a
chromatographic method. A yet another possible produc-
tion route for 85gSr in no-carrier-added form involves the
interaction of enriched 85Rb [8] or natRb [9, 10] with protons.
Those studies were performed in connection with the pro-
duction of 82Sr which is the parent of 82Rb in a generator
system (see Introduction). The radionuclide 85gSr formed
therein is a disturbing impurity. But if proper energy ranges
are chosen, 85gSr can possibly be produced in a pure form.
From the excitation functions of those processes the calcu-
lated 85gSr yields over the respective suitable energy ranges
are given in Table 4. Apparently the yield of 85gSr is the
highest via the 85Rb(p,n)-reaction but, as mentioned above,
the indirect precursor route also appears promising. The
costs of the highly enriched targets (85Rb or 86Sr) is not very
different. The more effort involved in the precursor method
could possibly be compensated by the advantage that 85gSr
would be obtained as a bye-product in the production of the
medically important radionuclide 86gY.

5.3.2 83Rb (T1/2 = 86.2 day)

The calculated production yield of this relatively long
lived radionuclide via the 86Sr(p,x)83Rb process over
Ep = 30 → 15 MeV amounts to about 0.2 MBq/µAh. Over
this energy range, it is primarily formed via the

86Sr(p,α)83Rb reaction [6]. The calculated yield via the
83Kr(p,n)83Rb reaction [11] is about 2.6 MBq/µAh over
Ep = 17→ 10MeV. In both cases enriched targetmaterial is
needed. The advantage of the method investigated in this
work, however, is that gas targetry is not needed. The
practically achieved production yield via both processes
would be <100 MBq, but this amount may be sufficient for
tracer studies.

5.3.3 82mRb (T1/2 = 6.47 h)

The production yield of this short-lived radionuclide over
Ep = 30 → 20 MeV amounts to about 52 MBq/µAh. It is
primarily formed via the 86Sr(p,αn)82mRb reaction. The
82Kr(p,n)82mRb reaction, on the other hand, leads to a yield
of about 550MBq/µAhoverEp = 17→ 10MeV. The use of the
latter reaction has been even practically demonstrated [12].
So this reaction is the method of choice. The cost of the
enriched targets 82Kr and 86Sr are comparable. The only
advantage of the 86Sr(p,αn)82mRb reaction could thus be
that gas targetry is not required and 82mRb is obtained as a
bye-product of 86Y production.

6 Conclusions

New cross sections of the 86Sr(p,αn)82mRb, 86Sr(p,3n)84mY,
and 86Sr(p,x)85gSr reactions from their respective thresh-
olds up to 44.1 MeV were obtained through measurements
on 96.4% enriched 86SrCO3 as target. The measured values
for all three radionuclides are reproduced well by the
TALYS calculation. The data for 84mY formation are the first
one. The discrepancies in the existing data of the excitation
function of the 86Sr(p,x)85gSr reaction have been removed
and the database has been strengthened up to 42.7 MeV.
The production route natSr(p,x)85gSr at a 30 MeV cyclotron
could compete with the natSr(n,γ)-route at a reactor, if
the specific activity is not a problem. An alternative
86Sr(p,2n)85m,gY→ 85gSr precursor route investigated in this
work leads to no-carrier-added 85gSr in sufficient quantity.
The 86Sr(p,αn)82mRb reaction could be a suitable route for
small scale production of 82mRb because gas targetry is not
required and 82mRb is obtained as a bye-product of 86Y
production.

Acknowledgments: M.S. Uddin thanks the Alexander von
Humboldt (AvH) Foundation in Germany for financial
support and the authorities of Bangladesh Atomic Energy
Commission and Ministry of Science and Technology,
Dhaka, Bangladesh, for granting leave of absence to

88 M.S. Uddin et al.: Production of 85gSr, 83Rb and 82mRb by 86Sr(p,x) reactions



conduct these experiments abroad at FZJ. The LBNL
component of this research was supported by the U.S.
Department of Energy Isotope Program, managed by the
Office of Science for Isotope R&D and Production under
contract DE-AC02-05CH11231. We all thank the operation
crews of the three cyclotrons (88-Inch at LBNL; BC1710 and
JULIC at FZJ) and of the TRIGA reactor at AERE, Savar, for
experimental assistance.
Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.
Research funding: None declared.
Conflict of interest statement: The authors declare no
conflicts of interest regarding this article.

References

1. Qaim S. M. Medical Radionuclide Production–Science and
Technology; De Gruyter: Berlin/Boston, 2020; pp. 1–288.

2. Radioisotopes in Medicine; World Nuclear Association: Tower
House, London, UK. world-nuclear.org/Information-Library/Non-
power-nuclear-applications/Radioisotopes-Research/
Radioisotopes-in-Medicine.aspx (accessed Apr, 2022).

3. Qaim S. M., Scholten B., Neumaier B. New developments in the
production of theranostic pairs of radionuclides. J. Radioanal.
Nucl. Chem. 2018, 318, 1493–1509.

4. Rösch F., Herzog H., Qaim S. M. The beginning and development
of the theranostic approach in nuclear medicine, as exemplified
by the radionuclide pair 86Y and 90Y. Pharmaceuticals 2017, 10,
56.

5. UddinM. S., Scholten B., Basunia M. S., Sudár S., Spellerberg S.,
Voyles A. S., Morrell J. T., Zaneb H., Rios J. A., Spahn I.,
Bernstein L. A., Qaim S. M., Neumaier B. Accurate determination
of production data of the non-standard positron emitter 86Y via
the 86Sr(p,n)-reaction. Radiochim. Acta 2020, 108, 747–756.

6. UddinM. S., Basunia M. S., Sudár S., Scholten B., Spellerberg S.,
Voyles A. S., Morrell J. T., Fox M. B., Spahn I., Felden O., Gebel R.,
Bernstein L. A., Neumaier B., Qaim S. M. Excitation functions of
proton-induced nuclear reactions on 86Sr, with particular
emphasis on the formation of isomeric states in 86Y and 85Y. Eur.
Phys. J. A 2022, 58, 67.

7. NuDat 3.0. https://www.nndc.bnl.gov/nudat3/.
8. Kastleiner S., Qaim S. M., Nortier F. M., Blessing G.,

van der Walt T. N., Coenen H. H. Excitation functions of
85Rb(p,xn)85m,g,83,82,81Sr reactions up to 100 MeV: integral tests of
cross sections data, comparison of production routes of 83Sr and
thick target yield of 82Sr. Appl. Radiat. Isot. 2002, 56, 685–695.

9. Ido T., Hermanne A., Ditrói F., Szűcs Z., Mahunka I., Tárkányi F.
Excitation functions of proton induced nuclear reactions on natRb
from 30 to 70 MeV. Implication for the production of 82Sr and
other medically important Rb and Sr radioisotopes. Nucl.
Instrum. Methods Phys. Res, Sect. B 2002, 194, 369–388.

10. Qaim S. M., Steyn G. F., Spahn I., Spellerberg S.,
van der Walt T. N., Coenen H. H. Yield and purity of 82Sr produced

via the natRb(p,xn)82Sr process. Appl. Radiat. Isot. 2007, 65,
247–252.

11. Kovács Z., Tárkányi F., Qaim S. M., Stöcklin G. Excitation
functions for the formation of some radioisotopes of rubidium in
proton induced nuclear reactions on natKr, 82Kr and 83Kr with
special reference to the production of 81Rb(81mKr) generator
radionuclide. Appl. Radiat. Isot. 1991, 42, 329–335.

12. Kovács Z., Tárkányi F., Qaim S. M., Stöcklin G. Production of 6.5 h
82mRb via the 82Kr(p,n)-process at a low-energy cyclotron—a
potential substitute for 82Rb. Appl. Radiat. Isot. 1991, 42, 831–834.

13. Hermanne A., Ignatyuk A. V., Capote R., Carlson B. V., Engle J. W.,
Kellett M. A., Kibedi T., Kim G., Kondev F. G., Hussain M.,
Lebeda O., Luca A., Nagai Y., Naik H., Nichols A. L., Nortier F. M.,
Suryanarayana S. V., Takács S., Tárkányi F., Verpelli M. Reference
cross sections for charged-particle monitor reactions. Nucl. Data
Sheets 2018, 148, 338–382.

14. Uddin M. S., Sudár S., Hossain S. M., Khan R., Zulquarnain M. A.,
Qaim S. M. Fast neutron spectrum unfolding of a TRIGA Mark II
reactor and measurement of spectrum-averaged cross sections:
integral tests of differential cross sections of neutron threshold
reactions. Radiochim. Acta 2013, 101, 613–620.

15. Fitzgerald J. JF Computing Services, 17 Chapel Road, Stanford in
the Vale, Oxfordshire, SN7 8LE. Copyright © Jim Fitzgerald 1991–
2016 (accessed Oct 8, 2016).

16. UddinM.S., QaimS.M., ScholtenB., BasuniaM.S., Bernstein L. A.,
Spahn I., Neumaier B. Positron emission intensity in the decay of
86gY for use in dosimetry studies. Molecules 2022, 27, 768.

17. Calamand A. Cross sections for fission neutron spectrum induced
reactions. In Handbook on Nuclear Activation Cross Sections.
Technical Report No. 156, IAEA: Vienna, 1974; pp. 273.

18. Koning A. J., Hilaire S., Duijvestijn M. C. TALYS-1.0. In Proc.
International Conference on Nuclear Data for Science and
Technology, April 22–27, 2007; Bersillon O., Gunsing F., Bauge E.,
Jacqmin R., Leray S., Eds. EDP Sciences: Nice, France, 2008;
pp. 211–214.

19. Koning A. J., Rochman D., van der Marck S. C., Kopecky J.,
Sublet J. Ch., Pomp S., Sjostrand H., Forrest R., Bauge E.,
Henriksson H., Cabellos O., Goriely S., Leppanen I., Leeb H.,
PlompenA.,Mills R. TENDL-2019: TALYS-Based EvaluatedNuclear
Data Library; IAEA: Vienna, 2019.

20. Capote R., Herman M., Oblozinsky P., Young P., Goriely S.,
Belgya T., Ignatyuk A., Koning A. J., Hilaire S., Plujko V.,
Avrigeanu M., Chadwick O. B. M., Fukahori T., Kailas S.,
Kopecky J., Maslov V., Reffo G., Sin M., Soukhovitskii E., Talou P.,
Yinlu H., Zhigang G. RIPL 3: reference input parameter library for
calculation of nuclear reactions and nuclear data evaluations.
Nucl. Data Sheets 2009, 110, 3107.

21. Sudár S., Qaim S. M. Mass number and excitation energy
dependence of theΘeff/Θrig parameter of the spin cut-off factor in
the formation of an isomeric pair. Nucl. Phys. 2018, 979, 113–142.

22. Levkovskii V. N. Activation cross sections for nuclides of average
masses (A=40–100) by protons and alpha-particles with average
energies (E=10–50 MeV). In Experiment and Systematics; Inter-
Vesy: Moscow, 1992.

23. Qaim S. M., Sudár S., Scholten B., Koning A. J., Coenen H. H.
Evaluation of excitation functions of 100Mo(p,d+pn)99Mo and
100Mo (p,2n)99mTc reactions: estimation of long-lived Tc-impurity
and its implication on the specific activity of cyclotron-produced
99mTc. Appl. Radiat. Isot. 2014, 85, 101–113.

M.S. Uddin et al.: Production of 85gSr, 83Rb and 82mRb by 86Sr(p,x) reactions 89

world-nuclear.org/Information-Library/Non-power-nuclear-applications/Radioisotopes-Research/Radioisotopes-in-Medicine.aspx
world-nuclear.org/Information-Library/Non-power-nuclear-applications/Radioisotopes-Research/Radioisotopes-in-Medicine.aspx
world-nuclear.org/Information-Library/Non-power-nuclear-applications/Radioisotopes-Research/Radioisotopes-in-Medicine.aspx
https://www.nndc.bnl.gov/nudat3/


24. Krane K. S. Cross sections and isomer ratios in the Rb(n,γ) and
Sr(n,γ) reactions. Eur. Phys. J. A 2021, 57, 19.

25. Farina Arbocco F., Vermaercke P., Smits K., Sneyers L.,
Strijckmans K. Experimental determination of k0, Q0 factors,
effective resonance energies and neutron cross-sections for 37
isotopesof interest inNAA. J. Radioanal.Nucl. Chem.2014,302, 655.

26. Heft R. E. A consistent set of nuclear-parameter values for
absolute instrumental neutron activation analysis. In Conf. on
Computers in Activation Analysis and Gamma-ray Spectroscopy;
Department of Energy: Washington, DC, 1978; pp. 495–510.

27. Van der Linden R., De Corte F., Van Den Winkel P., Hoste J. A
compilation of infinite dilution resonance integrals. J. Radioanal.
Chem. 1972, 11, 133.

28. ENDF/B-VIII.0, 2018; National Nuclear Data Center, Brookhaven
National Laboratory: USA. Database version of 20 December
2018. https://www.nndc.bnl.gov/endf/.

29. Breunig K. Radiochemische untersuchungen zur abtrennung von
trägerarmem radioyttrium aus bestrahlten strontiumtargets
mittels festphasenextraktion. M.Sc. thesis, Köln University, FZJ,
2011.

30. Rösch F., Qaim S. M., Stöcklin G. Production of the positron
emitting radioisotope 86Y for nuclear medical application. Appl.
Radiat. Isot. 1993, 44, 677–681.

31. Kettern K., Linse K.-H., Spellerberg S., Coenen H. H., Qaim S. M.
Radiochemical studies relevant to the production of 86Y and 88Y at
a small-sized cyclotron. Radiochim. Acta 2002, 90, 845–849.

90 M.S. Uddin et al.: Production of 85gSr, 83Rb and 82mRb by 86Sr(p,x) reactions

http://www.nndc.bnl.gov/endf/

	Cross sections and calculated yields of some radionuclides of yttrium, strontium and rubidium formed in proton-induced reac ...
	1 Introduction
	2 Experimental
	2.1 Samples and irradiations at cyclotrons
	2.2 Samples and irradiations at TRIGA Mark-II research reactor

	3 Data analysis
	4 Nuclear model calculations
	5 Results and discussion
	5.1 Charged-particle induced reactions
	5.1.1 Cross sections
	5.1.2 Calculated yields of the investigated products at accelerators

	5.2 Yield of 85gSr via the 84Sr(n,γ) process
	5.3 Production possibilities
	5.3.1 85gSr (T1/2 = 64.85 day)
	5.3.1.1 Carrier-added product
	5.3.1.2 No-carrier-added product

	5.3.2 83Rb (T1/2 = 86.2 day)
	5.3.3 82mRb (T1/2 = 6.47 h)


	6 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice




