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Abstract Cross sections of proton-induced nuclear reac-
tions on enriched 80Sr target were measured by the activa-
tion technique up to proton energies of 44 MeV. The isomeric
cross-section ratios for 86™2Y and 8™2Y as a function of
projectile energy were deduced from their measured data.
The present experimental data for the nuclear reaction prod-
ucts, namely 6™, 86g+xmy 85my 852y 84RH and 83Rb were
compared with the results of nuclear model calculations using
the code TALYS, which combines the statistical, precom-
pound, and direct interactions. In general, the experimental
cross-section data as well as the isomeric cross-section ratios
are reproduced well by the model calculations, provided the
input model parameters are properly chosen and the level
structure of the product nucleus is thoughtfully considered.
The quality of the agreement between experimental data and
model calculations was numerically quantified. For products
formed via emission of a light complex particle as well as
multi-nucleons (e.g., « and 2p2n), the contribution of the
latter process starts increasing when its energy threshold is
crossed.

1 Introduction

Studies of excitation functions of charged-particle induced
nuclear reactions on medium-mass target nuclei are of con-
siderable significance for enhancing our understanding of
nuclear theory as well as for practical applications. Regard-
ing nuclear theory, several advanced nuclear model codes,

?e-mail: s.m.qaim@fz-juelich.de (corresponding author)

incorporating mainly compound and precompound interac-
tions, have been developed in recent years to describe the
reaction cross section in the low to intermediate energy range.
Precise experimental measurements allow one to test those
model codes. Over the last two decades, extensive experi-
mental and theoretical studies have been performed in many
laboratories on reactions induced by protons, deuterons, 3He-
, and o-particles, mainly up to energies of about 30 MeV, but
also extending in some cases up to 100 MeV and beyond.
The main aim of those studies was to measure or standard-
ize reaction cross sections for medical applications. The
results show that, in general, the experimental cross sec-
tion for the total reaction channel is described fairly well by
the model calculation up to the projectile energy of about
50 MeV, especially when a product is formed mainly by
emission of nucleons (see as examples [1-19]). Some dif-
ficulty is observed in deuteron-induced reactions. More dif-
ficult to reproduce by the model calculation are, however,
reactions leading to the formation of isomeric states of a
product nucleus.

For experimental studies on isomer pairs, the activation
technique is ideally suited. Through detailed investigations
on d2M.gMp, 3BM.eCo, Pm.ege, 94m.eTc 120m.e] 559 some
other isomer pairs, involving different combinations of tar-
get nucleus, incident charged projectile and various ejec-
tiles, the dependence of the isomeric cross-section ratio on
the excitation energy of the product nucleus, the nuclear
spins of the two states concerned and the reaction channel
involved has been amply demonstrated [1-4,13,16,20]. Fur-
thermore, in theoretical calculation of the isomer ratio in a
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charged-particle induced reaction, the effects of input level
structure of the product nucleus, of the assumed angular
momentum distribution in the preequilibrium decay and the
spin distribution of the level density, have been elaborated
[1-4,21-25]. Asitis well known [23-25], the isomeric cross-
section ratio allows one to calculate the parameter n which is
defined as the ratio of the effective moment of inertia to the
rigid body moment of inertia (®,rf/®;¢). This parameter
is related to the spin distribution of the level density. In a
recent extensive analysis of 61 nuclei [25], it has been shown
that the n value depends on the mass of the residual prod-
uct nucleus. Whereas the n values for the odd mass nuclei
depict a characteristic exponential decrease as a function of
the mass number, those for the even mass nuclei show a
rather complicated behavior. Further studies on isomer pairs
are thus needed to enhance our understanding of the vari-
ous parameters affecting the isomeric state population with
respect to the ground state. In particular, the postulated odd-
even mass effect in the n values [25] needs further substan-
tiation.

As far as practical applications of excitation functions of
charged-particle induced nuclear reactions are concerned,
they allow one to optimize the production route of a
radionuclide, i.e. the projectile energy range in a target
that will lead to the maximum yield of the desired prod-
uct and the minimum yield of undesired isotopic impuri-
ties. The cross-section data are of particular significance
in the accelerator production of radionuclides of medical
interest, for which high radionuclidic purity is demanded
[26,27]. Extensive experimental, theoretical, and evalua-
tion studies in this direction have been performed over
the last two decades, covering both diagnostic and ther-
apeutic radionuclides. The results have been periodically
reviewed [28-33]. Presently, the attention is on novel
positron emitters [34,35] for Positron Emission Tomogra-
phy (PET) and on highly-ionizing radiation emitters (i.e.
radionuclides emitting S~ - and «-particles) for internal tar-
geted radionuclide therapy [31,33]. The former are gener-
ally produced at low-energy cyclotrons (E < 20 MeV) and
there is considerable need of accurate cross-section data mea-
surements near the thresholds of the corresponding reac-
tions, as demonstrated in the production of 1241 and ®4Cu
[36,37]. The production of therapeutic radionuclides, on
the other hand, demands use of intermediate-energy accel-
erators, and the relevant data needs are rather extensive
[31,33,38].

In the present study we chose to investigate the proton-
induced reactions on highly enriched 80Sr. One of the aims
was to measure accurately the excitation function of the
86Sr(p,n)3®Y reaction which is commonly used in the produc-
tion of the novel positron-emitting radionuclide 80Y (T, )=
14,7 h). It is applied as a marker to determine the distribution
of the injected radioactivity in a tumor-bearing patient via
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PET, prior to medication with the 8~ -emitting therapeutic
radionuclide *°Y (T, = 2.7 d) [39,40]. This type of treat-
ment is called “personalized medicine” and the concept is
known as the “theranostic approach”. It is a rapidly devel-
oping methodology and several “matched-pairs” of radionu-
clides, i.e., one positron emitter and the other a therapeu-
tic radionuclide, have been developed, such as 4g5c/47sc,
64Cu/%7Cu and 80Y/A0Y [41). Despite this successful use of
86y, the cross-section database for its production [42-44]
has so far been weak and rather discrepant. We recently pub-
lished a part of the results of this study [45] dealing with
the production of 3°Y via the (p,n) reaction with protons
of energies below the threshold of the (p,2n) reaction. Now
we extend the investigation up to 44 MeV and also report
the excitation functions of the 86Sr(p,2n)85m'gY processes,
for which the available information is scanty [43,44]. The
positron emitting isomers, $™Y (Ti;, = 4.86h) and 8ey
(T1, = 2.68 h) are formed as impurities in 86y production
with incident proton energies above 14 MeV. If their amounts
are large in comparison to 3°Y; the quantification of the PET
scans of 30Y would be adversely affected. The measured data
should therefore be very useful in optimization of production
conditions of 80Y, if intermediate energy protons would be
used.

Besides the practical application of the cross-section
data mentioned above, two additional, rather theoretically-
oriented, motivations existed for this investigation:

— Study of the isomeric cross-section ratios of both 8m-2y
and 8>™ €Y. The spins of the nuclear levels concerned dif-
fer considerably from each other and the modes of decay
of the isomeric states in the two cases are different. The
two pairs could thus serve as interesting cases for a com-
parative investigation of the effects of various parame-
ters on the isomer ratio. Furthermore, the even/odd mass
effect on n, mentioned above, could be tested.

— Investigation of 30Sr(p,x)¥3Rb and 30Sr(p,x)**Rb pro-
cesses; in the former case to analyse the relative contri-
butions of the (p,«) and multiple nucleon emission reac-
tions, e.g. (p,2p2n), (p,3He n), etc., to the formation of
the residual product 83Rb, and in the latter the contribu-
tions of the reactions (p,3 He), (p,2pn), and (p,pd) to the
formation of the residual product 34Rb.

The work described in this paper thus entails experimental
determination of the excitation functions of the processes
leading to the formation of the relevant radionuclides, and
detailed nuclear model calculations to interpret and under-
stand the reaction mechanisms involved. A special focus is
on the isomeric cross-section ratios, studied over the proton
energy range up to 44 MeV.
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2 Experimental
2.1 Samples and irradiations

The stacked-foil activation method was used for cross-
section measurements of proton-induced reactions on
enriched 3Sr. Thin strontium carbonate samples were pre-
pared at the Forschungszentrum Jiilich (FZJ) by the sedimen-
tation technique using 30Sr-enriched 8SrCO3 powder (iso-
topic composition: 96.4% 86Sr; 1.33% 87Sr; 2.26% 38Sr: sup-
plied by Eurisotop, France). Details are given in our earlier
study on 8 Y-production cross sections [45]. Here only the
salient steps are summarized. Al foils of 50 um thickness and
13mm diameter (supplied by Goodfellow; chemical purity:
99.0%) were used as backing material of the sediments. A
0.75 mL portion of a suspension of 80mg of 3SrCO3 in 6 mL
toluene, containing levapren-450 (1 mg/mL), which served
as an excellent film forming additive, was transferred to a sed-
imentation cell with 10 mm diameter hole. The solvent was
allowed to evaporate at room temperature for 2 days. The
sedimented layers were examined under a microscope and
only homogeneous and mechanically stable samples were
selected. The weight and area of the sediment for each sam-
ple were determined. The netto weight of the sediments lay
in the range of 5 to 7 mg, amounting to a thickness of 6 to 9
mg 30SrCO3/cm?. The sample was covered by a 10 zm thick
Al foil of 16 mm diameter welted around the backing foil.
The 86SrCO3 sediment, sandwiched between two Al-
foils, served as the target sample. Several such samples were
stacked together with thin circular foils (diameter 13 mm) of
Cu and Ti (supplied by Goodfellow; purity: Cu (99.9%); Ti
(> 99.6%); thickness of both Cu and Ti foils: 25 um), serv-
ing as beam monitors to determine the proton flux and energy
along the stack. In irradiations with 44.5 MeV protons, addi-
tional monitor foils of Al (supplied by Goodfellow; purity:
99.9%; thickness: 25 uwm) were inserted as beam monitors.
In total six stacks, each with five to nine target samples
together with several monitor foils, were irradiated: three at
the BC 1710 cyclotron at FZJ, Germany; one at the 88-Inch
Cyclotron, Lawrence Berkeley National Laboratory (LBNL),
USA; and two at the Jiilich Isochronous Cyclotron (JULIC)
at FZJ, Germany. The beam parameters are given in Table 1.
The stacks irradiated at the BC 1710 were mounted in the
screw-capped dummy target holder of the beam-line exten-
sion constructed a few years ago [46]. The JULIC is an estab-
lished machine at FZJ. It has been in use for many years as
the injector of the high-energy cooler synchrotron (COSY).
Recently an external target station was constructed at JULIC
with an adapter where several target holders can be fitted
[47]. In the present measurements, the standard screw-capped
dummy target holder, similar to the one at BC 1710 [46], was
used to mount the samples and foils in a stacked-form. The

irradiation at the 88-Inch Cyclotron at LBNL was carried out
using a standard target holder [16].

2.2 Energy and flux of protons

The beam characterization and beam flux monitoring for the
experiments with protons of primary energies of 16.7 MeV
and 27.0 MeV (BC 1710 at FZJ and 88-Inch Cyclotron at
LBNL, respectively), have already been reported in connec-
tion with the accurate determination of production data of the
non-standard positron emitter 3°Y via the 3¢Sr(p,n)-reaction
[45]. The details of beam characterization and flux deter-
mination of the experiment with 44 and 44.5 MeV protons
at JULIC at FZJ are given here. The extracted beam is of
high precision with respect to energy and profile definition.
Nevertheless, we checked the effective energy of the pro-
ton beam in a foil by the activity ratio method [48]. The
637n/%?Zn and ?*Na/?’Na activities formed in Cu and Al
monitor foils, respectively, mounted in front of the stack,
were considered. The activities of the four products, viz.
3Zn (Ty), = 38.47 min), %*Zn (Ti;, = 9.19 h), 2*Na (T,
= 14.997 h) and **Na (T, = 2.60182 a), were determined
non-destructively by y-ray spectrometry, converted to decay
rates with necessary corrections, and finally extrapolated to
the end of bombardment (EOB). The mean energy of the pro-
ton beam in the front Cu foil as well as in the Al foil was deter-
mined by comparing the experimentally obtained ratios with
the values calculated theoretically from the IAEA recom-
mended excitation functions of the reactions " Cu(p,x)“Zn,
natCy(p,x)%2Zn, 2’ Al(p,x)**Na and 2’ Al(p,x)?*Na, respec-
tively [49]. The deduced energy agreed well with the value
derived from the accelerator parameters.

The effective proton flux was determined by using the
reactions "Cu(p,x)*?Zn, " Ti(p,x)**Sc and >’ Al(p,x)**Na
induced in the Cu, Ti and Al foils, respectively, as monitors.
Those monitor foils were placed in front of a stack as a Cu—
Ti—Al arrangement during the irradiation. The monitor reac-
tions were chosen owing to their nearly stable excitation func-
tion and better recommended precision for the proton energy
range of this work. The proton flux was determined using the
measured decay rates of 6271, 46Sc and 22Na at EOB and the
recommended cross-section values of the respective monitor
reaction [49]. A simple average of the three individual fluxes
obtained from the three monitor reactions was then taken and
the value was used to determine the cross section of the inves-
tigated reaction. The proton flux values from the above three
monitors agreed with the average value within 2-6%. Fur-
thermore, we also determined the whole excitation function
of each monitor reaction. Our data reproduced the recom-
mended curves given by the IAEA [49] very well. This exer-
cise provided additional confidence to the various techniques
used in our measurements. The computer program, STACK,
written at FZJ and based on the energy-range relation [50],

@ Springer
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Table 1 Beam parameters of irradiations at BC 1710, JULIC and the 88-Inch cyclotron

Set Cyclotron Primary Number Energy Beam current Irradiation
proton of target range (nA) time
energy samples covered® B (min)
(MeV) (MeV) Nominal® Exact®

BC1 BC 1710 16.7£0.2 5 10.5-16.0 500 275 30

BC2 BC 1710 16.7+0.2 5 6.7-16.2 500 250 30

BC3 BC 1710 16.7£0.2 5 7.0-14.3 500 300 30

LBNL 88-Inch 27.0+0.3 7 14.3-24.5 200 179 30

JUL1 JULIC 44.0+0.2 9 23.0-42.7 200 175 60

JUL2 JULIC 445+0.2 7 15.8-44.1 115 112 26

4The samples within the stacks were arranged such that they covered some overlapping energy ranges in irradiations at one cyclotron as well as

while going from one cyclotron to the other
PThis is the nominal current registered at the charge collector

“The exact current (i.e., the flux of protons on the target) was determined via monitor reactions induced in the irradiated foils (Al, Ti and Cu)

was utilized to determine the beam energy degradation along
the stack.

2.3 Radioactivity measurement

The radioactivity of the relevant radionuclides formed in
865rCO3-samples and monitor foils was measured non-
destructively using several high-purity germanium (HPGe)
gamma-ray detectors, supplied by ORTEC, coupled with the
necessary electronics and Maestro data acquisition software.
The energy resolutions (FWHM) at 1332.5 keV of ®°Co of
the detectors used were: 1.9 keV at FZJ and 2.5 keV at
LBNL. The standard point sources 22Na, 54Mn, 57Co, 60Co,
88y, 137Cg, 152By, 226Ra and 24! Am, supplied by Eckert &
Ziegler, Berlin, were used for efficiency calibration of the y -
ray detectors at FZJ, and the 54Mn, 133Ba, 137Cs and 192Eu
sources, supplied by Isotope Products Laboratories, were
used for the detector at LBNL. The uncertainty in the activity
of each source was specified as 3%. The y-ray spectra mea-
sured were analyzed by both the GammaVision and FitzPeaks
[51] software. A typical y-ray spectum of a sample irradi-
ated with 8 MeV protons has been recently reported [52]. At
a higher incident proton energy, e.g. at 30 MeV, the y-ray
spectrum showed many more peaks but the main y-rays of
the products of interest could be conveniently analysed.
Samples were counted at various distances, viz. 10, 20, 30
and 50 cm from the surface of the detector depending on the
half-life and activity of the irradiated sample. The dead time
of the system was kept below 5%. The long-lived radionu-
clides *Rb (T1/, =86.2 d) and 34Rb (T}, = 32.8 d) were mea-
sured at 5 cm from the detector surface to obtain good count-
ing statistics. For all the above counting distances, the effect
of the sample size on the efficiency and also the random coin-
cidence loss became almost negligible. The correction for the
true coincident y -ray summing was, however, not negligible.
The corrections were estimated with the TrueCoinc program
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[53] and the values obtained are given in Table 2 along with
other related nuclear reaction and decay data [54—60]. The
true coincidence losses for 83Sr and 3©Y measurements were
higher, because their decay schemes contain many cascade
gamma transitions.

Measurements were carried out in four steps, depending
on the half-life of the product. The short-lived 8™Y (T, fn=
47.4 min) activity was measured within 2 to 3 h after EOB
at a distance of 50 cm. It was identified by its characteristic
y-ray of energy 208 keV. Special attention was paid to atten-
uation of that y-ray as well as to detector efficiency for that
gamma line. During the counting the Al-cover (10 pm thick)
side of the 30SrCO3-sediment was always kept downward,
i.e., facing the detector to minimize the absorption in Al. The
absorption of the 208 keV gamma line in both the 30SrCO3
sediment and the Al-cover was estimated; it amounted to
about 0.05% and 0.03%, respectively.

In the second step of counting, the radioactivity of each
of the two radionuclides ™Y (T, 52 =4.86 h) and 852y (Tip
= 2.68 h) was measured at a distance of 30 cm. The $5™Y
mainly decays directly to 3> Sr with a negligible isomeric tran-
sition branching (< 0.002%) to the ground state 83¢Y. The
85my activity was assessed by its characteristic gamma line
at535.6 (3.46%) keV. It was also checked by measurement of
other three weak gamma lines at 767.3 (3.6%), 768.6 (1.3%)
and 769.7 (0.3%) keV as a triplet. For 832Y activity mea-
surement, the 504 keV y-line was used. It was located close
to the 511 keV annihilation peak, with partial overlapping.
Using the FitzPeak gamma analysis software [51], net peak
area of the 504 keV line could be determined conveniently.

The third step of counting was devoted to the measure-
ment of the 802Y (T1/, = 14.7h) radioactivity after the com-
plete decay of ™Y (T, = 47.4 min) to the ground state,
i.e. about 12 h after EOB. The last step of measurement of
each sample was related to the determination of radioactiv-
ity of the long-lived products 33Rb (T 2, =86.2 d) and 84Rb
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Table 2 Decay data including 87, EC branching [54-60], coincidence loss and production routes of the investigated radionuclides in irradiations

of enriched 8°Sr with protons of energies up to 44 MeV

Radionuclide ~ Spin Decay Half-life y-ray y-ray True coincidence  Production Q-value

mode (%) energy (keV) intensity (%)  loss (%) route (MeV)
83gr 712+ BT =24 32.41(3)h 381.17 1.79(22) 2.7 86Sr(p,p3n) —31.94
EC =76 381.53 14.0(11) 1.4 87Sr(p,p4n)? —40.37
418.37 4.19(31) 1.4 86Sr(pdn)BY— Bsr  —37.31

762.65 26.7(22) 0.3

83Rb 52~ EC=100 86.2(1)d 520.39 44.7(33) 0 86Sr(p,a) —0.59
529.59 29.3(21) 0 86Sr(p,2p2n) —28.88
86Sr(p,>Hen) —21.17

87Sr(p,an)® —9.02
88Sr(p,ozZn)a —20.13
84Rb 2- Bt =26 32.82(7)d 881.60 68.9(21) 1.1 86Sr(p,>He) —11.39
EC=70.2 86Sr(p,2pn) —20.12
B~ =39 86Sr(p,pd) —17.90

87Sr(p,oz)a —0.26
8 Sr(p,an)® —11.37
85my @2t pt=57 486(13)h  535.6 3.46(29) 0 86Sr(p,2n) —15.55
EC =43 767.3 3.6(5) 0 87Sr(p,3n) —23.98
8 Sr(p,4n) —35.10
85y 12~ pt=66 2.68(5) h 504.44 60(2) 0.56 86Sr(p,2n) —1553
EC =34 913.89 9.0(9) 0.33 87Sr(p,3n) —23.96
83Sr(p,4n) —35.08

86mY ®)* IT=99.31 474(4)min  208.1 93.8(9) 0 86Sr(p,n) —6.24
EC=0.25 87Sr(p,2n) —14.67
Bt =044 88 Sr(p,3n) —25.78

8oy 4- Bt =27 14742)h 4428 15.4(5) 1.34-4.59 86Sr(p,n) —6.02
EC=73 4437 0.80(2) 1.94-4.30 87Sr(p,2n)® —14.45
627.7 32.6(10) 1.26-4.33 83Sr(p,3n) —25.56

1152.8 30.5(9) 1.30-4.39

This reaction occurs on the respective impurity target isotope present in low abundance in the enriched 80Sr target

(T1/, = 32.8d). Counting was done about 10 d after EOB at a
distance of 5 cm for 16-30 h. This provided good counting
statistics for those radionuclides. The radionuclide 83Rb was
formed via the 3Sr(p,x)83Rb process. Above 32 MeV pro-
ton energy this radionuclide was also produced in the decay
of 83Sr. Its decay contribution to the formation cross section
of 83Rb was corrected from its individual production cross
section measured in this work. It was observed that about
95-99% of the total 83Sr formed decayed to 83Rb before the
measurement. The radionuclide 83Sr was characterized by its
three individual gamma rays at peak energies of 381.5 (14%),
418.3 (4.19%) and 762.6 (26.7%) keV. A weak gamma-line
at 381.1 (1.79%) keV was not isolated from the neighbor-
ing peak at 381.5 keV. Therefore, the total net area of the
doublet peak and sum of their intensities were used. The 8T
branching was taken from the Table of Radioactive Isotopes

[59], except for 862y where the latest value was used [60].
The decay data used are collectively given in Table 2. The
decay and production data of the monitor reaction products
were taken from [49].

2.4 Cross sections (with corrections for subsidiary
reactions)

The count rate of a characteristic y-ray of a reaction product
was converted to the decay rate by applying the necessary
corrections for y-ray intensity, efficiency of the detector and
true coincidence losses, if any, and thereafter extrapolated
to the end of bombardment (EOB). From the decay rate at
EOB and the proton beam intensity measured by activation
of the monitor foils, the cross section for the formation of
the radioactive product was calculated using the well-known

@ Springer



67 Page 6 of 16

Eur. Phys. J. A (2022) 58:67

activation formula. For each radionuclide, generally a few
repeated measurements with different detectors were carried
out and several y-rays were analysed to check the validity
of results. Finally, an average of all the cross-section values
was taken.

While measuring proton-induced reaction cross sections
using a 96.4% enriched 80Sr target, some contributions to
the reaction product from subsidiary reactions on the unde-
sired target isotopes 87Sr (1.33%) and 33Sr (2.26%) present
in the enriched 80Sr were also expected. We estimated those
contributions from model calculation using the TALY'S code
and the results are given in Table 3 for the radionuclides of
interest. The calculated contribution was subtracted from the
measured cross section of the radionuclide. The contribu-
tion was significant in the experiments with 44 MeV protons
and amounted up to 37%. In the special case of 3*Rb, below
30 MeV the contribution from the subsidiary reactions was
much higher than that from the 3¢ Sr target; at higher energies,
however, it became negligible.

2.5 Uncertainties

The overall uncertainty in the cross section was obtained by
summing in quadrature the individual uncertainties involved
in all parameters needed to calculate the cross section. The
uncertainty of each cross-section value includes individual
uncertainties in: counting statistics (1-5%), efficiency of the
detector (5%), true coincidence correction (< 2%), decay
data, especially y-ray intensities (0.9-8.4%), proton flux
(6%) and sample homogeneity (up to 5%). The uncertainty
of the net peak area obtained from FitzPeaks analysis for the
good Gaussian peaks was accepted. For weak and unsmooth
peaks, the uncertainty associated with the peak area was
calculated manually. The overall uncertainties of measured
cross sections are between 8 and 16% (lo), including 15%
uncertainty in the contribution of the subsidiary reactions
deduced from the nuclear model calculations.

The isomeric cross-section ratio was calculated as the ratio
of 0,u/0g4xm for the 86m.gy pair, because the isomeric state
decays 99.31% to the ground state. The uncertainty of the
isomeric ratio was estimated from the individual uncertain-
ties in counting statistics, detector efficiency, y-ray inten-
sity and half-life of both the metastable state and the ground
state, using the dividing formula for the cross sections of
metastable state and ground state, thereby eliminating the
common parameters [25]. The uncertainty in the isomeric
cross-section ratio was thus smaller and amounted to 5-8%.
For the 85m.gy pair we calculated o,,/0y, i.e., the ratio of
the directly measured values and not 0,,/044 x, because the
two states decay independently to the daughter 83Sr. The
associated uncertainty was about 12% and thus compara-
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tively higher due to uncertainty inferred from the gamma-ray
intensity of 83mY,

3 Nuclear reaction model calculations

The reaction cross sections were calculated using the nuclear
model code TALYS [61] version 1.9, adopting equidistant
excitation energy grid. TALYS incorporates several nuclear
models to analyze all the significant nuclear reaction mech-
anisms over the energy range of 1keV to 200 MeV. In the
calculations, the particle transmission coefficients were gen-
erated via the spherical optical model using the ECIS-06 code
[62] with global parameters: for neutrons and protons from
Koning and Delaroche [63]; for the optical model parame-
ters (OMP) of complex particles (d, t, 3He) the code made
use of a folding approach, building up the OMPs from the
neutron and proton potential. For OMP of alpha particles
the TALYS default parameter set of Avrigeanu et al. was
used [64]. The OM parameters for protons and neutrons
were modified to get the best description of the experimen-
tal data. The gamma-ray transmission coefficients were cal-
culated through the energy-dependent gamma-ray strength
function according to Kopecky and Uhl [65] for El radia-
tion, and according to Brink [66] and Axel [67] for all the
other transition types. For the pre-equilibrium reactions, a
two-component exciton model of the TALY'S code was used.
The energies, spins, parities, and branching ratios of the dis-
crete levels were based on the RIPL-3 database [68]. In some
cases, the energies, spins, parities, and branching ratios of
the discrete levels were modified based on the information in
Ref. [57]. In the continuum region, the level density was cal-
culated by the back-shifted Fermi gas model (BSFG), using
its slightly modified version in TALYS [69]. For the ratio of
the effective moment of inertia to the rigid body moment of
inertia parameter (n = @77/ ©,;¢) of the spin distribution of
the level density, the systematics based on the evaluation by
Sudér and Qaim [25] was used. Regarding discrete levels, it
is known that their influence on the calculated isomeric cross-
section ratio is very strong. In the case of 8Y some nuclear
structure properties are either not known or known tenta-
tively. Many of these missing/tentative data are assumed and
available in the TALYS input based on RIPL [68]. Our initial
attempt considering that input could not reproduce the mea-
sured isomeric-ratio data for the 36™2Y reaction. As a result,
we examined the case with other possible spin-parity assign-
ments within the limit of supporting arguments listed in Ref.
[57] and references therein. Different assumptions were also
made for depopulating transition and branching from levels,
for which no experimental data are known. A summary of
the final assumptions for all the low-lying excited levels of
86Y to model the experimental ratio is described in Sect. 4.2.
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Table 3 Corrections for the

contribution of the proton Proton energy (MeV)  Cyclotron  Contributions from 87Sr and 38Sr target isotopes (%)
induced reactions on the 86my 86g+Hxmy 85my 8¢y 8Rb #Rb
impurities 87Sr and 33Sr target
isotopes 44.1£0.3 JULIC 18 18 11 9
42.7+0.3 15 18 12 8 16
40.3£0.3 18 22 9 6 25 0.2
39.1£03 18 23 7 5
379+£03 19 24 6 4 35 2
349+ 04 17 24 5 3 37 3
31.7+04 14 20 3 1.5 28 20
29.8 £ 0.4 15 14 2 1
27.6 £ 04 10 11 0.5 0.1 11 86
26.7 £ 04 10 12 8 93
252+04 11 16 3.5 98
23.7+04 13 12
23.0+04 10 13 1.5
19.0 £ 0.4 4.5 4
179 £0.5 2.5 2
158 £0.5 0.5 0.5
245+04 88-Inch 11 13 2
225+04 9 12
205+ 04 7 9 0.2
184 +£0.5 4 4
170 £ 0.5 2 1.5
15.7+£0.5 0.5 0.4
143 +£05
162 £0.2 BC1710 0.5 0.5
16.0 £0.2 0.5 0.5
14.7£0.2

4 Results and discussion
4.1 Reaction cross sections

The measured cross sections for the reactions 3 Sr(p,n)30™Yy,
SGSr(p’n)Sﬁg-‘rme, SGSr(p,Zn)SSmY’ 86$r(p,2n)85gY,
86Sr(p,x)332Rb and 36Sr(p,x)8*€RD are given in Table 4. The
data for the 3Sr(p,n)80¢T*MY reaction from threshold up to
25.4 MeV have been recently reported [45]. They are used
here in nuclear model analysis together with the other data.
It is pointed out that the cross sections for 83Rb refer to its
direct production from the 80Sr target, since the contribution
via the decay of 83Sr was subtracted.

4.2 Comparison of experimental data with model
calculations

4.2.1 Effect of level scheme

The experimental data are generally compared with the calcu-
lated data obtained using a reaction code with default param-

eters implemented in the model. The parameter database of
the code comes from other experiments. Unfortunately, only
a few experiments are available, i.e. the OMPs of the proton-
nuclei interaction are based on 26 measurements [63]; and
for other nuclei, those data are extended by a fitted formula
which is not theoretically proven. The original experiments
also have experimental uncertainty and the fitted formula fur-
ther increases the uncertainties of the implemented parame-
ter set. It is therefore practically difficult to distinguish the
origin of discrepancy between the experimental and model
calculated data.

Before performing analysis on cross sections, we first
investigated the isomeric cross-section ratios for the
86Sr(p,n)®™-2Y and ¥Sr(p,2n)®>™2Y reactions. As men-
tioned in Sect. 3, the initial attempt considering the TALY'S
86y Jow-lying level input based on RIPL database [68]
did not reproduce the measured isomeric-ratio data for the
86Sr(p,n)3™-2Y reaction. From comparisons of the experi-
mental and calculated level density for the low-lying states
of 80Y along with the isomeric cross-section ratio through
the reduced x? as a function of the number of discrete lev-
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Table 4 Measured cross sections for the production of radionuclides via the 86Sr+p process

Proton energy (MeV) Cyclotron Measured cross-sections of the 30Sr+p process (mb)
86my 86g-+xmy 85my 852y 83Rb 84Rb
44.1+£03 JULIC 8.9+0.8 34+3 3247 30+3
42.7+03 88+0.9 33+3 36 £7 3243 84+1.1 212+£2.0
403 +0.3 9.0£09 34+3 40 £7 35+3 57+£0.38 18.7 £ 1.7
39.1£03 9.4+£09 37+£3 50+ 10 44+ 4
379£03 9.1£09 34+3 5248 42+ 4 39+£05 140+13
349+04 93+1.0 35+3 63 £9 47£5 324+04 7.7+0.7
31.7+04 10.7 £ 1.1 40£4 107 £ 16 77 £7 47+0.6 27+03
298+ 04 124+ 1.1 S1£5 128 £ 19 98 £9
27.6+04 11.8+1.3 45 £4 189 £25 146 £+ 14 6.7+0.38 0.11 +0.02
26.7+0.4 123+1.2 48 £4 202 £ 27 163 £ 16 6.8+0.38 0.05 +0.01
2524+04 133+1.5 50+4 247 £33 213 £20 9.7+1.1
23.7+04 17.6 £ 1.5 66 £ 6 271 £ 38 245 +£23
23.0+04 156+1.5 58£5 277 £ 37 246 £ 24 134+1.6
19.0+ 04 54.1+4.6 229 £ 20 211 £40 195 £ 19
179+ 0.5 73.9+6.3 351 £31 115 £22 126 £ 12
158+0.5 1247 £ 11 663 £ 58 20+3
245+£04 88-Inch 146+ 14 53+ 5¢ 259+ 34 237 +£23 106 +1.2
225+04 16.6 £ 1.5 60 + 6° 266 £ 35 247 £ 24 157+1.8
205+04 392436 147 &+ 15% 230 + 31 211 +£20 18.0 £ 2.1
184+ 0.5 74 +7 288 £ 29 158 £ 22 149 + 14 149+ 1.7
17.0 £ 0.5 97+£9 440 + 44* 88 £ 12 83 £ 8 10.1 £1.2
15.7+0.5 114 £ 10 556 + 56* 16 £3 15£14 89£1.0
143 £0.5 111 £10 604 + 51* 53+06
162+ 0.2 BC1710 121 + 10 544 £ 54* 24 +2 7.7+0.9
16.0 £0.2 104 +9 506 + 51* 11+£1 55+06
14.7+£0.2 109 + 10 594 £ 512 43+05
143 £0.2 107+ 9 574 £ 48* 38+04
134£03 100+ 9 571 £ 49* 28+03
13.0+0.3 118 £ 10 601 £ 50* 24403
120£0.3 93 £8 570 £ 48* 1.6 £02
11.0£0.3 92 £8 527 £ 442 1.2+£0.14
10.5+0.3 67+6 472 £ 40° 0.6 £0.07
9.6 £04 68 £ 6 415 £ 352 0.23 £0.03
8.8£04 57T+£5 362 £ 30* 0.05 £ 0.01
83+£04 53+£5 323 £27*
79+04 44+ 4 290 £ 24*
6.9+04 18 £ 1.6 143 + 122
6.5+04 12+1.4 100 + 9%

4Data reported in a recent publication [45]

els indicated that the first 10 (up to 476 keV) or 20 (up to
900 keV) discrete levels of 8°Y are important for the calcu-
lation. Among these, level 7 (353 keV: 37) shows a signif-
icant influence. It may be mentioned here that for this level
no experimental data are available for connecting (popula-
tion/depopulation) transitions and branching ratio with other

@ Springer

levels. As a result, we performed calculations with three ver-
sions of the level/decay scheme considering different possi-
ble spins of the 353 keV level as one of the population routes
for the isomeric state at 218 keV (81). For 536 and 643 keV
levels also no experimental connecting transition with other
levels are known.
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The assumed transitions and branching (100% - when not

listed above the arrow) were as follows:

(A) 643 keV 31) 2% 536 keV (3+) —>

353 keV (517) —> 303 keV (71)

(B) 536 keV (31) =% 353 keV (41) —>

303 keV (771)

(C) 353keV (31) — 303 keV (71)

The results are shown in Fig. 1, calculating the reduced
x? for those measured data which have energy less than the
given proton energy, comparing them with the different cal-
culations for the 30Sr(p,n)3®™2Y reaction. The calculation
was done by the Eq. (1) using the parameter E; < E(p).
We denote the results based on [45] and this work as A1, B1
and C1, and the Levkovskii data [43] as A2, B2 and C2. In
these calculations, in all cases, the optimal 1 and number of
the discrete levels were used (see next section). The X2 val-
ues are high for the lowest energy data. This shows that the
deviation originated from the low energy data for the level
353 keV using 57 and 47 spin parity values, and the best
result for the model calculation is the 3% value, therefore
the C branching scheme was used in all model calculations
related to our experimental data.

The reduced x? for Levkovskii data are smaller because
of the 10% fictive uncertainties inserted by the compilers of
those data. The lowest energy data point is higher, therefore
the data start at higher energy. The level 353 keV 3% and
4% produce almost the same reduced x 2 values and the best
description of Levkovskii data is given by the level 353 keV
5% which is the best from the structural point of 3°Y. The

10

Reduced %2 (E<Ep)

8 9 10 11 12 13 14 15
Proton energy [MeV]

Fig. 1 Effect of various assumed level transitions (A, B, C) on the
calculated isomeric cross-section ratio of the pair 86Sr(p,n)%m*gY (for
details see text). In this diagram the reduced x 2 for each model calcula-
tion for each energy point is shown. Results based on our experimental
data (from 8.3 to 14.7 MeV) are marked as Al, B1, and C1, and those
on Levkovskii data [43] (from 9.5 to 14.8 MeV) as A2, B2 and C2. The
assumption C, i.e., the transition 353 keV (3%) — 303 keV (77) gives
the best result

best level scheme (C) from our data being different from (A)
for Levkovskii data indicates that we are unable to decide
between the level schemes of 8°Y, and direct measurement
of the branching ratios of the levels is needed.

In the case of Y there was a similar problem (no experi-
mental branching data) with the level 7 (752 keV: 3/2). It was
set to decay to the ground state (0 keV: 1/27). We modified
the branching to the level which has the same parity as level
7. The spin (9/2) of the isomeric state (19 keV) is not unam-
biguously defined and is indicated within parentheses [56].
A defined minimal value for the x> was found only with a
spin of (11/2). We used this value in the model calculation.

After proper choice of the level schemes of 3Y and 37Y,
we investigated three items theoretically in detail: 1. n values,
to check the consistency of data, 2. isomeric cross-section
ratios, and 3. excitation functions. A description of each item
is given below.

4.2.2 Analysis of n values

Since the covariance matrix of the isomeric cross-section
ratio is usually not published, we used a simplified formula
to calculate the x2(1, Ng) which contains uncertainties of
the experimental data.

Om (Ei)exp

N(

Ogtxm(Ei)ex,

X1 Ny = ) ==t
i=1

2
_ Om (Ei s, Nd) theo
Og+xm (Ei s Na)theo

SZ(Ei)exp

D

where E; is the incident energy, ¢ the uncertainty of the iso-
meric cross-section ratio, N; the number of discrete levels,
and the indices refer to experimental data or theoretical calcu-
lation. The reduced chi-squared is defined as x2 = M
where v is the degree of freedom.

In Fig. 2 the reduced x?2 is shown as a function of 7 for
the 36Sr(p,n)80™2Y reaction. Each point represents a differ-
ent model calculation with a different  parameter value and
its comparison with the experimental data according to the
above formula. It is summed for all energies for each exper-
iment. The best 1 value is determined by the minimal value
of the reduced x2. Figure. 2 depicts that the isomeric cross-
section ratios of this work and those of Levkovskii [43] have
a definite minimum as a function of the n parameter while
the data by Rosch et al. [44] do not have a minimal value.

It should be mentioned that the data published by
Levkovskii [43] are the ground state 3°Sr(p,n)®%¢Y and
metastable 86Sr(p,n)g‘ﬁmY cross sections. To make them com-
parable to the value in this experiment the 80Sr(p,n)30e+txmy
data were calculated using the formula ogiyy =
<0g + Pm/\m)‘kagam) [70], where P,, is the probability of
the isomeric transition to the ground state and A,,, and A are

the decay constants of the metastable and ground states. The
factor x describes the correction for the direct decay of m

5
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state to 80Sr and is expressed as x = Pmkmkf"’k. It was cal-
culated as 1.055. The resulting cross sectionsgwere further
modified by a reduction factor of 0.75 determined from the
cross-section ratio of the monitor reaction natMo(p,x)%TC
value adopted now compared to the value used then by Lev-
kovskii. The evaluated cross section at 30 MeV is 188 &2 mb
[70]. Comparing this value with the value of 250 mb used by
Levkovskii, a reduction factor of 0.75 4 0.01 is obtained, i.e.
25% reduction [70]. This reduction factor, however, does not
have any effect on the isomeric cross-section ratio because it
is eliminated during the calculation of the ratio.

The evaluated n value for the present measurement is 1
= 0.63 £ 0.04 while that for the Levkovskii measurement
[43]itis 0.69 £ 0.07. The results of the two evaluations thus
agree within the uncertainty limits. But these data disagree
with the systematics developed in Ref. [25]. The need for
correction in the level scheme was discussed above through
the calculation of the above measured data in the low energy
range where only parameters of the discrete levels define the
isomeric cross-section ratio. The data by Rosch et al. [44]
are inconsistent.

Figure 3 shows the reduced yx? values for the 80Sr(p,2n)
85m.2Y reaction as a function of n = O.fr/Orig. In this case,
the measured data are the 30Sr(p,2n)832Y and 8 Sr(p,2n)®>™y
cross sections, therefore the 0, /0, ratio was analyzed. Using
the ratio of the measured values is preferred because any other
formulation will increase the uncertainty of the data.

The measurement by Rosch et al. [44] contains only a
few points which show large scatter and are not suitable for
the analysis. The best-fitted value of n = @7/ ®,;, for this
work is n = 0.57 4 0.06, and for the Levkovskii data [43]
itis n = 0.69 +£ 0.13. Although Levkovskii did not give any

100 -

—e— This work
—o— Levkovskii [43]
—4—Rosch et al.[44]

5

Reduced %~
S

—
ol

|

0.1 T T T T T T
03 04 05 06 07 08 09 1.0

n= ®eﬂ/®rigid

Fig. 2 Reduced x2 of the isomeric cross-section ratio as a function
of the n = O.r7 /O, parameter of the level density formula for the
86Sr(p,n)3M+2Y reaction
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experimental details, his data overlap with the isomeric cross-
section ratio from this work; it is thus possible to analyze
them together. The result is n = 0.60 £ 0.05. These data
are near to the value of 0.67 deduced from the systematics
[25]. The reduced X2 are 0.45, 1.05, and 0.64, respectively.
These reduced values indicate that the isomeric cross-section
ratios of the two measurements (this work and Ref. [43]) are
consistent.

Comparing the results of the two investigated isomeric
pairs (36m-2Y, 85m.2Y) the odd/even effect in the 1 value
appears to be consistent, but for 3°Y it is not as pronounced
as expected from the systematics [25].

4.2.3 Isomeric cross-section ratios

(a) 86Slr(p,n)gf’m'fv’Y reaction. The experimental isomeric
cross-section ratios obtained in this work as well as those

10 7 -
] —@-This work
—6-Levkovskii [43]

Reduced y2

851n,gY

| |

01 L e B L
0.2 0.4 0.6 0.8 1

n=®eff/®

rig

Fig. 3 Reduced x? of the isomeric cross-section ratio as a function
of the n = O.r7/O;g parameter of the level density formula for the
86Sr(p,2n)85"“’gY reaction

0.4‘ 86Sr(p,n)8omeY
r(p,n)°°m-e

] 110 50

: j (g% e o

® This work
A O Levkovskii[43]

0 A Résch et al.[44]
1 ——TALYS (1 0.63, best this work)
= =sees TALYS (n 0.69, best Levkovskii)
o0 +—/—7—F———T1—1——
5 15 25 35 45
Proton energy (MeV)

Fig. 4 Comparison of experimental data with the model calculation for
the isomeric cross-section ratio of the %Sr(p,n)%‘“*g Y reaction. Plotted
are 0y,,/04x;, values against the proton energy
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reported in the literature [43,44] are shown in Fig. 4 using
the best 1 values determined in Sect. 4.2.2.

As mentioned above, the data by Rosch et al. [44] are
rather erratic, so they were not considered further. The other
two sets of data agree fairly well till about 23 MeV; thereafter
the Levkovskii data [43] are somewhat higher than our val-
ues. The increasing value of the isomeric cross-section ratio
with the increasing proton energy is attributed to the higher
spin of the metastable state (8) as compared to that of the
ground state (47). The calculated isomeric cross-section ratio
describes well the measured data, which are characterized by
the reduced yx? value of 0.29 for the present data and 0.85
for the Levkovskii data. The two sets can be fitted by model
calculated curves, adopting an 7 value of 0.63 in the case of
our data up to 44 MeV and 0.69 in case of Levkovskii data
up to 30 MeV.

(b) 80Sr(p,2n)8™-2Y reaction. Fig. 5 shows the literature
experimental data [43] as well as the data obtained in this
work. A comparison of those data with the model calculation
is also given. In this case we plotted the 0,,/0, values because
they were directly measured and the uncertainty was smaller.
The isomeric cross-section ratio again shows an increase up
to 32 MeV and thereafter a slight decrease. The increase
is due to the higher spin of the metastable state, (9/2™) or
(11/27), as compared to that of the ground state (1/27). A
good agreement is found between the experimental data of
this work and those of Levkovskii [43] up to 30 MeV, except
for his two erratic values near the threshold. A comparison
with the model calculation shows that in the energy range of
17 to 24 MeV the model systematically underestimates the
experimental data. Since in this energy range mostly the con-
tribution of the discrete levels is dominant, this may be an
indication that the level scheme has some problems. Beyond

f
S

SGSr(p’zn)SSYm,g

i

& 1
= 1.0 -%
o) 4
@ This work
J O Levkovskii [43]
0.5 i —TALYS (1 0.60)
wr——-——
15 25 35 45
Proton energy (MeV)

Fig. 5 Comparison of experimental data with the model calculation
for the isomeric cross-section ratio of the 86Sr(p,2n)85m*gY reaction.
Plotted are 0,/0,4 values against the proton energy
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Fig. 6 Comparison of experimental data with the model calculation for
the 86Sr(p,n)%g*"‘mY (color online). Our experimental data are based
on measurements at three cyclotrons (88-Inch, BC1710 and JULIC)

25 MeV, however, the experimental and model calculated
results agree rather well.

4.2.4 Excitation functions

(a) 30Sr(p,n)30¢TXMY reaction. The consistency of the nuclear
reaction model calculation and the experimental data was
checked by the reduced y 2 analysis. In this case, the isomeric
cross-section ratio is substituted in the Eq. 1 by o (E;).xp and
0 (Ei)model, respectively. During the calculation, the optical
model parameters for proton and neutron were modified to
get the best description of the experimental data. The present
results together with the literature data are shown in Fig. 6,
whereby our data up to 24.5 MeV are the same as reported
earlier [45]. The experimental data of Rosch et al. [44] are
significantly higher than the other two data sets. There is no
clear explanation for the discrepancy. The Levkovskii data
[43] were also too high but they have been reduced by the
normalization factor of 0.75, as mentioned above. They are
still higher than our data in the energy range up to 15 MeV;
beyond that energy they are quite near to this measurement.

A reduced x?2 value of 2.59 was achieved for our data for
this reaction, which is quite far from the expected value of
about 1.0. A significant deviation occurs only above 23 MeV
where the scatter in the data is rather high. On the other hand,
in that energy range this reaction becomes arather weak chan-
nel compared to other nuclear processes like (p,xn), (p,pxn),
etc. Keeping this in view, the agreement between the exper-
imental data and the model calculation may be regarded as
fairly good.

(b) 86Sr(p,n)86mY reaction. The measured and calculated
cross-sections for this reaction are presented in Fig. 7. The
reduced x2 value was 2.09 which is far from the expected
value of about 1.0. Whereas the data by Rosch ef al. [44] are
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Fig. 7 Comparison of experimental data with the model calculation
for the 8(’Sr(p,n)gs'“Y reaction (color online); other details are the same
as in Fig. 6

rather erratic, between 23 and 30 MeV our data are signifi-
cantly lower than the Levkovskii measurement [43]. Beyond
30 MeV no data exist in the literature. Our data set consists
of two independent measurements. Each measurement with
independent analysis is consistent with the model calculation
but analyzing them together some inconsistency is observed,
revealing some scatter in the results. Since the isomeric cross-
section ratio is very good (Xfe 4 = 0.29) (see above), some
experimental parameters affect the measured cross section,
which are eliminated in the isomeric cross-section ratio (e.g.,
particle current, mass, etc.).

(©) 86Sr(p,2n)85gY reaction. The experimental data and
the model calculation for this reaction are depicted in Fig. 8.
Our experimental data and the Levkovskii data [43] are in
good agreement up to 25 MeV. The best approximation of the
experimental data with the model calculation gives a reduced
x? value of 2.45. The experimental data are reproduced fairly
well by the model calculation.

(d) 8Sr(p,2n)®™Y reaction. Figure 9 presents a compar-
ison of the experimental data from this work, Rosch et al.
[44] and Levkovskii [43] with the model calculation. The
few data points by Rosch et al. [44] for this reaction are also
erratic; they were therefore not considered. Our data and the
Levkovskii data are in good agreement up to 25 MeV; how-
ever, between 25 and 30 MeV our data are lower. Beyond
that energy no data exist in the literature. The model calcula-
tion reproduces our data. The reported energy of the first data
point is below the energy threshold of the reaction, therefore
it was excluded from the reduced x2 calculation. In the full
energy range, the model calculation gives a reduced x2 of
1.56. This indicates the consistency between the experimen-
tal data and the theory.

(e) 86Sr(p,x)83Rb reaction. The experimental cross-section
data for the independent formation of 33Rb from ¥Sr (i.e.,
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Fig. 8 Comparison of experimental data with the model calculation for
the 86Sr(p,Zn)XSgY reaction (color online); other details are the same as
in Fig. 6
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Fig. 9 Comparison of experimental data with the model calculation for
the 86Sr(p,2n)85mY reaction (color online); other details are the same
as in Fig. 6

after subtracting the decay contribution from 83Sr), deter-
mined in this work, are shown in Fig. 10 together with the
experimental data by Qaim et al. [71] and Levkovskii [43]
as well as the results of the model calculation. The experi-
mental data of this work and those by Qaim et al. [71] show
quite a good agreement up to 18 MeV. The Levkovskii data
[43] indicate an energy shift in the first two data points and
the compound peak is much broader than in other works.
Between 23 and 30 MeV the Levkovskii data are significantly
higher than our data. It is not known whether he subtracted
the 83Sr feeding. The reduced x2 is 2.59 which indicates a
relatively poor agreement of the experimental data with the
model calculation.

It should be pointed out that the production cross sec-
tion of the radionuclide 33Rb measured by the activation
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Fig. 10 Comparison of experimental data with the model calculation
for the 86Sr(p,)()83Rb reaction (color online); other details are the same
as in Fig. 6

method contains contributions from several different routes,
as depicted in Fig 11. The most important reaction type is
the (p,a) which includes direct, compound, exciton model,
pre-compound nucleon transfer (NT), and knock-out (KO)
contribution too. Above 25 MeV, however, other important
possible routes are (p,3He n) and (p,2n2p). The order of the
other routes is: (p,npd), (p,pt) and (p,2d).

A comparison of Figs. 10 and 11 shows that up to about
33 MeV proton energy, the product 83Rb is formed almost
exclusively via the 30Sr(p,)®3Rb reaction. Beyond that
energy, however, the contributions of multi-nucleon emission
reactions (e.g. 3Hen, 2p2n, etc.) in comparison to a bound
a-particle emission start increasing, becoming dominant at
the maximum energy of 44 MeV investigated in this work.
This effect is, however, not uncommon. We mention three
cases where the product nuclide is of medical interest: (a)
UN(p,x)'C [72], (b) 38Ni(p,x)*>Co [73], (¢) °Zn(p,x)%" Cu
[74]. In the low-energy range the (p,«) reaction is important
but at energies above about 30 MeV, multi-nucleon emission
reactions have higher cross sections. A detailed theoretical
analysis of those three cases was, however, not presented.

(f) 36Sr(p,x)¥*Rb reaction. This work describes the first
experimental data on this reaction. The reduced x> was found
to be 0.49. The model calculation reproduces relatively well
the experimental data (Fig. 12). Model calculations were also
done on the various contributing processes, namely (p,’He),
(p,pd) and (p,2pn) (Fig. 12). The cross section of the (p,3He)
reaction is appreciably smaller than that of the multi-nucleon
emission process. The relatively low emission probability of
a 3He-particle in comparison to an a-particle may be under-
stood in terms of its rather loosely bound character.

30
18Sr(p,x)**Rb — ()
3 : -o(p,*Hen)
E 20 ] ~+(p,2n2p)
& “~(p.npd)
> ] ~(p,pt)
2 10 A -o-(p,2d)
e -
U -
0 r T
5 15 25 35 45

Proton energy (MeV)

Fig. 11 Model calculations with TALY S showing contributions of dif-
ferent routes to the production of the radionuclide 83Rb (color online)

100 3
E ® Experiment JULIC (FZJ)

— b ——TALYS (sum) -

o) 10 E TALYS (p.2pn)
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Fig. 12 Comparison of experimental data with the model calculation
(sum) for the 86Sr(p,><)84Rb reaction (color online)

5 Concluding remarks

The cross-section data and the isomeric cross-section ratios
of proton-induced reactions on 86Sr, measured in this work
and partly reported in the literature, were compared with
nuclear model calculations. The isomeric cross-section ratios
for 86m-2Y and 35™.£Y were described well by the theoretical
models included in TALYS and the quality of the descrip-
tion was numerically quantified. The reduced y 2 values were
0.29 and 0.96, respectively, which means that the model
can describe on average the experimental data within their
uncertainties (1o) which is a statistically correct description.
Howeyver, the cross sections themselves were not described
well, despite a (partial) optimization of the parameters of the
models. The reduced x? values for the six reaction products
(862y, 8omy 85gy 85my 83Rp and 84Rb) were 2.59, 2.09,
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2.45, 1.56, 2.59, and 0.49, respectively, indicating that the
quality of the description is between lo and 20 (nearer to
1o). The larger deviation may arise from partial optimization
and some inconsistencies in the experimental data. This opti-
mization procedure can allow to draw conclusion about the
nuclear reaction models themselves and provide a possibility
to improve the parameter database.

Besides experimental and theoretical studies on excita-
tion functions and isomeric cross-section ratios discussed
above, two other facets, namely, the even/odd mass effect on
n and the competition between a light complex particle and
multi-nucleon emission, were also analyzed. Comparing the
results of $™-2Y and 85M-2Y the even/odd effect in the i value
appears to be confirmed, and modelling of excitation func-
tions of 83Rb and 34Rb shows that, when energetically pos-
sible, the multi-nucleon emission process contributes more
strongly to the product formation than the emission of a com-
plex particle. A general remark could also be made about the
practical use of the new data. Although 802Y is the main
radionuclide of interest for theranostic studies, because of its
shorter half-life 332Y is also of potential interest for some
preclinical investigations. The optimum energy range for its
production can be deduced from the cross-section data pro-
vided in this work.
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