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Abstract Excitation functions of the SGSr(d,n)87’"’87g Y,
86S1(d,2n)%0-802Y and 80Sr(d,3n)®"-858Y reactions on
enriched %Sr target were measured by the activation tech-
nique up to deuteron energies of 49MeV. The isomeric
cross-section ratios as a function of projectile energy were
deduced from the measured data for 87Y, 872Y(cum),
86my 862y (cum), ™Y and 838Y pairs for the same energy
range. All measurements are reported for the first time. The
experimental data were compared with the data from the
TENDL library which is based on TALYS calculation with
default parameters. No satisfactory agreement was observed.
Nuclear model calculations were then performed using the
codes TALYS and EMPIRE with some parameter adjust-
ments, and compared with the experimental data. The quality
of the agreement between experimental data and model cal-
culations was numerically quantified. In general, the data as
well as the isomeric cross-section ratios are partially repro-
duced by the model calculations, provided the input model
parameters are properly chosen and the level structure of the
product nucleus is thoughtfully considered.

1 Introduction

Studies of excitation functions of charged-particle induced
reactions are important for testing nuclear models as well as
for practical applications. Over the last three decades, exten-
sive experimental work has been performed worldwide on

reaction products induced by light charged particles, mainly

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

Published online: 13 June 2024

protons of energies up to about 30 MeV, but also extending
in some cases up to 100MeV and beyond cf. [1]. However,
since many of the measurements were done on targets of
natural isotopic composition, the activation cross sections
obtained were found to be of limited use in assuring the
desired radionuclidic purity of the investigated radionuclide,
or for a rigorous testing of nuclear models. For the latter,
it is important to use monoisotopic targets which restrict the
number of reaction channels leading to the formation of a cer-
tain product. A continuous programme has been underway at
the Forschungszentrum Jiilich (FZJ) to perform experiments
using monoisotopic elements or highly enriched isotopes as
targets in various mass regions to study reactions induced
by protons, deuterons, >He- and «-particles of energies up
to 40MeV and nuclear model calculations were performed
using several codes in cooperation with theorists in Vienna
and Debrecen cf. [2-10]. In recent years, several other lab-
oratories, e.g. in Nantes, Legnaro, Warsaw, Berkeley, Los
Alamos, etc., have also got actively engaged in detailed mea-
surements using monoisotopic and enriched targets com-
bined with extensive nuclear modelling cf. [11-17], mostly
with protons, but to a limited extent also with deuterons and
a-particles. The need of proper choice of input model param-
eters for describing the excitation function has been often
emphasized.

Very recently we described a study under an international
collaboration on the interaction of protons with 80Sr, mea-
suring cross sections of the 86Sr(p,n)86g +XmY reaction [18],
for which the available database was discrepant. This reac-
tion is commonly used for the production of 38'Y (T »=14.7
h) which constitutes a positron-emitting diagnostic partner of
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the B~ -emitting therapeutic radionuclide *°Y (T1, =2.7 d) in
theranostic studies. The kinetic data obtained via a positron
emission tomographic (PET) measurement using 38 allow
to quantify the radiation dose in the internal radionuclide
therapy with °°Y [19,20]. Our new data solved the discrep-
ancies in cross sections and the theoretically calculated yield
of 802Y agreed with the result of experimental yield measure-
ment. Furthermore, attention was also paid to the formation
of the isomeric states in 3¢"-8Y and 358 [21] which con-
stituted two interesting even/odd mass neighbouring nuclei,
because the spins of the nuclear levels concerned differ con-
siderably and the modes of decay of the isomeric states in the
two cases are different. In general, the nuclear model calcu-
lations were fairly successful in describing both experimen-
tal cross sections and isomeric cross-section ratios, provided
the input parameters were carefully chosen. In particular, the
effect of n, which is related to the spin distribution of the level
density, on the isomeric cross-section ratio was investigated
in detail.

The present work describes investigations on deuteron
induced reactions on enriched 8°Sr, similar to the ones men-
tioned above for protons. There were two motivations: (a) to
determine cross sections for the formation of 8778, 86m.8'y
and 398Y for applications. For the production of 308y
for theranostic application (see above), several routes, e.g.
86Sr(p,n)08Y,  88Sr(p,3n)02Y, "“’Rb(3He,xn)®0¢Y,
nat Zr(p,x)86g Y, etc., have been investigated cf. [20], but not
the 30Sr(d,2n)38+*"Y reaction. Since in the production of
several radionuclides the (p,n) and (d,2n) reactions are often
competitive, provided the level of radioactive impurities can
be controlled, we considered it important to perform the mea-
surements. Although in irradiation of 8°Sr with deuterons
several radioisotopes of Sr and Rb (e.g. 858r, 84Rb, 83Rb,
etc.) are also formed as impurities, they are easily removed
by a chemical separation [20]. The isotopic impurities of
862y, namely 8-2Y and 378, however, can only be con-
trolled by a proper choice of nuclear data. Our new data
should therefore help the radioisotope producers to decide
whether the (d,2n) process on 86Sr could lead to 398Y of
the same quality as the (p,n) reaction. (b) to test the predic-
tive power of nuclear model calculations. It is known that
the modelling of the activation products formed in the inter-
actions of deuterons with target nuclei is more challenging
cf. [22-25]. The (d,2n) and (d,3n) reaction cross sections
show some systematics. The description of the (d,n) process,
however, is problematic. Here we present the first experi-
mental data for deuterons on enriched 80Sr up to 50MeV.
The results of model calculations using both default param-
eters and some parameter adjustments are also reported in
an attempt to explain the experimental data. In the literature,
except for a measurement of deuterons on "%/ Sr [26], no data
relevant to the present study are available.

@ Springer

2 Experimental
2.1 Sample preparation and irradiations

Excitation functions of deuteron-induced reactions on enriched
86Sr were measured by the stacked-sample activation tech-
nique. The enriched 80Sr material was provided as 8°SrCO3
powder (isotopic composition: 96.4% 80Sr; 1.33% 37Sr;
2.26% 83Sr; supplied by Eurisotop, France). Thin strontium
carbonate samples were prepared at the Forschungszentrum
Jiilich (FZJ) by the sedimentation technique, the details of
which have been given in our earlier study on the proton-
induced nuclear reactions on 3°Sr [18,21]. A 50 wm thick Al
foil (supplied by Goodfellow; chemical purity: 99.0%) was
used as the backing for sedimentation. The sedimented layers
were examined under a microscope and only homogeneous
and mechanically stable samples were selected. The exact
diameter of each deposit was determined through the analy-
sis of a photograph of the sediment [18]. The net weight of
the sediments lay in the range of 5 to 7mg. Each sedimented
sample was then covered by a 10 wm thick Al foil of 16 mm
diameter, welted around the backing foil.

Thin foils of Al, Ti, Fe and Cu of natural isotopic com-
position (supplied by Goodfellow, purity: Al (99.0%); Ti
(>99.6%); Fe(99.6%); Cu (99.9%), thickness of both Fe and
Ti foils; 25 wm, Al foil; 50 and 250 wm, Cu foil; 50 um) were
used as beam monitors and inserted into the stack to follow
the beam energy distribution as well as the beam parame-
ters along the stack. Each foil was cut in circular disc with a
diameter of 13 mm. Four stacks were prepared with 80SrCO3
sediment samples together with the monitor foils for irradi-
ations with the deuteron beam.

One stack containing 80Sr-targets was irradiated with
deuterons of primary energy 33 MeV and the other one with
40MeV, for 30 and 45min, respectively, at the 88 Inch
Cyclotron, Lawrence Berkeley National Laboratory (LBNL),
USA. In both of the irradiations, the beam current was kept
constant at approximately 100nA. Two other stacks were
irradiated with 50 MeV primary energy deuterons using the
external beam of the CGR930 cyclone Cyclotron of the Uni-
versité Catholique in Louvain-la-Neuve, Belgium. Each irra-
diation was performed for 30 min, and the beam current was
kept constant at approximately 200 nA.

2.2 Energy and flux of deuterons

The extracted beams at the 88 Inch Cyclotron at LBNL as
well as at the CGR930 cyclotron in Louvain-la-Neuve are
well characterized. The energy of the extracted deuteron
beam was given by the accelerator parameters. The mean
energy of the deuteron beam effective in the front Cu foil
was confirmed by comparing the experimentally obtained
decay-rate ratio of 2Zn/%3Zn formed in the same monitor foil
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with the value calculated theoretically from the IAEA recom-
mended excitation functions of the reactions "*Cu(d,x)%2Zn
and " Cu(d,x)®Zn, respectively [27]. More details of the
method have been reported earlier [28,29].

The irradiation of the monitor foils Al, Ti, Fe and Cu,
placed in front of a stack, led to the monitor reactions
ZTAId,x)**Na,  "Ti(d,x)*®V, "Fe(d,x)’°Co  and
nat Cu(d,x)62’63 Zn, respectively. The deuteron flux was deter-
mined from the measured decay rates of >*Na, 8V, 5°Co and
62,6371 at the end of bombardment (EOB) and the reference
cross section of the respective monitor reaction taken from
the TAEA evaluated data file [27]. The individual flux values
from the above monitors agreed with one another within 5%.
An average of those values was used to determine the cross
section of the investigated reaction. This flux value was con-
sidered nearly constant in the stack. The excitation function
of each monitor reaction was measured to adjust the beam
energy in the stack. The measured excitation functions repro-
duced well the recommended curves given by the IAEA [27].
This added high confidence to the various techniques used
in our measurements. As an example, the measured excita-
tion function of the monitor reaction 27 Al(d,x)24N a, has been
reported in [25]. The computer program, STACK, written at
FZJ and based on the energy-range relation [30], was utilized
to calculate the beam energy degradation along the stack.

2.3 Measurement of radioactivity and analysis

The radioactivity of a reaction product in the activated foil
or sample was measured non-destructively using high-purity
germanium (HPGe) detector y -ray spectrometry. The detec-
tor was associated with the necessary electronics and Maestro
data acquisition software. The radioactivity measurements
were carried out at three facilities: (i) FZJ, Germany, (ii)
VUB, Brussels, Belgium, and (iii) LBNL, USA. The energy
resolutions (FWHM) at 1332.5 keV of °°Co of the HPGe
detectors used were 1.9 keV at FZJ, 1.9 keV at VUB and
2.5keV at LBNL. For efficiency calibration of the detec-
tors, standard point sources were used: at LBNL 54Mn,133Ba,
137Cs and '92Eu, supplied by Isotope Products Laboratories,
at FZJ 22Na, >*Mn, 37 Co, °Co, 83Y, 137Cs, 152Eu, 2?Ra and
241 Am, supplied by Eckert & Ziegler, Berlin, and at VUB
0Co, 137Cs and '32Eu, supplied by LMSI, Coffret D'Etalons
BETA ECBU. The uncertainty in the activity of each source
was specified as 3%. The y-ray spectra measured in this
work were analyzed by both the GammaVision and FitzPeaks
[31] software. The counting was done repeatedly in several
time segments depending on the half-life of the radionuclide.
Measurements were carried out at a distance of 5cm, 10cm,
20cm, 40cm or 50cm from the surface of the detector. The
decay data of the investigated radionuclides were taken from
the Lund/LBNL Nuclear Database [32] and some recent ref-
erences [33,34]; they are collectively given in Table 1.

At LBNL, USA, the short-lived 8"Y (T\;, = 47.4min)
activity was measured within 1 to 4h after EOB at a dis-
tance of 50 cm. It was identified by its characteristic y-ray of
energy 208 keV. The radioactivity of each of the two radionu-
clides ¥™Y (T, = 4.86h) and %Y (Ti, = 2.68h) was
measured at a distance of 20cm. The 8Y mainly decays
to 83Sr through B++EC processes, and its isomeric decay
(< 0.002%) to the ground state 332 is negligible. The 8y
activity was assessed by its characteristic gamma line at 535.6
(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 measurement of the 88
activity, the 504keV y-line was used. It was located close
to the 511keV annihilation peak, with partial overlapping.
Using the FitzPeak gamma analysis software [31], net peak
area of the 504keV line could be determined conveniently.
The third step of counting was devoted to the measurement
of the 808 radioactivity after the complete decay of 8y
(T1/, =47.4min) to the ground state, and the 87mY radioactiv-
ity. The last step of measurement of each sample was related
to the determination of the radioactivity of the long-lived
product 878,

After irradiation at the CGR930 cyclotron in Louvain-
la-Neuve, the radioactive samples were transferred by spe-
cial transport to the Cyclotron Laboratory, VUB, Brussels,
Belgium, about 20km away from Louvain-la-Neuve, where
the activity of the short-lived radionuclides 8-8¢Y and
86mY was determined. Measurement was started about three
hours after EOB at a distance of 20cm from the detector
surface to keep the dead time below 5%. The irradiated sam-
ples were thereafter transferred by special transport to the
Nuclear Chemistry Laboratory of the Forschungszentrum
Jilich (FZJ), Germany, about 200km away from Brussels.
Measurement at FZJ was started one day after EOB; thus
the metastable state 3"Y (T: » = 47.4min) had completely
decayed to 3%¢'Y before measuring the activity. The 3¢'Y (T,
= 14.7h) and 37"Y (T: = 13.4h) radioactivities were mea-
sured for 1 h atadistance of 20 cm. Due to a complicated level
scheme with numerous coincident transitions, the effect of
true coincident gamma ray summing for the analyzed gam-
mas of 802Y was not negligible at 20 cm distance. Therefore
corrections for coincident summing were calculated with the
TrueCoinc program [35]. Similarly, the 378 activity was
measured after disappearance of the 380.8keV peak of the
metastable state 37Y (Ti, = 13.4h) in the spectrum, i.e.
about a week after EOB at a distance of 5cm for 4-16h to
obtain good statistics. Each sample was counted 3—4 times
by giving sufficient decay interval to check the half-lives of
the activation products as well as to avoid interference by
overlapping y -lines from undesired products.

@ Springer
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Table 1 Decay data® and production routes of the investigated radionuclides in irradiations of enriched 80Sr with deuterons of energies up to

50MeV
Radionuclide  Spin Decay mode (%)  Half-life y-ray energy (keV)  y-ray intensity (%)  Production route  Q-value (MeV)
86
Sr(d,3n) —17.78
+
85my 9/2)* ﬂECj4§7 4.86(13)h gggg 33'466((52)?,) 878r(d,4n)? —26.21
R ' ' 88Sr(p,5n)? —37.32
86Sr(d,3n) —17.76
+ g :
85¢y (1/2)~ gc _ gi 2.68(5) h g?‘;'gg 96%((29)) 878r(d,4n)? —26.19
B ' ' 88r(p,5n)¢ ~37.30
IT = 99.31 86Sr(d,2n) —8.46
86my @t EC = 0.25 47.4(4) min  208.1 93.8 (9) 878r(d,3n)? —16.89
BT =0.44 88Sr(d,4n)? —28.01
B+ =21 fé? (1)5838; "°Sr(d,2n) —8.25
86gyb 4- - 14.74(2) h : . 878r(d,3n)? —16.68
EC =73 627.7 32.6(10) 885 :(d 4 9779
1152.8 30.5(9) r(d.4n) :
86
_ Sr(d,n) 3.18
8Tmy 9/2+ gc__9f’g; 13373 h  380.8 78.0(1) 87Sr(d,2n)? —5.25
o 88Sr(d,3n)¢ ~16.36
86Sr(d,n) 3.56
8sy 1/2- ]ig :_909 '1882 79.8(3) h ?82583 z;gg; 87Sr(d,2n)¢ —4.87
- ) ) 88Sr(d,3n)? —15.98

“Decay data taken from references [32,36,37], unless otherwise stated
bTaken from recent references [33,34]
“This is for a triplet peak (see text)

4This reaction occurs on the respective low-abundant impurity target isotope present in the enriched 30Sr target

2.4 Reaction cross section and its uncertainty

The net area under a peak of the characteristic y-ray of an
investigated radionuclide was converted to count rate and
extrapolated to the end of bombardment (EOB). The count
rate at EOB 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. From the decay
rate at EOB and the deuteron beam intensity measured by
activation of the monitor foils, the cross section for the for-
mation of a product radionuclide could be determined using
the well-known activation formula.

The contribution to the reaction product from subsidiary
reactions on the undesired target isotopes 37 Sr (1.33%) and
83Sr (2.26%) present in the enriched 3°Sr target was signifi-
cantin the case of 37Y production. In this case, the corrections
were based on Eq. All in the Appendix, using Tarkanyi et
al. [26] experimental data on the natural composition target,
which contains (82.58%) 88Sr. The correction for 8’Sr was
based on TALYS calculations using the same optical model
parameters (OMP) and level schema as those used for the
86Sr target. While the energy grid of Tarkanyi et al. [26] was
different from ours, their data and the uncertainty were inter-
polated to our energy grid. The details on the correction are
summarized in Table 2. It shows the ratio of the corrected to
uncorrected data, but the corrections are based on subtract-

@ Springer

ing the contributions of 37Sr and #Sr. The contribution of
the model-based correction is, on average (5%) and above
40 MeV deuteron energy, it is even less, only (3%). The
uncertainty of Tarkdnyi’s measurement and a (20%) uncer-
tainty for the model calculation were taken into account in
the final uncertainty data using the usual error propagation
law.

We want to mention that the corrections were calculated
by Eq. A7 in the Appendix as well. It uses a ratio of model-
calculated data to get a correction factor. This method has
given quite similar results, and some viewpoints seemed bet-
ter, for example, the smoother connection of the two indepen-
dent measurement sets between 30 and 40 MeV in the case of
the 80Sr(d,n)87 @Y reaction. In the case of the 0Sr(d,2n)
and 39Sr(d,3n) reactions the Eq. A7 of the Appendix was used
for correction. Their values for the 80Sr(d,2n) and #0Sr(d,3n)
reactions were on average(5%) and (1%), respectively.

The overall uncertainty in the cross section was obtained
by summing in quadrature the individual uncertainties in:
counting statistics (0.4—10%), efficiency of the detector (4%),
true coincidence correction (< 2%), y-ray intensities (0.1—
5%), half-life (0.2 to —2.67%), deuteron flux (6%) and sam-
ple homogeneity (up to 5%). The overall uncertainties of
the measured cross sections are (between 8 and 14%)(10),
including (5%) uncertainty in the estimation of the contri-
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bution of the subsidiary reactions deduced from the nuclear
model calculations.

The uncertainty of the isomeric ratio was estimated from
the individual uncertainties in counting statistics, detector
efficiency, y -ray intensity and half-life of both the metastable
state and the ground state. While dividing the formula for
the cross sections of metastable state and ground state, the

common parameters like flux of deuterons and weight of
the sample, were eliminated. The uncertainty in the isomeric
cross-section ratio was thus smaller and amounted to 5-7%.
For the 85™-8Y pair we calculated o,,/0, i.e., the ratio of the
directly measured values and not o,,/0, 4. The associated
uncertainty was about 11% and thus comparatively higher

Table 2 Measured cross sections for the production of 37Y via the 80Sr+d process®

Deuteron Labora- 87my 8IMY e Corr. 87y 87(g+xm)yb 87(g+xm)yyb Corr. 87y
energy tory o o fact. cal-th o o fact. cal-th
(MeV) (mb) (mb) (%) (mb) (mb) (%)
49.1£0.3 FZJ 22.8+3.0 29.7+29 0.77 2.0 253435 36.4+3.3 0.70 3.0
479+0.3 224+29 29.1+2.38 0.77 2.3 26.4+3.6 37.6+34 0.70 3.2
46.7£0.3 243+33 324 +3.1 0.75 2.4 357+ 4.6 48.7+ 4.4 0.73 2.8
455+0.3 235+33 323431 0.73 2.5 348 +4.7 49.0+ 4.4 0.71 2.9
443+0.3 227+32 31.6 £ 3.1 0.72 2.9 36.7+4.9 51.6 +4.6 0.71 3.1
430+ 04 20.5+3.0 29.5+29 0.70 3.4 34.1+4.6 485+ 44 0.70 3.7
417+ 04 189429 28.5+2.38 0.66 3.8 34.1+4.6 48.8 + 4.4 0.70 4.0
404 +04 228 +3.5 340+33 0.67 3.6 420+5.6 59.0+5.3 0.71 3.6
389+04 193 +£34 32.1 £3.1 0.60 42 38.1£5.6 58.1 £52 0.66 4.1
362+ 04 247 +43 40.9 +4.0 0.60 3.9 453+ 6.8 70.1 £6.3 0.65 4.0
36.0 £ 04 23.6 £4.3 40.2+3.9 0.59 4.1 44.6 + 6.8 69.7 £6.3 0.64 4.1
33.1£05 274 +52 48.5 +4.7 0.57 3.9 49.2 +8.2 825+74 0.60 4.1
329+05 249 +5.0 46.2 +4.5 0.54 42 49.6 +8.2 83.0+75 0.60 4.1
30.1 £0.5 18.4 +£4.7 419 +4.1 0.44 5.5 40.1 £7.7 753 +£6.8 0.53 5.3
36.9+£0.3 LBNL 149 +3.1 30.1 £2.7 0.50 5.0 312+54 549 +4.8 0.57 4.9
34.1£03 15.1 £3.7 348 £3.1 0.43 5.3 419+7.1 72.6 £ 6.4 0.58 44
31.1£03 14.6 £4.1 37.6 £ 34 0.39 5.7 41.6+7.6 76.2 £ 6.7 0.55 5.0
282 +£0.3 5.6 £3.6 29.7 £2.7 0.19 8.6 30.6 £6.9 66.8 £5.9 0.46 6.7
28.1 £04 109 £3.9 349 +3.1 0.31 7.4 340+£72 70.1 £6.2 0.49 6.4
246 £04 6.6 £33 284 £2.5 0.23 12.3 220+ 6.0 56.5+5.0 0.39 10.5
21.7+£04 22.8 +£3.9 39.7+£35 0.57 12.6 579 £8.0 85775 0.68 9.7
209 £ 04 22.3+3.8 383+34 0.58 14.4 65.6 £8.5 91.7 £8.1 0.72 9.9
185+ 04 33.6£42 447+39 0.75 15.0 852+94 103 +9 0.83 10.7
169 £ 0.4 55.7+59 652 +5.7 0.86 10.4 131+ 13 146 £ 13 0.90 7.6
152+04 56.1 £5.9 64.7+£5.7 0.87 10.1 124 + 12 138 + 12 0.90 7.8
13.44+0.5 73.6 £7.2 81.1+7.1 0.91 7.4 166 + 16 179 + 16 0.93 5.5
11.44+0.5 119 £ 11 125+ 11 0.95 4.0 257 £ 24 267 £23 0.96 3.0
10.5+0.5 244 £+ 22 249 + 22 0.98 1.7 525 + 47 532 + 47 0.99 1.3
10.1 £ 0.5 366 + 33 370 £33 0.99 1.1 772 £ 68 777 £ 68 0.99 0.8
79405 116 £ 11 118 £ 11 0.99 1.2 311 +£28 313 +£28 0.99 0.7
62405 48.6 £ 4.4 48.7+ 4.4 1.00 0.2 201 £ 18 201 £ 18 1.00 0.1

@ In spite of the enriched target, containing 96.4% of 30Sr, the small amount of 37Sr and 38Sr cause significant contribution to 87Y. The corrections
were done using Eq. Al1, utilizing Tarkdnyi et al. [26] measurements on the natural composition target, which contains the 83Sr in 82.58%. The
correction for the 87Sr was based on the TALYS calculations using the same optical model parameters (OMP) model and same level schema as
used for 83Sr target. The unc label means the uncorrected cross section data (i.e. including the production caused by the 87Sr and 38Sr). The column
“Corr. fact.” contains the ratio of the corrected and uncorrected cross sections, while the column “87Sr cal-th “ shows the contribution of the TALYS
calculation based correction in percent. To get the effective cross section for this isotopic composition, the uncorrected cross section has to be

multiplied by 0.964

b Cumulative cross section (g+xm) of a product describes the sum of its independent formation as well as via the decay of the metastable state

@ Springer
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due to uncertainty inferred from the gamma-ray intensity
and half-life of 3.

3 Nuclear model calculations

The reaction cross sections were calculated using the nuclear
model code TALYS [38] version 1.9, adopting an equidistant
excitation energy grid. TALYS incorporates several nuclear
models to analyze all the significant nuclear reaction mech-
anisms over the energy range of 1 keV to 200MeV. In the
calculations, the particle transmission coefficients were gen-
erated via the spherical optical model using the ECIS-06 code
[39] with global parameters: for neutrons and protons from
Koning et al. [40]; for the 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
the OMP of alpha particles, instead of the TALYS default
parameter set of Avrigeanu et al. [41] the folding approach
of TALYS was used because it can be adjusted to the experi-
mental data. The OM parameters for deuteron, protons, and
neutrons were modified to get the best description of the
experimental data. The gamma-ray transmission coefficients
were calculated through the energy-dependent gamma-ray
strength function according to Kopecky and Uhl [42] for
E1 radiation, and according to Brink [43] and Axel [44] for
all the other transition types. For the pre-equilibrium reac-
tions, a two-component exciton model of the TALYS code
was used. The energies, spins, parities, and branching ratios
of the discrete levels were based on the RIPL-3 database
[45]. In some cases, the energies, spins, parities, and branch-
ing ratios of the discrete levels were modified based on the
information in Ref. [36]. In the continuum region, the level
density was calculated by the back-shifted Fermi gas model
(BSFG) [46], using its slightly modified version in TALYS
[40]. For the ratio of the effective moment of inertia to the
rigid body moment of inertia parameter of the spin distri-
bution of the level density (), the systematics based on the
evaluation by Suddr and Qaim [10] was used. Regarding dis-
crete levels, it is known that their influence on the calculated
isomeric cross-section ratio is very strong. In the case of 5°Y,
the properties of the low-lying levels and gamma transitions
are either not known or known poorly. Many of these miss-
ing/tentative data are simply assumed and made available in
the TALYS input based on RIPL [45]. In our previous work
[21] we dealt with different options for the assumed proper-
ties to reproduce proton-induced reaction cross sections, and
the same level scheme was also used in this work.

Our aim was to compare the different reaction model
codes which emphasize the direct processes and the iso-
meric cross sections, and their database of the input param-
eters. The second selected code was EMPIRE [47] which is
also quite successful. EMPIRE is also a modular system of
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nuclear reaction codes, comprising various nuclear models,
and designed for calculations over a broad range of ener-
gies and incident particles. The code accounts for the major
nuclear reaction models, such as the optical model, Cou-
pled Channels and DWBA (ECIS06 and OPTMAN), Multi-
step Direct (ORION + TRISTAN), NVWY Multi-step Com-
pound, exciton model (PCROSS), hybrid Monte Carlo sim-
ulation (DDHMS), and the full-featured Hauser-Feshbach
model including width fluctuations and the optical model
for fission. A comprehensive library of input parameters
based on the RIPL-3 library covers nuclear masses, optical
model parameters, ground state deformations, discrete levels
and decay schemes, level densities, fission barriers, and y-
ray strength functions. The properly parametrized Enhanced
Generalized Superfluid Model (EGSM) (including adjust-
ment to discrete levels) is the default level density formu-
lation in the EMPIRE code; therefore, it is also referred
as ’Empire Global Specific Model’. The EGSM uses, as
GSM, the super-fluid model below critical excitation energy
and the Fermi Gas model above. Enhancement compared to
GSM relates mainly to the spin distribution in the Fermi Gas
model. During the calculation, the EMPIRE-specific level
densities were selected. Exciton model calculations were per-
formed with the PCROSS code. Cluster emission utilized
parametrization of the Iwamoto-Harada model. The mean
free path parameter in PCROSS was set to the recommended
1.5 value. Gamma emission width is not normalized. Optical
model parameters for neutron, proton. alpha, deuteron, tri-
ton and *He used the RIPL catalog numbers 1429 [47], 5405
[47], 9600 [48], 6200 [49], 7100 [50], and 8100 [50], respec-
tively. For deuteron break-up parametrization, the Kalbach
model was used and the stripping cross section for (d,n) was
calculated by using the transfer cross sections, normalized to
the reaction cross section multiplied by a factor of 0.9.

4 Results and discussion
4.1 Isomeric cross-section ratios and cross section data

The measured cross sections for the 30Sr(d,xn)-reactions and
their uncertainties are given in Tables 2 and 3. At LBNL the
data were measured from threshold up to 37 MeV and at FZJ
in the energy range of 30 to 49 MeV.

All the model calculations followed the “iterative” pro-
cedure described in the paper of Sudar and Qaim [10] for
the n = ©.fr/O,;g of the spin distribution of the level den-
sity. A similar method was used for selecting other model
parameters for the calculation. Since the isomeric cross-
section ratios were measured first, the n was determined
for all reactions and thereafter the OMP parameters and the
energy shift of the level density model were optimized. To
this aim the reduced chi-squared values of the isomeric cross-
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Table 3 Measured cross sections for the production of 3-8y and 5"-2Y via the 80Sr+d process. Their formation from low-abundant 87Sr and
88Sr in the target was estimated through model calculation as <5% and <1%, respectively (see text)

Deuteron energy Laboratory Measured cross section of the activation product (mb)

(MeV) 86my 86(g-+xm) ya 85my 85gy
49.1£0.3 FZ] 24 +3 98 + 12 128 + 18 63+6
479+£03 29 +3 104 + 12 118 + 14 57+5
46.7£0.3 35+4 134 + 14 129 + 18 71 £7
455+£03 395 138 £ 15 134 £ 16 63 £6
443403 36 £4 147 £ 16 160 + 19 76 £7
43.0+04 37+4 139+ 15 163 + 20 73+7
41704 364 141 £ 15 164 £+ 20 777
40404 46 £ 6 167 £ 20 170 £+ 20 707
389+£04 40+ 4 166 + 18 153 £ 18 71+£7
362+ 04 53+6 197 £ 22 209 +£25 89 £8
36.0+ 0.4 S1£6 204 £ 21 223 £26 108 £+ 10
33.1+05 60 £7 248 £ 26 269 £ 32 125 £ 12
329405 57T£6 251 £25 262 £ 30 138 £ 13
30.1+£0.5 68 £8 257 £ 26 204 £25 101 £ 10
369403 LBNL 41 £4 159 £ 15 158 £ 17 697
3414+03 60 £5 236 £ 22 245 £27 107 £ 10
31.1+03 63 +£6 247 £23 218 £24 109 £ 11
282403 68 £6 231 £22 173 £ 19 86+ 8
28.1+04 70£6 267 £25 165 £+ 18 8248
246+04 108 £ 10 332 +£31 53+6 53+£5
21.7£04 216 £19 610 £ 57 13+1.4 7.0+ 0.6
209+04 211 £ 18 619 £ 50

185+ 04 225+£20 705 £ 66

169+ 0.4 254 £ 19 856 £ 69

152+04 168 & 12 620 £ 50

13.4+05 137 £ 10 536 £43

11.4£05 84+ 6 386 £ 31

10.5+0.5 4243 207 £ 17

10.1 £ 0.5 5+04 2542

¢ Cumulative cross section of this product describes the sum of its independent formation as well as via the decay of the metastable state

section ratios were plotted as a function of the n value for each
reaction and therefrom the best fit was obtained. In general,
more than 1000 calculations were done, i.e. till the parame-
ters became practically constant. The iteration process also
proved that the parameter 1 has only a small dependence on
the other parameters. Its change was only between the final
uncertainty limits during the iteration process. The reduced
chi-squared values and selected measured data points are
summarized in Table 4 in both TALY'S and EMPIRE models.
The determination and use of the 1 values are possible only
in the TALY'S code, as EMPIRE uses an approximation of the
rigid momentum modified on the deformation parameters of
Vigdor and Karwoski [51]. The n value of 87Y has an effect
on the isomeric cross-section ratio of the 30Sr(d,xn)%0-8%Y

reactions, therefore the results are presented in decreasing
order of mass.

4.1.1 30Sr(d,n)¥"™Y and 3°Sr(d,n)3"8Y processes

In graphical presentations, the results obtained at two facili-
ties, i.e. LBNL and FZJ (which include cyclotron irradiation
at Louvain-la-Neuve and some y-counting at Brussels), are
shown in the figures with different symbols. The radionuclide
87Y is formed by the (d,n) reaction induced on the enriched
target 80Sr. This radionuclide is also formed by the (d,2n)
and (d,3n) reactions on the ¥’Sr and 88Sr impurities in the
enriched 80Sr target. Those contributions were estimated by
using experimental data on " Sr as well as by model calcu-
lations and their values were subtracted from the total mea-
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86Sr(d,n)87meY
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Fig. 1 Reduced chi-squared values of the isomeric cross-section ratio
as a function of the n parameter for the 868r(d,n)87"-8Y reaction. The
curve marked as “Selected E” means measured data which fall within the
3o limit of agreement between measurement and TALYS modelling,
whereas the other curve (“E< 40”) contains only those points in which
the incident deuteron energy is less than 40 MeV

sured value (see Sect. 2.4). A significant contribution from
subsidiary reactions appeared above 10 MeV, increasing with
the deuteron beam energy, reaching a value of about 70% of
total formation at around 49 MeV.

For the isomeric cross-section ratio of the 80Sr(d,n)37"-8Y
reaction, the variation of the reduced chi-squared values as
a function of the n value is shown in Fig. 1. There are two
curves: one contains the measured data points where the devi-
ation of the measured and the calculated curve is less than
three times the uncertainty of the measurement (3 o), and the
second contains only those cases where the incident deuteron
energy is less than 40 MeV, as the data from 40-49 MeV fall
outside this 3 ¢ limit. The best fit of the calculated isomeric
cross-section ratio to the experimental data is n = 0.44 £
0.05 in both cases. The reduced x2 values 1.75 and 1.50 are
at the minimal cases, respectively. The 3o limit indicates
which data are, from a statistical point of view, in agreement
with the theory. If the excluded data are individual points,
then they may indicate some experimental problem, but if
the excluded points show some systematic trend then it indi-
cates the weakness of the underlying predictive capabilities
for reaction modeling theory.

Figure 2 depicts the isomeric cross-section ratios as a func-
tion of the incident energy using the optimal value of 1 in
the TALYS calculation. The experimental data are from four
sets of irradiation (indicated in the figure) and they are sta-
tistically consistent. Three model calculations are shown for
the 30Sr(d,n)®”"8Y reaction, one with TALYS and two with
EMPIRE. One of the EMPIRE calculations uses the default
parameters of the code, but the second one uses the same
discrete-level schema as it was used in the TALYS calcu-
lation (EMPIRE LevSch). This latter one and the TALYS
calculation show very good agreement above 15MeV. It is
not clear why they are different at low energy. The default
EMPIRE and TALYS calculations depict some agreement
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Fig. 2 Measured and calculated isomeric cross-section ratios as a func-
tion of the incident deuteron energy using the optimal 7 value of 0.44 +
0.05 in TALYS calculation. The LBNL data point at ~6MeV is rather
low. The isomeric cross-section ratios based on EMPIRE calculations
(see text) and the TENDL library [52] are also shown

below 10MeV. Comparing the experimental data and the
model calculation, both TALYS and EMPIRE LevSch are
in good agreement with the experimental data in the energy
range of 15-40MeV. For comparison, we also inserted the
TENDL data [52] which are based on TALYS calculation
using default parameters. Those data are rather far from our
measurements.

In the 8-15MeV deuteron energy range, only TALYS
describes the experimental data well. Above 40 MeV incident
deuteron energy, there seems to be a systematic deviation of
the experimental data from the isomeric cross-section ratios
calculated using both TALYS and EMPIRE. The experimen-
tal isomeric cross-section ratios show an increasing trend
while the calculated data represent a constant trend. Since
the correction for the 87Sr and 38Sr is high and was based
initially on the TALYS model calculation, there was some
suspicion that the deviation may originate from wrong cor-
rection factors (see Sect. 2.4). Therefore, the isomeric cross-
section ratios were calculated for a "' Sr target where the
% of 38Sr is much higher, and compared with Tarkanyi et
al. [26] measurements. The results are plotted in Fig.2. It
is visible that the experimental data [26] and the calculation
with TALYS above 8 MeV are in good agreement. On this
basis, we introduced a new correction calculation method
considering the measured cross sections from natural com-
position of St. They were used to estimate cross sections from
88Sr. (See the Appendix.) The correction from 87Sr, however,
remained unchanged. The modified correction calculation
did not change the isomeric cross-section ratios. This proved
that the deviation above 40 MeV does not originate from the
correction method. Thus, the origin of the deviation lies in
the (d,n) stripping process. In the case of the "%/ Sr(d,x)%’Y
process the main component comes from the 33Sr(d,3n)3"Y
statistical reaction mechanism using the Hauser-Feshbach
model which considers angular momentum conservation.
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Table4 Reduced chi-squared data while comparing the measured cross
sections and calculations for the different reaction products. The (NDF
< 30) column gives the number of measured cross-section data points

for a reaction channel which fall within the 99.9 percent statistical prob-
ability limit of each code’s model calculations, considering the uncer-
tainties in the experimental data

Products Type TALYS EMPIRE
x24(< 30) NDFE(< 30) X2 NDF x2,4(< 30) NDEF(< 30) X2 NDF
87y omloe 1.5/1.1 23/19 12 29 1.6/1.5 18/16 26.5 30
87y oc 2.6 9 41 28 2.7 22 15.5 30
8Ty Om 2.8 9 49 28 3.1 18 14.9 30
6y omloe 1.2 22 3.0 26 L5 12 29 28
8y oc 1.7 15 72 27 2.0 21 58 28
oy Om 24 15 120 26 24 12 60 28
8y om | g L5 19 2.3 20 4.5 12 33 21
8y g 2.7 12 100 18 3.4 19 28 20
8y Om 2.0 15 118 18 8.9 2 16 20
86Sr(d,n)¥"™Y higher energy region where the theoretical value constantly
1,000 decreases as compared to the experimental data. The results
— from the code EMPIRE seem to be good in the energy range
“’é 100 1 ® LBNL-I of 20 to 40 MeV but deviate considerably from the experi-
§ * ;ZB;\IlL 2 mental data in the range of 8 to 20 MeV and beyond 40 MeV.
3 ° FzJ2 The experimental data above 40 MeV further strengthen the
o 107 TE‘:EI(EE ot earlier hypothesis that the incorrect behaviour of the spin
8 ..... EMPIRE-LeVsch distribution in the description of the stripping reaction is the
1 —TENDL reason for the deviation between the models and the exper-

0 10 20 30 40 50
Deuteron energy [MeV]

Fig. 3 Measured and calculated cross sections as a function of the
incident deuteron energy for the 30Sr(d,n)®””Y reaction. The model
calculations were done with the EMPIRE and TALYS codes using the
optimal 1 value of 0.44 £ 0.05 in the TALYS calculations. The figure
also shows the cross section data from the TENDL library [52]

The reduced chi-squared values while comparing the mea-
sured cross sections and model calculations are quite good
for both TALYS and EMPIRE for those data in which the
deviation is less than 30. 79% of the experimental data are
below the 3¢ limit compared with TALYS while the corre-
sponding value is 60% for EMPIRE, both considered over
the full deuteron energy range. The reduced chi-squared val-
ues are 1.5 and 1.6, respectively. Below the 40MeV inci-
dent deuteron energy these data are 65%, 53%, and 1.1, 1.5,
respectively. These results are summarized in Table 4.

The cross sections to produce the isomeric state 87Y
(Ti,=13.37h) and the results of model calculations are
shown in Fig. 3. The four sets of results are in good agree-
ment in the overlapping energy region. The cross section at
24.6 MeV is, however, too low (see discussion below for
872Y). No experimental data for the 80Sr(d,n)3”"Y reaction
are found in the literature. The TALYS code describes the
experimental data quite well up to about 40 MeV but notin the

iment. For comparison, we also inserted the TENDL data
[52]. Our results show the improvement in the TALYS cal-
culation with parameter adjustments. Comparing the reduced
chi-squared analysis, the data of EMPIRE are better regard-
ing the number of data points inside the 3o limits, i.e. 60%,
compared with TALYS data of 32%, but in the reduced chi-
squared values, the TALYS value of 2.8 is slightly better than
the 3.1 for the EMPIRE data.

The radionuclide 37Y was produced via the
86S1r(d,n)37(¢+¥™Y reaction, that includes 98.43% isomeric
branching of 87Y. Its production cross section was mea-
sured after the complete decay of the metastable state to the
ground state; the reported values thus give the cumulative
cross sections.

The cumulative cross section can be expressed as a combi-
nation of the independent ground state and metastable cross
section as Ogyyxy (cum) = (ag + memxf'”kgom) [9], 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, respectively. In case of 37, x is 1.18. The
radionuclide 372 Y is also formed by two subsidiary reactions,
namely 37Sr(d,2n) and 38Sr(d,3n). Those two reactions occur
on only 1.33% abundant 37 Sr and 2.26% abundant 38Sr in the
enriched 80Sr. The contributions of the subsidiary reactions
were estimated from model calculations (see Sect. 2.4) and
subtracted from the measured cross section of 37¢'Y. The mea-
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Fig. 4 Measured and calculated cross section for the 80Gr(d,n)878tymy
reaction as a function of the incident deuteron energy. The model cal-
culations were done with the EMPIRE and TALYS codes using the
optimal 1 value of 0.44 & 0.05 in the TALYS calculations. The figure
also shows the cross section data from the TENDL library [52]

sured data and the results of model calculations are shown in
Fig. 4. We are reporting on the first measurements of these
Cross sections.

For the 80Sr(d,n)®”¢+t*™Y(cum) channel (Fig.4), the
results from the TALY'S code describe quite well the experi-
mental data in the energy region up to 40 MeV, except for a
point at 24.6 MeV (similar to 87Y). The divergence may be
due to inhomogeneity of the sample but, on the other hand, the
isomeric cross-section ratio is consistent (Fig. 2), as are also
the cross-section values for Y and 802Y (see below Figs. 7
and 8) obtained using the same sample. Thus the data points
for both 37Y and 378 at this energy appear to be authen-
tic but the cause of the divergence remains unexplained. The
EMPIRE code gives better results in the high energy region,
from 20 to 50 MeV, for this reaction. From these results it is
obvious that the (d,n) reaction is not described sufficiently
well by any of the codes, although EMPIRE appears to give
somewhat better results, possibly because of a small cor-
rection introduced recently for the deuteron break-up. As
it is known, the deuteron breakup has an effect mainly on
the 86Sr(d,pn)86Sr reaction channel. The 86Sr(d,n)87Y and
86Sr(d,p)”Sr reactions have a contribution from the strip-
ping reaction, and the deviations may originate from this
process. For comparison, we also inserted the TENDL data
[52]. There is a visible improvement in the TALYS calcu-
lation with parameter adjustments. Comparing the reduced
chi-squared values from Table 4 it is observed that the TALY S
results agree better with our measurements. Only 32% of the
experimental data are below the 30 limits and the reduced
chi-squared value is 2.6, while the corresponding data for
EMPIRE are 73% and 2.7. These differences may come from
the fact that TALYS calculations are better below 20 MeV
where there are fewer measurements than above 40 MeV.
Though EMPIRE describes better the high energy range; it
exhibits a systematic deviation trend from the experimental
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data, similar to that for the isomeric cross-section ratios. The
two versions of the calculation with the EMPIRE are almost
identical, independent of the used level scheme.

4.1.2 80Sr(d,2n)80"Y and 86Sr(d,2n)86gYprocesses

The radionuclide 3©Y has one short-lived metastable state
86my (T »=47.4min) and arelatively long-lived ground state
86g Y(Ty, = 14.74h). The metastable state decays 99.31%
by the isomeric transition to the ground state and 0.69% by
EC. The 80"Y activity was measured immediately after the
end of irradiation. The experimental isomeric cross-section
ratios obtained in this work are shown in Fig. 5. The initial
increase in the isomeric cross-section ratio with the increase
in deuteron energy is attributed to the higher spin of the
metastable state (8) as compared to that of the ground state
(4)~ [2-4]. A comparison with the model calculation based
on TALYS shows that in the energy range from 18 to 25 MeV,
the model systematically underestimates the experimental
data. Since in this energy range mostly the contribution of the
discrete levels is dominant, this may be an indication that the
level scheme is not exactly known. Beyond 25 MeV, however,
the experimental and model-calculated results agree rather
well. The best estimation of the n value is 0.41 £ 0.03. The
analysis was done as in the case of 87Y (see Fig. 6).

In Fig. 5, the calculations based on the code EMPIRE fol-
low the shape of the experimental data, but the resulting ratios
are too low in magnitude, especially above 25 MeV. For com-
parison, we also inserted the data from the TENDL library
[52]. The deviation from our TALYS calculation indicates
the importance of the level scheme of the isomers and the n
parameter of the level density. Comparing the reduced chi-
squared values from Table 4 shows that the data of TALYS are
better in terms of the number of data points inside the 3o lim-

86Sr(d,2n)someY

= LBNL-1
4 LBNL-2
FZJ-1
® FZJ-2
—TALYS
- - EMPIRE def.
| e EMPIRE LevSch
—TENDL

0 10 20 30 40 50
Deuteron energy [MeV]

Fig. 5 Measured and calculated isomeric cross-section ratios as a func-
tion of the incident deuteron energy for the 80Sr(d,2n)808Y reaction.
The model calculations were done with the EMPIRE and TALYS codes
using the optimal 7 value of 0.41 % 0.03 in TALY S calculations. The fig-
ure also shows the isomeric cross-section data from the TENDL library
[52]
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Fig. 6 Reduced chi-squared values of the isomeric cross-section ratio
as a function of the n parameter for the 868r(d,2n)80"-8Y reaction
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Fig. 7 Measured and calculated cross sections as a function of the
incident deuteron energy for the 80Sr(d,2n)8¢"Y reaction. The model
calculations were done with the EMPIRE and TALYS codes using the
optimal 1 value of 0.41 £ 0.03 in TALYS calculations. The figure also
shows the isomeric cross-section data from the TENDL library [52]

its, 85% compared with EMPIRE data of 43%. Additionally,
the reduced chi-squared TALY'S value of 1.2 is slightly better
than the 1.5 value of EMPIRE. The reduced chi-squared val-
ues for the full data set are 3 for TALY'S and 29 for EMPIRE.

The measured and calculated cross sections for the
865r(d,2n)80"Y reaction are presented in Fig. 7. No exper-
imental data exist in the literature for this reaction. Our
data set consists of four independent measurements. Except
for the four data points in the peak energy region near
18 MeV, the agreement between the experimental data and
both the TALYS and EMPIRE-LevSch calculations is good.
The EMPIRE-def. calculations, on the other hand, give lower
values than the experimental data. We also inserted the
TENDL data [52]. Our results show the improvement in the
TALYS calculation with parameter adjustments. Comparing
the reduced chi-squared values from Table 4 shows that the
results of TALYS are better in terms of the number of data
points inside the 30 limits, 58% compared with 43% for
EMPIRE; the reduced chi-squared value for TALYS of 2.4
is the same as the value of 2.4 of EMPIRE. The reduced

SGSr(d’zn)86(g+xm)Y
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Fig. 8 Measured and calculated cross sections as a function of the inci-
dent deuteron energy for the 36Sr(d,2n)3@ ™Y reaction. The model
calculations were done with the EMPIRE and TALYS codes using the
optimal 1 value of 0.41 £ 0.03 in TALYS calculations. The figure also
shows the isomeric cross-section data from the TENDL library [52]

chi-squared values for the full data set are 120 for TALYS
while EMPIRE has a better value of 60. Both data indicate
that neither of the models can describe well the experimental
data over the full energy range.

The radionuclide 86 +*™Y was formed via three direct
deuteron-induced nuclear reactions, one on the enriched tar-
get 3Sr and the other two on the impurities 3’Sr and 83Sr.
862y was also formed via the decay of the metastable state
to the ground state. The contributions of the 87Sr(d,3n)3%¢ Y
and 88Sr(d,4n)3%¢Y reactions were corrected from the cross-
sectionratios of o(d,2n)/(o (d,3n)+0 (d,4n)) obtained theoret-
ically and by considering the abundance level of 87 Sr (1.33%)
and 88Sr (2.26%) in the enriched 8°Sr target. In the energy
range above 30 MeV, the total contribution of the (d,3n) and
(d,4n) reactions was found to be small (around 2%). The
cross sections measured in this work are given in Table 3
and are also shown in Fig. 8. The data measured in the two
laboratories (LBNL and FZJ) agree well in the overlapping
energy region. A significant part of the excitation function
is fitted well by the calculation and the measured data show
a smooth trend too. However, the datum at 16.9 MeV devi-
ates from the general trend of the other experimental data (as
to some extent also in the case of 8¢"Y in Fig. 7), which is
hard to explain. The isomeric cross-section ratio at this point
is quite consistent with the other points. This suggests that
some experimental parameters affect the cross section, which
are eliminated in the isomeric cross-section ratio ( e.g., par-
ticle current, mass, etc.). The particle current was the same
for all energy points. This may indicate a problem with the
mass of the sample (g/cm?) used at 16.9 MeV. On the other
hand, our measured value is consistent with a similar value
reported by Tarkdnyi et al. [26] (see below).

Tarkdnyi et al. [26] reported 38 production cross sec-
tions for a natural strontium target. Comparing the thresh-
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old energies, it is seen that 8°¢Y is produced mainly by the $6Sr(d,3n)*meY
86Sr(d,2n) reaction in natural target up to 17 MeV, where the 6.0
contribution from the 84Sr(d,)/) reaction is considered to be 50 | = LBNL-1
negligible because the cross section of this reaction is low and L
the isotopic abundance of 3*Sr is 0.56%. Beyond 17 MeV, & 407 o FZI2
the (d,xn) reactions may contribute. Therefore, in the energy ;E 30 4 f;’;ALP‘I(:E o
range below 17 MeV, a few normalized points are collected -« EMPIRE LevSch
from Tarkdnyi et al. and are shown in Fig. 8. They are close in 2.0 1 e
magnitude to our data. We also show the TALYS, EMPIRE 10 4
and TENDL data in Fig. 8. The effect of parameter adjust-
ment in our calculation is visible. The TENDL and EMPIRE 0.0 w w w w w w

reproduce the shape of the excitation function at a distance,
butin TALY'S the shape is missing. This is a real discrepancy,
despite the latter calculation giving the best description of the
experimental data.

For this reaction, a comparison of the reduced chi-squared
values from Table 4 shows that the fractions of measured
data points inside the 3¢ limits of the TALYS and EMPIRE
calculations are, 56% and 75%, respectively. The reduced
chi-squared TALYS value of 1.7 is practically the same as
the 2.0 value from EMPIRE. The reduced chi-squared val-
ues for the full data set are 72 for TALYS while EMPIRE
has a better value of 58. Both data indicate that each model
calculation can describe some parts of the excitation function
well, but neither of the models can describe well the whole
set of experimental data in the full energy range.

4.1.3 808r(d 3n)35"Y and 8°Sr(d,3n)3>8 Y processes

The radionuclide 3°Y has one metastable state (Ti, =4.86h)
and a ground state (T, = 2.68h). They decay indepen-
dently. We could obtain independent cross-section data to
produce both states. The metastable state 3>"Y decays 57%
by positron emission and 43% by the EC. It was formed only
directly via the 86Sr(d,3n)3>"Y reaction in our investigated
energy range. No data exist in the literature. The produc-
tion of the 832Y occurred primarily by a single channel, i.e.
86Sr(d,3n), the calculated contributions from the 37Sr(d,4n)
and 38Sr(d,5n)-processes being negligible.

Figure 9 shows the isomeric cross-section ratios for exper-
imental data and the nuclear reaction model calculation
obtained in this work. In this case, we plotted the o,,/0,
values because they were directly measured; therefore their
uncertainty is smaller. The highest isomeric cross-section
ratio of 3.7 is found at the lowest measured energy of
21.7MeV. The experimental ratio shows a decrease up to
28 MeV; thereafter, its trend remains experimentally con-
stant. A good agreement in magnitude is found between the
experimental data of this work and calculational results from
TALYS, though it does not exactly predict the shape of the
curve in this region. The EMPIRE results are, however, far
from the experimental data, and neither code is able to cor-
rectly model the isomer ratio between threshold and 32 MeV.
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Fig. 9 Measured and calculated isomeric cross-section ratios as a func-
tion of the incident deuteron energy for the 30Sr(d,3n)8"¢Y reaction.
The model calculations were done with the EMPIRE and TALYS codes
using the optimal 7 value of 0.7 & 0.1 in TALYS calculations. The fig-
ure also shows the isomeric cross-section data from the TENDL library
[52]

86Sr(d,3n)3>meY

4.0

3.0 o«
R ] AN
= - .
§ 2.0 A \ g
-8 4 kw*’/"/‘
[

10 1 l

00 T T T T

0.4 0.5 0.6 0.7 0.8 0.9

Fig. 10 Reduced chi-squared values of the isomeric cross-section ratio
as a function of the # parameter for the 88 reaction

The best estimation of the n value is 0.7 & 0.1 (see Fig. 10).
For comparison we also inserted the TENDL data in Fig. 9.
The deviation of those data from our TALY S calculation indi-
cates the importance of the level scheme of the isomers and
the n parameter of the level density. Comparing the reduced
chi-squared values of the isomeric cross-section ratios from
Table 4 shows that the fraction of data points inside the 3o
limits of the TALYS is quite high at 95% while for EMPIRE
it is only 57%. The reduced chi-squared value for TALYS
is 1.5 while it is 4.5 for EMPIRE. The reduced chi-squared
values for the full data set are 2.3 for TALYS and 33 for
EMPIRE. These values indicate that TALYS can describe
the experimental data in the full energy range much better
than EMPIRE, although it cannot model the isomer popula-
tion near the threshold correctly.

Figures 11 and 12 present the experimental cross-section
data and the model calculations for the reactions
86Sr(d,3n)®Y and 80Sr(d,3n)3>¢Y, respectively. The exper-
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Fig. 11 Measured and calculated cross sections as a function of the
incident deuteron energy for the %0Sr(d,3n)8"Y reaction. The model
calculations were done with the EMPIRE and TALYS codes using the
optimal n value of 0.7 £ 0.1 in TALYS calculations. The figure also
shows the isomeric cross-section data from the TENDL library [52]
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Fig. 12 Measured and calculated cross sections as a function of the
incident deuteron energy for the 3°Sr(d,3n)32Y reaction. The model
calculations were done with the EMPIRE and TALYS codes using the
optimal 7 value of 0.7 &+ 0.1 in TALYS calculations. The figure also
shows the isomeric cross-section data from the TENDL library [52]

imental data rise sharply and reach a maximum around
33 MeV and then go down sharply with the increase of energy
up to 40MeV. Above 40 MeV the change of cross section
with energy is quite small. The results of the TALYS calcu-
lations are nearer to the experimental data than the EMPIRE
results. The calculations with TALYS show an energy shift
in the excitation function for both 8Y and #¢Y produc-
tion, while the EMPIRE results cannot describe the shape of
the energy dependence for these reactions. Neither TALYS
nor EMPIRE can describe the peak in the excitation func-
tions near 33 MeV. One probable reason is the lack of full
information on the discrete levels in 83Y. We also inserted
the TENDL data in Figs. 11 and 12. The improvement of the
TALYS calculations with parameter adjustments is visible.

Comparing the reduced chi-squared values of the cross
sections from Table 4 shows that the fraction of experimental
data points inside the 3¢ limits of the TALYS are quite high
at 67% and 83%, while these values for EMPIRE are 95%
and 10% for 838Y and 37Y, respectively. The reduced chi-
squared values of TALYS for 858Y and 85"Y are 2.7 and 2.0,
respectively, while these values are 3.4 and 8.9 for EMPIRE.
The reduced chi-squared values for the full data set are 100
and 118 for TALYS while the EMPIRE has values of 28 and
16 for 838Y and 83, respectively.

4.1.4 Comparative discussion of the isomeric cross-section
ratios and n values

The isomeric pairs 3>8Y and 377:8Y have very similar
nuclear structures. In both cases, the metastable state has
a spin 9/27 and the ground state 1/27. In the investigated
reactions the formation of the higher spin metastable state is
strongly favoured. From 28 to 49.1 MeV, the isomeric cross-
section ratio of 8"Y/82Y (see Fig. 9) is almost constant,
i.e. the ratio is independent of the incident particle energy,
which differs from the ratio of 87Y/378Y, suggesting that
the deuteron break-up process significantly affects the cross
section of the (d,n) reaction, whereas it has only a little or
no effect on the (d,3n) reaction as well as on the isomeric
cross-section ratio of 8Y/338Y. The shapes of the isomeric
cross-section ratios for the (d,2n) and (d,3n) reactions are
similar to those for the (p,n) and (p,2n) reactions published
earlier [21]. Only some energy shift is observed and the mag-
nitude of the ratio is slightly different. Therefore, it suggests
that the ratio is mainly dependent on the level structure of the
respective product nucleus. Comparing the data from Table 4,
the reduced chi-squared values of the isomeric cross-section
ratios for the data inside the 3o limits of TALYS calcula-
tion are all in an acceptable range (1.5, 1.2, 1.5 for 87y,
86Y and 87Y, respectively), while these data for EMPIRE are
1.5, 1.5, 4.5 for 87Y, 80Y and 3%, respectively. The reduced
chi-squared values of the cross sections are always higher
than the value of the isomeric cross-section ratios (except the
1.5 value for the production of 3&T*™Y of the EMPIRE).
The analysis of the isomeric cross-section ratios in this work
with deuterons has yielded n values of 0.44 £ 0.05, 0.41
+ 0.03 and 0.7 & 0.1 for 87Y, 80Y and %%Y, respectively.
The result for 37Y is new for this isotope. We previously
analyzed the 3°Sr(p,n)3"¢Y and 3°Sr(p,2n)3>"8Y isomeric
cross-section ratios in [21]. The earlier 7 values for 80y were
0.63 £ 0.04 based on the measurement presented in [21] and
0.69 £ 0.07 based on Levkosvskii’s measurements [53]. Our
new value of 0.41 £ 0.03 is in disagreement with the ear-
lier results. It should be noted that the level scheme of 80Y
is incomplete and inconsistent, as discussed in [21], where
attempts were made to refine it without success. Direct mea-
surment of the branching ratios of the levels is needed. The
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earlier data for the n parameter of Y are 0.57 + 0.06 and
0.69 £ 0.13 from [21]. These values were in good agree-
ment within the uncertainty limits with the 0.7 &£ 0.1 value
obtained in the present analysis.

5 Conclusions

The cross-section data and the isomeric cross-section ratios
to produce Y-isotopes via deuteron-induced reactions on 80Sr
were measured from the respective threshold up to 49 MeV
and those results are the first ones. These data should allow
calculation of the production yields of the three radionuclides
85m.gy, 86m.2y and 87-2Y as a function of deuteron energy.
Therefrom, a suitable energy range for the production of 368'Y
could be deduced, i.e. a range where its yield would be high
and the levels of the other two radioisotopes would be low.

A quantitative comparison of the two low-energy produc-
tion routes of 308, namely (p,n) and (d,2n), can now be
performed. This is presently being done and the results will
be reported separately. It should then be possible to choose
the more suitable production reaction at a given cyclotron. It
may be reiterated that activation products of other elements
(e.g. Sr, Rb) would not disturb because they can be easily
removed by a chemical separation.

Both the measured cross sections and isomeric cross-
section ratios were compared with the data given in the
TENDL library as well as with results of nuclear model cal-
culations based on the codes TALYS and EMPIRE, with the
optimal 1 values used in TALYS calculations. The results
show that the excitation functions of the 30Sr(d,n)¥"8Y
process are not described satisfactorily by the three calcu-
lations, although the EMPIRE code appears to give better
results. Regarding this process, more experimental infor-
mation is needed, which may allow a better tuning of the
optical model parameters (OMP). For the other processes,
namely, 86Sr(d,2n)86’”’g Y and 86Sr(d,3n)85’”’g Y, however,
the TALYS code seems to describe the excitation functions
better. The isomeric cross-section ratios for all three reac-
tions are reproduced partially by the TALYS code but not by
EMPIRE.
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Appendix A Calculation of the cross-section correction

The measured, uncorrected activity of a radioisotope is the
sum of the activities produced by all isotopes of the target
element by different reactions.

Aune = Agps6 + Agpsr + Ag,ss, (AD)

where A is the activity and “unc” indicates the measured
activity without correction, the 86Sr, 87Sr and ¥8Sr indices
show the contributions to the measured activity arising from
reactions on each of the respective target nuclei in the sample.
The activation formula for charged particle-induced reaction
is:

1 - e_”f)

MmNy —ATy) ,—AT, (
A=O’CEIPI),SV (l—e )e d Y

(A2)

where o is the cross section, c is the abundance of the target
nucleus in the sample, m is the mass density of the sample,
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N4 is the Avogadro number, A, is atomic mass, I, is particle
current, I, is the emission ratio of the detected gamma, €,, is
the detector efficiency for the detected gamma, A is the decay
constant of the product, T; is the irradiation time, T, is the
decay time, and T, is the live counting time. It is visible that
for the same product and same irradiation and counting time,
the activation formula can simplify to:

A =0 ckegse (A3)

where k.45, 15 the remaining part of Eq. A2, which contains
only common parameters for all target isotopes. Substituting
this into Eq. A1 for the separated Sr isotopes sample, we get
(Kease = ksep):

87 87 87 87
OncCsr86ksep = 0gg Cs86Ksep + 0g7 Csp87ksep + 0gg Cr88ksep (A4)

where the upper indices of o refer to the product Y isotope,
while the lower indices refer to the target Sr isotope, e.g., 08887
refers to the cross section for the 38Sr(d,n)®”Y reaction. The
“unc” indices refer to the uncorrected data, while the “c”
indices refer to the corrected cross section. The unknown
cross sections were replaced by the values obtained from the

model calculations, marked by “th” indices.

87 87 87 87
O uncCsr86 = 0gg Cgp86 + 0g7Cgp87 + 0gg C5p88 (AS)
87¢ _ 87 87th €sr87 87th Csr88
086 = Oupc —0g7  ——— —Ogg ——— (A6)
CSrS() CSrS()

It may be a better approximation if the correction is cal-
culated by using the cross-section ratios. After multiplying
out o3 5,56 from Eq. A5 and simplifying with cg,s we get
the following formula having substituted ogg by 08867 " in the

bracket:

87th 87th
87 _ _87c Og7  Csr87 | Ogg  Cgr88
Ounc = 036 | 1+ —g73 87th (AT)
0'86 Cg,86 0'86 Cg,86

Due to the high correction above 40 MeV, it seems advan-
tageous to consider the measured data for natural compo-
sition in the calculation of the correction, where the main
component is the 38Sr in the natural sample. Modifying the
Eq. A5 for the natural composition:

87

_ .8 87 87
Onat—exp = 986 cSrf}S, + 07 cSr,?Z, +0gg cSr,?g, (A8)
87
O C¢,87 C¢,87
. t— .= ST, Sr,
0,8887L _ _hat—exp 0,88676 nat O_87t/’l nat (A9)
Csish Csrsh sy
and inserting Eq. A9 into Eq. AS.
o8
87c _ 87 87th Csr87 nat—exp | Csr88
O =0,,. — O —
86 unc 87 c c c
§-86 Sr88, §-86
C¢,.87 C¢, 87
ST, Sr, Cq,88
+ 0,8867c nat + O.87lh nat Sr (A]O)
CSrig CSriar 1 Csrse

Co 87
_ Sthar Csrv
86 Co .88 Cg,86
Sryat Sr

87
87 _ Onar—exp C5,88 €587

O" —
unc C. 88 Ceo 86 C
Srpar 5" o 87th sr
- Y87

Cg 87

_ Srnal CSr88
Cq .88 Cg,.86
Sryar Sr

Cg 87
_ Stnar Csr88

Cg 88 Cg,.86
Sryat Sr

(Al1)

This formula can be applied to other similar cases.
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