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Abstract

Excitation functions of the 8¢Sr(d,n)®"™ 879y, 8631(d,2n)®8™ 869y and #¢Sr(d,3n)35"™859Y reactions
on enriched 88Sr target were measured by the activation technique up to deuteron energies of 49 MeV.
The isomeric cross-section ratios as a function of projectile energy were deduced from the measured
data for 37™Y, 879Y (cum), 84™Y, #%9Y (cum), #5™Y and 3°9Y 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 TALY'S and
EMPIRE with some parameter adjustments, and compared with the experimental data. The quality
of the agreement between experimental data and model calculations was numerically quantified. In
general, the data as well as the isomeric cross-section ratios are partially reproduced by the model
calculations, provided the input model parameters are properly chosen and the level structure of the
product nucleus is thoughtfully considered.

Keywords: 86SrCO3 thin sample, deuteron irradiation, cross section, excitation function, isomeric
cross-section ratio, nuclear model calculation



1 Introduction

Studies of excitation functions of charged-particle
induced reactions are important for testing
nuclear models as well as for practical appli-
cations. Over the last three decades, extensive
experimental work has been performed worldwide
on reaction products induced by light charged
particles, mainly protons of energies up to about
30MeV, but also extending in some cases up to
100 MeV 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 num-
ber of reaction channels leading to the formation
of a certain 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 a-particles of ener-
gies up to 40 MeV and nuclear model calculations
were performed using several codes in cooperation
with theorists at Vienna and Debrecen cf.[2-10].
In recent years, several other laboratories, e.g. in
Nantes, Legnaro, Warsaw, Berkeley, Los Alamos,
etc., have also got actively engaged in detailed
measurements using monoisotopic and enriched
targets combined 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 parameters
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 ®0Sr, measuring cross sections
of the 8¢Sr(p,n)89+*mY reaction [18], for which
the available database was discrepant. This reac-
tion is commonly used for the production of
869Y (T.;,=14.7 h) which constitutes a positron-
emitting diagnostic partner of the S~ -emitting
therapeutic radionuclide °Y (T1/,=2.7 d) in ther-
anostic studies. The kinetic data obtained via a
positron emission tomographic (PET) measure-
ment using %%9Y allow to quantify the radiation
dose in the internal radionuclide therapy with 0°Y

[19, 20]. Our new data solved the discrepancies
in cross sections and the theoretically calculated
yield of 9Y agreed with the result of experimen-
tal yield measurement. Furthermore, attention
was also paid to the formation of the isomeric
states in 86™9Y and 35™9Y [21] which consti-
tuted two interesting even/odd mass neighbouring
nuclei, because the spins of the nuclear levels con-
cerned differ considerably and the modes of decay
of the isomeric states in the two cases are different.
In general, the nuclear model calculations were
fairly successful in describing both experimental
cross sections and isomeric cross-section ratios,
provided the input parameters were carefully cho-
sen. In particular, the effect of 7, 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 3¢Sr, sim-
ilar to the ones mentioned above for protons.
There were two motivations: (a) to determine
cross sections for the formation of 879y, 86m.gy
and 85"9Y for applications. For the production
of 869Y for theranostic application (see above),
several routes, e.g. %6Sr(p,n)%09Y, 88Sr(p,3n)809Y,
natRb(3He,xn)%09Y, "*Zr(p,x)%9Y, etc., have
been investigated cf. [20] , but not the
86Sr(d,2n)869T2™Y reaction. Since in the pro-
duction of several radionuclides the (p,n) and
(d,2n) reactions are often competitive, provided
the level of radioactive impurities can be con-
trolled, we considered it important to perform
the measurements. Although in irradiation of 86Sr
with deuterons several radioisotopes of Sr and Rb
(e.g. 85Sr, 84Rb, ®3Rb, etc.) are also formed as
impurities, they are easily removed by a chemical
separation [20]. The isotopic impurities of 869Y,
namely #9Y and 87™9Y, however, can only be
controlled 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 309Y of the same quality
as the (p,n) reaction. (b) to test the predictive
power of nuclear model calculations. It is known
that the modelling of the activation products
formed in the interactions of deuterons with target
nuclei is more challenging cf.[22-25]. The (d,2n)
and (d,3n) reaction cross sections show some sys-
tematics. The description of the (d,n) process,
however, is problematic. Here we present the first



experimental data for deuterons on enriched 86Sr
up to 50 MeV. The results of model calculations
using both default parameters and some param-
eter adjustments are also reported in an attempt
to explain the experimental data. In the litera-
ture, except for a measurement of deuterons on
natSy [26], no data relevant to the present study
are available.

2 Experimental

2.1 Sample preparation and
irradiations

Excitation functions of deuteron-induced reac-
tions on enriched ®Sr were measured by the
stacked-sample activation technique. The enriched
86Sr material was provided as 36SrCO5; powder
(isotopic composition: 96.4 % %6Sr; 1.33% &7Sr;
2.26 % ®8Sr; supplied by Eurisotop, France). Thin
strontium carbonate samples were prepared at the
Forschungszentrum Jiilich (FZJ) by the sedimen-
tation technique, the details of which have been
given in our earlier study on the proton-induced
nuclear reactions on %6Sr [18, 21]. A 50 um thick
Al foil (supplied by Goodfellow; chemical purity:
99.0%) was used as the backing for sedimenta-
tion. The sedimented layers were examined under
a microscope and only homogeneous and mechan-
ically stable samples were selected. The exact
diameter of each deposit was determined through
the analysis 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 cov-
ered by a 10 pm thick Al foil of 16 mm diameter,
welted around the backing foil.

Thin foils of Al, Ti, Fe and Cu of natu-
ral isotopic composition (supplied by Goodfellow,
purity: Al (99.0%); Ti (>99.6%); Fe(99.6 %); Cu
(99.9 %), thickness of both Fe and Ti foils; 25 pm,
Al foil; 50 and 250 pm, 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 parameters along the stack. Each foil was
cut in circular disc with a diameter of 13 mm. Four
stacks were prepared with 86SrCO3 sediment sam-
ples together with the monitor foils for irradiations
with the deuteron beam.

One stack containing 86Sr-targets was irradi-
ated with deuterons of primary energy 33 MeV
and the other one with 40MeV, for 30 and

45 min, respectively, at the 88 Inch Cyclotron,
Lawrence Berkeley National Laboratory (LBNL),
USA. In both of the irradiations, the beam cur-
rent was kept constant at approximately 100nA.
Two other stacks were irradiated with 50 MeV pri-
mary energy deuterons using the external beam of
the CGR930 cyclone Cyclotron of the Université
Catholique in Louvain-la-Neuve, Belgium. Each
irradiation was performed for 30min, and the
beam current was kept constant at approximately
200nA.

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 92Zn/%3Zn formed in
the same monitor foil with the value calculated
theoretically from the IAEA recommended excita-
tion functions of the reactions "**Cu(d,x)%?Zn and
natCy(d,x)%3Zn, 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 27Al(d,x)**Na, "*Ti(d,x)¥®V,
natFe(d,x)%%Co and "*Cu(d,x)%%%3Zn, respec-
tively. The deuteron flux was determined from
the measured decay rates of 2*Na, 8V, °6Co and
62,637Zn at the end of bombardment (EOB) and
the reference cross section of the respective moni-
tor reaction taken from the IAEA 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 considered 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
reproduced well the recommended curves given
by the TAEA [27]. This added high confidence to
the various techniques used in our measurements.
As an example, the measured excitation function
of the monitor reaction 27Al(d,x)?*Na, 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 7-ray spectrometry. The detec-
tor was associated with the necessary electron-
ics and Maestro data acquisition software. The
radioactivity measurements were carried out at
three facilities: i) FZJ, Germany, ii) VUB, Brus-
sels, Belgium, and iii) LBNL, USA. The energy
resolutions (FWHM) at 1332.5 keV of 5°Co of
the HPGe detectors used were 1.9 keV at FZJ,
1.9keV at VUB and 2.5keV at LBNL. For effi-
ciency calibration of the detectors, standard point
sources were used: at LBNL ®*Mn,!33Ba, 37Cs
and ®2Eu, supplied by Isotope Products Labo-
ratories, at FZJ 22Na, ®*Mn, ®"Co, °Co, #8Y,
137Cs, 192Eu, 226Ra and 24! Am, supplied by Eck-
ert & Ziegler, Berlin, and at VUB °Co, !37Cs
and '°2Eu, supplied by LMSI, Coffret D’Etalons
BETA ECBU. The uncertainty in the activity
of each source was specified as 3%. The ~-ray
spectra measured in this work were analyzed by
both the GammaVision and FitzPeaks [31] soft-
ware. 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, 20 cm, 40 cm or 50 cm
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 references [33, 34]; they are collectively
given in Table 1.

At LBNL, USA, the short-lived 86™Y (T, =
47.4min) activity was measured within 1 to 4 h
after EOB at a distance of 50 cm. It was identi-
fied by its characteristic y-ray of energy 208 keV.
The radioactivity of each of the two radionuclides
85my (T, = 4.86h) and 859y (T, = 2.68h) was
measured at a distance of 20 cm. The 85™Y mainly
decays to ®5Sr through ST+EC processes, and
its isomeric decay (<0.002 %) to the ground state
859Y is negligible. The 3°™Y 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 mea-
surement of the 859Y activity, the 504keV ~v-line
was used. It was located close to the 511 keV anni-
hilation peak, with partial overlapping. Using the
FitzPeak gamma analysis software [31], net peak
area of the 504 keV line could be determined con-
veniently. The third step of counting was devoted
to the measurement of the 869Y radioactivity after
the complete decay of ¥™Y (T., = 47.4min)
to the ground state, and the 8"™Y radioactivity.
The last step of measurement of each sample was
related to the determination of the radioactivity
of the long-lived product 879Y.

After irradiation at the CGR930 cyclotron in
Louvain-la-Neuve, the radioactive samples were
transferred by special transport to the Cyclotron
Laboratory, VUB, Brussels, Belgium, about 20 km
away from Louvain-la-Neuve, where the activity of
the short-lived radionuclides 8°™-8%9Y and 86y
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 samples were thereafter
transferred by special transport to the Nuclear
Chemistry Laboratory of the Forschungszentrum
Jiilich (FZJ), Germany, about 200 km away from
Brussels. Measurement at FZJ was started one day
after EOB; thus the metastable state 5¢Y (T, =
47.4min) had completely decayed to 369Y before
measuring the activity. The ®69Y (T., = 14.7h)
and 8"™Y (T1/, = 13.4h) radioactivities were mea-
sured for 1h at a distance of 20 cm. Due to a com-
plicated level scheme with numerous coincident
transitions, the effect of true coincident gamma
ray summing for the analyzed gammas of 869Y was
not negligible at 20cm distance. Therefore cor-
rections for coincident summing were calculated
with the TrueCoinc program [35]. Similarly, the
879Y activity was measured after disappearance of
the 380.8keV peak of the metastable state 87™Y
(T1/, = 13.4h) in the spectrum, i.e. about a week
after EOB at a distance of 5cm for 4-16 h 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 «-lines
from undesired products.



Table 1: Decay data® and production routes of the investigated radionuclides in irradiations of enriched

86Sr with deuterons of energies up to 50 MeV.

. . . Decay . ey . 'y—ray . Q-value
Radionuclide | Spin mode Half-life energy | intensity | Production route (MeV)
(%) (keV) (%)
86Sr(d,3n) -17.78
+ _ 3
8smy (9/2)* 30:437 4.86 (13)h ?2?2 g'éﬁ(g;g) 87Sr(d,4n)4 -26.21
- ' ' 88Sr(p,5n)4 -37.32
86Sr(d,3n) -17.76
JF _ )
850y W2~ | 050 J2esmn | 2 800((29)) 87Sr(d 4n)? 126.19
- ' ' 88Sr(p,5n)4 -37.30
IT =99.31 86Sr(d,2n) -8.46
86my (8)* EC=0.25 | 47.4(4)min | 208.1 | 93.8 (9) | ®7Sr(d,3n)? -16.89
Bt =0.44 88Sr(d,4n)? -28.01
b o Ve | 0s0 (3 | mSitaan |8
869yP 4= B 14.74(2) h ' ' 87Sr(d,3n)? -16.68
EC=T73 627.7 | 32.6 (10) 558r(d 4n) 2779
1152.8 | 30.5 (9) ’ '
86Sr(d,n) 3.18
sTmy 9/2+ ETC:?S;?’ 13.37(3)h | 380.8 | 78.0(1) | ¥7Sr(d,2n)¢ -5.25
o 88Gr(d,3n)4 -16.36
86Sr(d,n) 3.56
oy o | O gy | B85 2D L | L
e ' : 883r(d,3n)? -15.98

? Decay data taken from references [32, 36, 37|, unless otherwise stated.

Y Taken from recent references [33, 34].
¢ This is a triplet peak (see text).

4 This reaction occurs on the respective low-abundant impurity target isotope present in the enriched 86gr target.

2.4 Reaction cross section and its
uncertainty

The net area under a peak of the characteristic -
ray of an investigated radionuclide was converted
to count rate and extrapolated to the end of bom-
bardment (EOB). The count rate at EOB was
converted to the decay rate by applying the nec-
essary 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 mon-
itor foils, the cross section for the formation 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 iso-
topes 87Sr (1.33%) and ®Sr (2.26 %) present in
the enriched ®6Sr target was significant in the case

of 87Y production. In this case, the corrections
were based on Eq. All in the Appendix, using
Térkanyi et al. [26] experimental data on the nat-
ural composition target, which contains (82.58 %)
888r. The correction for 87Sr was based on TALYS
calculations using the same OMP model and level
schema as those used for the 86Sr target. While
the energy grid of Térkényi et al. [26] was differ-
ent from ours, their data and the uncertainty were
interpolated 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 subtracting the con-
tributions of 87Sr and 33Sr. 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 Tdrkdnyi’s mea-
surement and a (20 %) uncertainty 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 cor-
rection factor. This method has given quite similar
results, and some viewpoints seemed better, for
example, the smoother connection of the two inde-
pendent measurement sets between 30 and 40
MeV in the case of the %6Sr(d,n)37(9+*m)Y reac-
tion. In the case of the 86Sr(d,2n) and ®5Sr(d,3n)
reactions the Eq. A7 of the Appendix was used
for correction. Their values for the #Sr(d,2n) and
86Sr(d,3n) reactions were on average(5%) and
(1%), respectively.

The overall uncertainty in the cross section was
obtained by summing in quadrature the individ-
ual uncertainties in: counting statistics (0.4-10 %),
efficiency of the detector (4%), true coincidence
correction (<2 %), y-ray intensities (0.1-5 %), half-
life (0.2-2.67 %), deuteron flux (6 %) and sample
homogeneity (up to 5 %). The overall uncertainties
of the measured cross sections are between 8 and
14 % (1o), including 5 % uncertainty in the estima-
tion of the contribution 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 inten-
sity and half-life of both the metastable state
and the ground state. While dividing the for-
mula 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 89Y pair we calculated o,,/0,,
i.e., the ratio of the directly measured values and
not o,/ Om+g- The associated uncertainty was
about 11 % and thus comparatively higher due to
uncertainty inferred from the gamma-ray intensity
and half-life of 8°™Y.

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 mecha-
nisms over the energy range of 1 keV to 200 MeV.

In the calculations, the particle transmission coef-
ficients were generated via the spherical optical
model using the ECIS-06 code [39] with global
parameters: for neutrons and protons from Kon-
ing et al. [40]; for the optical model parameters
(OMP) of complex particles (d, t, *He) 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 TALY'S
default parameter set of Avrigeanu et al. [41] the
folding approach of TALYS was used because it
can be adjusted to the experimental data. The
OM parameters for deuteron, protons, and neu-
trons were modified to get the best description
of the experimental data. The gamma-ray trans-
mission coefficients were calculated through the
energy-dependent gamma-ray strength function
according to Kopecky and Uhl [42] for E1 radi-
ation, and according to Brink [43] and Axel [44]
for all the other transition types. For the pre-
equilibrium reactions, a two-component exciton
model of the TALYS code was used. The ener-
gies, 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 branching ratios of the discrete levels were
modified based on the information in Ref. [36]. In
the continuum region, the level density was calcu-
lated by the back-shifted Fermi gas model (BSFG)
[46], using its slightly modified version in TALY'S
[40]. For the ratio of the effective moment of iner-
tia to the rigid body moment of inertia parameter
of the spin distribution of the level density (n),
the systematics based on the evaluation by Sudar
and Qaim [10] 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 30Y, the properties of the low-lying lev-
els and gamma transitions are either not known
or known poorly. Many of these missing/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 properties 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 pro-
cesses and the isomeric cross sections, and their
database of the input parameters. The second



Table 2: Measured cross sections for the production of 87Y via the 30Sr+d process®.

Deuteron Labora- 8Tmy 8Tmy .. Corr. 8Sr 87(gtzm)yb 87(g+azm)yb — Corr. 87Sr
energy tory o o fact. cal-th o o fact. cal-th
(MeV) (mb) (mb) (%) (mb) (mb) (%)
49.1+0.3 FZJ 228 +£3.0 29.7+29 0.77 2.0 25.3 £ 3.5 36.4 + 3.3 0.70 3.0
47.9+0.3 224 4+29 29.1+£28 0.77 2.3 26.4 + 3.6 37.6 + 3.4 0.70 3.2
46.7+0.3 243 +33 324+£31 0.75 2.4 35.7 £ 4.6 48.7 + 4.4 0.73 2.8
45.5+0.3 23.5+33 323+£31 0.73 2.5 34.8 + 4.7 49.0 £ 4.4 0.71 2.9
44.3+0.3 22.7+32 316+£31 0.72 2.9 36.7 £ 4.9 51.6 + 4.6 0.71 3.1
43.0+0.4 205 +£3.0 295+29 0.70 3.4 34.1 + 4.6 48.5 + 4.4 0.70 3.7
41.7+0.4 189 £29 285+ 28 0.66 3.8 34.1 + 4.6 48.8 + 4.4 0.70 4.0
40.4+0.4 22.8 +£3.5 34.0+ 33 0.67 3.6 42.0 + 5.6 59.0 + 5.3 0.71 3.6
38.9+0.4 193 £34 32.1+3.1 0.60 4.2 38.1 &+ 5.6 58.1 £ 5.2 0.66 4.1
36.2+0.4 24.7+ 4.3 409 £ 4.0 0.60 3.9 45.3 + 6.8 70.1 £ 6.3 0.65 4.0
36.0+£0.4 23.6 £ 4.3 40.2+39 0.59 4.1 44.6 + 6.8 69.7 + 6.3 0.64 4.1
33.1+£0.5 274 + 5.2 485+ 4.7 0.57 3.9 49.2 + 8.2 82.5 + 74 0.60 4.1
32.9+0.5 249 +50 462 +45 0.54 4.2 49.6 + 8.2 83.0 £ 7.5 0.60 4.1
30.1+0.5 184 +£47 419+41 0.44 5.5 40.1 £ 7.7 75.3 £ 6.8 0.53 5.3
36.9+0.3 LBNL 149 +31 30.14+27 0.50 5.0 312+ 54 54.9 + 4.8 0.57 4.9
34.1+£0.3 151 £3.7 34.8+ 3.1 043 5.3 419+ 7.1 72.6 + 6.4 0.58 4.4
31.1+0.3 146 £4.1 376+ 34 0.39 5.7 41.6 + 7.6 76.2 + 6.7 0.55 5.0
28.24+0.3 56 +£3.6 29.7+27 0.19 86 30.6+6.9 66.8 + 5.9 0.46 6.7
28.1+0.4 1009 £39 349+31 031 7.4 34.0 £ 7.2 70.1 £ 6.2 0.49 6.4
24.6+0.4 6.6 £33 284425 0.23 12.3 22.0 £ 6.0 56.5 + 5.0 0.39 10.5
21.7+0.4 228 +£3.9 39.7+ 35 0.57 126 57.9 £ 8.0 8.7 £ 7.5 0.68 9.7
20.94+0.4 223 +3.8 383+34 0.58 144 65.6 £ 8.5 91.7 + 8.1 0.72 9.9
18.5+0.4 33.6 +4.2 44.74+39 0.75 150 852494 103+ 9 0.83 10.7
16.9+0.4 55.7 £ 5.9 652 =+57 0.86 10.4 131 + 13 146 + 13 0.90 7.6
15.24+0.4 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 72 81.1+£71 091 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
10.54+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
7.9+0.5 116 + 11 118 + 11 0.99 1.2 311 + 28 313 £ 28 0.99 0.7
6.2+0.5 48.6 + 4.4 487+ 44 1.00 0.2 201 £ 18 201 £+ 18 1.00 0.1

 In spite of the enriched target, containing 96.4 % of 8Sr, the small amount of 87Sr and 38Sr cause significant contribution to 87Y. The
corrections were done using Eq. Al1, utilizing Térkdnyi et al. [26] measurements on the natural composition target, which contains
the 88Sr in 82.58 %. The correction for the 87Sr was based on the TALYS calculations using the same OMP model and same level
schema as used for 88Sr target. The unc label means the uncorrected cross section data (i.e. including the production caused by the
87Sr and ®8Sr). 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 TALY'S 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.

P 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.

selected code was EMPIRE [47] which is also
quite successful. EMPIRE is also a modular sys-
tem of nuclear reaction codes, comprising various
nuclear models, and designed for calculations over
a broad range of energies and incident particles.
The code accounts for the major nuclear reac-
tion models, such as the optical model, Coupled

Channels and DWBA (ECIS06 and OPTMAN),
Multi-step Direct (ORION + TRISTAN), NVWY
Multi-step Compound, exciton model (PCROSS),
hybrid Monte Carlo simulation (DDHMS), and
the full-featured Hauser-Feshbach model includ-
ing width fluctuations and the optical model for



fission. A comprehensive library of input param-
eters 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
adjustment to discrete levels) is the default level
density formulation in the EMPIRE code; there-
fore, 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 calcula-
tion, 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,
triton and *He used the RIPL catalog numbers
1429 [47], 5405 [47], 9600 [48], 6200 [49], 7100 [50],
and 8100 [50], respectively. 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 86Sr(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 ”iter-
ative” procedure described in the paper of Sudar
and Qaim [10] for the n = ©.y/O,4y of the spin
distribution of the level density. A similar method
was used for selecting other model parameters for
the calculation. Since the isomeric cross-section
ratios were measured first, the  was determined
for all reactions and thereafter the OMP parame-
ters and the energy shift of the level density model

86Sr(d,n)87m~gY
3.0 |
;; 20 -
é 1 Selected E
g 1.0 - --E<40 MeV
2 l
0.0 : :

02 03 04 05 0.6
n

Fig. 1: Reduced chi-squared values of the iso-
meric cross-section ratio as a function of the 75
parameter for the %6Sr(d,n)®"9Y reaction. The
curve marked as ”Selected E” means measured
data which fall within the 3¢ limit of agree-
ment between measurement and TALYS mod-
elling, whereas the other curve ("E<40”) contains
only those points in which the incident deuteron
energy is less than 40 MeV.
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Fig. 2: Measured and calculated isomeric cross-
section ratios as a function of the incident
deuteron energy using the optimal 7 value of
0.44+0.05 in TALYS calculation. The LBNL data
point at ~ 6 MeV is rather low. The isomeric cross-
section ratios based on EMPIRE calculations (see
text) and the TENDL library [52] are also shown.

were optimized. To this aim the reduced chi-
squared values of the isomeric cross-section ratios
were plotted as a function of the 7 value for each
reaction and therefrom the best fit was obtained.
In general, more than 1000 calculations were done,
i.e. till the parameters became practically con-
stant. The iteration process also proved that the



Table 3: Measured cross sections for the production of 8™9Y and 8" 9Y via the 86Sr4-d
process. Their formation from low-abundant 37Sr and ®8Sr 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+rm)ya  85my 859y
49.1+0.3 FZJ 2443 98+12 128+18 63+6
47.9+0.3 2943 104+12 118+14 57+5
46.7£0.3 35+4 134+14 129418 T1+£7
45.5+0.3 3945 138+15 134416 63+6
44.34+0.3 36+4 147+16 160+£19 767
43.0+£0.4 37+4 139+15 163+20 737
41.7+£0.4 36+4 141+15 164+20 TT£7
40.4+0.4 46+6 167420 170+£20 707
38.9+0.4 40+4 166+18 153+18 T1+£7
36.2+0.4 53+6 197422 209425 89+8
36.0+0.4 51+6 204421 223+26 108+£10
33.1+0.5 60+7 248+26 269432 125+12
32.94+0.5 5716 251425 262430 138+13
30.1+0.5 6818 257426 204425 101410
36.9+0.3 LBNL 4144 159+15 158+17 69+7
34.1+0.3 60+5 236122 245427 107410
31.1+0.3 63+6 247423 218+24 109+11
28.2+0.3 68+6 231422 173£19 86+8
28.1£0.4 70+6 267125 165418 8248
24.6+0.4 108+10 332+31 53+6 53+5
21.7+0.4 216+19 610457 13+1.4 7.04+0.6
20.9+0.4 211+18 619450

18.54+0.4 225420 705+66

16.94+0.4 254419 856169

15.24+0.4 168+12 620450

13.440.5 137£10 536143

11.440.5 84+6 386+31

10.5+0.5 4243 207+17

10.1£0.5 540.4 2542

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

parameter n has only a small dependence on the reactions, therefore the results are presented in
other parameters. Its change was only between the decreasing order of mass.
final uncertainty limits during the iteration pro-

cess. The reduced chi-squared values and selected
86 87 86 87
measured data points are summarized in Table 4 4.1.1 *®*Sr(d,n)*"™Y and *°Sr(d,n)*"7Y

in both TALYS and EMPIRE models. The deter- processes
@ination and use of the 7) values are possible only In graphical presentations, the results obtained
in the TALYS code, as EMPIRE uses an approx- at two facilities, i.e. LBNL and FZJ (which

imation 9f the rigid momentl.lm modified on the' include cyclotron irradiation at Louvain-la-Neuve
deformation parame‘%e;s of Vigdor and Karwoski and some ~y-counting at Brussels), are shown in
[51]. The 7 value of ®"Y has an effect on the iso- the figures with different symbols. The radionu-
meric cross-section ratio of the *°Sr(dxn)*®Y clide 87Y is formed by the (d,n) reaction induced



on the enriched target ®6Sr. This radionuclide is
also formed by the (d,2n) and (d,3n) reactions
on the 87Sr and 83Sr impurities in the enriched
86Sr target. Those contributions were estimated
by using experimental data on "**Sr as well as
by model calculations and their values were sub-
tracted from the total measured value (see section
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
86Sr(d,n)3"™9Y reaction, the variation of the
reduced chi-squared values as a function of the 7
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 mea-
surement (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 out-
side this 3¢ limit. The best fit of the calculated
isomeric cross-section ratio to the experimental
data is 7=0.44+£0.05 in both cases. The reduced
x? values 1.75 and 1.50 are at the minimal cases,
respectively. The 3¢ 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 experimen-
tal problem, but if the excluded points show some
systematic trend then it indicates the weakness of
the underlying predictive capabilities for reaction
modeling theory.

Fig. 2 depicts the isomeric cross-section ratios
as a function of the incident energy using the opti-
mal value of n in the TALYS calculation. The
experimental data are from four sets of irradiation
(indicated in the figure) and they are statistically
consistent. Three model calculations are shown
for the 86Sr(d,n)®"™9Y reaction, one with TALYS
and two with EMPIRE. One of the EMPIRE cal-
culations uses the default parameters of the code,
but the second one uses the same discrete-level
schema as it was used in the TALYS calcula-
tion (EMPIRE LevSch). This latter one and the
TALYS calculation show very good agreement
above 15MeV. It is not clear why they are dif-
ferent at low energy. The default EMPIRE and
TALYS calculations depict some agreement below
10MeV. Comparing the experimental data and
the model calculation, both TALYS and EMPIRE
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LevSch are in good agreement with the experi-
mental data in the energy range of 15 — 40 MeV.
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 40MeV incident deuteron energy, there
seems to be a systematic deviation of the experi-
mental data from the isomeric cross-section ratios
calculated using both TALYS and EMPIRE. The
experimental isomeric cross-section ratios show an
increasing trend while the calculated data repre-
sent a constant trend. Since the correction for the
87Sr and ®8Sr is high and was based initially on the
TALYS model calculation, there was some suspi-
cion that the deviation may originate from wrong
correction factors (see section 2.4). Therefore, the
isomeric cross-section ratios were calculated for a
natQy target where the % of Sr is much higher,
and compared with Térkdnyi et al. [26] measure-
ments. 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 cor-
rection calculation method considering the mea-
sured cross sections from natural composition of
Sr. 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 devia-
tion above 40 MeV does not originate from the
correction method. Thus, the origin of the devia-
tion lies in the (d,n) stripping process. In the case
of the "**Sr(d,x)®7Y process the main component
comes from the ®8Sr(d,3n)%"Y statistical reac-
tion mechanism using the Hauser-Feshbach model
which considers angular momentum conservation.

The reduced chi-squared values while com-
paring the measured cross sections and model
calculations are quite good for both TALYS and
EMPIRE for those data in which the deviation is
less than 3o. 78% of the experimental data are
below the 3¢ limit compared with TALYS while
the corresponding value is 59 % for EMPIRE, both
considered over the full deuteron energy range.
The reduced chi-squared values are 1.5 and 1.6,
respectively. Below the 40 MeV incident deuteron
energy these data are 83%, 71%, and 1.1, 1.5,



Table 4: Reduced chi-squared data while comparing the measured cross sections and calculations for
the different reaction products. The (N < 30) column gives the number of measured cross-section data
points for a reaction channel which fall within the 99.9 percent statistical probability limit of each code s
model calculations, considering the uncertainties in the experimental data.

Products TALYS EMPIRE
Type xX2.4(<30) NDF(<30) x%,; NDF 2 ,(<30) NDF(<30) 2, NDF
Y om/0e 1.5/1.1 23/19 12 29 1.6/1.5 18/16 26.5 30
Y o, 2.6 9 41 28 2.7 22 15.5 30
7Y o 2.8 9 49 28 3.1 18 14.9 30
86Y  o,,/0 1.2 22 3.0 26 1.5 12 29 28
88Y o, 1.7 15 72 27 2.0 21 58 28
Y o, 2.4 15 120 26 24 12 60 28
Y o, /oy 1.5 19 2.3 20 4.5 12 33 21
Y o, 2.7 12 100 18 34 19 28 20
Y o, 2.0 15 118 18 8.9 2 16 20
86Sr(d,n)87myY constantly decreases as compared to the experi-
1,000 mental data. The results from the code EMPIRE
) seem to be good in the energy range of 20 to
g 100 - X tgit‘ 40 MeV but deviate considerably from the exper-
B FZJ-1 imental data in the range of 8 to 20MeV and
2 0 | | ;Z'm beyond 40MeV. The experimental data above
8 7 - - EMPIRE-def 40 MeV further strengthen the earlier hypothesis
T bevseh that the incorrect behaviour of the spin distribu-
: 0 0 20 30 40 50 tion in the description of the stripping reaction

Deuteron energy [MeV]

Fig. 3: Measured and calculated cross sections
as a function of the incident deuteron energy for
the #Sr(d,n)8™Y reaction. The model calcula-
tions were done with the EMPIRE and TALYS
codes using the optimal 7 value of 0.44 4+ 0.05 in
the TALYS calculations. The figure also shows the
cross section data from the TENDL library [52].

respectively. These results are summarized in
Table 4.

The cross sections to produce the isomeric
state 37™Y (T.,=13.37h) and the results of
model calculations are shown in Fig. 3. The four
sets of results are in good agreement in the
overlapping energy region. The cross section at
24.6 MeV is, however, too low (see discussion
below for 879Y). No experimental data for the
86Sr(d,n)®"™Y reaction are found in the literature.
The TALYS code describes the experimental data
quite well up to about 40 MeV but not in the
higher energy region where the theoretical value
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is the reason for the deviation between the mod-
els and the experiment. For comparison, we also
inserted the TENDL data [52]. Our results show
the improvement in the TALYS calculation with
parameter adjustments. Comparing the reduced
chi-squared analysis, the data of EMPIRE are bet-
ter regarding the number of data points inside the
3o limits, i.e. 81 %, compared with TALYS data
of 62 %, 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 %Y was produced via
the %6Sr(d,n)®"(9+*m)Y reaction, that includes
98.43 % isomeric branching of 87™Y. Its produc-
tion cross section was measured 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 combination of the independent ground state
and metastable cross section as ogqqzm(cum) =

(ag + P, AQZLAq O’m) [9], where P,, is the prob-

ability of the isomeric transition to the ground
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Fig. 4: Measured and calculated cross section for
the 86Sr(d,n)879t*™Y reaction as a function of
the incident deuteron energy. The model calcula-
tions were done with the EMPIRE and TALYS
codes using the optimal 7 value of 0.44 4+ 0.05 in
the TALYS calculations. The figure also shows the
cross section data from the TENDL library [52].

state and \,, and A\, are the decay constants of
the metastable and ground states, respectively. In
case of 87Y, x is 1.18. The radionuclide 379Y is
also formed by two subsidiary reactions, namely
87Sr(d,2n) and ®Sr(d,3n). Those two reactions
occur on only 1.33% abundant 87Sr and 2.26 %
abundant 33Sr in the enriched 86Sr. The contri-
butions of the subsidiary reactions were estimated
from model calculations (see section 2.4) and sub-
tracted from the measured cross section of 879Y.
The measured data and the results of model cal-
culations are shown in Fig. 4. We are reporting on
the first measurements of these cross sections.
For the 3%0Sr(d,n)®7(9+#™)Y (cum) channel
(Fig. 4), the results from the TALYS code describe
quite well the experimental data in the energy
region up to 40 MeV, except for a point at 24.6
MeV (similar to 87™Y). The divergence may be
due to inhomogeneity of the sample but, on the
other hand, the isomeric cross-section ratio is con-
sistent (Fig. 2), as are also the cross-section values
for 86mY and 309Y (see below Figs. 7 and 8)
obtained using the same sample. Thus the data
points for both 37"Y and 379Y at this energy
appear to be authentic but the cause of the diver-
gence 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,
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although EMPIRE appears to give somewhat bet-
ter results, possibly because of a small correction
introduced recently for the deuteron break-up.
As it is known, the deuteron breakup has an
effect mainly on the %¢Sr(d,pn)®Sr reaction chan-
nel. The 86Sr(d,n)®"Y and #6Sr(d,p)87Sr reactions
have a contribution from the stripping reaction,
and the deviations may originate from this pro-
cess. For comparison, we also inserted the TENDL
data [52]. There is a visible improvement in the
TALYS calculation with parameter adjustments.
Comparing the reduced chi-squared values from
Table 4 it is observed that the TALYS results
agree better with our measurements. Only 69 %
of the experimental data are below the 3o lim-
its and the reduced chi-squared value is 2.6, while
the corresponding data for EMPIRE are 75 % 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
40MeV. Though EMPIRE describes better the
high energy range; it exhibits a systematic devi-
ation trend from the experimental 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 86Sr(d,2n)3%™Y and
86Sr(d,2n)®%9Y processes

The radionuclide ®9Y has one short-lived
metastable state ™Y (T.;, = 47.4min) and a
relatively long-lived ground state 869Y(T. =
14.74h). The metastable state decays 99.31 %
by the isomeric transition to the ground state
and 0.69% by EC. The 36™Y activity was mea-
sured 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 25MeV,
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Fig. 5: Measured and calculated isomeric cross-
section ratios as a function of the incident
deuteron energy for the %6Sr(d,2n)86™9Y reac-
tion. The model calculations were done with the
EMPIRE and TALYS codes using the optimal 7
value of 0.41£0.03 in TALYS calculations. The
figure 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 80Sr(d,2n)%6"9Y reaction.

however, the experimental and model-calculated
results agree rather well. The best estimation of
the n value is 0.414+0.03. The analysis was done
as in the case of 7Y (see Fig. 6).

In Fig. 5, the calculations based on the code
EMPIRE follow the shape of the experimental
data, but the resulting ratios are too low in mag-
nitude, especially above 25 MeV. For comparison,
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
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Fig. 7: Measured and calculated cross sections as
a function of the incident deuteron energy for the
86Sr(d,2n)3™Y reaction. The model calculations
were done with the EMPIRE and TALYS codes
using the optimal 7 value of 0.414+0.03 in TALY'S
calculations. The figure also shows the isomeric
cross-section data from the TENDL library [52].

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 bet-
ter in terms of the number of data points inside
the 3¢ limits, 83 % compared with EMPIRE data
of 41%. Additionally, the reduced chi-squared
TALYS value of 1.4 is slightly better than the 1.5
value of EMPIRE. The reduced chi-squared val-
ues for the full data set are 3 for TALYS and 29
for EMPIRE.

The measured and calculated cross sections for
the 86Sr(d,2n)8™Y reaction are presented in Fig.
7. No experimental data exist in the literature for
this reaction. Our data set consists of four inde-
pendent 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 calcula-
tions is good. The EMPIRE-def. calculations, on
the other hand, give lower values than the exper-
imental 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 TALY'S are better
in terms of the number of data points inside the
30 limits, 59 % compared with 45 % for EMPIRE;
the reduced chi-squared value for TALYS of 2.4
is the same as the value of 2.4 of EMPIRE. The
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Fig. 8: Measured and calculated cross sections as
a function of the incident deuteron energy for the
863r(d,2n)%6(9t*m)Y reaction. The model calcula-
tions were done with the EMPIRE and TALYS
codes using the optimal n value of 0.41£0.03 in
TALYS calculations. The figure also shows the iso-
meric cross-section data from the TENDL library
[52].

reduced 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 mod-
els can describe well the experimental data over
the full energy range.

The radionuclide 869t*™)Y was formed via
three direct deuteron-induced nuclear reactions,
one on the enriched target %6Sr and the other
two on the impurities 87Sr and 88Sr. 809Y was
also formed via the decay of the metastable
state to the ground state. The contributions of
the 87Sr(d,3n)%%9Y and #¥Sr(d,4n)%%9Y reactions
were corrected from the cross-section ratios of
o(d,2n)/(o(d,3n)+0(d,4n)) obtained theoretically
and by considering the abundance level of 37Sr
(1.33 %) and 88Sr (2.26 %) in the enriched 86Sr tar-
get. 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 deviates from
the general trend of the other experimental data
(as to some extent also in the case of 3Y in Fig.
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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 experi-
mental parameters affect the cross section, which
are eliminated in the isomeric cross-section ratio (
e.g., particle current, mass, etc.). The particle cur-
rent 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 Térkdnyi et al. [26] (see below).

Téarkanyi et al. [26] reported 89Y production
cross sections for a natural strontium target. Com-
paring the threshold energies, it is seen that 869
is produced mainly by the %6Sr(d,2n) reaction in
natural target up to 17 MeV, where the contribu-
tion from the 34Sr(d,y) reaction is considered to be
negligible because the cross section of this reaction
is low and the isotopic abundance of 34Sr is 0.56 %.
Beyond 17 MeV, the (d,xn) reactions may con-
tribute. Therefore, in the energy range below 17
MeV, a few normalized points are collected from
Tarkanyi et al. and are shown in Fig. 8. They are
close in magnitude to our data. We also show the
TALYS, EMPIRE and TENDL data in Fig. 8. The
effect of parameter adjustment in our calculation
is visible. The TENDL and EMPIRE reproduce
the shape of the excitation function at a distance,
but in TALYS 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 3o
limits of the TALYS and EMPIRE calculations
are quite similar, 65 % and 74 %, respectively. The
reduced chi-squared TALYS value of 1.7 is prac-
tically the same as the 2 value from EMPIRE.
The reduced chi-squared values 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 excita-
tion function well, but neither of the models can
describe well the whole set of experimental data
in the full energy range.

4.1.3 %Sr(d,3n)%™Y and
86Sr(d,3n)8%9Y processes

The radionuclide 8°Y has one metastable state
(T1,=4.86h) and a ground state (T.,=2.68h).
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Fig. 9: Measured and calculated isomeric cross-
section ratios as a function of the incident
deuteron energy for the %6Sr(d,3n)*™9Y reac-
tion. The model calculations were done with the
EMPIRE and TALYS codes using the optimal 7
value of 0.740.1 in TALYS calculations. The figure
also shows the isomeric cross-section data from the
TENDL library [52].

They decay independently. We could obtain inde-
pendent 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 reac-
tion in our investigated energy range. No data
exist in the literature. The production of the
859Y occurred primarily by a single channel, i.e.
86Sr(d,3n), the calculated contributions from the
87Sr(d,4n) and 88Sr(d,5n)-processes being negligi-
ble.

Fig. 9 shows the isomeric cross-section ratios
for experimental 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 uncer-
tainty 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 constant. A good agree-
ment in magnitude is found between the experi-
mental 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
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Fig. 10: Reduced chi-squared values of the iso-
meric cross-section ratio as a function of the 7
parameter for the 3™9Y reaction.

data, and neither code is able to correctly model
the isomer ratio between threshold and 32 MeV.
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 TALYS calculation indicates the impor-
tance 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 3¢ limits of the TALYS
is quite high at 95 % while for EMPIRE it is only
54 %. 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 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 population
near the threshold correctly.

Figs. 11 and 12 present the experimental
cross-section data and the model calculations for
the reactions ®6Sr(d,3n)*™Y and 8¢Sr(d,3n)%%9Y,
respectively. The experimental data rise sharply
and reach a maximum around 33MeV and then
go down sharply with the increase of energy up
to 40 MeV. Above 40 MeV the change of cross
section with energy is quite small. The results
of the TALYS calculations are nearer to the
experimental data than the EMPIRE results. The
calculations with TALYS show an energy shift in
the excitation function for both 3™Y and 3%9Y
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Fig. 11: Measured and calculated cross sections as
a function of the incident deuteron energy for the
86Sr(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 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
86Sr(d,3n)8%9Y 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].

production, while the EMPIRE results cannot
describe the shape of the energy dependence for
these reactions. Neither TALY'S nor EMPIRE can
describe the peak in the excitation functions near
33 MeV. One probable reason is the lack of full
information on the discrete levels in Y. We also
inserted the TENDL data in Figs. 11 and 12.
The improvement of the TALY'S calculations with
parameter adjustments is visible.
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Comparing the reduced chi-squared values of
the cross sections from Table 4 shows that the
fraction of experimental data points inside the 3o
limits of the TALYS are quite high at 71 % and
85 %, while these values for EMPIRE are only
48 % and 14 % for ®59Y and ™Y, respectively.
The reduced chi-squared values of TALYS for 8°9Y
and 8°™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 39Y and 8°™Y, respectively.

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

The isomeric pairs 3™9Y and 879Y 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 for-
mation of the higher spin metastable state is
strongly favoured. From 28 to 49.1 MeV, the iso-
meric cross-section ratio of 35™Y /359Y (see Fig. 9)
is almost constant, i.e. the ratio is independent of
the incident particle energy, which differs from the
ratio of 87mY /879Y 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 ™Y /859y,
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
magnitude of the ratio is slightly different. There-
fore, 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 calculation are all in an acceptable range
(1.5, 1.4, 1.5 for 87Y, 85Y and ®°Y, respectively),
while these data for EMPIRE are 1.5, 1.5, 4.5
for 87Y, 8Y and ®Y, 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 86gt2m)Y of the EMPIRE). The analysis of
the isomeric cross-section ratios in this work with
deuterons has yielded n values of 0.44 4+ 0.05,



0.41 + 0.03 and 0.7 & 0.1 for 7Y, 86Y and ®%Y,
respectively. The result for 87Y is new for this iso-
tope. We previously analyzed the 6Sr(pn)36m9Y
and %5Sr(p,2n)¥™9Y isomeric cross-section ratios
n [21]. The earlier n values for 8¢Y were 0.63 =
0.04 based on the measurement presented in [21]
and 0.69 + 0.07 based on Levkosvskii s measure-
ments [53]. Our new value of 0.41 £+ 0.03 is in
disagreement with the earlier results. It should
be noted that the level scheme of 8¢Y is incom-
plete and inconsistent, as discussed in [21], where
attempts were made to refine it without success.
Direct measurment of the branching ratios of the
levels is needed. The earlier data for the n param-
eter of ®Y are 0.57 £ 0.06 and 0.69 & 0.13 from
[21]. These values were in good agreement 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 86Sr 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 85"9Y, 86™:9Y and 8"™9Y as a func-
tion of deuteron energy. Therefrom, a suitable
energy range for the production of 869Y 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 production routes of %09Y, 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 activa-
tion 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 iso-
meric cross-section ratios were compared with the
data given in the TENDL library as well as with
results of nuclear model calculations based on
the codes TALYS and EMPIRE, with the opti-
mal 7 values used in TALYS calculations. The
results show that the excitation functions of the
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86Sr(d,n)3"™9Y process are not described satis-
factorily by the three calculations, 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, 36Sr(d,2n)%6"9Y
and 86Sr(d,3n)*™9Y, 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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Calculation of
the
cross-section
correction

Appendix A

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

Ayne = Agpse + Agpsr + Agpss, (A1)
where A is the activity and “unc” indicates the
measured activity without correction, the ®5Sr,
87Sr and ®¥Sr 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 charge particle-induced
reaction is:

A=oc cmT]ZAIpIVEW (1—e) X
(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, N 4 is the Avogadro number,
A, is atomic mass, I, is particle current, L, is
the emission ratio of the detected gamma, €, is

o (e

18

the detector efficiency for the detected gamma,)\
is the decay constant of the product, T; is the
irradiation time, Ty 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=o0cckegse (A3)
where keqse is the remaining part of Eq. A2, which
contains only common parameters for all target
isotopes. Substituting this into Eq. Al for the
separated Sr isotopes sample, we get (Kegse =
Kgep):

87 87 87
O uncCSrss k‘sep = OggCsrs6 k‘sep + 0870Sr87kse[)

87
+0ggCsrss k‘sep

(A4)

where the upper indices of ¢ refer to the product Y
isotope, while the lower indices refer to the target
Sr isotope, e.g., o5g refers to the cross section for
the 8Sr(d,n)87Y 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 eCS786 = OgsCsr86 + OgrCsrsr + OggCgrss (AD)

87th CSr87

87c
— oy

__ 87
Ogg = O

87th €S8
unc — 0

Cg 86

It may be a better approximation if the correc-
tion is calculated by using the cross-section ratios.
After multiplying out o§icg,ss from Eq. A5 and
simplifying with cg,.ss we get the following formula

(A6)

Cgy86

having substituted o§; by o8¢ in the bracket:
86 86
87th 87th
087 = o8Tc |4 87 CSrdT | O8s  Csr®
unc 86 o8Tth cg s 0BT Cg s

(A7)

Due to the high correction above 40 MeV, it

seems advantageous to consider the measured data

for natural composition in the calculation of the

correction, where the main component is the 33Sr

in the natural sample. Modifying the Eq. A5 for
the natural composition:

87

Gnat—ezp

_ 8T 87 87
= 086Csr86, T Og7Csrs7T, + Ogglsrse,

(A8)
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87

87c __ Onat—exp 87c cSTiZLt 87th cST’?LZLt
Ogs =~ __ ~Us6 I A —
Csris, Csrss, CSre&nas
(A9)
and inserting Eq. A9 into Eq. A5.
87
o87¢ — 58T _ 87th CSrsT | Tnat—cap | C5rs
86 une 87 Cg 86 Cq,88 Cg,86
Sr Srnat Sr
+ 87c CST"?L + 0,87th CST‘VSLZLt Csrss
8 CSTESQ 87 CS’T?E” Cgr86
(A10)
87
0.87 _ Tnat—exp Cg,88
une Csr88 €586
0_870 _ nat
86 _ CST?LZM, Csr88
Csr88  Csr86
cse87 _ Csr8T cgpy
C5,.86 Cg,88 Cg,86
_O,g:;th nat (A].].)

Cg, 87
SThat Csr88

C5,88 Cg,.86
SroSe ST

This formula can be applied to other similar
cases.
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