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Abstract

In view of several significant discrepancies in the excitation function of the Sr(p,n)8e>my
reaction which is the method of choice for the production of the non-standard positron emitter
8Y for theranostic application, we carried out a careful measurement of the cross sections of
this reaction from its threshold up to 16.2 MeV at FZJ and from 14.3 to 24.5 MeV at LBNL.
Thin samples of 96.4 % enriched 8SrCO3 were prepared by sedimentation and, after irradiation
with protons in a stacked-form, the induced radioactivity was measured by high-resolution y-
ray spectrometry. The projectile flux was determined by using the monitor reactions
"atCu(p,xn)®26285Zn and "Ti(p,x)*®V, and the calculated proton energy for each sample was
verified by considering the ratios of two reaction products of different thresholds. The
experimental cross section data obtained agreed well with the results of a nuclear model
calculation based on the code TALYS. From the cross section data, the integral yield of &Y
was calculated. Over the optimum production energy range E, = 14 — 7 MeV the yield of Y
amounts to 291 MBg/uA for 1 h irradiation time. This value is appreciably lower than the
previous literature values calculated from measured and evaluated excitation functions. It is,
however, more compatible with the experimental yields of ®Y obtained in clinical scale
production runs. The levels of the isotopic impurities 8™Y, 89Y and 8Y were also estimated
and found to be <2 % in sum.
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model calculation; integral yield and isotopic purity of the product.

1 Introduction

The positron-emitting radionuclide &Y (T = 14.7 h) has been gaining increasing importance
due to its theranostic application, i.e. its diagnostic use prior to the medication with the B~
emitting therapeutic radionuclide *°Y (T2 = 2.7 d). This concept was first applied at the
Forschungszentrum Julich (FZJ), Germany, in the context of treatment of a patient with
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disseminated bone metastases by using the therapeutic radionuclide *°Y. A positron emission
tomographic (PET) measurement of the injected %¢Y-citrate prior to therapy gave the
distribution of the radioactivity in various organs, wherefrom the radiation dose caused by the
subsequently administered therapeutic-agent *°Y-citrate was quantitatively calculated [1].
Thereafter, the biodistributions of 8Y-citrate and B8°Y-EDTMP (ethylene diamine
tetramethylene phosphonate) were compared in several patients with prostate cancer [2]. A real
impetus came after *°Y-DOTA-DPhe!-Tyr3-octreotide was found as a promising therapeutic
agent and its radiation dosimetry in baboons was established with the help of 8Y-labelled
analogue [3]. The concept was developed further; the progress achieved since then has been
recently summarized [4]. The two radionuclides involved are called a “matched pair”. Today,
several other “matched pairs” are also known [5,6]. They find application in many theranostic
investigations.

For production of 8Y several nuclear reactions were investigated (for a review cf. [7]). A
critical consideration of those processes, however, led to the conclusion that the Sr(p,n)%Y
reaction on a highly enriched target over Ep, = 14 — 7 MeV is the most suitable route for the
production of high-purity Y. This low-energy process, originally developed by Rosch et al.
[8,9], is now the method of choice for the clinical scale production of 88Y. Several laboratories
contributed to production and efficient separation of 8Y from the irradiated target [cf. 9-20],
so that this radionuclide has now been developed up to commercial scale production.

Despite the great success regarding the use of the 8Sr(p,n)-reaction for the production of Y,
the existing nuclear reaction database contains discrepant data [cf.7,21,22]. Two measurements
have been reported on "Sr as target material [23,24] and three on enriched %Sr [8,25,26]. For
high-purity production of Y, the data on enriched ®Sr are more relevant. Out of the three
reported works, two [8,26] describe extensive data up to the proton energy of 18 MeV. One of
those data sets [26], however, contains no details and the other [8] shows scattered values. A
critical analysis based also on nuclear model calculations using three codes, namely ALICE-
IPPE, TALYS and EMPIRE, revealed large discrepancies in the experimental data [7] and a
new measurement was recommended [27]. This experimental study was therefore undertaken
to provide an accurate set of data for this key production reaction. Some other competing
reactions induced by protons on 8Sr, e.g. 8¢Sr(p,2n)®™9Y, which have thresholds beyond the
energy range for the production of Y, were also investigated. Similarly cross sections for the
8Sr(p,n)®MY reaction were also measured. They are much smaller than those for the formation
of 89Y. However, since the results for ™9y and 8™y are more of theoretical interest rather
than for practical application, they will be reported later separately.

With regard to the radionuclidic purity of 8Y, the 8Sr(p,n)®®Y reaction on a highly enriched
83r target is ideally suited for its production. However, since 88Sr of 100 % isotopic enrichment
is not available, the radioactive products formed through (p,n) reactions on low-content 8'Sr
and ®Sr isotopes, present in the enriched target, also need to be considered. We therefore
performed some experimental and evaluation studies on those reactions of secondary
importance as well, and the results are given in an Appendix. Those data should allow a
calculation of radionuclidic impurities in 8Y while using an enriched 8Sr target of any isotopic
composition.

2 Experimental

2.1 Sample preparation and irradiations



Cross sections of proton induced reactions on enriched 8®Sr were measured by the stacked-
sample activation technique. The enriched %8Sr material was provided as SrCO; powder
(isotopic composition: 96.4 % 8°Sr; 1.33 % 87Sr; 2.26 % 88Sr; supplied by Eurisotop, France).
Thin strontium carbonate samples were prepared at FZJ by the sedimentation technique [8,10].
An Al foil of 50 um thickness and 13 mm diameter (supplied by Good Fellow; chemical purity:
99.0 %) was used after weighing as the backing for sedimentation. About 80 mg of the 8SrCO3
powder was added to 6 mL toluene containing levapren-450 (1 mg/mL) to prepare a
suspension. The levapren-450 has excellent film forming and adhesive properties and thus
makes the sediment more stable on the backing. A 0.75 mL portion of the suspension was
transferred to a 10 mm diameter hole of a sedimentation cell and then the solvent toluene was
allowed to evaporate at room temperature. Two days were required for complete drying of the
sediment. Thereafter, the #SrCO; sediment with Al-backing was carefully removed from the
cell and examined under a microscope. Only the homogeneous and mechanically stable
samples were selected for irradiation. A photograph of two typical samples is shown in Fig. 1.
The exact diameter of each deposit and the weight of each sample were determined. The netto
weight of the sediments lay in the range of 5 to 7 mg. From that weight the weight of Levapren
(0.75 mg) was subtracted. Each chosen sedimented sample was then covered by a 10 um thick
Al foil of 16 mm diameter welted around the backing foil; thus each 8SrCO; sediment sample
was sandwiched between two Al-foils of different thicknesses.

Thin foils of Cu and Ti of natural isotopic composition (supplied by Good Fellow; purity: Cu
(99.9 %); Ti (>99.6 %), thickness of both Cu and Ti foils: 25 um) were cut in circular discs
with a diameter of 13 mm. These foils were used as beam monitors. Four stacks were prepared
with 88SrCO3 sediment samples together with Cu and Ti foils inserted into the stack to follow
the beam parameters along the stack.

Four irradiations of 8Sr-containing stacks were carried out with protons. One irradiation with
27+0.3 MeV primary energy protons was carried out for 30 min at a beam current of 100 nA
at the 88-inch cyclotron, Lawrence Berkeley National Laboratory (LBNL), USA. The other
three stacks were irradiated with 16.7+0.2 MeV primary energy protons at the BC 1710
cyclotron at FZJ, Germany, each for 30 min, and the beam current was kept constant at about
200 nA.

2.2 Beam characterization

The extracted beam at the 88-inch cyclotron at LBNL is well characterized. The irradiation
beam available at the solid target used in cross section measurements at the BC1710 at FZJ has
also been well characterized [28]. The irradiated Cu monitor foil (25 um thick) mounted in
front of the stack was counted to determine the decay rate ratios of 83Zn/®?zn, 83zn/%®*zZn and
%2Zn/%Zn formed in the same monitor foil [29,30]. For this purpose, the activities of the three
products, viz. 8Zn (Ty = 38.47 min), %2Zn (T = 9.19 h) and %°Zn (Tw. = 244.93 d), were
determined nondestructively by y-ray spectrometry, extrapolated to the end of bombardment
(EOB) and corrected for various factors (see below) to obtain the decay rates. The decay rate
ratios of the above pairs were also calculated theoretically from the IAEA recommended
excitation functions of the reactions "*Cu(p,x)%3Zn, "*Cu(p,x)®?Zn and "'Cu(p,x)%°Zn,
respectively [31]. The mean energy of the proton beam effective in the front Cu foil was
determined by comparing the experimentally obtained ratio with the theoretical one. More
details of the method have been reported earlier [28,30].

2.3 Beam flux monitoring

During each irradiation, the beam current was measured by charge integration. It gave only an
approximate value. The proton flux effective in the samples was also determined by activation
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of Cu and Ti monitors placed in front of a stack, whereby the "Cu(p,x)®?%3%Zn and
"atTi(p,x)*V reactions served as monitors. From the measured decay rates of %263857zn and v
at EOB and the reference cross section of the respective monitor reaction taken from the IAEA
evaluated data file [31], the proton flux was determined. The individual flux values from the
above monitors agreed with one another within 6 %. An average of those values was used to
determine the cross section of the investigated reaction. This flux value was considered to be
more accurate than that via charge integration. Besides flux measurement, the excitation
functions of the three copper monitor reactions were also determined to check the beam
parameters in the stack. The measured excitation functions reproduced well the recommended
curves given by the IAEA [31]. This added high confidence to the various techniques used in
our measurements. The computer program, STACK, written at FZJ and based on the energy-
range relation [32], was utilized to determine the beam energy degradation along the stack.

2.4 Measurement of radioactivity and analysis

The radioactivity of the investigated radionuclides formed in Sr-samples and monitor foils was
measured non-destructively using several high-purity germanium (HPGe) gamma-ray
detectors associated with the necessary electronics and Maestro data acquisition software. The
energy resolutions (FWHM) at 1332.5 keV of %°Co of the HPGe detectors used were 1.9 keV
at FZJ and 2.5 keV at LBNL. For efficiency calibration of the detectors standard point sources
were used: at LBNL >*Mn,*3Ba, 1*'Cs and ®2Eu, supplied by Isotope Products Laboratories,
and at FZJ 22Na, >*Mn, %Co, ®Co, 8Y, ¥'Cs, %°Eu, ?*Ra and ?*!Am, supplied by Eckert &
Ziegler, Berlin. 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 [33]
software. The counting was done repeatedly in several time segments depending on the half-
life of the radionuclide. The 869Y radioactivity was measured after the decay of 8MY (T1, = 48
min) to 89Y. Several measurements were done at a distance of 10 cm or 20 cm from the surface
of the detector and the full decay curve was analyzed. Despite the large distance the effect of
true coincident gamma ray summing was not negligible for the analyzed gammas of %Y
because it has a complicated level scheme with numerous coincident transitions. The
corrections were calculated with the TrueCoinc program [34]. Similarly, the 879Y activity was
measured after disappearance of the 380.8 keV peak emitted in the decay of the metastable
state 8’™Y (Tw, = 13.4 h). Since the radionuclides Y (Tw. = 79.8 h) and 88Y (T =106.65 d)
were produced with proton induced reactions on the isotopic impurities 8’Sr (1.33 %) and #8Sr
(2.26 %), their activities were generally low. The counting of each sample was done about a
week after EOB at a distance of 5 cm for 16 h. This provided good statistics for the observed
radionuclides. The decay data of the investigated radionuclides were taken from the
Lund/LBNL Nuclear Database [35] and are collected in Table 1. The decay and production
data of the monitor reaction products were taken from [31].

2.5 Reaction cross section and its uncertainty

The peak area (counts) under a characteristic y-ray of a reaction product was converted to count
rate and extrapolated to the end of bombardment (EOB) . This count rate was then converted
to the decay rate by applying corrections for y-ray intensity, efficiency of the detector,
absorption and coincidence losses (random and real), if any. From this decay rate and the
measured beam intensity, the cross section for the formation of the radioactive product was
calculated using the usual activation formula. For Y, all the y-rays were analyzed. The final
cross section value, however, was obtained by taking an average of the values from the three
y-rays given in Table 1.



The combined uncertainty in the cross section was estimated by taking the square root of the
individual uncertainties in: peak area (1-2 %), efficiency of the detector (5 %), true coincidence
correction (< 2 %), decay data, especially y-ray intensities (< 3 %), proton flux (6 %) and
sample homogeneity (up to 5 %). The overall uncertainty for 8¢Y cross sections amounted to
about 10 % (1 o). The uncertainty originating from the particle flux inferred from the reference
values of the monitor reactions dominates the overall uncertainty. In the case of subsidiary
reaction products, namely Y, 8™y and 89y, an additional uncertainty of < 10 % due to the
low abundance of the respective target isotope was adopted. The uncertainty in the decay data
of those radionuclides is, however, smaller than that for 8Y. The overall uncertainty in the
cross sections of the three subsidiary reactions thus amounted to about 14 % (1c).

3. Nuclear model calculation

The reaction cross sections were calculated using the nuclear model code TALYS [36] version
1.4, to avoid the energy shift mentioned in ref [22]. TALYS incorporates several nuclear
models to calculate all the significant nuclear reaction mechanisms over the energy range of 1
keV to 200 MeV. In the calculations, the particle transmission coefficients were generated via
the spherical optical model using the ECIS-06 code [37] with global parameters: for neutrons
and protons from Koning and Delaroche [38]; for the optical model parameters (OMP) of
complex particles (d, t, a, *He) the code made use of a folding approach, building up the OMPs
from the neutron and proton potential. The parameters of OM were modified for protons and
neutrons 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 [39] for E1 radiation, and according to Brink [40] and Axel [41]
for all the other transition types. For the pre-equilibrium reactions, 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 [42]. In some cases, the energies, spins,
parities and branching ratios of the discrete levels were modified based on the information in
the literature [43]. In the continuum region, the level density was calculated by the back-shifted
Fermi gas model (BSFG) [44] using its slightly modified version in TALYS [45]. For the ratio
of the effective moment of inertia to the rigid body moment of inertia (®eft / Grig) parameter of
the spin distribution of the level density, the systematics based on the evaluation by Sudar and
Qaim [46] was used.

The fit of the nuclear reaction model calculation to the experimental data was checked by the
reduced 2 analysis. With the appropriate parameters, a reduced y? of 1.25 was achieved for
the measured data of the 88Sr(p,n)®™9Y reaction reported in this work.

4. Results and discussion
4.1 Activation cross sections related to the production of 86y

The radionuclide %Y has two isomeric states; the short-lived metastable state ™Y (T, = 48
min) and the relatively longer lived ground state 89Y(T, = 14.74 h). The metastable state
decays 99.31 % by isomeric transition to the ground state and 0.69 % by EC. The 8™Y activity
was measured immediately after the end of irradiation, and the 89Y activity after complete
decay of 8™Y. The measured cross section is a sum of the %Sr(p,n)®™9Y processes:
Ogsxm = (ag + Pml’l—mlam> [47], where P is the probability of the isomeric transition to
m~—Ag
the ground state. The factor x is calculated as 1.055. The 8¢Y was formed via two direct proton
induced nuclear reactions, one on the enriched target 8Sr and the other on the impurity 8/Sr.



The contribution of the & Sr(p,2n)®Y (Ew = 14.62 MeV) was corrected from the cross section
ratios of o(p,n)/(c(p,n)+ao(p,2n)) obtained theoretically and by considering the abundance level
of 8/Sr (1.33 %) in the enriched 8°Sr target. In the energy range above 15 MeV, the contribution
of the (p,2n) reaction was found to be between 2 and 10 % of the measured values. An
uncertainty of about 10 % in that correction was included in the reported cross section.

The cross sections measured in this work are given in Table 2 and are also shown as a function
of proton energy in Fig. 2; the results obtained at LBNL are denoted by solid black circles and
those at FZJ by solid red circles. The data measured in the two laboratories agree well in the
overlapping energy region. This demonstrates the reliability of various techniques used in the
determination of the experimental data in the two laboratories.

The literature data for this reaction based on measurements on the enriched 8Sr targets, are
also shown in Fig. 2. Résch et al. [8] reported values which are about 1.5 to 2 times higher than
the present measurements. A large uncertainty is associated with those measured values. In
particular, about 10 % uncertainty each was involved in the target thickness and beam intensity
determination. The statistical uncertainty was between 10 and 20 %. On the other hand, the
systematically higher values indicate a missing common parameter of cross section
determination. Presumably the efficiency of the detector or the proton flux was not properly
determined. A normalization of those data is therefore not possible. The data reported by
Levkovskii [26] are also too high. However, they could be scaled down by 18 % due to
correction for the monitor reaction cross section [47]. The reduced data are also shown in Fig.
2. Those values are still much larger than the present measurements. The estimated uncertainty
in those values amounts to 12 %.

In Fig. 2 we give also the results of the nuclear model calculation described above. The present
experimental data are reproduced very well by the model calculation; this adds confidence to
our new measurements. The TALYS can thus describe correctly the measured data with
appropriate model parameters.

4.2 Integral yield of &Y

We fitted the new experimental data with a polynomial function of the 5™ order. The fitted
curve is almost exactly the same as the results of the model calculation. The fitted curve (see
Fig. 2) was then used to calculate the integral yield of 8Y, assuming 100 % enrichment of the
target nuclide Sr and an irradiation time of 1 h at a proton beam current of 1 uA [cf. 48]. The
results are shown in Fig. 3 as a function of the incident proton energy and, because of their
practical importance, they are also given in a tabular form (Table 3). A comparison of the
integral yield of 8Y calculated from the present cross section data over Ep = 14 — 7 MeV with
the values available in the literature [7,8,21,22] is given in Table 4. Similar to this work, Résch
et al. [8] had calculated the yield from their experimental data. The other three values, however,
have been derived from the evaluated curves. Qaim et al. [21] and Zaneb et al. [7] considered
all data points, the latter presenting a very critical and detailed evaluation of all available data
in the literature. The third evaluation recently reported by Tarkanyi et al. [22] is very empirical.
Our calculated yield values are considerably lower than the previously reported values.

Zaneb et al. [7] also performed a critical comparison of the experimental integral yields of 8Y
obtained by several authors [10,12,14,15,18] with the reported calculated yields [7,8,21,22].
They found that the experimental yields ranged between 43 and 88 % of the theoretical values.
With the new accurate measurement of the excitation function in this work, and therefrom the
calculated integral yield of Y, the gap between the experimental and calculated values has



considerably decreased. For example, in the detailed production experiment by Kettern et al.
[10], involving a 4 h irradiation at a proton current of 5 pA, the reported experimental yield of
8y after chemical separation now amounts to about 87 % of the yield calculated from the
present excitation function, which is very satisfactory.

4.3 Isotopic impurities in 8%y

In the production of Y, the non-isotopic impurities, i.e. the radionuclides of Sr and Rb formed,
are easily removed by a chemical separation, and the formation of the isotopic impurities MY
and 859Y via the 8Sr(p,2n)-reaction is avoided by keeping the incident proton energy below 14
MeV. Due to its short half-life the level of ™Y activity is high but most of it decays to 869y
by the time the separated product comes to medical application. On the other hand, due to the
lack of availability of a 100 % enriched #Sr target, proton induced reactions on Sr-isotopes of
masses other than 86, present in low abundances in the enriched 86Sr target, lead to the
radioactive impurities 8™y, 879y and #Y via the 8 Sr(p,n)®'™Y, & Sr(p,n)®9Y and 8Sr(p,n)%Y
reactions, respectively. In the Appendix we give the calculated integral yields of those reaction
products as a function of proton energy. From those curves the levels of the three radioactive
impurities expected in the 89Y produced were calculated, taking into account the abundances
of 8/Sr (1.33 %) and ®Sr (2.26 %) present in the enriched ®Sr target and assuming an irradiation
time of 1 h. The results are given in Table 4. They are comparable with the experimental values
reported by Rosch et al. [9] and recently by Aluicio-Sarduy et al. [20], as well as with the
calculated values from the evaluated curves by Zaneb et al. [7]. This shows that although the
cross section data reported by Rosch et al. [8] were high, their activity ratio measurements [9]
were correct, which are independent of absolute values of detector efficiency and particle flux.
In the production of &Y, the major impurity appears to be 8™9Y at a level of < 2 %. This has
been experimentally confirmed by a few other groups as well. It is also pointed out that the
level of ™Y impurity in 89Y will remain more or less constant due to their similar half-lives.
The levels of 89Y and &Y impurities in #9Y will, however, increase with decay time due to
their longer half-lives. Presumably, the levels of the three isotopic impurities would be
considerably reduced if 8Sr of ~ 99 % enrichment could be used as target material.

5. Conclusion

Through an accurate measurement of the excitation function of the 8Sr(p,n)¥™*9Y reaction,
the discrepancies in the existing data up to 17 MeV have been removed and the database has
been strengthened up to 24 MeV. The integral yield of #Y over E, = 14 — 7 MeV, calculated
from the present excitation function, amounts to 291 MBq/pA for 1 h irradiation time. It is
much lower than the previously reported values, calculated from the other experimental or
evaluated excitation functions. The present value is, however, closer to the experimentally
determined production yields of Y as well as to its integral yield calculated from the TALYS
curve reported in this work. An accurate estimation of the isotopic impurities 8™9Y and Y
showed that > 98 % pure ®Y is produced using the 96.4 % enriched 8°Sr target. The level of
the impurity would be considerably reduced if ~ 99 % enriched target could be made available.
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Table 1

Decay data of the investigated radionuclides

Radionuclide Production Q-value  Half-life y-ray y-ray True
reaction (MeV) energy intensity ~ coincidence
(keV) (%) loss (%)
86y 8Sr(p,n) -6.02 14.74(2)h 4432  16.9(5) 1.34-4.59
87Sr(p,2n)  -14.45 627.7  32.6(10) 1.26-4.33
1153.0 30.5(9) 1.30-4.39
simy Sr(p,n) -3.02  1337(3)h  380.8 78.0(1) 0
8Sr(p,2n) -14.14
8y ¥7Sr(p,n) -2.64  79.80(3)h 48438 89.7(3) 0
8Sr(p,2n) -13.76
8By %Sr(p,n) -440 106.65(4)d  898.0 93.7(3) 2.5
1836.0  99.2(3) 2.5

2Taken from Lund/LBNL Nuclear Data Service (Chu et al., 1999) [35]. The latest decay data
in the ENSDF database were checked through NuDAT available at www.nndc.bnl.gov and
there was no significant difference. In parentheses, uncertainty is listed for the least significant

digit(s).
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Table 2

Measured cross sections for the production of 88Y via the 8Sr(p,n)-process.

Proton energy  Cyclotron  Measured cross section

(MeV) (mb)
24.5+0.4 88-inch 53+5%)
22.5+0.4 6062
20.5+0.4 147+159
18.4+0.5 288292
17.0+0.5 440+44
15.740.5 55656
14.3+0.5 604151
16.2+0.2 BC1710 544+54%
16.0+0.2 506512
14.7+0.2 594+51
14.3+0.2 574+48
13.4+0.3 571+49
13.0+0.3 601+50
12.0+0.3 570+48
11.0+0.3 527+44
10.5+0.3 472+40
9.6+0.4 415+35
8.8+0.4 362+30
8.3+0.4 32327
7.9+0.4 290+24
6.9+0.4 143412
6.5+0.4 10049

3 A small contribution (< 10 %) of the 8'Sr(p,2n)®™*9Y reaction on the 1.33 % 8Sr present
in the enriched 8Sr target was corrected (see text). The extra uncertainty due to this
correction is included in the total uncertainty of the reported cross section value.
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Table 3

Calculated integral yield of 8¢Y formed via the 8®Sr(p,n)-process.

Proton energy  Integral yield of Y  Proton energy  Integral yield of 8¢Y

(MeV) (MBg/pAh)? (MeV) (MBg/pAh)?
6.0 1.5 16.0 430
7.0 9.0 17.0 480
8.0 24 18.0 520
9.0 47 19.0 552

10.0 89 20.0 575
11.0 132 21.0 592
12.0 183 22.0 601
13.0 241 23.0 613
14.0 300 24.0 622
15.0 375

3 Calculated assuming an irradiation time of 1 h at a proton beam current of 1 pA.
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Table 4

Calculated integral yields of 88Y and the associated isotopic radionuclidic impurities.

Energy 8y yield Impurity (%)

(nr;g\?) (MBq/HAh) & 85m 859Y 87mY 87gY 88Y
This work 14 —7 291 ND ND 125 0.9 0.02
Rdsch et al.[8] 14 -7 475 <O'001C) <O'001C) 1.4 ©) O.ZC) 0.06 ©)
Aluicio-Sarduy 14 —7 1.629 0279 0129
et al.[20]
Qaim et al. 14 —7 433
evaluation[21] ®
Tarkanyi et al. 14 -7 374
evaluation[22]
Zaneb et al. 14 -7 371 1.5-3.0 0.4-0.5

evaluation [7]®

a)
)
c)
)

=)

o

Yield calculated assuming an irradiation time of 1 h at a proton beam current of 1 pA.
Evaluated data based on older measurements.
Impurities determined experimentally [9].
Impurities determined experimentally [20].
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Fig. 1 Photograph of two typical thin 8SrCOs-sedimented layers on Al backing.
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Fig. 2 Excitation function for the formation of the radionuclide Y in proton irradiation of an
enriched ®Sr target.
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Fig. 3 Integral yield of the radionuclide #Y calculated from the measured excitation function
of the 88Sr(p,n)-process, assuming an irradiation time of 1 h at a proton beam current of 1 pA.
The data are shown as a function of the proton energy.
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Appendix

Formation cross sections and integral yields of the isotopic impurities 8™y, 879y and 88y

During the measurements on the 8Sr(p,n)9*MY reaction described above, cross sections of
three subsidiary reactions, namely 8Sr(p,n)®™Y, 8’Sr(p,n)8’9Y and 8Sr(p,n)®Y, leading to the
isotopic impurities &MY, 89Y and 8Y, respectively, were also measured. The data obtained
for only 1.33 % abundant 8Sr and 2.26 % abundant Sr in the enriched 8Sr were extrapolated
to 100 % abundance each, and the results are given in Appendix-Table 1. The extrapolation of
results for the 88Sr(p,n)®8Y reaction was straightforward because no other reaction contributes
to the formation of %Y. In the case of the &Sr(p,n)®'™Y and 8/Sr(p,n)’9Y reactions, however,
extrapolation was appropriate only up to 14 MeV. Beyond that energy range, corrections for
the contributions of the #Sr(p,2n)®™9Y processes were necessary. We applied those
corrections by using the evaluated data reported by Zaneb et al. [7]. The extrapolated data for
8Y agreed with the results of two previous careful measurements [10,24] in which "™*SrCOs
samples (with ®8Sr abundance of 82.58 %) were used as targets. This added confidence to our
present measurement.

For constructing the excitation function of the 8Sr(p,n)®Y reaction, we adopted the basic
diagram by Zaneb et al. [7] and added the new data [24 and this work] to it. A polynomial
function was then fitted to all the concordant points and the curve thus obtained was used for
the yield calculation. For the 8Sr(p,n)8’™Y reaction, three sets of data exist in the literature
[10,24,26]. Our data agree very well with the values by Kettern et al. [10] and Elbinawi et
al.[24] but not with Levkovskii [26] (cf. Appendix-Fig. 1). A polynomial fit through the three
concordant datasets [10,24, this work] gave the required curve for the yield calculation. The
data for the ®’Sr(p,n)®"9Y reaction are shown in Appendix-Fig. 2. They describe the
independent formation of 879Y, i.e. without any contribution from the decay of 8’™Y. In this
case a polynomial fit through own data points was carried out.

From the fitted excitation functions of the above mentioned three reactions, the integral yields
of 8™y, 879y and #Y were calculated for 100 % abundance of the target isotope, assuming a 1
h irradiation with a proton beam current of 1 wA. The result is given in Appendix-Fig. 3. Those
data should allow calculation of the three radionuclidic impurities under consideration while
using an enriched 8Sr target of any isotopic composition.
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Appendix-Table 1
Cross sections for the formation of isotopic impurities ™Y, 89Y and Y.

Proton energy  Cyclotron Measured cross sections (mb)

(MeV) 87Sr(p’n)87mY 87Sr(p,n)87gYa) SSSr(p’n)SSY
24.5+0.4 88-inch 12+1.6 20+3 47+7
22.5+0.4 15+2 26+4 51+7
20.5+0.4 44+6 24+3 96+14
18.4+0.5 85+12 57+8 221431
17.0+0.5 165+23 85+12 376£53
15.7+0.5 296+41 144420 606+86
14.3+0.5 433156 168+24 656186
16.2+0.2 BC1710 225+32 147421 472+62
16.0+0.2 203+28 133+19 45660
14.7+0.2 368+52 182+26 716194
14.3+0.2 394451 178+25 720+94
13.4+0.3 436+57 186+26 859+113
13.0+0.3 382150 190+27 8841116
12.0+0.3 435+57 181+25 835+110
11.0+0.3 457+59 157422 753+99
10.5+0.3 362147 158+22 657186
9.6+0.4 348+45 132+18 605+79
8.8+0.4 336144 104+15 505166
8.310.4 316+41 109+15 45660
7.9+0.4 302+39 98+14 404153
6.9+0.4 243+32 87+12 249+33
6.5+0.4 162+21 67+9 169+22

a) These cross sections are for independent formation of 879Y,, i.e. without the
contribution via the decay of 8'MY,
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Appendix-Fig. 1 Excitation function of the &Sr(p,n)8’™Y reaction.

21



300

] ® 88-inch (LBNL)
. 87Sr(p,n)879Y ® BC1710 (FZJ)
250 - A Levkovskii*0.82,1992 [26]
3 ] = Polynomial fit
£200 1 ,{; {s
5 ;
© 150 -
& .
g 100 ]
O :
50 -
O : LJ I LINEN DL L L D L N D L D DL D D DL D DL L R )
0 5 10 15 20 25 30

Proton energy (MeV)

Appendix-Fig. 2 Excitation function of the 8'Sr(p,n)8’9Y reaction. The data describe the
independent formation cross sections of 879Y.
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Appendix-Fig. 3 Integral yields of the radionuclides ®™Y, 879Y and ®Y, calculated from the
measured excitation functions of the 8Sr(p,n)®™Y, 87Sr(p,n)8’9Y and 8Sr(p,n)®Y processes,
assuming 100 % abundance of the target isotope and an irradiation time of 1 h. The curves
are shown as a function of the proton energy.
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