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Abstract: 7°Se (Ti2 = 120 d), *¢Se (Ti2 = 7.1 h) and "*Se (Ti2 = 8.4 d) are important

radioisotopes of selenium, being used in tracer studies, PET investigations and as a generator
parent, respectively. Cross section data for the formation of those radionuclides in proton and
deuteron induced reactions on "°As were critically analyzed up to about 70 MeV. A well-
developed evaluation methodology was applied to generate the statistically fitted cross
sections, based on the critically analyzed literature experimental data and the theoretical cross
section values of three nuclear model codes ALICE-IPPE, TAYLS 1.9, and EMPIRE 3.2.
Using the fitted cross sections the integral yield of each radionuclide was calculated. For the
estimation of impurities, the integral yield of each radionuclide was compared with the yields
of the other two radionuclides over a given energy region, and therefrom the energy range was
suggested for the high purity production of each of the radionuclides "°Se, "*Se and *Se. For
production of the very important non-standard positron emitter *Se via the "As(p,3n)"*Se
reaction, the optimum energy range was deduced to be E, = 4030 MeV, with a thick target
yield of 1441 MBg/uAh and the "> 7°Se impurity level of <0.1%.
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1. Introduction

Selenium is an essential element that plays a vital role in biological processes like formation
of anti-oxidant defense and thyroid hormones, DNA synthesis, fertility and reproduction etc.
[1]. Its radioisotopes can be applied to label physiological selenium compounds for tracer
studies. Furthermore, selenium may serve as an analog to sulfur which itself has no suitable
radionuclide for in vivo studies. This is important because sulfur is one of the main constituents

of many pharmacologically relevant molecules.

Two radionuclides of selenium, namely °Se and "*Se, are of special interest for organ imaging.
The longer lived 7*Se (T12 = 120 d) decays by electron capture (EC) and emits two y-rays which
are suitable for single photon emission computed tomography (SEPCT). However, the high
radiation dose caused by it hinders its utilization in clinical practice [2, 3]. On the other hand,
it is ideally suited for development work related to selenium separation [4] and preparation of
labelled compounds [5, 6], as well as for the tracer studies related to selenium distribution and
speciation in the environment. The other shorter lived radionuclide *Se (T12= 7.1 h) is a
positron emitter and is very suitable for investigating slow metabolic processes via positron
emission tomography (PET). The development of such longer lived metallic positron emitters,
termed as “non-standard” positron emitters, is an active area of modern radiochemical research
[7, 8] because many new medical applications are emerging which make use of those
radionuclides. It may also be pointed out here that, besides the two radionuclides of selenium
mentioned above, another radionuclide, namely "*Se (T12 = 8.4 d), is also of importance, not
for direct use itself, but as a parent of the positron emitting 'Se/’?As generator system [9-13].
The main decay data of the three radionuclides under consideration are listed in Table 1 (taken
mainly from [14]). Additionally, the data of the isomeric state "*™Se are also given. It

contributes partly to formation of 7*¢Se (see below).

For medium scale production of the three above mentioned radionuclides of selenium, viz.
3Se, 73Se and "*Se, use has been made of *He- and a-particle induced reactions on germanium
[11, 15-17], proton and deuteron induced reactions on arsenic [4, 18-21] and high-energy
induced reactions on bromine [12, 22]. All aspects of development work, namely nuclear data,
targetry, chemical processing and quality control of the product, have been described in the
literature. In this study, however, we limit ourselves to the analysis and standardization of cross

sections of proton and deuteron induced reactions on "*As [13, 18, 19, 23-30].



The aim of this work is to provide evaluated and reliable data for the production of each of the
three above mentioned radionuclides with highest possible yield and the minimum
radionuclidic impurity [31, 32]. The main emphasis is, however, on data for *Se. Some
attempts at the systematization of the excitation functions of the reactions leading to the
production of "*Se were reported earlier [33, 34]. Very recently the data of the reaction
5As(p,3n)”3Se were evaluated under a Co-ordinated Research Project (CRP) of the IAEA [35].
The methodology used in that work was, however, different than in our work. Those authors
used a statistical approach to select the concordant set of experimental data and then a Pade
fitting was done to obtain the recommended excitation function. We applied a theory-aided
procedure to select the data and then the fitting was performed by a polynomial function. We
compare and discuss our results with those reported in the IAEA evaluation. On the other hand,
it should be mentioned that no evaluation of the reactions leading to the formation of °Se and
2Se was presented in the CRP report [35]. Our study on those reactions should therefore help

to optimize the production of each of the three radionuclides.

2. Compilation and normalization of data, nuclear model calculations and
evaluation methodology

2.1. Compilation and normalization

The main decay data of the radionuclides under consideration are given in Table 1. They were
mostly taken from the Nudat 2.8 database. All experimental data reported on the production of
3Se, ™Se and 7°Se in proton and deuteron induced reactions, namely *As(p,3n)’*Se,
As(p,4n)?Se, As(p,n)’°Se, "As(d,4n)"*Se, °As(d,5n)’’Se and 7°As(d,2n)”’Se were
compiled. The Q-values, threshold energies and the references are given in Table 2. The decay
data, i.e., half-life, gamma ray energies and intensities reported in all the experiments were
compared with the standard values (cf. Table 1). The normalization of the decay data was
performed according to their differences from the standard values [14]. In most of the reported
experiments authors used a Faraday cup and monitor reactions to determine the charged particle
beam before and within the stacked target. All the reported monitor reaction data were
compared with the charged particle monitor reaction database of the IAEA [36], and

normalizations were performed in case of significant differences.



Initially the results of TENDL library were used to check the consistency of the experimental
data, but later the reliability of the data was checked with the results of detailed nuclear model

calculations.

2.2. Calculations using ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2

To check the uniformity and reliability of the experimental data, three nuclear model
calculations with well-established nuclear model codes, namely ALICE-IPPE, TALYS 1.9 and
EMPIRE 3.2 were performed. Different input parameters [37] were adjusted within their

recommended limits to get an agreement between theoretical and experimental data [38, 39].

The ALICE-IPPE [40] is based on purely evaporation formalism, with the limitation that it can
only calculate the total production cross section. The ALICE code cannot calculate the cross
sections for the isomeric states. In comparison, EMPIRE and TALYS are modern nuclear
model codes and are flexible with regard to the selection of different optical models and their
parameters [41-45]. Furthermore, cross sections for the isomeric states can also be calculated.

So, one can expect better theoretical predictions for the reported experimental data.

2.3. Evaluation methodology

For the evaluation of experimental data, a well-developed evaluation methodology was used
[38, 39]. It consists of two steps; first, to check the consistency in the data using a nuclear
model calculation, second, to fit the selected data using a polynomial function. Thus, the ratio
of measured data to a nuclear model calculation (Gmeas/Gmodel) Was obtained and polynomial
fitting was performed. In the fitting process, the measured data points away from 3o limit of
the fitting curve were eliminated. The polynomial fitting was then performed again for the
remaining data. The evaluated cross section (Gepaiuated) Was derived from the energy-
dependent normalization factor f (E) and the model calculated cross section 6,,04e1(E), such

that

Oevatuated = J(E) Omoder (E)

While performing polynomial fitting, experimental uncertainties were also considered and
plotted with fitted data as 95% upper/lower confidence limits. This evaluation procedure was

recapitulated with all three model calculations to generate the fitted cross sections. Then the



recommended cross sections for the reaction were obtained by taking the averages of the three

normalized/fitted cross sections.

It should be noted that, despite the allowable variances in the input parameters, we were unable
to achieve a fair agreement between experimental data and model calculation for a few nuclear
reactions. In those instances, we only performed a polynomial fitting through the experimental

data.

3. Evaluation of production data of ”*Se, ”>Se and "*Se in proton induced
reactions on "As

3.1 5As(p,3n)"3Se reaction

The database of this reaction is good; five groups reported experimental cross sections for this
reaction. The normalized literature data along with the results of the three nuclear model
calculations (namely ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2) are shown in Figure 1. The
results by Levkovskij (1991) [25] were normalized by a factor of 0.75, as suggested by Qaim
et al. (2014) [46], based on an analysis of the monitor reaction used by Levkovskij. A similar

correction value was suggested by Hermanne et al [36].

All normalized cross sections [18, 19, 23-25], except those by Qaim et al. (1988) [24] given in
EXFOR are consistent with one another and also with the results of nuclear model calculations
TALYS and EMPIRE, but ALICE-IPPE values slightly overestimate the experimental
excitation function beyond 38 MeV. The TENDL results (not shown in Fig. 1) were also more
or less in agreement up to 30 MeV but showed large deviations at higher energies. It should be
pointed out here that out of the five groups mentioned above, four [18, 19, 23, 25] measured
the cumulative cross section for the formation of *Se, i.e. the sum of its direct formation and
some decay contribution from the short-lived *™Se. Qaim et al. (1988) [24], on the other hand,
measured the isomeric cross-section ratio of 7*™&Se, and therefrom estimated the total fraction
of *mSe decaying to "*As rather than to *¢Se. Thus, they got the total cross section for the
>As(p,3n)*™*€Se channel. Those data are more relevant to the fundamental understanding of
the isomer distribution in the pair *™Se/”*¢Se. For the practical application to the production of
73¢Se, they are not comparable to the other data. The entry in the EXFOR was thus misleading.
It has been corrected in the meantime. In our evaluation we therefore did not consider them

further.



As the next step, the above-described theory-aided evaluation methodology was applied to
obtain the ratio of the experimental data to the theoretical results by the EMPIRE 3.2 code
which was then plotted as a function of proton energy with 95% confidence limits (Figure 2).
The data points that showed deviation beyond 3¢ limits were deselected, and then the
polynomial fitting of data was repeated. The polynomial fit obtained was multiplied by the
EMPIRE 3.2 data to produce normalized EMPIRE 3.2 values for the whole excitation function.
The same procedure was repeated to obtain normalized values also by the ALICE-IPPE and

TALYS 1.9.

The recommended cross sections were then generated by averaging all three normalized values
from the three calculational codes. The recommended curve with 95% confidence limits
together with the selected experimental data is shown in Figure 3, whereby the encircled points
show the deselected values. Numerical values of the recommended fit with 95% confidence

limits are given in Table 3.

3.2 As(p,4n)’*Se reaction

For this reaction, three experiments were found in the literature [13, 18, 19]. The reported data
are consistent with one another. The experimental data along with the results of nuclear model
calculations are shown in Figure 4. Up to 45 MeV the results of EMPIRE, ALICE-IPPE and
TALYS are in fair agreement with the experimental data but at higher energies EMPIRE and
TALYS underestimate the excitation function whereas ALICE-IPPE fails to explain the trend
of the excitation function. The TENDL results (not given in Fig.4) showed no agreement over
the whole excitation function. The recommended cross sections were obtained using the

polynomial fit of the experimental data (Figure 4); the numerical values are given in Table 3.

3.3 "SAs(p,n)’Se reaction

The database of this reaction is fairly strong; ten groups measured cross sections for the
production of ">Se using this reaction (see Table 2). All the normalized experimental data along
with the results of nuclear model calculations by ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2
are shown in Figure 5. All literature data and nuclear model calculations are consistent with
one another within the limits of their uncertainties. Also the TENDL values (not shown in Fig.

5) agree. Only the results reported by Mushtaq et al. (1988) [19] and Nozaki et al. (1979) [18]



are somewhat higher than the other values. The shape of all the theoretical excitation functions
is similar to the experimental results; however, they slightly overestimate the cross section in
the peak region. The above-mentioned evaluation methodology was employed to obtain the
recommended curve with 95% confidence limits (Figure 5). The numerical values are given in

Table 3.

4. Evaluation of production data of "*Se, Se and *Se in deuteron-induced
reactions on “As

4.1 5As(d,4n)”3Se reaction

The database of this reaction is fair; three experiments have been reported in the literature
(Table 2). Figure 6 shows the normalized literature data along with the results of the three
nuclear model calculations, i.e. TALYS 1.9, EMPIRE 3.2 and ALICE-IPPE. Similar to the
(p,3n) reaction discussed above, the results by Qaim et al. [24] given in EXFOR are shown in
this diagram but not treated further in the evaluation process. The experimental values show
consistency with one another up to 40 MeV; however, after this energy the experimental values
by R6hm and Miinzel are very low. A comparison of experimental data with theoretical nuclear
model calculations shows that EMPIRE and TALYS are consistent with each other and with
the experimental data but after 50 MeV, TALYS overestimates the experimental values. The
results of ALICE-IPPE and values from TENDL library (not shown in Fig.6), are in agreement
with the experimental results up to 39 MeV; thereafter, they slightly underestimate the cross
section up to 50 MeV. On the whole, the shapes of excitation functions based on experimental

data and theoretical results from nuclear model codes are rather similar.

Figure 7 shows the recommended curve with 95% confidence limits, with the deselected values
encircled. The recommended cross sections were obtained by taking an average of normalized
values of TALYS 1.9 and EMPIRE 3.2. Table 4 provides numerical values of the recommended

fit with 95% confidence limits.
4.2 5As(d,5n)"*Se reaction

Only two groups of authors, namely Mushtaq et al. [19] and R6hm and Miinzel [30] reported
measurements for this reaction. Those measurements are in agreement with each other. Figure
8 shows the normalized experimental data along with the results of the nuclear model

calculations. The results of ALICE-IPPE and TALYS 1.9 are in agreement with the



experimental data. EMPIRE results underestimate the cross section. The TENDL data (not
shown in Fig. 8) were very discrepant. The above-mentioned evaluation methodology was

used to generate the recommended cross sections. The numerical values are given in Table 4.
4.3 As(d,2n)”*Se reaction

For this reaction only two experiments were found in the literature (see Table 2) [19, 30].
Normalized data along with the results of nuclear model calculations are shown in Figure 9.
Both experiments are in good agreement with each other. The results of all nuclear model
calculations are consistent with one another but they are not in agreement with the experimental
data. The trend of the excitation function given by the nuclear model calculations is completely
different from the experimental curve. This is typical of some deuteron induced reactions where
the model calculation is often not able to describe the experimental cross section, mainly due
to the neglect of the deuteron breakup process. Therefore, in this case, we relied only on the
experimental data, and polynomial fitting was done to generate the recommended cross

sections (see Fig. 9). The numerical values are given in Table 4.

5 Comparison of present evaluation with earlier evaluation of 3Se
production data

In the Coordinated Research Project (CRP) of the IAEA, only the main route for the production
of "*Se, namely the >As(p,3n)’>Se reaction, was studied [35]. In that work the selection of
experimental data was based solely on statistical fitting considerations, and a Pade fitting was
done, deducing the region-wise percentage uncertainty. Many data were rejected and the
evaluation beyond 30 MeV was based only on the data by Brodovitch et al [23] and Qaim et al
[24] given in EXFOR. A comparison of our evaluated curve with that of the CRP curve [35] is
shown in Fig. 10. Evidently, the CRP result is much higher. We believe, that our choice of

experimental data (or their rejection) is based on a more scientific and rigorous analysis.

For the °As(d,4n)’*Se reaction no previous evaluation has been reported; any comparison is
therefore not possible. Similarly, data for the formation of "2Se and 7°Se both in proton and

deuteron induced reactions on ">As were previously not evaluated.



6 Calculation and comparison of integral yields

Recommended cross sections for all reactions were utilized to calculate the integral yields of
the products using the known formula [47], assuming a beam current of 1pA and an irradiation

time of 1h [48]. The results are discussed below.

6.1 Integral yields of “As(p,3n)”*Se, “As(p,4n)’’Se and "“As(p,n)”*Se

reaction products

The calculated integral target yields of *As(p,3n)’*Se, ">As(p,4n)’*Se and °As(p,n)”°Se
reactions along with the experimental values at low-current irradiations reported by Nozaki et
al. (1979) [18], Dmitriev (1986) [49] and Rowshanfarzad et al. [50] are shown in Figure 11.
For the reaction >As(p,3n)’>Se, the reported literature yields are in good agreement with our
calculated integral yields. However, the yield value reported by Rowshanfarzad et al. (2004)
[50] at 30 MeV is lower than our calculated yield. In case of >As(p,n)’Se reaction the values
reported by Dmitriev [49] are lower than our calculated yield values. The shaded areas depict
the optimum energy ranges for the production of ”*Se and "*Se. The energy beyond 50 MeV is
suitable for the production of ”>Se. The optimum energy ranges deduced for the production of
the three above mentioned selenium radionuclides in proton induced reactions on arsenic are
given in Table 5, together with the calculated thick target yield of the desired radionuclide as
well as the levels of the relevant impurities. The data for 7*Se are in agreement with the
calculated values by Mushtaq et al. [19], Konigs et al. [4] as well as by Qaim and Spahn [33].
Important is also to mention that the yield calculated from the CRP curve (Tarkanyi et al [35])
is only about 3% higher than our value, despite their higher cross section in the peak area.
Production data on "3Se using beam currents of 2 to 7uA are also available [4, 19-21]. The
experimental yield corresponds to about 70% of the theoretical yield. Considering the various
factors involved, e.g. inhomogeneity in the beam, radiation damage effects, loss in chemical
processing etc. [51], this yield value is acceptable. More important is the ratio of the impurity
to the yield of the desired radionuclide, which is independent of the irradiation conditions.
Experimentally, those ratios were found to be approximately in agreement with the theoretical
values (cf. Table 5). Also for *Se production, experiments with beam currents up to 25 pA
were done [21]. As expected, the experimental yield was again about 70% of the theoretical
value and no impurity was detected. With regard to "*Se, high current experiments with beams
of up to 165 nA gave experimental yield and the 7*Se/*Se impurity ratio [13]. In general, the

evaluated/recommended cross section data reported in this work for the three radionuclides
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appear to be supported by the results of the various production experiments. For exact
validation, however, integral yields using well-planned low current benchmark experiments

need to be measured.

6.2 Integral yields of As(d,4n)”3Se, “As(d,5n)’?Se and "As(d,2n)”*Se

reaction products

Using the recommended cross sections, integral yields for the As(d,4n)”*Se, "*As(d,5n)"*Se
and "*As(d,2n)”’Se reaction products were calculated and the results are given in Figure 12
along with the reported values by Dmitriev [49]. For the 7 As(d,4n)”*Se reaction our calculated
values are higher than those reported by Dmitriev [49], but for 7 As(d,2n)”*Se reaction Dmitriev
values [49] are in agreement with our calculated values. The shaded areas give the suitable

energy ranges for the production of 7*Se and 7*Se.

Similar to proton induced reactions on *As described above, the suitable energy ranges
deduced for the production of the three selenium radionuclides in deuteron induced reactions
on ">As are also given in Table 5, together with the calculated thick target yields and the levels
of impurities. The data for "3Se are in agreement with the calculated values given by Kénigs et
al. [4] and Mushtagq et al. [19]. As far as medium scale production using deuterons is concerned,
only Mushtaq et al. [19] measured the integral yield of *Se after irradiations with a beam
current of 2 pA. It amounted to about 68% of the theoretical value and the levels of "2Se and
>Se were low (see Table 5). No real high-current production experiment has been reported for
2Se and "°Se. From the evaluated data presented in this work, the *As(d,2n)"’Se reaction
appears to be viable for the production of °Se. However, for the production of 7*Se, no
statement can be made because the energy range covered so far is too low and the cross section

is still rising in the early part of the excitation function.

7 Comparison of production routes

A comparison of the calculated yields of "3Se via the reactions As(p,3n)’°Se and
>As(d,4n)"*Se is given in Figure 13. Evidently, the >As(p,3n)’*Se reaction gives a higher rate
of production over the whole energy range. Furthermore, the ">7°Se impurity level is <0.1%.
Therefore, the 7 As(p,3n)’*Se reaction has been extensively used for the production of 73Se [4-
6, 18-20]. The high-energy reaction "Br(p,x)"*Se over E, = 10069 MeV also gives a good
yield of 7*Se (263 MBg/pAh) but not as high as the (p,3n) and (d,4n) reactions on ">As. Also,
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the ">7°Se impurity level in high energy reaction is about 3% [22]. It is therefore not often used

for the production of "*Se.

A comparison of the calculated yields of 7°Se via the "> As(p,n)”*Se and " As(d,2n)”*Se reactions
is given in Figure 14. Evidently, upto 20 MeV, the proton induced reaction has a higher yield,
but beyond that energy the yield of the (d,2n) reaction becomes much higher. In practice, the
(p,n) reaction has been extensively used for the production of °Se [4-6,21] because proton
beams of about 18 MeV are more commonly available than the deuteron beam. Again the high-
energy "Br(p,x)’>Se reaction is also interesting [22] but the level of the ">Se impurity amounts

up to 80%.

As regards the production of 7?Se, the present choice lies on the 7 As(p,4n)’*Se reaction [13]
because no data exist on the ">As(d,5n)’?Se reaction beyond 55 MeV. The high-energy route
"Br(p,x)’*Se using Ep, = 92->72 MeV leads to a high yield of *Se [12] but it contains about
1.5 times more "°Se . Although for the preparation of the 7?Se/’?As generator the large amount
of >Se may not be a very serious problem, yet the ">As(p,4n)’?Se reaction offers the possibility

of obtaining "*Se with the *Se impurity level limited to about 5% [13].
8 Conclusion

A critical analysis and evaluation of the cross section data of proton and deuteron induced
nuclear reactions on "°As leading to the formation of the three important radionuclides of
selenium, namely Se, "3Se and "’Se, showed that the proton induced reactions are most
suitable for the production of those radionuclides with high radionuclidic purity. Whereas the
longer lived °Se, important for tracer studies using SPECT, can be produced at a small-sized
cyclotron via the ">As(p,n)”°Se reaction using the energy range E, = 18>8 MeV, for the
production of the other two radionuclides high energy protons are needed. The optimum energy
range for the production of the non-standard positron emitter *Se via the >As(p,3n)’*Se
reaction is E, = 4030 MeV; the yield of *Se is high and the experimentally determined level
of the 7>7°Se impurity amounts to <0.1%. The useful energy range for the production "*Se, a
parent of the positron-emitting ’Se/”?As generator system, via the ">As(p,4n)’*Se reaction is
Ep = 6045 MeV; the yield is high and the level of the ">Se impurity is <5%. The evaluated
data, however, also suggest that for the production of those three radionuclides, the deuteron
induced reactions on °As could also be used. The yields are lower and the impurities somewhat

higher; nonetheless, the products may be acceptable for the desired applications.
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List of Figure Captions

Figure 1 Normalized experimental data and results of nuclear model calculations for the
> As(p,3n)’*Se reaction

Figure 2. Ratio of measured cross section to calculated cross section by EMPIRE, plotted as a
function of proton energy

Figure 3 Recommended cross section curve with 95% upper and lower confidence limits for
the 7>As(p,3n)’*Se reaction; the encircled data points were neglected.

Figure 4 Normalized experimental data and results of nuclear model calculations along with
the recommended cross section curve with 95% upper and lower confidence limits for the
>As(p,4n)’*Se reaction.

Figure 5 Normalized experimental data and results of nuclear model calculations along with
the recommended cross section curve with 95% upper and lower confidence limits for the
> As(p,n)’°Se reaction; the encircled data points were neglected.

Figure 6 Normalized experimental data and results of nuclear model calculations for the
> As(d,4n)"*Se reaction

Figure 7 Recommended cross section curve with 95% upper and lower confidence limits for
the 7 As(d,4n)"*Se reaction; the encircled data points were neglected.

Figure 8 Normalized experimental data and results of nuclear model calculations along with
the recommended cross section curve with 95% upper and lower confidence limits for the
>As(d,5n)"*Se reaction; the encircled data points were neglected.

Figure 9 Normalized experimental data and results of nuclear model calculations along with
the recommended cross section curve with 95% upper and lower confidence limits for the
>As(d,2n)"*Se reaction

Figure 10 Comparison of present evaluated curve with that of the IAEA CRP curve for
5As(p,3n)*Se reaction

Figure 11 Calculated integral yields of 7>7*72Se via the "As(p,n)*Se, "*As(p,3n)’’Se and
5As(p,4n)’*Se reactions for 1h irradiations. The shaded areas give suitable energy ranges for
the production of 7*Se and "*Se. Some measured yields are also shown.

Figure 12 Calculated integral yields of 7>7*72Se via the "*As(d,2n)"*Se, *As(d,4n)”>Se and
75As(d,5n)"?Se reactions for 1h irradiations. The shaded areas give suitable energy ranges for
the production of 7>Se and "*Se. Some measured yields are also shown.

Figure 13 Comparison of integral yields of "*Se from ’>As(p,3n)’*Se and 7°As(d,4n)”*Se
reactions for lh irradiations. Some measured yields are also shown.
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Figure 14 Comparison of integral yields of °Se from “As(p,n)”’Se and "°As(d,2n)”’Se
reactions for 1h irradiations. Some measured yields are also shown.
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Table 1 Decay characteristics of ’Se, 7*™2Se and 7>Se*

Radionuclide Half-life = Decay mode Main gamma Abundance
(%) ray energy of y-ray
Tin
(keV)
(%)
2Se 8.4d EC (100) 45.8 58

32Se 7.1h B7(65.4) 361.2 97.0
EC (34.6)

3mSe 39.8 min  EC+B7(27.4) 253.7 2.36
IT(72.6)

Se 120 d EC (100) 265.0 58.6

* taken from NuDat 2.8 (2019) (NuDat 2.7) except for EC and * branching values which were taken
from Browne and Firestone (1986), Table of radioactive isotopes. Wiley, New York
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Table 2 Investigated nuclear reactions for the formation of 72Se, 7*™£Se with their Q
values, threshold energies and references

Nuclear Q-Value | Threshold References
Reaction MeV) energy
(MeV)

SAs(p,3n)73Se Brodovitch et al. (1976) [23], Mushtaq et al.

(1988)[19], Qaim et al. (1988) [24], Levkovskij
ST .02 (1991) [25], Nozaki et al. (1979) [18]

SAs(p,3n)™Se -21.76 22.05
Qaim et al. (1988) [24]

5 As(p,4n)7*Se -30.16 30.56 Mushtaq et al. (1988) [19], DeGraffenreid et al.
(2019) [13], Nozaki et al. (1979) [18]

SAs(p,n)”>Se -1.64 1.66 Albert (1959) [26], Delaunay-Olkowsky et al.

(1963) [27], Johnson et al. (1964) [28], Johnson
et al. (1958) [29], Brodovitch et al. (1976) [23],
Mushtaq et al. (1988) [19], Levkovskij (1991)
[25], DeGraffenreid et al. (2019) [13], Nozaki et
al. (1979) [18]

5As(d,4n)"*Se R6hm and Miinzel (1972) [30], Mushtaq et al.
(1988) [19], Qaim et al. (1988) [24]

-23.90 24.60

75As(d,4n)"3™mSe -23.93 24.63
Qaim et al. (1988) [24]

SAs(d,5n)"*Se -32.38 33.25 Rohm and Miinzel (1972) [30], Mushtaq et al.
(1988) [19],

SAs(d,2n)">Se -3.87 3.97 Rohm and Miinzel (1972) [30], Mushtaq et al.

(1988) [19],
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Table 3 Recommended cross sections for the formation of 7>Se, 73%Se and 7>Se in proton-
induced reactions on 3As

Energy SAs(p,n)’°Se SAs(p,3n)738Se 75 As(p,4n)7*Se
(MeV) Cross 95% confidence Cross 95% confidence Cross 95% confidence
section limits section limits section limits
(mb) lower upper (mb) lower upper (mb) lower upper

4 64 46 81

5 146 127 165

6 258 230 286

7 387 350 424

8 513 473 553
10 665 622 707
12 607 564 649
14 410 363 456
16 234 187 280
18 123 75 179
20 82 60 104
22 57 47 67
24 42 34 50 5 4 7
25 38 30 46 22 18 26
26 35 27 43 50 44 56
28 32 25 39 125 117 134
29 32 26 39 163 152 174
30 33 26 39 203 189 217
31 33 26 40 241 226 257
32 34 27 41 268 251 285
33 35 27 42 284 267 302
36 36 28 43 295 276 314 3 2 3
37 35 28 43 285 266 304 6 5 7
38 35 27 42 269 252 287 12 11 13
39 34 26 42 249 233 266 20 18 21
40 33 25 41 227 212 242 31 29 33
41 32 24 40 206 192 220 42 39 45
42 30 22 38 181 168 194 51 47 55
43 28 19 37 162 150 174 60 55 66
44 26 17 36 144 132 156 66 58 73
45 24 14 35 127 116 138 76 67 85
47 20 9 32 103 92 114 91 81 101
48 19 7 30 94 83 106 97 85 109
50 15 2 28 79 67 91 104 90 118
51 14 1 27 73 61 85 105 91 120
54 11 4 26 60 50 71 104 90 118
57 11 7 30 53 44 62 98 85 110
60 13 0.2 32 46 34 58 88 77 99
65 11 0.1 28 26 25 30 85 80 90
70 7 0.1 7 22 20 24 80 76 84
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Table 4 Recommended cross sections for the formation of 73Se, 7*¢Se and 2Se in deuteron-
induced reactions on "SAs

Energy SAs(d,2n)7*Se SAs(d,4n)738Se SAs(d,5n)7*Se
(MeV) Cross 95% confidence Cross 95% confidence Cross 95% confidence
section limits section limits section limits
(mb) lower upper (mb) lower upper (mb) lower upper

6 29 27 32

7 58 55 60

8 72 70 74

9 92 89 94
10 125 123 127
11 174 172 176
13 303 301 305
15 434 432 437
17 527 525 529
19 557 555 559
21 526 524 529
23 451 448 453
25 355 352 357 0 0 0
27 262 260 264 4 3 4
28 222 220 225 10 9 11
29 189 187 192 20 18 21
30 163 160 165 32 30 34
31 143 141 146 52 49 56
32 130 127 132 67 62 72
33 122 119 124 93 86 100
34 117 115 120 111 102 120
35 116 113 119 126 116 137
36 116 113 119 153 139 167
37 115 112 119 167 152 183
38 114 111 118 180 162 198
39 112 109 115 190 171 209 1 1 1
40 108 105 111 198 177 219 2 2 2
41 102 99 105 203 181 225 3 3 3
42 95 92 99 205 182 227 5 5 6
43 88 85 92 203 180 225 8 8 9
44 81 78 85 198 176 221 11 11 12
45 76 72 80 192 170 215 15 14 15
46 72 69 76 184 162 206 18 17 19
a7 71 67 75 175 154 196 22 21 24
48 71 67 75 165 146 185 27 25 28
49 73 69 77 153 134 172 32 30 33
50 74 70 79 145 127 163 36 34 39
51 75 70 79 137 119 155 40 38 43
52 73 68 77 131 113 149 43 40 46
53 68 63 72 123 105 140 45 42 49
54 62 57 67 117 99 136 49 45 54
55 61 56 65 112 91 132 1 1 1
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Table 5: Optimized energy range with calculated thick target yield of the desired
radionuclide and percentage level of the radionuclidic impurity 7>Se and ">Se

Radionuclide | Nuclear Energy | Thick target
reaction range | yield at Radionuclidic impurity at EOB
(MeV) | EOB? (%)
(MBq/pAh)
Calculated Experimental
3Se SAs(p,3n) | 40>30 1441.3 2Se (0.086); 2Se (0.1);
Se (0.014) 3Se (0.03)°
5As(d,4n) | 45>33 715.1 2Se (0.052); 2Se (0.1);
°Se (0.14) 3Se (0.2)°
5Se SAs(p,n) | 18>7 1.65 None None®
SAs(d,2n) | 25212 2.72 None d)
2Qe 5As(p,4n) | 60>45 38.3 5Se (0.12); 3Se (<5.0)f
73See d)
SAs(d,5n) | 45>33 0.37 Se (260.2); d)
73See d)

2 Calculated from the recommended excitation function, assuming an irradiation time of 1 h
at a beam current of 1 pA

b) Measured by Mushtaq et al. [19]

c) Investigated by Blessing et al. [21]
d) Not measured
e) "*Se level at EOB is more than 100 times higher, but it becomes negligible after a decay
period of about 2 days
f) Measured by DeGraftfenreid et al. [11] after long irradiations.
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