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Abstract: 8Zr (T1, = 3.27 d) is an important f*-emitting radionuclide of zirconium used in
immuno PET. The excitation functions of the 8%Y(d,2n)®Zr and 8%Y(p,n)®°Zr reactions were
analyzed to deduce the optimum conditions for the high purity production of 8Zr. The nuclear
model codes ALICE-IPPE, EMPIRE 3.2 and TALYS 1.9 were used to check the consistency and
reliability of the experimental data. A polynomial fit to the chosen data for each reaction gave
the excitation function, which was then used for the integral yield calculation of the product. The
amount of the major radioactive impurity 88Zr was precisely analyzed for both the proton and the
deuteron induced reactions on the #Y target.
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e Evaluation of 8Y(d,2n)%2Zr and 8Y (p,n)®Zr reactions.

e Detailed nuclear model calculations (ALICE, TALYS and EMPIRE) and polynomial
fitting of the selected data.

e Estimation of integral yield and impurity level in the production of 8%Zr.

e Comparison of production rates of 8Zr in proton and deuteron induced reactions.
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1 Introduction

Positron emission tomography (PET) has become a well-developed imaging modality. PET is
usually performed using the conventional or so called “standard” short-lived positron emitters of
organic nature, e.g. **F (T12=110 min), *C (T1,=20.36 min) and **O (T12=2 min) or metallic
radionuclides, e.g. *®K (T12=7.5 min), ®®Ga (T12=1.1 h), ¥Rb (T12=1.3 min), etc. However, to
study slow metabolic processes, like labelling of proteins, peptides and monoclonal antibodies
(mADb), these short-lived nuclides are not very successful. Instead, longer lived positron emitting
radionuclides are required to study slow metabolic process using PET. Several non-conventional
termed as “non-standard” positron emitters have been developed, e.g. 24l (4.18d), ®Cu (12.7
h), 8Zr (3.27 d), etc. to study the said slow metabolic processes (Qaim, 2011, 2012; Qaim et al.,
2019). Out of those 8°Zr is an important non-standard positron emitter. On account of its suitable
decay characteristics (Table 1) and chemical properties, several groups have been developing
and using it to study slow biological processes (Verel et al., 2003; Zhang et al., 2011). 8Zr is
also used in immuno PET to treat breast cancer and ovary cancer (Cai et al., 2008; Bhattacharyya
etal., 2013). Itis applied in PET studies for the detection of lymph nodes metastases in head and
neck cancer patients, and to analyze the antigen and antibodies interaction (Borjesson et al.,
2006). PET using %Zr gives better spatial resolution as compared to CT and MRI (Link et al.,
1986; Mendler et al., 2015). On the other hand, 8Zr is used to study the tumor location and
radiation dose monitoring of the cancer patient before immunotherapy, where 8Zr is used as a
PET surrogate radioisotope for scouting biodistribution of the therapeutic radionuclides, e.g. *°Y
and Y"Lu (Perk et al., 2005).

87r has two isomeric states: 3°MZr (metastable state with a half-life of 4.18 min) and 8%9Zr
(ground state with a half-life of 3.27 d) (Table 1). 8Zr can be effectively produced using the
deuteron and proton induced reactions on %Y, namely &Y (d,2n)®Zr and Y (p,n)®°Zr. It can also
be produced using alpha particle induced reactions on  Sr  isotopes,
namely #Sr(a,n)%Zr, 8 Sr(0,2n)%Zr and #Sr(0,3n)%Zr. But alpha induced reactions give lower
rate of production with higher level of impurity and they also need high energy cyclotrons
because of their higher thresholds. Therefore, alpha reactions are less suitable for the on-site
(within the hospital) cyclotron production of 8°Zr. Because of the higher rate of production and
low energy beam requirement, the proton and deuteron induced reactions on ®Y are of
considerable importance for the high-purity production of 8Zr (Meijs et al., 1994; Holland et al.
2009; Tang et al., 2016; Link et al., 2017).

Thus, the specific aim of the present work was to evaluate the 8Y(p,n)®Zr and 8Y(d,2n)®zr
reactions for the production of 8°Zr. Since ®Zr is also produced as the major radioactive
impurity, via the reactions %Y(p,2n)®8Zr and %Y(d,3n)%Zr, respectively, it should also be
evaluated. While this work was being completed and our manuscript was in preparation, an
evaluation of the two reactions for the production of #Zr, performed under a coordinated
Research Project (CRP) of the IAEA, appeared in print (Tarkanyi et al., 2019) The evaluation
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 used a theory-aided procedure to select



the data and then the fitting was performed by a polynomial function. We therefore considered it
important and interesting to compare our results with those reported in the IAEA evaluation,
discussing the agreement or disagreement, if any. On the other hand, it should be mentioned, that
no evaluation of the impurity-producing reactions was presented in the CRP report (Tarkanyi et
al., 2019). From our study on those reactions, however, it should be possible to estimate the level
of the 8Zr impurity in the production of 8Zr using protons or deuterons over various energy
ranges within the 8%Y target.

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

At first cross section data for the formation of 8Zr and %Zr via protons and deuterons reactions
on 89y were compiled. The experiments done on the reactions #Y(d,2n)%zr, 8%y (p,n)¥zr,
89Y(d,3n)88Zr and %Y (p,2n)®Zr, their Q-values, thresholds and the references are given in Table
2.

All the reported experimental data were checked against the latest values of decay data (NuDat
2.7) and monitor reaction cross sections. Normalization factors were employed for the difference
in decay and monitor reactions (Tarkanyi et al., 2001). Those normalized data were then treated
further.

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

To check the behavior of the excitation function as well as the consistency and reliability of the
experimental data, three nuclear model calculations were performed using the codes TALYS 1.9,
EMPIRE 3.2 and ALICE-IPPE. To obtain as good as possible agreement between the theoretical
and experimental excitation function, different input nuclear model parameters were adjusted
within their recommended limits (cf. RIPL-3,); details are given in our earlier work (Amjed et
al., 2016). Besides check of reliability of the existing experimental data, the calculations helped
to obtain the excitation function over energy regions where no experimental data were available.

ALICE code was introduced by Blann, which was later given the name ALICE-91 with some
improvements and finally a few researchers at Obninsk presented a modified version named
ALICE-IPPE (Dityuk et al., 1998). We made use of that code, which is based on Weisskopf-
Ewing formalism. It does not calculate the isomeric states; therefore only total production cross
sections were obtained.

The EMPIRE code has been essentially developed to analyse the nuclear reaction mechanisms.
Due to the flexibility of models on the basis of incident particles its results come mostly very
close to the experimental data. In EMPIRE calculations, optical model potentials (OMPs) of
Morillon and Romain (2007) were used for the proton, and those of Perey and Perey (1963) for
the deuteron.



TALYS is another professional nuclear model code used for nuclear reactions over a wide range
of mass and energies (Koning and Rochman, 2012). For proton and deuteron the optical model
potentials (OMPs) by Koning and Delaroche (2003) and by Bojowald et al, (1988), respectively,
were used.

2.3. Evaluation methodology

The evaluation methodology was based on the theory-aided treatment of experimental data as
discussed in a few previous articles (Aslam et al., 2010; Hussain et al., 2010; Sudar et al., 2002;
Amjed et al.,, 2016). This involved two steps: (a) nuclear model calculation to ascertain
consistency in the data, (b) fitting of the selected data by a polynomial function. Thus, at first, we
calculated the ratio of experimental cross section to model calculation (that is cexp./c) for one of
the three codes mentioned above. The ratio was then plotted against the energy range of
experimental data, and a polynomial fitting was done, whereby the data showed the data that
showed deviation three times greater than the standard deviation were eliminated. The remaining
data were again fitted with a polynomial. The evaluated cross section 6,.,quatea Was derived
from the energy dependent normalization factor f(E) and the model calculated cross section
Omodael (E), such that

Ocvatuated = f (E) Omoger (E)

The weighting of the experimental uncertainties was also considered in the polynomial fitting
and the fitted cross sections were calculated with 95% upper/lower confidence limits. The same
steps were repeated for the other two model calculations as well. The best fit was obtained by
taking an average of all the three normalized model calculations along with 95% confidence
limits. Those data are called recommended cross sections.

It should be mentioned that for a few nuclear reactions we could not obtain a reasonable
agreement between the experimental data and the model calculation, despite the permissible
variation in the input parameters, in those cases we therefore performed only a polynomial fitting
through the experimental data.

3. Evaluation of production data of 8Zr using ¥Y as target

3.18Y(d,2n)®Zr reaction

The database of this reaction is fairly strong; eight authors have reported experimental values for
this reaction (Table 2). The reported values by Manenti et al. (2019), Lebeda et al. (2015), Baron
et al. (1963), Uddin et al. (2005) and West et al. (1993) are consistent with each other and also
with the results of nuclear model codes. Only the experimental values by Bissem et al. (1980) are
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a bit lower than the other reported values in the literature. The values reported by La Gamma et
al. (1973) and Degering et al. (1988) are lower than the other experiments; this difference cannot
be adjusted with their reported monitor reaction and decay data, so those values were deselected
in further evaluation. For each set of experimental data, the above mentioned normalization
procedure was adopted on the basis of decay data and monitor reactions.

The results of nuclear model calculations (using ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2)
along with all normalized experimental data are shown in Figure 1. The general trends of all
three model calculations and experimental data are similar. ALICE overestimates the excitation
function in the peak region and TALYS shows better consistency but with a slight energy shift.
EMPIRE shows the best consistency with the experimental data in all regions. It is known that,
in general, the deuteron induced reactions are not well reproduced by model calculations.

Using the above-mentioned theory-aided evaluation methodology, the ratios of experimental and
calculated cross section by EMPIRE 3.2 were plotted as a function of deuteron energy (Figure 2)
and a polynomial fit with 95% confidence limits was obtained. Then by deselecting the values
beyond 3o limit, the polynomial fit was repeated again. These fitted values were multiplied with
EMPIRE results to produce the normalized EMPIRE values. The same method was used to
obtain the normalized values by TALYS 1.9 and ALICE-IPPE. All three normalized values were
then averaged to obtain the recommended cross section. The recommended curve with 95%
confidence limits and with selected experimental data is shown in Figure 3; where encircled
points show the deselected values. Numerical values of the recommend fit with 95% confidence
limits are given in Table 3.

3.2 8%Y(p,n)®¥Zr reaction

In literature the 8%Y(p,n)®Zr reaction has been described as the most favorable route for the
production of 8Zr. The database of this reaction is quite strong; in total seventeen groups
reported experimental data for this reaction (Table 2). Normalized experimental cross sections
for all the literature experiments along with the results of nuclear model calculations (using
ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2) are shown in Figure 4. The reported values by
Birattari et al. (1988) and Saha et al. (1966) are too high whereas the single point reported by
Blosser and Handley (1955) is very low. These scattered measurements cannot be normalized for
decay data and monitor reaction, so these values were deselected and not used in further
evaluation process.

All the other reported experiments agreed well with each other the values reported by Satheesh et
al. (2011) and Delaunay-Olkowsky et al. (1963). The literature values by Satheesh et al. (2011)
show slight energy shift towards the lower energy whereas the single point reported by
Delaunay-Olkowsky et al. (1963) is slightly lower than the other reported literature values. The
reported data by Steyn et al. (2011) and Levkovskij (1991) were normalized by 3% and 18%,
respectively, for their difference of monitor reaction cross section (Qaim et al., 2014).



Theoretical results by EMPIRE 3.2 and TALYS 1.9 show good agreement with the experimental
data whereas the predictions of ALICE-IPPE are slightly higher than those of and the other two
model calculations. The overall trends of theoretical and experimental excitation functions are
quite similar. The above-mentioned evaluation methodology was employed to generate the
recommended fit. The recommended curve with 95% confidence limits, along with the selected
experimental data, is shown in Figure 5, and the numerical values are given in Table 4.

4 Comparison of our evaluation with earlier evaluation of Zr production
data

As mentioned in the introduction, besides our work the two production routes of %9Zr,
namely 8Y(d,2n), ¥Y(p,n) were also evaluated under a recent Coordinated Research Project
(CRP) of the IAEA (Tarkéanyi et al., 2019). In that work the selections of concordant
experimental data was based on purely statistical consideration and a PADE fitting of the
selected experimental data was done with region wise percentage uncertainty.

The present work gives a more detailed evaluation because the selection of experimental data is
based on of three nuclear model calculations, i.e. ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2
and the recommended data were generated by a polynomial fitting with 95% confidence limits.
Our choice (or rejection) of experimental data is thus based on a more scientific and rigorous
analysis. The results of the two evaluations are, however, in agreement within the 95%
confidence limits. This is because the recommended data in both the evaluations are based on
fitting of a large number of concordant results.

5 Data for formation of impurities

During the use of radionuclides, impurities can cause the problems of low spatial resolution and
higher radiation dose to the patient. Therefore, high purity production of the medical
radionuclide is mandatory. In the production of 8Zr, impurities other than the Zr isotopes can be
separated chemically, but in both &Y(d,2n)%Zr and %Y (p,n)®Zr reactions, the longer lived 88Zr
(T12 = 83.4 d) is the only radionuclidic impurity that cannot be separated chemically. This
impurity can be avoided by the optimization of the process, i.e. by a careful selection of the
energy range where the rate of production of the desired radionuclide is good and the level of the
radioisotopic impurity is low (Qaim, 1982, 2001). So, to study the said radionuclidic impurity
two further reactions were analyzed.



In the deuteron induced production of 8Zr the radioisotope 8Zr is formed via the 8Y/(d,3n)%zr
reaction. Normalized cross sections from the literature along with the default TALY'S calculation
are shown in Figure 6. All the experimental values are consistent with each other within the
limits of their uncertainties, but the TALYS overestimates the cross section up to 29 MeV and
then underestimates after 32 MeV. The threshold and to some extent the overall trend of the
theory and the experiment are similar. However, a better agreement could not be obtained even
by varying the input parameters (within their limits) and of the model calculation. As mentioned
in the section 2.3 above, we therefore relied on the experimental data. A polynomial fit to the
normalized cross sections was performed to generate the recommended cross sections of
the 89Y(d,3n)®8Zr reaction (Figure 6).

In the proton induced production of 8Zr, 8Zr (T1, = 83.4 d) is produced via the Y (p,2n)%zr
reaction. All normalized reported literature values along with the results of default TALYS
calculations are shown in Figure 7. All the literature values are consistent with each other within
the limits of their uncertainties. The TALYS calculation shows some deviations. Therefore, we
relied again on the experimental data. A polynomial fit of the selected normalized literature data
was used to generate the recommended cross sections of this reaction (Figure 7).

6 Calculation and comparison of thick target yield

From the recommended excitation functions the thick target yields (Amjed et al., 2013) of 8zr
were calculated using the standard formula (Qaim, 1982), assuming a beam current of 1 pA and
an irradiation time of 1 h (Otuka and Takacs, 2015). Those yields serve as reference for the
maximum value that can be achieved in any experiment using the suggested energy range. The
calculated thick target yields for both 8°Y(d,2n)®zr and®®Y (p,n)®Zr are given in Figures 8 and 9,
respectively. To make a comprehensive impurity analysis, thick target yields of the
corresponding impurity reactions, %Y (d,3n)®Zr and &Y (p,2n)%Zr, were also calculated and the
results are compared in Figures 8 and 9.

6.1 Thick target yields of 8Y(d,2n)®Zr and &Y (d,3n)%Zr reactions

Besides the calculated integral yields of the 8Y (d,2n)%Zr and Y (d,3n)®Zr reactions, shown in
Figure 8, a single yield value reported by Dmitriev et al. (1983) at 22 MeV for the &Y (d,2n)®zr
reaction is also given, It is lower than our calculated thick target yield. A comparison of 89Zr
and #Zr yields shows that up to 17 MeV 100% pure 8Zr can be achieved with a yield value of
74 MBg/pAh. If a higher yield is desired, one can select the energy window of 30>17 MeV,
which would give 122 MBq/pAh of 8Zr; however, with 3% of 8Zr impurity.

It is also interesting to compare the theoretical yields with the results obtained in real high-
current production runs. Zweit et al. (1991) reported a #Zr yield of 67 MBq/ pAh of 8°Y target
over the energy range Eq = 16>7 MeV at a beam current of 3-5 pA. The experimental and
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theoretical values are thus comparable. In another experiment, Tang et al. (2016) obtained a 8°Zr
yield of 58%+5 MBq/uAh in the irradiation of 8Y with 13 MeV deuterons at a beam current of
10-15 pA. This experimental value is almost double of the theoretical value and is probably in
error.

6. 2 Thick target yields of Y (p,n)#Zr and Y (p,2n)®Zr reactions

The &Y (p,n)®Zr reaction is considered as the method of choice for high quality production of
the radionuclide #Zr. Using the recommended cross section data the thick target yields of
the 89Y (p,n)%Zr and %Y (p,2n)®Zr reactions were calculated; these values are shown in Figure 9,
along with the reported literature values by Dmitriev (1986) and Dmitriev and Molin (1982). The
reported values by Dmitriev (1986) are in agreement with our calculated values up to 18 MeV;,
thereafter their values are higher than the calculated values. Our calculated yield values are also
higher than the single experimental value reported by Dmitriev and Molin (1982).

If we compare the rate of production of the desired product 8Zr and that of the impurity %Zr, it
is clearly seen from Figure 9 that the contribution of the longer lived 88Zr impurity starts rising
from 14 MeV onwards. Omara et al. (2009) have reported 58 MBg/pAh of 8Zr for 14->9 MeV,
whereas our calculated yield for the same region is 63 MBg/puAh but with 0.36% contribution of
near radioisotopic impurity &Zr. So, if we select the energy range 139 MeV, it gives 100%
pure 8Zr with 0% of the radioisotopic impurity 8Zr. The calculated integral yield (this work)
of 89Zr over this energy is 50.4 MBg/pAh.

In contrast to the 8Y(d,2n)®Zr reaction, the &Y (p,n)®Zr reaction has been extensively used for
the production of 8Zr and its practical yields of about 454+2 MBgq/pAh have been reported in
high-current irradiations with proton energy of 14 MeV(Holland et al., 2009; Meijs et al., 1994;
Tang et al., 2016). At a proton energy of 11 MeV the yield of 8Zr amounted to 234+2 MBq/pAh
(Link et al., 2017). All those values are slightly lower than the theoretical values but this is
always expected in a high-current irradiation. An important corollary is that the data appear to be
in good shape and production technology is optimized.

7. Comparison of production routes and new perspectives

The optimized energy ranges for high production rate of 89Zr with minimum level of the
radionuclidic impurity 88Zr, deduced from our recommended cross sections, are summarized in
Table 5. Out of the two evaluated nuclear processes, the deuteron induced reaction gives a
relatively low production rate of up to 15 MeV. Beyond this energy, the yield increases with the
increasing deuteron energy but the level of the radionuclidic impurity also increases. On the
other hand, the proton induced reaction gives moderate yield with negligible radionuclidic
impurity. Moreover it facilitates the production of 8Zr at low energy cyclotrons.



For the Y (p,n)®Zr reaction our suggested optimized energy range is E, = 139 MeV. Using
this production route, high purity production of 8Zr is already being performed at low energy
cyclotrons in the vicinity of hospitals. The deuteron energy available at those machines is much
lower than the proton energy.

Since both of the above mentioned reactions give relatively high rate of 8Zr production, it is
instructive to compare them; as shown in Figure 10. In the low energy region the rate of
production of 8Zr by the proton beam is higher as compared to the deuteron beam but beyond 22
MeV the deuteron beam gives higher production rate than the proton beam. Thus at low energy
medical cyclotrons the proton induced reaction gives better rate of production than the deuteron
induced reaction. Using high-current solid targets, experimental batch yields of GBgq amounts
of 8Zr have been achieved via the (p,n) reaction and the technology is now being
commercialized. In view of the increasing importance of 8Zr, however, in recent years attempts
are also underway to produce this radionuclide at medical cyclotrons for in-house use. Since at
those cyclotrons generally only liquid and gaseous targets are available (to produce ‘®F and 'C),
a new type of solution target has been developed in which a Y(NO3)3 solution is irradiated. This
introduces an extra burden of removing radiation-induced chemical products, and the batch yield
of 8Zr also amounts to only about 15% of the yield from a solid target. Nonetheless, it has been
shown (Pandey et al., 2016) that the yield and purity of 3°Zr are sufficient for local use. As far as
nuclear data work is concerned, the importance of well-evaluated accurate data near the reaction
threshold cannot be overemphasized.

7 Conclusion

In this work, for the production of the positron emitter 8°Zr, two main routes,
namely %Y (d,2n)®zr and &Y (p,n)®Zr, were evaluated and their recommended cross sections
were generated. The corresponding impurity reactions were also evaluated. The %Y (p,n)®zr
reaction is the method of choice. Using this reaction 2Zr can be produced at low energy
cyclotrons in the vicinity of the hospitals. In fact this method is already in use in many
laboratories. Our evaluated data should provide a better base for calculation of the theoretical
yield, especially near the threshold of the reaction, which is important with regard to the use of a
solution target for production purposes. The 89Y(d,2n)®Zr reaction is also a favorable method
but high energy cyclotron requirement makes this method a less convenient choice.
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List of Figure Captions

Figure 1 AIll normalized experimental data, together with the results of nuclear model
calculations (ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2) for the 8Y(d,2n)®Zr reaction.

Figure 2 Ratio of experimental cross section to model calculation result by EMPIRE shown as a
function of deuteron energy. The encircled data points are out of 3o limits.

Figure 3 Selected experimental data and recommended fit for the 8Y(d,2n)®Zr reaction.
Deselected points are encircled.

Figure 4 AIll normalized experimental data, together with the results of nuclear model
calculations (ALICE-IPPE, TALYS 1.9 and EMPIRE 3.2) for the 8Y (p,n)®Zr reaction.

Figure 5 Recommended fit for the &Y (p,n)®Zr reaction cross sections.

Figure 6 All normalized experimental cross section data with the results of TALYS 1.9 nuclear
code and with recommended polynomial fit of the 89 (d,3n)8Zr reaction cross sections.

Figure 7 All normalized experimental cross section data with the results of TALYS 1.9 nuclear
code and with recommended polynomial fit of the 89V (p,2n)8Zr reaction cross sections.

Figure 8 Calculated integral yield of the ®Y(d,2n)®Zr reaction along with a literature
experimental yield value, and calculated integral yield of the impurity reaction 8V (d,3n)zr.

Figure 9 Calculated integral yield of the 8Y(p,n)®Zr reaction along with literature experimental
yield values, and calculated integral yield of the impurity reaction 8%Y (p,2n)®zr.

Figure 10 Comparison of thick target yields of &zr from ®Y(p,n)®zr and &Y(d,2n)*zr
reactions.
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Highlights;

e Evaluation of #Y/(d,2n)%2Zr and 8Y (p,n)®Zr reactions.

e Detailed nuclear model calculations (ALICE, TALYS and EMPIRE) and polynomial
fitting of the selected data.

e Estimation of integral yield and impurity level in the production of 8%Zr.

e Comparison of production rates of 8Zr in proton and deuteron induced reactions.
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Figure 9

Integral yield of **Zr for an irradiation time of 1h (MBqg/pAh)
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Figure 10

Integral yield of *°Zr for an irradiation time of 1h (MBq/uAh)
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Table 1 Decay Characteristics of of Zr radionuclide*

Radionuclide Decay Mode Half-life T1/2 gamma-ray Abundance(%o)
(%) Energy (keV) of y-ray
8907y B+ (100) 78.41 h 909.15 99
89m7 - B+ (6.2)) 4.18 m 587.8 89.62
EC (93.8)

* taken from NuDat 2.7 (2019) (NuDat 2.7)




Table 2 Investigated nuclear reactions for the production of 8Zr and major contributing
radioactive impurity 8Zr; with their Q values, threshold energies and references

Nuclear

reaction

Q-Value
(MeV)

Threshold
energy
(MeV)

References

8Y(d,2n)®zr

-5.84

5.97

Baron et al., 1963; La Gamma et al, 1973;
Bissem et al., 1980; Degering et al, 1988;
West et al.,, 1993; Uddin, et al., 2007;
Lebeda et al., 2015; Manenti et al., 2019

8Y(d,3n)%Zr

-15.2

155

Bissem et al., 1980; West et al., 1993;
Tarkanyi et al., 2005; Uddin et al., 2007,
Lebeda et al., 2015; Manenti et al., 2019

89Y (p,n)¥zZr

-3.62

3.66

Blaser et al., 1951; Blosser et al., 1955;
Albert, 1959; Caretto et al., 1959; Delaunay-
Olkowsky et al., 1963; Johnson et al., 1968;
Birattari et al., 1973; Mustafa et al., 1988;
Levkovskij, 1991; Wenrong et al., 1992;
Saha et al., 1966; Michel et al., 1997; Uddin
et al., 2005; Omara et al., 2009; Satheesh et
al., 2011; Steyn et al., 2011; Khandaker et
al., 2012;

8Y (p,2n)®Zr

-12.9

131

Mustafa et al., 1988; Levkovskij, 1991,
Wenrong et al., 1992; Tarkanyi et al., 2005;
Uddin et al.,, 2005; Omara et al., 2009;
Steyn et al., 2011; Khandaker et al., 2012




Table 3 Recommended cross sections for the %Y (d,2n)°Zr reaction

Energy | Cross | 95% confidence limits Energy | Cross | 95% confidence limits
(MeV) | section | Lower Upper (MeV) | section | Lower Upper
(mb) (mb)

6.5 25.1 23.8 26.4 21.5 679.9 662.6 697.3
7 46.0 43.7 48.3 22 639.8 586.7 656.2
7.5 91.6 87.1 96.2 22.5 602.4 572.2 632.5
9.5 382.0 365.0 398.0 23 565.7 550.8 580.6
10 453.1 434.0 472.3 23.5 530.7 516.4 544.9
10.5 529.4 507.6 551.1 24 489.4 476.0 502.8
11 589.7 566.1 613.4 24.5 457.9 445.1 470.8
11.5 644.7 619.5 670.0 25 428.7 416.5 441.0
12 693.6 667.2 720.0 25.5 403.6 391.8 415.5
12.5 728.6 701.6 755.7 26 380.4 368.9 391.8
13 765.1 737.5 792.6 26.5 359.7 348.6 370.8
13.5 798.1 770.1 826.0 27 335.1 324.5 345.7
14 823.2 795.2 851.2 27.5 317.5 307.2 327.9
14.5 842.3 814.5 870.1 28 302.2 292.1 312.4
15 857.3 829.9 884.8 28.5 289.4 279.4 299.4
15.5 872.6 845.5 899.7 29 276.5 266.7 286.4
16 885.6 858.9 912.2 29.5 263.7 254.0 273.3
16.5 891.6 865.6 917.7 30 252.0 242.5 261.6
17 893.0 867.6 918.4 31 234.5 225.0 244.0
17.5 890.4 865.7 915.0 32 218.4 208.9 227.9
18 886.4 862.4 910.4 33 203.5 194.0 213.1
18.5 872.3 849.2 895.5 34 189.1 179.6 198.7
19 851.8 829.6 874.0 35 178.0 168.4 187.7
19.5 825.7 804.4 846.9 36 166.4 156.7 176.2
20 797.6 777.2 817.9 37 157.3 147.4 167.1
20.5 765.6 746.1 785.0 38 148.4 138.5 158.3
21 721.9 703.6 740.3 39 140.2 130.3 150.0




Table 4 Recommended cross sections for the 8Y(p,n)®Zr reaction

Energy | Cross | 95% confidence limits Energy | Cross | 95% confidence limits
(MeV) | section | Lower Upper (MeV) | section | Lower Upper
(mb) (mb)
4 4.1 3.7 4.5 21 118.5 115.0 122.0
4.5 13.0 11.9 14.1 21.5 107.0 103.8 110.2
5 30.4 28.1 32.7 22 96.8 93.9 99.7
5.5 55.7 51.7 59.7 22.5 88.2 85.6 90.8
6 93.3 87.1 99.5 23 80.1 77.8 82.5
6.5 137.9 129.3 146.4 23.5 74.6 72.3 76.8
7 191.3 180.0 202.5 24 70.3 68.1 72.4
7.5 253.0 238.9 267.2 24.5 66.3 64.3 68.4
8 313.2 296.6 329.8 25 62.2 60.3 64.2
8.5 370.6 351.9 389.2 26 57.1 55.3 59.0
9 430.7 410.0 451.4 27 52.9 51.1 54.6
9.5 486.9 464.6 509.3 28 48.9 47.2 50.6
10 532.6 509.1 556.0 29 46.0 44.3 47.6
10.5 570.6 546.5 594.8 30 43.6 42.0 45.3
11 607.5 582.7 632.3 31 41.7 40.1 43.3
11.5 645.5 620.1 671.0 32 39.6 38.0 41.2
12 680.8 654.9 706.7 33 38.2 36.5 39.8
12.5 709.1 682.9 735.3 34 36.9 35.2 38.5
13 736.5 710.0 763.0 35 35.3 33.7 36.9
13.5 745.6 719.4 771.8 36 33.9 32.3 35.5
14 737.9 712.5 763.3 37 32.7 31.1 34.3
14.5 712.8 688.7 736.9 38 31.8 30.2 33.4
15 670.7 648.4 693.0 39 30.8 29.2 324
15.5 619.6 599.2 639.9 40 30.0 28.4 31.5
16 555.3 537.3 573.4 42 29.0 27.4 30.6
16.5 488.0 472.4 503.7 44 28.4 26.8 30.0
17 422.2 408.7 435.6 46 27.8 26.2 29.5
17.5 359.5 348.2 370.8 48 27.2 25.6 28.9
18 291.7 282.5 300.8 50 26.7 25.1 28.4
18.5 244.0 236.4 251.6 55 25.6 24.0 27.3
19 208.8 202.4 215.3 60 24.8 23.1 26.4
19.5 181.1 175.6 186.6 65 23.5 21.9 25.2
20 156.6 151.8 161.3 66 22.9 21.2 24.5
20.5 133.4 129.4 137.4




Table 5: Optimized energy ranges with thick target yield values of 8Zr and percentage
level of the radionuclidic impurity 82Zr

Nuclear Energy range | Thick target yield Radionuclidic
reaction (MeV) of 8Zr* (MBq/pAh) | impurity 8Zr (%)
8Y(d,2n)®Zr | 1757 74 0
8Y(d,2n)®zr | 30>17 122 3
8Y(p,n)¥zr | 14>9 63 0.36
8Y(p,n)®Zr | 1359 50.4 0

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

current of 1 pA
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