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Activation cross sections of the deuteron-induced reactions on natural zinc are
studied for the production of the medical radionuclide ®®Ga. The stacked foil activation
method and the y-ray spectrometry were used. Co-produced radionuclides %°%¢’Ga,
63.65.69m7y 61Cu, and *®Co are also investigated to evaluate amounts of impurities for
practical use of ®®Ga. Physical yields of the radionuclides were deduced from the measured

cross sections.
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1. Introduction
Gallium-68 (Ti2 = 67.71 min) is a positron emitter (Egi¥*" = 829.5 keV, [;%*! = 88.9%)

(National Nuclear Data Center, 2017), and is useful for positron emission tomography (PET) (Banerjee
and Pomper, 2013). Gallium-68 has the advantages of high sensitivity and resolution, repetitive
examinations, and low radiation dose to patients (Velikyan, 2018).

There are practically two methods for ®*Ga production for nuclear medicine. The first method is
the ®*Ge/*®*Ga generator without cyclotrons co-located at hospitals. However, the parent radionuclide, *Ge
(T12 = 270.93 days) is cost-ineffective and unable to satisfy the increasing demand for ®*Ga in the future
(International Atomic Energy Agency, 2019) The second method is the cyclotron production, which is an
alternative way for large scale production of ®*Ga. The proton-induced reaction on enriched ®Zn is
preferable to produce **Ga with small cyclotrons (e.g., Szelecsényi et al., 2012 and Lin et al., 2018; Riga
et al., 2018). The deuteron-induced reactions on zinc are another candidate route for the ®*Ga production
because the cross sections of the deuteron-induced reactions on zinc isotopes are comparable with those
of the proton-induced ones according to the TENDL-2017 library (Koning et al.,, 2019). A few
experimental cross section data of the "*Zn(d,x)**Ga reaction (Nassiff and Miinzel, 1973; Simeckova et
al., 2017) and the %®Zn(d,2n)**Ga reaction (Gilly et al., 1963) were reported in the literature. From the
comparison of these results, however, a notable discrepancy among them is seen. Therefore, it is necessary
to measure the reliable data of the cross sections to investigate the production route. In this paper, we
measured the production cross sections of **Ga and the radioactive by-products via deuteron-induced

reactions on natural zinc. Their physical yields were also deduced from the measured cross sections.

2. Experimental methods

The experiment was performed at the AVF cyclotron of the RIKEN RI Beam Factory. The stacked-
foil activation technique and the high-resolution y-ray spectrometry were used to derive the production
Cross sections.

The stacked target consisted of pure metallic foils of "™Zn (99.9% purity, Nilaco Corp., Japan) and
"Tj (99.6% purity, Nilaco Corp., Japan). The isotopic composition of natural zinc was **Zn: 49.17%, *Zn:
27.73%, 7Zn: 4.04%, %*Zn: 18.45%, and °Zn: 0.61%. The size and weight of the "*Zn and "*Ti foils were
measured to determine the thicknesses of 17.64 mg/cm? and 9.31 mg/cm?, respectively. The foils were
cut into 10x10 mm? to fit a target holder served as a Faraday cup. Eleven sets of the Zn-Zn-Ti-Ti foils
were stacked as the target. Every second foil of Zn and Ti were measured to compensate recoil losses of
the products.

The target was irradiated for 22 min by a 23.9-MeV deuteron beam with an avarage intensity of 96



nA. The incident beam energy was measured by the time-of-flight method (Watanabe et al., 2014). The

uncertainty of the energy was estimated as =0.1 MeV. The energy degradation and the uncertainty

propagation along the stacked foils were calculated by the SRIM code (Ziegler et al., 2008). The intensity
was measured by the Faraday cup.

The y-ray spectra of the irradiated foils were measured by a high-resolution HPGe detector (ORTEC
GMX30P4-70) without chemical separation. The detector was calibrated by a multiple y-ray point source
containing 37%°Co, 38y, 19Cd, 13Sn ¥’Cs, '¥Ce, and 2*'Am. The calibration source was bought from
Eckert & Ziegler and certified with an uncertainty of 2.3-3.2%. The measured y-ray spectra were analyzed
by the Gamma Studio software (SEIKO EG&G). Each foil was measured five times at maximum after
cooling times of 40 min to 18 d to cover different half-lives of products. The distance between the detector
and the foils was chosen to keep the dead time less than 7%. The nuclear reaction and decay data for the
y-ray spectrometry were taken from NuDat 2.7 (National Nuclear Data Center, 2017), LiveChart
(International Atomic Energy Agency, 2009) and QCalc (Pritychenko and Sonzongni, 2003), and they are
summarized in Table 1. All contributing reactions for the formation of the investigated radionuclides are
also listed in Table 1.

The cross sections of the "Ti(d,x)**V monitor reaction were used to assess the beam parameters. The
cross sections were derived from measurements of the 983.5-keV y-rays (I, = 99.98%) emitted from the
BV decay (Ti2 = 15.9735 d). The result was compared with the IAEA recommended values (Hermanne
et al., 2018). The derived excitation function of the "Ti(d,x)**V reaction could be corrected using the
beam intensity increased by 6.6% from the measured value by the Faraday cup. The corrected excitation
function of the monitor reaction is presented in Fig. 1. This corrected beam intensity (102 nA) was adopted
in the estimation of cross sections.

The estimated uncertainty on the beam energy of + 0.1 MeV in the first foil is propagated to + 0.9
MeV in the last foil of the stack.

The total uncertainty of the cross sections was 10.0-32.1%. It was estimated as the square root of the
quadratic summation of the propagating components; the beam intensity (7%), target thickness (2%),
target purity (1%), detector efficiency (6%), y-intensity (<13%), y-ray counting (0.5-30.5%), half-life
(<5.6%), and peak fitting (3%).



3. Results and discussion

The production cross sections of 636667.68Gg  63.6569m7n 61y and 3Co were determined and
summarized in Table 2. The results compared with previous experimental data available in the EXFOR
Library (Otuka et al., 2014) and with theoretical estimation of TENDL-2017 (Koning et al., 2019) are
shown in Figs. 2-10. The cross section values extracted from TENDL-2017 and the previous measured
data on enriched zinc targets were normalized using the isotopic abundance of natural zinc. Physical yields

of the radionuclides were derived from the measured cross sections and shown in Figs. 11-17.

3.1 Production cross sections

3.1.1 The "Zn(d,x)®Ga reaction

The cross sections of the "Zn(d,x)**Ga reaction were derived from the measurement of 1077.34-
keV y-line (I, = 3.22%) from the %8Ga decay (T12 =67.71 min). The measured excitation function is shown
in Fig. 2 in comparison with the previous experimental data on ™Zn (Nassiff and Miinzel, 1972;
Sime&kova et al., 2017) and ®*Zn (Gilly et al., 1963) and the TENDL-2017 data (Koning et al., 2019). Our
result is consistent with the recent data reported by Simec¢kova et al. (2017) but inconsistent with the data
by Nassiff and Miinzel (1972) in the whole energy region. The TENDL-2017 data overestimate the most
experimental data. Based on the TENDL-2017 prediction, the main contribution comes from the (d,2n)
reaction on ®*Zn above 6 MeV. The contribution from the (d,n) reaction on ¢’Zn above 6 MeV is expected
to be small. Thus, the normalized data of the (d,2n) reaction on %*Zn (Gilly et al., 1963) are reasonably

consistent with the present results on "™'Zn.



3.1.2 The "Zn(d,x)*’Ga reaction

The 300.217-keV vy-line (I, = 16.64%) of 7Ga was used to derive the production cross sections
of the "Zn(d,x)*’Ga reaction. The contribution of the 300.219-keV y-line (I, = 0.797%) of ’Cu was found
to be negligible based on its more intense v line at 184.576 keV (I, = 48.7%). The measured excitation
function was shown in Fig. 3 in comparison with the experimental data on "™'Zn (Bonardi et al., 2003;
Fateh et al., 1996; Khandaker et al., 2015; Nassiff and Miinzel, 1972; Sime¢kova et al., 2017; Tarkanyi et
al., 2004) and ®Zn (Nassiff and Miinzel, 1973; Williams and Irvine, 1963) and the TENDL-2017 data
(Koning et al., 2019).

Among the previous data on natural zinc targets, the present result agrees well with the data of
Bonardi et al. (2003), Khandaker et al. (2015) and Simec¢kova et al. (2017). The data reported by Tarkanyi
et al. (2004) are slightly lower than ours in the higher energy region. The data of Nassiff and Miinzel
(1972) show lower values while the data reported by Fateh et al. (1996) is much higher than the other
experimental data. Based on the TENDL-2017 prediction, the main contribution to the first peak around 8
MeV comes from the (d,n) reaction on **Zn. The normalized data of the ®*Zn(d,n)*’Ga reaction by Williams
and Irvine (1963) are in good agreement with our data, while the normalized data on ®*Zn by Nassiff and
Miinzel (1973) are inconsistent. The TENDL-2017 data agree with our result up to 17 MeV. Above 17
MeV, the data show higher values than the present data probably due to overestimation of the %®Zn(d,3n)
reaction (Egr = 16.4 MeV).



3.1.3 The "Zn(d,x)**Ga reaction

The cross sections of the "™Zn(d,x)**Ga reaction were derived from the measurement of the
1039.22-keV y-line (I, = 37%) of Ga. The present result is shown in Fig. 4 with the experimental data
studied earlier on "™Zn (Bonardi et al., 2003; Fateh et al., 1996; Khandaker et al., 2015; Nassiff and Miinzel,
1972; Simec¢kova et al., 2017; Téarkanyi et al., 2004) and **Zn (Bissem et al., 1980; Gilly et al., 1963;
Steyn and Meyer, 1973; Vlasov et al., 1957; Williams and Irvine, 1963) and the TENDL-2017 data
(Koning et al., 2019).

The present result is consistent with the data studied on "™Zn by Khandaker et al. (2015), Tarkanyi
et al. (2004) and Bonardi et al. (2003). The recent data of Simec¢kova et al. (2017) are slightly higher than
our result. The data of Fateh et al. (1996) and Nassiff and Miinzel (1972) are entirely inconsistent with the
other data. The ®Zn(d,2n)**Ga reaction (Ew: = 8.4 MeV) is expected to be dominant in the region up to 20
MeV. The normalized data on ®Zn can be compared with our data in the region. The data reported by
Steyn and Meyer (1973) agree well with our measured excitation function. The data by Gilly et al. (1963)
and Vlasov et al. (1957) are higher than our data. The data reported by Williams and Irvine (1963) show
much higher values around the peak region. In the region above 16 MeV, the data reported by Bissem et
al. (1980) show lower values than ours probably due to the lack of the contribution from the (d,3n) reaction
on “Zn (Ewr = 15.7 MeV). The peak amplitude is consistent with the TENDL-2017 data, though the
position slightly shifts to the lower energy.



3.1.4  The "Zn(d,x)**Ga reaction

The 115.09-keV y-line (I,=54%) of the radionuclide °Ga was used to derive the cross sections of
the "'Zn(d,x)**Ga reaction. The self-absorption of the y-line was calculated as 0.4% and found to be
negligibly small.

The measured excitation function is shown in Fig. 5 together with the previous experimental data

on %Zn (Bissem et al., 1980; Coetzee and Peisach, 1972; Morrison and Porile, 1959) and on "*Zn (Nassiff
and Miinzel, 1972; Sime¢kova et al., 2017) and the TENDL-2017 data (Koning et al., 2019). Our data
have a larger uncertainty than the others due to the relative uncertainty of the intensity (24%) of the 115.09-
keV vy-line (International Atomic Energy Agency, 2009). In addition, the uncertainty of the half-life (1.3%)
causes the uncertainty of 1.8-5.6% in cross sections and increases the total uncertainty by 0.1-0.6%.

The present result shows an overall agreement with the data of Sime&kova et al. (2017) while it
disagrees with the data reported by Nassiff and Miinzel (1972). Only the (d,n) reaction on **Zn produces
%5Ga below the threshold of the (d,3n) reaction on %Zn (Eq, = 17.8 MeV). Morrison and Porile (1959)
reported one cross section of the ®Zn(d,n)**Ga reaction at 10.6 MeV, of which data is comparable with
our data. The normalized data of the ®*Zn(d,n)*Ga reaction reported by Bissem et al. (1980) is slightly
lower than the present data. The peak amplitude of the TENDL-2017 data agrees with our data within the

uncertainty, however the peak position slightly shifts to the lower energy.



3.1.5 The "Zn(d,x)*™Zn reaction

The cross sections of the "Zn(d,x)*™Zn reaction were derived from the measurement of the
438.63-keV y-line (I, = 94.85%) emitted from the meta-stable state (Ti2 = 13.8 h) of the radionuclide
69Zn. The measured excitation function is shown in Fig. 6 in comparison with the previous experimental
data on Zn (Baron and Cohen, 1963; Gilly et al., 1963), on "Zn (Bonardi et al., 2003; Khandaker et al.,
2015; Nassiff and Miinzel, 1972; Sime¢kova et al., 2017; Tarkanyi et al., 2004), and the TENDL-2017
data (Koning et al., 2019).

The present data are in an overall agreement with the data of Bonardi et al. (2003), Khandaker et
al. (2015), Simec¢kova et al. (2017), and Tarkanyi et al. (2004). The data reported by Nassiff and Miinzel
(1972) are much higher than the other experimental data. Based on the TENDLE-2017 prediction, the
(d,p) reaction on ®*Zn gives the main contribution in our experimental energy region. Among the data
using the enriched *®Zn targets, the data of Gilly et al. (1963) completely disagree with our data. The data
reported by Baron and Cohen (1963) at 18 MeV is slightly lower than ours. The TENDL-2017 data

underestimate all the experimental data.



3.1.6 The "Zn(d,x)*Zn reaction

In addition to the direct reactions, %°Zn (T12 = 243.93 d) can be produced from the decay of ®*Ga
(T12 = 15.2 min). The measured cross sections are cumulative ones because the cooling time was around
18 days. The cross sections were derived from the measurement of 1115.59-keV y-line (I, = 50.04%) of
65Zn and shown in Fig. 7. The result is compared with the experimental data studied earlier on ®*Zn (Bissem
et al., 1980; Carver and Jones, 1959; Xiaowu et al., 1966), on "*Zn(Bonardi et al., 2003; Khandaker et al.,
2015; Nassiff and Miinzel, 1972; Sime¢kova et al., 2017; Tarkanyi et al., 2004), and the TENDL-2017
data (Koning et al., 2019).

Our result is consistent with the recent data of Bonardi et al. (2003), Khandaker et al. (2015),
Simeckova et al. (2017) and Tarkanyi et al. (2004) but inconsistent with the data of Nassiff and Miinzel
(1973) below 20 MeV. The present result agrees with the normalized data on **Zn reported by Xiaowu et
al. (1966). It would indicate that the (d,p) reaction on **Zn is dominant at the first peak. The data by Bissem
et al. (1980) on %Zn show lower values than our data in the energy region above 15 MeV. This tendency
in the higher energy region may be caused by the lack of the contributions from the reactions on °Zn. The

TENDL-2017 data underestimate the contribution of the (d,p) reaction on %Zn.



3.1.7 The "Zn(d,x)*Zn reaction

3Zn (T12 = 38.5 min) can be produced from direct production of the "Zn(d,x)*Zn reaction and
the decay of %Ga (T2 = 32.4 sec) formed by the **Zn(d,3n)**Ga reaction (Ew: = 21.2 MeV). Therefore,
the measured cross sections are cumulative ones. The excitation function of the "Zn(d,x)**Zn reaction
was derived from the measurement of the 669.62-keV y-line (I, = 8.2%) of the radionuclide 7Zn and
shown in Fig. 8 and compared with previous experimental data on ®Zn (Bissem et al., 1980), on "*Zn
(Simeckova et al., 2017), and the TENDL-2017 data (Koning et al., 2019). The present data are consistent
with the data of Sime¢kova et al. (2017). Bissem et al. (1980) reported the cumulative cross section of the
(d,x) reactions on ®*Zn and their normalized data show slightly lower values than our data. The TENDL-

2017 data partially agree with experimental values at around 20 MeV.



3.1.8 The "Zn(d,x)*'Cu reaction

The cross sections of the "*Zn(d,x)®'Cu reaction were determined using the 282.96-keV vy-line (1
= 12.2%) of %!Cu. The relative uncertainty of the y-line is 18% (International Atomic Energy Agency,
2009), which is a major source of the total uncertainty of the cross sections. The result is shown in Fig. 9
in comparison with the previous experimental data on **Zn (Baron and Cohen, 1963; Bissem et al., 1980;
Daraban et al., 2008; Williams and Irvine, 1963), on "'Zn (Bonardi et al., 2003; Sime¢kova et al., 2017;
Tarkanyi et al., 2004), and the TENDL-2017 data (Koning et al., 2019).

The present result agrees with the data studied using natural zinc targets by Simeckova et al.
(2017), Bonardi et al. (2003), and Tarkanyi et al. (2004). The result is also compared with the data studied
using enriched %Zn because only the (d,na) reaction on **Zn (Emn: = 1.4 MeV) contributes to ¢'Cu
production below the threshold energy of the **Zn(d,3na)°' Cu reaction (Egme = 21.04 MeV). The normalized
data of Bissem et al. (1980) and Daraban et al. (2008) show slightly lower values than our data. The
normalized data of Baron and Cohen (1963) is too low while those of Williams and Irvine (1963) show

higher values than ours. The TENDL-2017 data give lower values than the experimental data.



3.1.9 The "Zn(d,x)%*Co reaction

There is a meta-stable state (T12 = 9.10 h) of >Co, which decays to the ground state (T, = 70.86
d) during a cooling time of about 18 days. Therefore, the cumulative cross sections of the "*Zn(d,x)**Co
reaction were derived from the measurement of the 810.76-keV y-line (I, = 99.45%) of the ground state.
The excitation function for the *®Co production is shown in Fig. 10 and compared with the previous
experimental data on ®*Zn (Bissem et al., 1980), on "'Zn (Khandaker et al., 2015; Tarkanyi et al., 2004),
and the TENDL-2017 data (Koning et al., 2019).

The present result agrees with both data of Khandaker et al. (2015) and Tarkanyi et al. (2004) on
"7n. In our experimental energy region, the (d,2a) reaction on %Zn (Ep = 0.0 MeV) is dominant. The
(d,2n2a) reaction on **Zn (Ew, = 17.4 MeV) can contribute to the Co production in higher energy region.
The normalized data of the *Zn(d,2a)**Co reaction by Bissem et al. (1980) show lower values than our
data probably due to the lack of the contribution from the *Zn(d,2n2a) reaction. The TENDL-2017 data

show lower values than all the experimental data.

3.2 Integral Yields

Physical yields (Otuka and Takécs, 2015) of 6366:67:68Gg, 63.65.69m7y 61Cy and 8Co were deduced from
spline fitted curves of the measured excitation functions and stopping powers calculated by the SRIM code
(Ziegler et al., 2008). The deduced physical yields are shown in Figs. 11-17 and compared with data
available in the EXFOR Library (Otuka et al., 2014). Deviations of our results from some of the
experimental data are partly caused by the calculation adopted in this work.

The physical yields of the short-lived radionuclides *Ga, ®*Ga and %Zn are shown in Fig. 11. There
are no experimental data found in our literature survey. The physical yields of ©°Ga, ®*Ga and *Zn were
reported for the first time.

The physical yield of ¢’Ga is presented in Fig. 12 in comparison with the previous experimental data
(Bonardi et al., 2003; Dmitriev et al., 1991; Krasnov et al., 1972; Steyn and Meyer, 1973). The data by
Dmitriev et al. (1991) and Bonardi et al. (2003) show higher values than ours at the higher energy region.
Our yield curve shows a partial agreement with the yields reported by Steyn and Meyer (1973). The data
by Krasnov et al. (1972) present systematically lower values than our data.

The physical yield of ®*Ga is shown in Fig. 13 with the previous experimental data (Bonardi et al.,
2003; Dmitriev et al., 1991; Steyn and Meyer, 1973). Our result agrees with the yields reported by Steyn
and Meyer (1973). However, the data reported by Dmitriev et al. (1991) and at 19 MeV of Bonardi et al.
(2003) show systematically higher values than ours.



The physical yields of ©™Zn, %Zn, ®'Cu and **Co are shown in Figs. 14-17 in comparison with
the previous data at 19 MeV (Bonardi et al., 2003). Our data agree with the previous data except for **™Zn.

The previous data of ®™Zn are higher than ours.

33 Comparison of proton- and deuteron-induced reactions

The best production reaction of ®*Ga for practical use can be discussed using the physical thick target
yields. The yields of ®*Ga using two reactions, proton- and deuteron-induced reactions on **Zn, are
compared. The yield using the ®Zn(d,2n)*®*Ga reaction is deduced from that of the "*Zn(d,x) **Ga reaction
obtained in section 3.2 and assumption of negligibly small contribution of the ¢’Zn(d,n)**Ga reaction. The
yield of the %®Zn(p,n)*®Ga reaction is obtained from the previous study (Szelecsényi et al., 1998). The two
yields at the threshold energies of the reactions to produce the radioactive impurity ’Ga were 5.6 and 4.2
GBg/pAh for 12.2-MeV proton- and 14.6-MeV deuteron-induced reactions, respectively. Based on the
comparison, the 12.2-MeV proton-induced reaction on enriched ®Zn with chemical separation is probably
better to produce *Ga without radioactive impurity. However, the conclusion can be changed if small

amount of ’Ga can be accepted.

Conclusions

The excitation functions for the production of ®®Ga and by-products such as *366’Ga, 63-6369mzp
6!Cu and 3*Co via the deuteron-induced reactions on natural zinc were measured up to 24 MeV. The
stacked-foil activation technique and the high-resolution y-ray spectrometry were used for the cross
section measurements. The measured data were compared with previous experimental data and the
TENDL-2017 data. The derived excitation function of the "Zn(d,x)®*Ga reaction is consistent with the
data of Sime&kova et al. (2017). The measured cross sections of the other investigated radionuclides show
also good agreements with the recently reported data. The physical yields deduced from measured cross

sections partially agree with the previous data. The data obtained in this work are useful to consider the

best reaction to produce **Ga for practical use.
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Figure captions

Fig. 1. The excitation function of the "Ti(d,x)**V monitor reaction compared with the recommended

values (Hermanne et al., 2018).

Fig. 2. The excitation function of the "*Zn(d,x)**Ga reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 3. The excitation function of the "*Zn(d,x)®’Ga reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 4. The excitation function of the "Zn(d,x)*Ga reaction. The data on enriched *®Zn are

nomalized using the natural isotopic abundance.

Fig. 5. The excitation function of the "*Zn(d,x)*Ga reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 6. The excitation function of the "*Zn(d,x)*™Zn reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 7. The excitation function of the "Zn(d,x)® Zn reaction. The data on enriched ®*Zn are

nomalized using the natural isotopic abundance.

Fig. 8. The excitation function of the "*Zn(d,x)%Zn reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 9. The excitation function of the "Zn(d,x)*'Cu reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 10. The excitation function of the "*Zn(d,x)**Co reaction. The data on enriched **Zn are

nomalized using the natural isotopic abundance.

Fig. 11. The physical yields of ©Ga, %3 Ga and *Zn via the deuteron-induced reactions on "*Zn.



Fig. 12. The physical yield of *’Ga via the deuteron-induced reactions on "™Zn.

Fig. 13. The physical yield of ®®Ga via the deuteron-induced reactions on "™'Zn.

Fig. 14. The physical yield of %™Zn via the deuteron-induced reactions on "Zn.

Fig. 15. The physical yield of %Zn via the deuteron-induced reactions on "*Zn.

Fig. 16. The physical yields of °'Cu via the deuteron-induced reactions on "Zn.

Fig. 17. The physical yields of *3Co via the deuteron-induced reactions on "Zn.



Tables

Table 1
Reactions and decay data for reaction products (International Atomic Energy Agency, 2009;

National Nuclear Data Center, 2017; Pritychenko and Sonzongni, 2003)

Nuclide  Half-life szo/f;"de E,(keV)  L,(%) Contributing 8\42*{1,‘;6
%Ga 6771 min  e+B*(100) 1077.34 3.22(3) %Zn(d,y) 113
77Zn(d,n) 43
%7n(d,2n) 59
Zn(d,4n) -21.6
“Ga 32617d  £(100) 91.265 3.11(4) Zn(d,n) 3.0
93.310 38.81(3) 7Zn(d,2n) 4.0
184.576 21.41(10) %7n(d,3n) 142
208.950 2.460(10)
300.217 16.64(12)
393.527 4.56(24)
%Ga 9.49h &+B*(100) 833.5324  5.9(3) “Zn(d,y) 10.8
1039220  37.0(20) %67n(d,2n) 82
7Zn(d,3n) -15.2
5Ga 152min e+B*(100) 53.93 4.9(10) “Zn(d,n) 17
61.2 11.424) %7n(d,3n) 173
115.09 54(13)
153.0 8.9(19)
206.9 2.5(5)
751.8 8.1(16)
768.9 13(3)
932.2 1.8(4)
Om7n 13.756 h B~ (99.97) 438.634 94.85(7) 87n(d,p) 43
"7n(d,t) 3.0
Zn 24393 d e+B%(100) 1115.539 50.04(10) %Zn(d,p) 5.7
67 n(d,t) -4.8
7Zn(d,p3n) -20.3
%Ga decay
©Zn 3847min  e+B*(100) 669.62 8.2(3) “Zn(d,0) 5.6
962.06 6.5 (4) %Ga decay
ficy 3.339h e+B*(100) 67.4 42(8) “Zn(d,an) 14
282.956 12.2(22) %Zn(d,a3n) 20.4
373.050 2.1(4)
588.605 1.17Q21)
656.008 10.8(20)
908.631 1.10(20)
1185.234 3.7(7)
%Co 70.86 d &+B*(100) 8107593  99.450(10) “Zn(d,2) 2.1
%7n(d,2n20) 169
Monitor reaction
asy 159735d  c+B*(100)  944.13 7.870(7) “Ti(d,y) 13.5
983.52 99.98(4) “ITi(d,n) 46
1312.11 98.2(3) #Ti(d,2n) 7.0

“Ti(d,3n) -15.2




Table 2

Measured cross sections

Energy Cross sections (mb)

(MeV) %Ga “Ga %Ga %Ga mZn %Zn Zn *ICu 3Co
232403 99.5 +12.8 100.3 £10.6 1002 +11.4 24.5+6.4 6.8 +0.7 1759 £17.7 60.9 +£7.2 45.2+9.6 4.0+0.4
21.9+0.3 121.1 £15.0 87.5+9.4 111.7 £12.7 223459 7.3 40.7 145.5 +£14.6 353 44.6 53.5+11.3 33+0.4
20.4 +0.3 130.6 £16.5 742 £8.2 126.2 £14.3 22.8 6.0 7.8 0.8 119.9 £12.1 23.0+3.4 54.7 £11.6 29+0.3
18.9+0.4 158.2 £19.1 67.0+7.5 136.2+15.4 24.6 6.6 8.4 0.8 112.5+11.4 8.3+2.1 53.0£11.2 2.6+0.3
17.3+0.4 169.1 £20.5 57.2+6.9 135.6 £15.4 25.6 +6.9 9.2+0.9 117.8 £11.9 82424 45.1 9.6 1.8 +0.2
15.6 0.4 178.3 £21.6 60.2 £6.7 124.5 £14.1 30.1 8.1 10.6 £1.1 141.7 £14.3 53+2.6 344474 1.1£0.1
13.7£0.5 167.2£21.2 69.4 +8.1 100.5 +11.4 38.4+10.4 12.1 £1.2 174.9 £17.6 23,6453
11.6 £0.5 137.2£17.5 89.4 £11.8 51.7+59 52.5+14.2 13.8 1.4 228.44+23.2 8.1+£2.0
9.2 +0.6 68.8 £10.7 1152 £13.5 2.3+0.3 74.9 £19.9 15.5+1.5 299.4 £30.2
6.2 £0.8 12.1£3.9 101.5£11.9 74.0 £20.0 11.9+1.2 266.0 £26.9
2.6 +0.9 0.23 £0.05 0.04+0.01
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