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Abstract

In the frame of a systematic study of excitation functions induced by medium energy protons, the activation cross-

sections on natural zinc were investigated for different applications. Excitation functions for production of 66,67Ga,
62,65,69mZn, 64Cu, 57Ni, 55,56,57,58Co and 52,54Mn radioisotopes were measured by the stacked foil technique in the energy

range of 26–67MeV. Results were compared with the earlier reported experimental data and theoretical calculations

based on the ALICE-IPPE code. Experimental data are presented for the first time for most of the products in the

investigated energy range. Applications of the measured data for validating the cross-sections on highly enriched

isotopic Zn targets and for thin layer activation method are discussed.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Intermediate energy activation data are required in

different applications: medical radioisotope production,

spallation neutron sources, radiation and shielding

effects in space, accelerator technology, and radiation

therapy. Intermediate energy generally covers a very

large energy interval, e.g. from 20MeV up to several

GeV. It has to be mentioned that the different

applications are overlapping; therefore, the experimental

data usually can be used in various fields. The
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importance of different nuclear data is very different.

Out of them the activation cross-sections on different

structural and instrumentation materials induced by

proton reactions have primary importance. A survey of

the literature shows that the medium energy data are

scanty and discrepant. Nowadays only very few groups

are engaged with systematic investigations by using

modern experimental techniques and methods. How-

ever, the accurate theoretical predictions of reaction

cross-sections are directly based on precise experimental

data or as the result of a well-tested model calculations.

The Debrecen Group has made a systematic study on

charged particle activation cross-sections with many

elements mostly to set recommended data base for

medical applications, thin layer activation technique and
d.
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for monitoring the charged particle beam parameters.

For energies below 30MeV, several detailed experimen-

tal data sets exist both on natural and enriched Zn

targets. Data is available mostly for the production of

medically important 66Ga, 67Ga, 64Cu and for 65Zn.

Above 40MeV for production of medically related
62Zn(62Cu) generator system, only the cross-sections of
62Zn were investigated in detail using natural Zn target.

Thanks to the collaboration between the Cyclotron and

Radioisotope Centre (CYRIC), Tohoku University,

Sendai and the Debrecen Group, the investigations

could be extended for higher beam energies. The

measurements were made in the frame of a systematic

study on the activation cross-sections of light ion-

induced nuclear reactions up to 100MeV. In this paper

the experimental activation cross-sections on Zn in the

energy range of 26–67MeV for 13 different products are

presented.
2. Experimental

The irradiation technique, the activity determination

and the data evaluation were similar to those described

in detail previously (Szelecsényi et al., 1998; Ido et al.,

2002). In this paper the most salient features of the used

experimental technique are presented. The excitation

functions were measured by using the stacked foil

irradiation technique. One stack was prepared by

inserting Zn target foils (650mm thick), Cu (50 mm
thick) and Al (100 mm thick) monitor foils together in

sequence. The used stack covered the 67–27MeV

activation energy range. The applied large number of

Al and Cu monitor foils allowed to determine simulta-

neously the excitation functions of the natAl(p,x)22,24Na

and natCu(p,x)56,58Co,62,65Zn reactions in the given

energy interval taking into account the energy degrada-
Table 1

Decay data of the investigated reaction products

Nuclide Half-life Eg (keV) Ig (%)

66Ga 9.49 h 1039.2 36.9

67Ga 3.2612 d 184.6 21.2

300.2 16.8
62Zn 9.186 h 548.4 15.3

596.6 26.0
65Zn 244.06 d 1115.5 50.60
69mZn 13.76 h 438.6 94.77

64Cu 12.7 h 1345.8 0.473

57Ni 35.6 h 1377.6 81.7

Isotopic abundances of natural Zinc (%):64Zn-48.6, 66Zn-27.9, 67Zn-4
tion and the intensity of the bombarding beam in the

stack. The secondary effects of the background neutrons

on the Zn target were checked by foils placed in the

stack far behind the range of the fully stopped proton

beam. The irradiation was done with 70MeV protons at

the external beam of the Tohoku University cyclotron.

The activity was measured non-destructively using

HPGe detector-based gamma spectrometers. The pri-

mary input parameters used for the cross-section

calculations were taken from the following publications

or determined in the following way. The beam

parameters were deduced from monitor reactions

(Tárkányi et al., 2001; Ido et al., 2002); the number of

the target nuclei was determined via precise weighing of

the samples having well-defined surfaces; the number of

radioactive nuclei was determined from the activity

measured for each of the investigated isotope; the decay

parameters collected in the Table 1 were used (Chu et

al., 1999); the energy in the middle of the target foils was

determined by calculation of the energy degradation

(Andersen and Ziegler, 1977); the calculated energy scale

was cross-checked with that determined by using the

monitor reactions applying a method based on the ‘‘flux

constancy’’ (Tárkányi et al., 1991). Direct and cumula-

tive production cross-sections discussed separately for

all products were calculated, considering Zn a mono-

isotopic element.

The uncertainty of the measured cross-sections was

estimated by summing in quadrature of the uncertainties

originated from the foil thickness (1%), the incident

proton flux (7%), the calculated detector efficiency (5%)

and the count rate determination of the photo peak

areas of the gamma-lines (1–10%). The change of the

beam intensity along the foil stacks was neglected.

Uncertainties of the parameters like irradiation time,

cooling time, measuring time and half lives contributing

nonlinearly to the cross-section formula were not taken
Nuclide Half-life Eg (keV) Ig (%)

55Co 17.53 h 477.2 20.2

931.2 75.0
56Co 77.7 d 846.8 99.9

1238.3 67.0
57Co 271.77d 122.1 85.4

136.5 10.69
58gCo 70.916d 810.9 99.5
60Co 5.271 yr 1173.2 99.9

1332.5 99.9824
52Mn 5.591d 744.2 90.0

935.5 94.5

1434.1 100
54Mn 312.2 d 834.8 99.95

.1, 68Zn-18.8, 70Zn-0.6.
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F. Tárkányi et al. / Applied Radiation and Isotopes 62 (2005) 73–81 75
into account (Guide to Expression of Uncertainty in

Measurement, 1993). The resulted average uncertainty

was found to be around 12%. The average uncertainty

of the bombarding proton energy in the middle of the

target foils estimated from the uncertainties in the

primary energy of the beam and the foil thickness was

between 0.3 and 2.0MeV.
Fig. 3. Experimental and theoretical excitation function for

production of 62Zn by proton irradiation of Zn.
3. Results and discussion

Figs. 1–13 show the present experimental results

together with the previous measurements. The new

numerical data are summarized in Tables 2 and 3.

Theoretical calculations done for each product up to

100MeV proton energy by using the simple but

successful ALICE-IPPE model code (Dityuk et al.,

1998) rendered to understand the weight of the different
Fig. 1. Experimental and theoretical excitation function for

production of 66Ga by proton irradiation of Zn.

Fig. 2. Experimental and theoretical excitation function for

production of 67Ga by proton irradiation of Zn.

Fig. 4. Experimental and theoretical excitation function for

production of 65Zn by proton irradiation of Zn.

Fig. 5. Experimental and theoretical excitation function for

production of 69mZn by proton irradiation of Zn.
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Fig. 6. Experimental and theoretical excitation function for

production of 64Cu by proton irradiation of Zn.

Fig. 7. Experimental and theoretical excitation function for

production of 57Ni by proton irradiation of Zn.

Fig. 8. Experimental and theoretical excitation function for

production of 55Co by proton irradiation of Zn.

Fig. 9. Experimental and theoretical excitation function for

production of 56Co by proton irradiation of Zn.

Fig. 10. Experimental and theoretical excitation function for

production of 57Co by proton irradiation of Zn.

Fig. 11. Experimental and theoretical excitation function for

production of 58Co by proton irradiation of Zn.
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contributing processes, to solve discrepancies in the

earlier reported experimental data and to extrapolate

below and beyond the investigated energy range

possible.
Fig. 12. Experimental and theoretical excitation function for

production of 60Co by proton irradiation of Zn.

Fig. 13. Experimental and theoretical excitation function for

production of 52Mn by proton irradiation of Zn.

Table 2

Measured cross-sections of the natZn(p,x)66,67Ga,62,65,69mZn,64Cu,57N

Energy (MeV) s (mb) 66Ga s (mb) 67Ga s (mb) 62Ga s

67.470.3 15.072.3 11.271.7 26.473.4 9

63.470.5 15.172.5 11.671.8 25.473.2 1

59.370.6 16.872.7 12.972.0 25.773.3 1

54.970.8 18.472.9 13.372.1 26.973.4 1

50.271.0 23.773.8 14.072.2 33.074.2 1

45.171.2 25.974.0 14.572.2 36.174.6 1

39.571.4 42.677.6 16.872.6 43.475.6 1

33.171.7 37.375.9 31.174.8 20.672.7 1

25.672.0 24.473.6 109712 1.6570.33 2
3.1. natZn(p,x)66Ga process

66Ga is a short-lived radioisotope used in nuclear

medicine for PET imaging. It is produced directly in

(p,x) reaction on 66,67,68,70Zn isotopes. The highest yields

are connected to the 66Zn(p,n) and 68Zn(p,3n) reactions.

Several earlier experimental results are known for the

production of 66Ga on Zn target. In Fig. 1 cross-sections

measured on Zn target of natural isotopic composition

are collected including our new results. Cross-sections in

low energy region were reported by a few authors

(Bonardi and Birattari, 1983; Little and Lagunas-Solar,

1983; Kopecky, 1990; Hermanne, 1997; Hermanne et al.,

1999). Data up to 200MeV (Nortier et al., 1991) and

recently up to 70MeV (Szelecsényi et al., 2003) have

been published. As it shown in Fig. 1 our data and the

previous results agree well. The theoretical calculation

overestimates the magnitude but describes well the shape

of the excitation function.

3.2. natZn(p,x)67Ga process

Production of 67Ga was investigated in detail due to

its importance in nuclear medicine as a diagnostic

gamma emitter. Both the earlier reported data (Bonardi

and Birattari, 1983; Little and Lagunas-Solar, 1983;

Kopecky, 1990; Hermanne, 1997; Hermanne et al., 1999;

Nortier et al., 1991) and the new experimental results

measured on natural Zn are shown in Fig. 2. It should

be noted that only a single data set was reported

(Nortier et al., 1991) above 40MeV.The agreement

between our results and the previous experimental data

as well as the theoretical calculation is fairly good. The

observed two humps in the excitation function corre-

spond to the 67Zn(p,n) and 68Zn(p,2n) reactions.

3.3. natZn(p,x)62Zn process

The production of 62Zn has importance as a generator

for the positron emitting 62Cu used for diagnostic study

with PET. 62Zn can be produced directly by (p,pxn)
i reactions

(mb) 65Zn s (mb) 69mZn s (mb) 64Cu s (mb) 57Ni

9713 0.4370.07 28.976.3 1.9070.37

06714 0.4070.07 26.776.2 1.0970.13

10715 0.4070.07 23.775.4 0.43770.054

22717 0.4270.07 24.675.7 0.11170.022

24718 0.4870.09 22.575.6

16716 0.4170.07 24.176.9

03714 0.4470.08 23.377.4

32718 0.5170.09 12.475.0

11729 0.4570.08 8.773.6
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Table 3

Measured cross-sections of the natZn(p,x)55,56,57,58g,60Co,52,54Mn reactions

Energy (MeV) s (mb) 55Co s (mb) 56Co s (mb) 57Co s (mb) 58Co s (mb) 60Co s (mb) 52Mn s (mb) 54Mn

67.470.3 0.4670.08 1.3270.17 25.273.3 22.173.4 2.7670.42 0.1370.02 1.0770.12

63.470.5 0.5270.10 1.0170.14 17.972.4 24.073.7 2.3670.37 0.1170.02 0.4970.06

59.370.6 0.4870.09 1.0070.13 9.8171.36 24.673.8 1.9170.29 0.06570.010 0.1770.02

54.970.8 0.2970.08 1.3270.17 4.5770.61 22.973.5 1.3670.21 0.02470.005 0.05670.012

50.271.0 0.09070.038 1.9770.25 2.0370.27 16.572.5 0.7970.13

45.171.2 2.1270.27 1.1570.16 6.471.0 0.4870.08

39.571.4 1.0170.13 1.7470.23 1.5170.23 0.2870.05

33.171.7 0.05870.016 2.9170.39 0.1870.05 0.08570.018

25.672.0 1.3770.17 0.01970.011 0.03270.010
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reactions and through its parent nuclei 62Ga (116 ms) on

the zinc target. We deduced the cumulative cross-section

including contributions of both production routes. Only

two earlier experimental data sets were found in the

literature up to 35MeV (Hermanne et al., 1999) and up

to 70MeV (Szelecsényi et al., 2003). Our new results, the

earlier experimental data, and the theoretical calcula-

tions show good agreement (see Fig. 3). The maximal

value of the excitation function corresponds to the

reactions on 64Zn having the highest isotopic abun-

dance. A small energy shift is observed at the lowest

energy point of our data series that can be explained

probably with the large uncertainty of the bombarding

energy at the end of the used stack.

3.4. natZn(p,x)65Zn process

When bombarding the natural Zn target the 65Zn

radioisotope is produced directly and through the decay

of 65Ga (T1/2=15min). In this work we report

cumulative cross-sections. Its production and decay

characteristics make it very suitable for thin layer

activation studies as a tracer. Only one earlier experi-

mental data set was found in the literature (Bonardi and

Birattari, 1983). The new experimental values and the

results of the model calculations are shown in Fig. 4.

The theory reproduces well the shapes of the excitation

functions, but the absolute values are underestimated.

The observed two humps correspond to reactions on
66Zn and 68Zn.

3.5. natZn(p,x)69mZn process

The 69Zn radioisotope has two longer lived isomeric

states. Due to the short half-life of the ground state

(56min) the directly produced ground state had decayed

completely when we started our activity measurements.

The applied long cooling time (more than one day) made

possible to determine only the production cross-section

of the longer lived (T1/2=13.8 h) isomeric state, which
decays mostly to the ground state. Only one process

contributes to the production of 69mZn, the 70Zn(p,pn)

reaction. One earlier experimental data set was found on

highly enriched 70Zn target (Levkovski, 1991). For

comparison we have the normalized data of Levkovski

(1991) to natural composition. The experimental and

theoretical data are shown in Fig. 5. For comparison we

reproduced the result of the model calculations, which

represents the sum of the cross-sections of the directly

produced ground state and the cross-section of the

isomeric state. The small overlapping energy region of

our new data and the previous results (Levkovski, 1991)

make it difficult to compare the two data sets. The only

overlapping data point has large uncertainty due to the

long stack used in our experiment. The model calcula-

tions can reproduce our results both in shape and

magnitude. A good agreement can be explained with a

very low population rate of the low spin ground state.

3.6. natZn(p,x)64Cu process

The 64Cu radioisotope is used in nuclear medicine

both for radioimmuno-therapy and PET imaging. The

activity of 64Cu can be measured via the 511 keV

annihilation line or the very weak (0.473%) 1345.8 keV

gamma line following its b+-decay. Considering the

facts that we have used the natural Zn target and its

activity is measured non-destructively, the number of
64Cu atoms were determined via the 1345.8 keV gamma

line. The low intensity of the gamma line due to the low

branching ratio was enhanced by using 650 mm thick

targets. Searching through the literature two related

experimental works were found. Production cross-

section data were reported on highly enriched 67Zn

and 68Zn targets up to 29.5MeV (Levkovski, 1991).

Recently, the excitation function of the 68Zn(p,an)64Cu

reaction was investigated (Hilgers et al., 2003) by using

highly enriched target material as well as chemical

separation and the the 511 keV annihilation line was

measured. In order to compare these two data sets with



ARTICLE IN PRESS
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our results, we normalized them to natural isotopic

composition. Data are presented in Fig. 6. The results of

ALICE-IPPE calculations for natZn target and for the

independent contributions on 66,67,68Zn-enriched zinc

targets are also reproduced in Fig. 6 in order to explain

the observed behaviour of the experimental data points.

From the theoretical curves it can be deduced that the

contribution of the reactions on 67Zn is significant

around 16MeV and above 40MeV due to the (p,a) and
(p,2p2n) reactions, respectively. In general, at higher

energies the (p,xpyn) process dominates. The reaction

channels are open at �25MeV for the production of
64Cu from 66Zn having a maximum value around

40MeV. The contribution of 68Zn targets is important,

around 25MeV and above 60MeV. The experimental

data measured on enriched 68Zn target by Levkovski

(1991) are in good agreement with the theoretical results,

but data measured by Hilgers et al. (2003) are much

lower and their curve has an unusual shape. No

explanation was found for this deviation. On the other

hand, we have to mention that the data reported

(Hilgers et al., 2003) on deuteron induced reactions

were also found to be too low compared to other results.

It indicates that it should be an explanation for the

deviation independent of the investigated reactions.

Taking into account that we used a well proved

experimental technique, the systematic error of the

measured data can be originated only from the error

of the absolute intensity of the used 1346 keV gamma

line of the 64Cu. No background gamma line was found

at the same energy from the decay of the simultaneously

produced radioisotopes.

The agreement between our experimental data mea-

sured on natural Zn target and the result of the ALICE-

IPPE model calculation is relatively good. We note that
64Cu cannot be produced on natZn with a high radio-

isotope purity which has medical importance due to the

simultaneously produced 67Cu. The theoretical calcula-

tions help us to select the most productive route for 64Cu

by using highly enriched monoisotopic targets. Up to

30MeV the 68Zn(p,an) reaction can be used, but the
66Zn(p,x)64Cu process is much more productive, with

additional advantage of absence of 67Cu (see Fig 6, the

cross-sections of contributing reactions are normalized

to isotopic abundance of natural Zn).
3.7. natZn(p,x) 57Ni process

No earlier experimental data were found in the

literature. We have measured experimental data at four

energy points from 58 to 67MeV (see Fig. 7). The theory

overestimates the experimental data by a factor of two.

According to the theoretical calculations, reactions

produced on 64Zn are the dominating process up to

100MeV.
3.8. natZn(p,x)55Co process

The measured excitation function and the result of the

theoretical calculation are shown in Fig. 8. No earlier

experimental results were found in the literature. The
64Zn(p,2a2n) and 64Zn(p,4p6n) reactions contribute to

the resulting cross-section in the investigated energy

range. The theory overestimates the measured cross-

section. According to theoretical estimations, the

production of 55Ni is energetically not possible in the

investigated energy range.

3.9. natZn(p,x)56Co process

The measured cross-sections and the theoretical

estimation are shown in Fig. 9. No earlier experimental

data were found in the literature. In the measured

spectra no activity of the 56Ni (T1/2=6.057 day) was

found which is the possible parent nuclei of the 56Co.

The 56Co is produced directly only in the investigated

energy range. The observed maxima around 45MeV is

originating from the 64Zn(p,2an) reaction. A second

maximum is predicted by the theory around 90MeV

from the 64Zn(p,4p5n) process.

3.10. natZn(p,x)57Co process

The activity of 57Co was measured after the complete

decay of the parent 57Ni. The measured cross-sections

are shown in Fig. 10. In the investigated energy range

the theoretical calculations reproduce well the experi-

mental values both in shape and absolute values. The

two maxima around 30 and 75MeV are originating from

the 64Zn(p,2a) and the 64Zn(p,4p4n) reactions, respec-

tively, on the most abundant 64Zn. No experimental

data were reported previously.

3.11. natZn(p,x)58Co process

The cross-section of natZn(p,x)58Co reaction (Fig. 11)

was calculated by using gamma spectra measured after

the complete decay of the 58mCo isomeric state

(T1=2 ¼ 8:94 h). 58Ni is a stable isotope; therefore, the

measured cumulative cross-section contains contribu-

tion only from the 58Co. The theory significantly

underestimates the experimental data. As in the case of

the above discussed lighter Co radioisotopes, the

reactions induced on 64Zn give the largest contributing

part to the measured cross-section in the investigated

energy range. Above 70MeV, the contribution of the

reactions occurred on 66Zn can also be seen.

3.12. natZn(p,x)60Co process

The ground state (T1/2=5.3 year) and the short-lived

isomeric state (T1/2=11min) of 60Co were produced
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Fig. 15. Integral yields for production of medically related
66,67Ga, 62Zn and 64Cu radioisotopes.

Fig. 16. Integral yields for production of long-lived 65Zn,
56,57,58,60Co and 52,54Mn radioisotopes.

F. Tárkányi et al. / Applied Radiation and Isotopes 62 (2005) 73–8180
directly from Zn by neglecting the contribution through

the decay of 60Fe (T1/2=105 year). Several reactions

contribute to the complex process. Near the effective

threshold of the excitation function the 67Zn(p,2a) and
68Zn(p,2an) reactions give their contributions, but at

higher energies the effects of (p,xpyn) reactions on
66,67,68Zn become more dominant. The cross-section

presented here for production of the ground state of
60Co (see Fig. 12) is a cumulative process which

contains the contribution from the internal decay of

the short-lived isomeric state. No earlier experimental

data were found in the literature. The theoretical values

are lower by a factor of two as compared to the

experimental data.

3.13. natZn(p,x)52Mn process

The measured cross-sections are shown in Fig. 13,

in comparison with the result of the ALICE-IPPE

calculation. Up to 80MeV the main contributing

process is the 64Zn(p,3an) reaction. Above this energy

the reactions on the same 64Zn target with emission of

separated single particles is becoming more significant

and the (p,3a3n) reaction on 66Zn is also becoming

energetically possible.

3.14. natZn(p,x)54Mn process

The results of our experiment and the model

calculations are shown in Fig. 14. The theoretical curve

is lower compared to the experimental values. The main

contributing processes below 75MeV are the
64Zn(p,2a2pn) and the 66Zn(p,3an) reactions. Above

this energy the 68Zn(p,3a3n) reaction and the (p,xpxn)

processes on 64Zn and 66Zn become energetically

possible and start to dominate.
Fig. 14. Experimental and theoretical excitation function for

production of 54Mn by proton irradiation of Zn.
4. Integral yields

Integral yields as a function of the incident energy are

closer to practical needs than the microscopic cross-

sections. On the basis of the measured experimental data

and the results of theoretical model calculations, the

integral yields for the production of medically important

radioisotopes 66,67Ga, 62Zn and 64Cu on natZn were

deduced. These data were also calculated for 65Zn,
56,57,58,60Co and 52,54Mn long-lived reaction products. In

order to estimate the yields up to 100MeV, the

theoretical curves were normalized to the experimental

data in the overlapping energy region. The calculated

yields are shown in Figs. 15 and 16. Experimental thick

target yields were not reported in the literature except of

a few data points for the medically related 66Ga and
67Ga isotopes at low energies.
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F. Tárkányi et al. / Applied Radiation and Isotopes 62 (2005) 73–81 81
5. Conclusions

New cross-section data were measured in the energy

range 26–67MeV for 13 reaction products, in most cases

for the first time. Model calculations were carried out by

using the Alice-IPPE code. The theoretical calculations

describe well the shapes of the measured excitation

functions in all cases. Integral yields were deduced for 11

processes and the practical applications of the reaction

products that have been demonstrated. The experimen-

tal and theoretical data obtained in these investigations

are useful in several applications like production of

medically important radioisotopes by using natZn target,

production of the 62Zn(62Cu) generator system, testing

the cross-section data measured on highly enriched Zn

targets (66Ga, 67Ga, 64Cu), selecting and optimizing the

most effective production routes (66Zn(p,x)64Cu

100–30MeV), estimating impurity levels of the produced

radioactive isotopes, and calculating dose and necessary

shielding for radiation of waste (65Zn, 56,57,58,60Co and
52,54Mn).
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Szelecsényi, F., Kovács, Z., van der Walt, T.N., Steyn, G.F.,

Suzuki, K., Okada, K., 2003. Investigation of the
natZn(p,x)62Zn nuclear process up to 70MeV: a new
62Zn/62Cu generator. Appl. Radiat. Isot. 58, 377.
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