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Abstract
Excitation functions for the production of various radioisotopes from proton
bombardment on natMo, natW, and natZn were measured using the stacked-foil activation
technique for proton energies up to 40 MeV. A new data set has been given for the formation
of the investigated radioisotopes. The present results were compared with the earlier reported
experimental data and theoretical data taken from the ALICE-IPPE code, and found good
agreement with some well measured literature values in the overlapping energy region. The
thick target integral yields were also deduced from the measured cross sections. The deduced
yield values compared with the directly measured thick target yield values, and found
acceptable agreement. The measured cross sections of the investigated radioactive products
have much importance in the field of a nuclear medicine, a thin layer activation analysis, and
a trace element analysis.
1. Introduction
Radioisotopes with a variety of half-lives (few seconds ~ few years) are widely used
in medical, agricultural, and industrial research and applications. The charged particle
accelerators, especially the medium energy cyclotrons are used to produce these radioisotopes.
In principle, charged particle activation experiments are carried out leading to the production
of high specific activity radioisotopes, reduction of impurities, and effective use of start-up
materials.
Natural molybdenum (Mo), tungsten (W), and zinc (Zn) can be used as the ideal target
materials for the production of medically important radioisotopes 99Mo/99mTc, 186Re, and 67Ga,
respectively. The radionuclide 99mTc from 99Mo/99mTc generator is used extensively in radiodiagnostics due to its moderate half life, suitable γ-energy, absence of β¯ activity, and its
ability to form various complexes which have specific affinity to different organs of the
human system. About 80% of the diagnostic nuclear medicine procedures are performed
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using 99mTc labeled compounds [1]. The parent radionuclide 99Mo can be produced in
principle in various ways. Currently, the dominant route is neutron fission of natural or
isotopically enriched 235U (so-called ‘‘fission-moly’’), while the activation of natural or
isotopically enriched Mo is the second important route. Recent survey has shown that 186Re is
an ideal candidate for radioimmunotherapy [2-4] of its moderate β¯ particle energies at 1.07
and 0.933 MeV, low- abundance (9%) γ emission at 137 keV, which allows for in vivo
tracking of the radiolabeled biomolecules and estimation of dosimetry calculation. The
suitable 3.7-day half-life allows sufficient time for the synthesis and shipment of potential
radiopharmaceuticals. On the other hand, the metallic radionuclide 67Ga forms strong metal
complex and is of considerable interest in diagnostic nuclear medicine, particularly for tumor
localization.
Several investigations [5-15] were carried out for the determination of reaction crosssections leading to radionuclide production; but large discrepancies are found among these
data set. On a practical level, it is very difficult to estimate the causes of discrepancies among
the data sets. These inconsistencies severely limit the reliability of data evaluations. However,
nowadays only a few groups are engaged with the systematic investigations by using modern
experimental techniques and methods. Until now, no recommended data are available for the
mentioned radionuclides in the literature. We therefore, investigated the production cross
sections of the medically important radionuclides 99mTc, 186Re, and 67Ga from the proton
bombardment of natural Mo, W, and Zn, respectively, by using the MC-50 cyclotron at the
Korea Institute of Radiological and Medical Sciences (KIRAMS). The integral yields were
also obtained from the respective threshold for the produced radionuclides by using the
measured excitation functions as a function of proton energy.
2. Experimental Procedure
2.1. Targets and Irradiations
Excitation functions for the proton-induced reactions on natural target elements (Mo, W,
Zn) were measured by using the well established stacked foil activation technique. High
purity metallic form of molybdenum (>99.99%), tungsten (99.99%), zinc (99.98%), copper
(>99.98%) and aluminum (99.999%) foils with natural isotopic compositions were assembled
in stacks. Al and Cu foils were used as monitor as well as energy degraders. An Al foil (200
µm thickness) was placed as the front foil of each stack (where the beam energy is well
defined) to accurately measure the beam flux.
Special care was taken in preparation of uniform targets with known thickness,
determination of proton energy and intensity along the stacks, and also in determination of the
activities of the samples. The thickness of Mo, Zn, Cu, and Al foils was 100 µm but that of W
was 200 µm. Several and individual stacks of natural Mo, Zn, and W with monitors were

assembled and separately irradiated by 42 MeV collimated proton beam of 10 mm diameter
from the external beam line of the MC-50 cyclotron at KIRAMS. The beam intensity was
kept constant during irradiation. It was necessary to ensure that equal areas of monitor and
target foils intercepted the beam. The irradiation geometry was kept in a position so that the
foils get the maximum beam line. To avoid errors in the determination of the beam intensity
and energy, excitation functions of the monitor reactions were measured simultaneously with
the reactions induced on natural molybdenum.
2.2. Measurement of Radioactivity
After the irradiations and appropriate waiting time the samples were taken off, and
the induced gamma activities emitted from the activation foils were measured by using a
gamma spectrometer. The gamma spectrometer was an n-type coaxial ORTEC (PopTop,
Gmx20) high-purity germanium (HPGe) detector. The HPGe detector was coupled with a
4096 multi-channel analyzer (MCA) with the associated electronics to determine the photo
peak area of the gamma-ray spectrum. The spectrum analysis was done using the program
Gamma Vision 5.0 (EG&G Ortec). The energy resolution of the detector was 1.90 keV full
width at half maximum (FWHM) at the 1332.5-keV peak of 60Co. The photopeak efficiency
curve of the gamma spectrometer was calibrated with a set of standard sources: 109Cd (88.03
keV), 57Co (122.06 keV and 136.47 keV), 137Cs (661.65 keV), 54Mn (834.85 keV), 22Na
(511.01 keV and 1274.54 keV), 60Co (1173.24 keV and 1332.50 keV), and 133Ba (80.99 keV,
276.39 keV, 302.85 keV, 356.02 keV, and 383.82 keV). The measured detection efficiencies
were fitted by using the following function:

ln ε =

7

∑a
n=0

n

ln E n ,

(1)

where ε is the detection efficiency, an represents the fitting parameters, and E is the energy
of the photo peak. The detection efficiencies as a function of the photon energy were
measured at 10 cm and 20 cm distances from the end-cap of the detector. Since most of the
sources 133Ba, 60Co, 57Co and 22Na emit more than one gamma ray; there is a certain
probability of coincidence losses of cascade gamma rays when the sources are put closer to
the detector [16]. For this reason, all samples were counted at distances of 10 cm and 20 cm
from the end-cap of the detector to avoid coincidence losses, to assure low dead time (<10%)
and point like geometry.
The proton beam intensity was determined from the measured activities induced in
aluminum and copper monitor foils at the front position of each stack using the reactions
27
Al(p,x)24Na and natCu(p,x)62Zn, respectively. The use of the multiple monitor foils decreases
the probability of introducing unknown systematic errors in activity determination. It was

considered that the loss of proton flux was very small and very hard to deduce practically.
The beam intensity was considered constant to deduce cross sections for each foil in the stack.
The loss of proton beam energy for each foil in the stack was calculated by using the
computer program SRIM-2003 [17].
The excitation functions for the 99mTc, 186Re, and 67Ga radionuclides were determined
in the proton energy range 2.5~42 MeV by using the well-known activation formula [18].
Most of the decay data regarding induced radioactivity, such as the half-life (T1/2), the γ-ray
energy (Eγ) and the γ-ray emission probability (Iγ), were taken from the Table of Radioactive
Isotopes [19], and are furnished in Table 1. The threshold energies given in Table 1 were
taken from the Los Alamos National Laboratory, T-2 Nuclear Information Service on the
internet [20]. The standard cross section data for the monitors were taken from internet
service [21].
Table 1 Decay data of the produced radioisotopes.
Nuclei Half-life Decay mode
T1/2
(%)
2.74 d

β¯

γ-ray
energy,
(keV)
140.511
181.0
739.5

99m

Tc

6.02 h

IT+β¯

140.5

89.06

186

Re
Ga

3.72 d
3.26 d

EC

137.16
184.6
300.2

9.42
21.2
16.8

EC

548.35
596.7
1115.5

15.2
25.7
50.6

99

Mo

67

62

Zn

65

Zn

24

Na

22

Na

γ-ray
intensity(Iγ)
(%)
4.52
6.07
12.13

9.186
h
244.26
d
14.96
h

EC

β¯

1368.598

100

2.60 y

EC

1274.53

99.94

Contributing reactions

Q-value
(MeV)

100

-8.29
-6.07
-11.14

Mo(p, pn)
Mo(p, d)
100
Mo(p,
2p)99NbÆ99Mo
100
Mo(p, 2n)
100
Mo(p,
pn)99MoÆ99mTc
100
Mo(p,
d)99MoÆ99mTc
186
W(p,n)
67
Zn(p, n)
68
Zn(p, 2n)
70
Zn(p, 4n)
63
Cu(p, 2n)
65
Cu(p, 4n)
65
Cu(p, n)
100

27

Al(p,p+3He)
Al(p, 2p+d)
27
Al(p, 3p+n)
27
Al(p, d+ )
27
Al(p, +pn)
27

-7.71
-8.29
-6.06
-1.36
-1.81
-12.16
-28.08
-13.27
-31.09
-2.13
-23.71
-29.20
-31.43
-20.29
-22.51

The theoretical data were taken from the MENDL-2P database [22] calculated by using
the ALICE-IPPE code. It is an ‘a-priori’ model calculation. The calculation of cross-section
using this code was based on the evaporation Weisskopf-Ewing model and geometry
dependent hybrid exciton model [23]. Pre-equilibrium cluster emission calculation is included
in this code. The lack of angular momentum and parity treatments in the Weisskopf–Ewing

formalism used in these codes makes independent treatment of isomeric states impossible,
only total production cross-sections were calculated.
In the present experiment, all the errors were considered as independent.
Consequently, they were quadratically added according to the laws of error propagation to
obtain total errors. However, some of the sources of errors are common to all data, while
others individually affect each reaction. The estimated major sources of errors considered in
deduction of cross-sections are as follows; statistical error (1-13%), error of the monitor cross
sections (2~ 4%), error due to the beam flux (2~ 4%), error due to the beam energy (0.5-1 %),
error due to the detector efficiency (0.5~3%), and error due to the gamma ray intensity
(1~2%). The overall uncertainty of the cross-section measurements is around 12%. The total
uncertainties of the measured cross-sections were calculated by combining the statistical
uncertainties ( δ sts ) and other uncertainties ( δ oth ).
3. Results and Discussion
The stable isotopes of molybdenum, tungsten, and zinc transmute to the corresponding
Tc, Re, and 67Ga radioisotopes through the (p, xn) process, respectively. In some cases,
two or more γ-rays were used for the measurement of each reaction cross-section, and the
average value is presented. The detailed situations of the individually studied nuclides are
discussed in the following section. The excitation functions of the investigated radioactive
products are presented together with the available literature data and ALICE-IPPE prediction
[22]. The numerical data with errors are collected in Table 1. The integral yields were
deduced using the measured cross-sections taking into account that the total energy is
absorbed in the targets.
99m

186

3.1. Production of 99mTc
The production cross-section of medically important radionuclide 99mTc is determined
through the analysis of 140.51 keV gamma-ray peak. Basically, this radionuclide can be
produced in two processes. One is direct process through the reaction 100Mo(p, 2n)99mTc and
the other is indirect process via 100Mo(p, pn)99MoÆ99mTc reaction. Also theoretically, the
reaction 98Mo(p, γ)99mTc has little contribution in the production cross section of 99mTc. The
present result of 99mTc radionuclide formation is shown in Fig. 1. We didn’t find agreement
with the data reported by Lagunas-Solar [7]. In the lower energy region (<28 MeV) the trend
of peak formation agrees with our data, but at higher energy it seems to us that he didn’t
separate the contribution of 99Mo and 90Nb radionuclides from 140.5 keV gamma-ray peak.
At higher energy (>28 MeV), the radionuclides 99Mo and 90Nb has more contribution than
99m

Tc at 140.5 keV gamma line. This may be the possible reason to get the complete
disagreement compare to our data in the higher energy region. The data reported by Scholten

et al. [6] shows general good agreement with our data. In their experiment, they worked with
the 97.4% and 99.5% enriched 100Mo and 98Mo sample, respectively, but we performed the
present experiment using natural molybdenum target and normalized the data for 100Mo. The
data reported by Levkovskji [24] showed agreement at 20-30 MeV proton energy but at lower
energy (<20 MeV), a clear disagreement exists not only with our data but also with the other
literature values. The present measurement showed very good agreement with the recent
literature data reported by Takacs et al. [25] up to 27 MeV but after then an acceptable
disagreement is found, and we could not determine any possible reason. Our previous data
[26] were consistent with the present data except one point around 17 MeV. Although the
99m
Tc radionuclide has great practical importance, the production cross-sections measured by
several groups showed considerable discrepancies. An accurate experimental data base is thus
crucial to consider the feasibility of this reaction for a possible production of 99mTc at a
cyclotron.

Fig. 1. Excitation function of the natMo(p, xn)99mTc reaction.
3.2. Production of 186Re
The most suitable reaction path for the production of 186Re from the proton
bombardment on natural tungsten is 186W(p, n)186Re (Q= -1.069 MeV). The measured
excitation function for the production of neutron rich therapeutic radionuclide 186Re has
shown in Fig. 2 together with the available experimental values and theoretical data taken
from ALICE-IPPE code [22]. We found a very good agreement with the data reported by Lapi
et al. [11], Tarkanyi et al. [27], Szelecsenyi et al. [28], and Shigeta et al. [10] in the

investigated energy region. The data reported by Zhang et al. [12] and ALICE-IPPE
prediction [22] showed lower values in the peak formation region at 6-13 MeV.

Fig. 2 Excitation function of the natW(p, xn)186Re reaction
3.3. Production of 67Ga
The radionuclide 67Ga is formed via the (p,2n) reactions on 68Zn. Targetry and
chemical processing problems have been well studied. For the production on a small scale the
(p,n) reaction on 67Zn has also been utilized. The 67Ga nuclei emitted several strong gammarays with different energies (184, 300, 393 keV), the activities were evaluated separately by
using all these gamma-lines and the average of the individual values were taken. In the case of
the natZn(p,xn)67Ga process three reactions, 67Zn(p,n)67Ga (Q=-1.8MeV), 68Zn(p,2n)67Ga (Q=12.15 MeV) and 70Zn(p,4n)67Ga (Q=-27.7 MeV) contribute to the formation of 67Ga over
the investigated proton energy range. The cross section values for the natZn(p,xn)67Ga process
measured in this work from 4 to 40 MeV are shown in Fig. 3 compared with the results of the
previous works [13-15, 29-33] and the theoretical calculation using the ALICE-IPPE code
[22]. The maximum cross section for the natZn(p,xn)67Ga process was found at around 20
MeV. The 68Zn(p,2n)67Ga process has a large contribution to the 67Ga nuclide formation in
peak region at about 20 MeV. Due to the low isotopic abundance of 67Zn in the natural zinc
target, the 67Zn(p,n)67Ga process has lower contribution than 68Zn(p,2n)67Ga. Comparing the
present results with the available previous works it can be concluded that the values of

Hermanne et al. [14, 29] are systematically higher than the present ones as well as the other
investigators [15, 30, 31] above 15 MeV, but their results are in excellent agreement both with
this work and Kopecky [30] below 15 MeV. The present measurement for the natZn(p,xn)67Ga
process agrees well with the measurements of Tarkanyi et al. [15], Kopecky [30], and Nortier
et al. [31]. The theoretical calculation using the ALICE-IPPE code [22] and this work agrees
well except three points in maxima.

Fig. 3 Excitation function of the natZn(p, xn)67Ga reaction.

4. Integral yield
The integral yield of the radionuclides from a nuclear process was deduced using the
excitation function and stopping power of natMo, natW, and natZn over the energy range from
threshold upto 40 MeV. It is expressed as MBq µA-1h-1, i.e. for an irradiation at beam current
of 1 µA for 1 hour. The obtained results are shown in Figs. 4-5 as a function of proton energy.
Dmitriev et al. [34] reported thick target yields of the 67Ga radionuclide measured by
irradiating thick natural zinc target with 22 MeV proton beam. The used target was thick
enough to cover the energy range from threshold to 22 MeV. Our results as shown in Fig. 5
are consistent with the directly measured values of Dmitriev et al. [34]. We couldn’t compare
the yield of 99mTc and 186Re due to the lack of available literature values.

Fig. 4 Integral yield for the production of 99mTc radionuclide

Fig. 5 Integral yields for the production of 186Re and 67Ga radionuclides
5. Conclusions
A new cross sections data set for the formation of 99mTc, 186Re, and 67Ga
radionuclides have been reported in the energy range 2.5 - 40 MeV using the stacked-foil
activation technique with an overall uncertainty of about 12%. The present experimental data
were compared with the available literature values in order to select the most reliable data sets

for optimization of production routes. A considerable discrepancies still exists among the
available literature data for the production of medically (SPECT) important 99mTc
radionuclide, which demands more and more experimental data to obtain a recommended data
set, and the present data is important in this regard. Rhenium-186 (186Re) is one of the most
useful radionuclide for internal radiotherapy in nuclear medicine. The measured production
cross sections data of this radionuclide will help effectively to optimize the production
conditions. Significant amount of 67Ga can be produced at low energy accelerators using
natural zinc as a target, but the possibility to involve impurity of gamma emitting
radionuclides is very high.The present experiment reported a reliable data set for these
radionuclides in the whole investigated energy region, and these data could help in the
prediction, optimization and evaluation of the radiochemical purity.
The thick target integral yields for each radionuclide were deduced using the
respective measured cross-sections data. We could not compare the present values of 99mTc
and 186Re radionuclides due to the lack of available directly measured thick target yield (TTY)
values in the literature. It should be mentioned that our calculated yield values can be used for
the optimization of production yields of corresponding radionuclide with minimum impurity
contamination. Above all, the present experimental results will play an important role in
enrichment of literature data set for all of the investigated radio radionuclides.
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