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요 약 문 
 

핵자료는 원자로, 핵연료, 방사성 폐기물 처분등과 같은 원자력 

시설뿐만 아니라, 질병의 진단과 치료의 목적으로 쓰이는 방사성 동위원소의 

생산 등에 없어서는 안될 필수적인 자료이다. 따라서 정확도가 높은 핵자료는 

과학 기술 분야의 다양한 응용 및 결과의 신뢰도에 매우 중요하다.  

  

핵자료 생산은 원자로 또는 가속기등과 같은 시설에서 얻은 실험 

자료를 최신의 핵물리 이론을 바탕으로 재생산하는 과정을 거친다. 따라서 

정확도가 높은 핵자료의 가장 기본적인 요소는 실험 자료의 신뢰도이다. 

그러나 보고된 많은 실험 자료들은 같은 핵반응일지라도 실험한 연구자에 

따라서는 크게 수 배의 차이를 보이기도 한다. 이런 차이의 원인은 주로 

실험조건, 측정 기술, 기준이 되는 핵자료 등이다.  신뢰할 만한 정확한 

핵자료의 생산은 최근의 기술을 이용하여 같은 실험 조건아래에서 실행되는 

것이 무엇보다 중요하다.    

 

실험의 일관성을 유지하여 신뢰도 높은 핵자료를 생산하기 위하여, 

“과학 기술에서 다양한 실제 응용을 이끄는 핵반응 단면적에 대한 측정 및 

평가”라는 제목으로 한국원자력연구원과 경북대학교의 공동연구로 현재의 

작업을 진행했다. 실험 측정은 한국원자력의학원 (KIRAMS) 에서 

수행되었으며 이론적 계산은 한국원자력연구원에서 핵반응 모델 코드 

Talys 를 이용하여 수행하였다. 본 연구의 결과는 단면적 값들 사이에 

존재하는 불일치를 해결하고 믿을 만한 기본 자료를 제공하는데 도움을 줄 

것이다. 

결론적으로 현재 실험에서 수행된 하전 입자 유도 단면적 자료는 

고 도 양성자 가속기의 건설과 운전에 필수적인 자료가 될 뿐만 아니라, 

다양한 실제 응용을 위해 유용한 방사성 동위원소의 생산에 중요한 자료가 될 

것이다. 
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Preface 

 
It is my pleasure to prepare a report about my performed research 

activities at the Nuclear Data Evaluation Laboratory (NDEL), Korea 
Atomic Energy Research Institute (KAERI), Daejeon, Korea. I had joined 
in this laboratory as a pre-doctoral researcher on May 1, 2007, and 
continued research on Evaluation of Nuclear Reaction Cross Sections by 
TALYS code up to December 2007. After the confirmation of my PhD 
degree by the evaluation committee at Kyungpook National University 
(KNU), I was promoted in this laboratory as a post doctoral researcher 
(from January 2008), and continued researches on Measurements and 
Evaluation of Production Cross-Sections of Medically and 
Technologically Important Radionuclides up to July 31, 2008.  

Nowadays, medical applications of nuclear radiation are gaining 
increasing interest. Cyclotrons and accelerators, available in recent years 
in an increasing number of countries, are being used for the production of 
radioisotopes for both diagnostic and therapeutic purposes. The physical 
basis of this production is described through interaction of charged 
particles, such as protons, deuterons and alphas, with matter. The 
interaction of projectile with the target nucleus is generally described in 
terms of the cross section, which is a measure of the probability for a 
reaction to occur.  

Data on nuclear reaction cross sections are required in various 
practical applications. Of considerable significance are the excitation 
functions obtained via the activation technique. Those data, especially 
proton-induced ones, find applications in several practical fields: 
radioisotope production-primarily for medical applications, monitoring of 
charged particle beams at cyclotrons and accelerators, ion beam analysis 
(IBA), thin layer activation analysis in industrial applications, accelerator 
technology, nuclear wear measurement, astrophysics, geo- and cosmo-
chemistry, biological sciences, nuclear model calculations and/or testing 
of nuclear models. 

Design and analysis of any nuclear system-such as reactor core and 
fuel elements, storage of mixtures of nuclear waste with other materials, 
and burned fuel elements-require high quality nuclear data. Appropriate 
nuclear data, particularly the data of nuclear cross-sections are very 
important for nuclear reactor technology, nuclear transmutation 
calculations, radiobiology, material research, and so on. In spite of the 
availability of high resolution semiconductor detector the cross section 
data from the various groups showed a wide variation. If the published 
cross section data is reviewed, a significant deviation, often of the order 
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of two to three or more is observed among the data measured by different 
authors for the same reaction. The main source of discrepancies arises 
due to the difference of experimental condition, γ-spectroscopic 
measuring technique, standard cross sections data for monitor reaction, 
and nuclear data used for cross section calculation. An improve, more 
reliable and accurate cross section data can only be achieved if the cross 
sections for a large number of reactions are measured in one laboratory 
under identical conditions and adopting recent nuclear techniques. Thus, 
a new systematic investigation is required based on the same 
experimental condition covering wider range of reactions.  

On this point of view, we have initiated a program entitled on, 
“Measurements and Evaluation of Nuclear Reaction Cross Sections 
Leading to Various Practical Applications in Science and 
Technology” under the collaboration works in between KAERI and KNU, 
Korea. This report has been undertaken on the studies of production cross 
sections of radionuclides useful for medical & technological applications 
(e.g., medical, industrial and agricultural applications), and so on. The 
measurements of proton-induced activation cross-sections on different 
natural target materials were carried out in the frame of systematic 
investigations of particles induced nuclear reactions on metals at the 
Korea Institute of Radiological and Medical Sciences (KIRAMS). The 
evaluation/theoretical calculations of all measured cross sections were 
done at the Nuclear Data Evaluation Laboratory, KAERI, by using the 
model code TALYS. To achieve the high quality experimental data in 
terms of accuracy, reproducibility and reliability, considerable care were 
taken in the data taking & relevant processes, and performed necessary 
corrections by introducing the sophisticated measuring technique to 
reduce significantly the overall error limits. Measured cross sections were 
compared with the available literature data, theoretical data from the 
TALYS code calculations, and were found in fairly good agreement. In 
brief, our reported data will help to remove existing discrepancies in the 
cross section values, will provide substantial data base supporting the 
nuclear design of fusion reactors, future evaluation of activation cross 
sections and dosimetry files, and also testing of nuclear models.  

Finally, the charged-particle induced cross sections data carried by 
the present experiment are indispensable for construction and operation 
of an intense proton accelerator by PEFP/KAERI, and also for production 
of radioisotopes useful for various practical purposes. 
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Excitation functions of proton induced nuclear reactions on 
natW up to 40 MeV 

 
M. U. Khandakera, M. S. Uddin a,1, K. Kima, M. W. Leea, K. S. Kima,  

Y. S. Leea,2, G. N. Kima,3, Y. S. Chob, Y. O. Leeb  
a Department of Physics, Kyungpook National University,  Daegu 702-701, Korea 

b Nuclear Data Evaluation Lab., Korea Atomic Energy Research Institute, Daejeon 305-600, Korea 

 

Abstract  

We measured the excitation functions for the production of the 181,182m,182g,183,184g,186Re 

radioisotopes from proton bombardment of natural tungsten by using a stacked-foil activation 

technique in the energy range from threshold energy to 40 MeV at the MC50 cyclotron of the 

Korea Institute of Radiological and Medical Science. The results were compared with the earlier 

reported experimental data and the model calculations using codes TALYS and ALICE-IPPE. 

The present values are in good agreement with some of the previously reported literature. The 

integral yields for thick targets were also deduced from the measured excitation functions of the 

produced radioisotopes. The deduced yield values were compared with the available directly 

measured thick target yield, and found acceptable agreement. The investigated radioisotope 
186Re has remarkable applications in the field of nuclear medicine, whereas the data of 183,184gRe 

have potential applications in thin layer activation analysis.  

 

PACS: 25.40.-h; 25.60.Dz 

Keywords: natW+p reactions; 40 MeV proton beam; Stacked-foil activation technique; MC50 

cyclotron; Excitation functions; Integral yields. 

 

1. Introduction 

 

Charged particle induced nuclear reactions by using cyclotrons or accelerators with 

moderate energy have been used for a wide variety of applications: medical radioisotope 

production, spallation neutron sources, radiation and shielding effects in space, technology 

                                                 
1 Present address: Institute of Nuclear Science and Technology, Atomic Energy Research Establishment, Savar, GPO 
Box No.3787, Dhaka-1000, Bangladesh.  
2 Present address: R & D Division, National Fusion Research Center, Daejeon 305-333, Korea. 
3 Corresponding author. Tel.: +82 53 950 5320; fax: +82 53 955 5356. E-mail address: gnkim@knu.ac.kr 
(G. N. Kim). 
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development of an accelerator-driven system for transmutation of nuclear waste or for energy 

production. The charged particle induced activation cross-sections (and/or excitation functions) 

are required to optimize the productions of medically and technologically important 

radionuclides, i.e., to maximize the yield of the desired product and to minimize the yields of 

the radioactive impurities. Nowadays, the technology for the production of radioisotopes by 

using cyclotron has become a very important feature in the field of nuclear medicine [1].  

The cross-section data on the particle induced reactions of tungsten (W) are of interest in 

various fields like model calculations, accelerator technology, charged particle activation 

analysis, medical radioisotope production, thin layer activation analysis to wear, corrosion in 

machine components etc. Tungsten is an ideal target material for the production of medically 

important radioisotopes (186Re, 188Re, 186W/186Re etc.). Rhenium radioisotopes have varieties of 

applications in nuclear medicine including radioimmunotherapy, radionuclide synovectomy, and 

bone pain palliation [2]. 186Re and 188Re are regarded as the best radioisotopes used for 

radiotheraphy and radioimmunotherapy. Neutron rich radioisotope 186Re can be produced 

through two routes; by reactor through (n,γ) process, and by cyclotron through 186W(p,n)186Re 

process. The later is better due to its carrier-free nature and also high specific activity. High 

specific activity is generally required for radiolabeling of tumor-specific antibodies [3]. Recent 

survey has shown that 186Re is an ideal candidate for radioimmunotherapy [4-6] with 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.  

Several investigations [7-15] were carried out for the production of high specific activity 
186Re radioisotope in no carrier added (NCA) form by proton bombardment on enriched 

tungsten targets using cyclotron, but large discrepancies are found among them. 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. Until now, no recommended 

data are available for the measured radioisotopes, especially the medically important 

radioisotope 186Re. However, nowadays only a few groups are engaged with the systematic 

investigations of (p,xn) processes leading to the production of medically important radioisotope 

by using hospital based small sized cyclotrons. The aim of the present work was to report 

reliable excitation functions for the production of 181,182m,182g,183,184g,186Re radioisotopes through 

W(p, x) processes in the energy region up to 40 MeV, and hence to enrich the literature database 

leading to the different mentioned applications. 
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2. Experimental technique and data analysis 

2.1. Targets and Irradiations 

Excitation functions for the proton-induced reactions on natural tungsten were measured 

by using the well established stacked-foil activation technique. A high purity (>99.99%) 

tungsten foil with a natural isotopic composition (180W-0.13%, 182W-26.3%, 183W-14.3%, 184W-

30.67%, 186W-28.6%) was used as the target for the irradiation. The thickness of the W foil was 

calculated by the measurements of the weight and the size of foil and found as 200±1 μm. 

Monitor foils of copper (>99.98 % purity and 50-μm thickness) and energy degrader foils of 

aluminum (99.999% purity and 100-μm thick) with known cross-sections were also included in 

the stack. Exactly, the Cu foils were used to monitor the beam intensity and energy, whereas Al 

foils were used to degrade the beam energy. Two stacks were used in order to measure 

independent and cumulative cross-sections of produced nuclide as a function of incident proton 

energy in the energy regions 6-40 MeV. Two separate Al foils of 500 um and 200 um thickness 

was placed at the front position of one and another stacks, respectively, (where the beam 

energy is well defined) to accurately measure the beam flux. The stacked foils were placed 

in an aluminum holder for irradiation.  
Special care was taken in preparation of uniform targets with known thickness, 

determination of proton energy and intensity along the stacks. Two stacks were separately 

irradiated for 30 minutes at the proton energy of 42 MeV, a diameter of 10 mm, and a beam 

current of about 100 nA in the external beam line of the MC50 cyclotron at the Korea Institute 

of Radiological and Medical Sciences (KIRAMS). The beam intensity was kept constant 

during irradiation so that equal areas of monitor and target foils intercepted the beam. To 

avoid uncertainties in the determination of the beam intensity and energy, excitation functions 

of the monitor reactions were measured simultaneously with the reactions induced on natural 

tungsten. 

 

2.2. Measurement of Radioactivity 

 

After the irradiations and appropriate cooling time, the samples were taken off, and the 

induced gamma activities emitted from the activation foils were measured by using high 

resolution gamma-ray spectrometer. The gamma-ray spectrometer was an n-type coaxial 

ORTEC (PopTop, Gmx20) high-purity germanium (HPGe) detector with a diameter of 55.1 mm 

and a thickness of 52.2 mm. The HPGe-detector was coupled to a 4096 multi-channel analyzer 

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 
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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 detection efficiencies as a function of the photon energy were measured at 15 cm and 

25 cm distances from the end-cap of the detector. Since most of the sources such as 133Ba, 60Co, 
57Co and 22Na emit more than one γ-ray, there is a certain probability of coincidence losses of 

cascade γ-rays when the sources are put closer to the detector. For this reason, all samples were 

counted at distances of 15 cm and 25 cm from the end-cap of the detector to avoid coincidence 

losses, and to assure low dead time (<10%) and point like geometry. The measurements were 

repeated 3-4 times to follow the decay of the radioisotopes and thereby to identify the possible 

interfering nuclides. The activity measurements of the irradiated samples were started about 15 

hours after the end of the bombardment (EOB). This cooling time was enough to separate the 

complex gamma lines from the decay of the undesired short-lived nuclides.  

 

2.3. Data analysis 

 

The proton beam intensity was determined by using the monitor reactions, 27Al(p,x)24Na 

and natCu(p,x)62Zn [16] from the measured activities induced in monitor foils at the front 

position of each stack considering that the monitor foils were irradiated simultaneously and 

measured in the same counting geometry and with the same HPGe-detector calibrated by the 

above mentioned standard γ-ray point sources. The use of the multiple monitor foils decreases 

the probability of introducing unknown systematic uncertainties in activity determination. It was 

also 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 proton energy degradation along the stack foils was calculated by using the computer 

program SRIM-2003 [17].  

The activation cross-sections for the reactions natW(p, xn) were determined in the 

proton energy range 6-40 MeV using the well-known activation formula [18]. The decay data of 

the radioactive products, such as the half-life (T1/2), the γ-ray energy (Eγ), and the γ-ray emission 

probability (Iγ), were taken from the NUDAT database [19] and are collected 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]. A detailed analysis can be found in elsewhere 

[21]. 
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The uncertainty of proton energy for each foil in the stack was estimated by comparing 

the measured excitation functions of the monitor reaction with the recommended values and 

the individual uncertainties of the contributing processes were taken into account considering 

also cumulative effects. The total uncertainty for each energy point depends on the irradiation 

circumstances and the position of the foil in the stack. These are the uncertainties of the incident 

beam energy, the target thickness and homogeneity, and the beam straggling. The estimated 

uncertainty of a representing point in the excitation function ranges from ±0.3 to ±1.1 MeV. 

In the present experiment, all the uncertainties were considered as independent. 

Consequently, they were quadratically added according to the laws of error propagation to 

obtain the total uncertainties. Moreover, some of the sources of uncertainties are common to all 

data, while others individually affect each reaction. However, the combined uncertainty in each 

cross-section was estimated by considering the following uncertainties; statistical uncertainty of 

gamma-ray counting (0.5-10 %), uncertainty in the monitor flux (~7 %), uncertainty in the 

efficiency calibration of the detector (~4 %), uncertainty of the sample thickness (~1.5%). The 

overall uncertainties of the cross-section measurements were in the range 8-14 %.  

  

3. Model calculation 

 

A variety of theoretical models are in general use at this time for calculating 

nuclear reaction cross-sections. In principle, a model gives us complete understanding 

of a physical process. It allows extrapolation and prediction of experimental data. The 

model codes offer important advantages such as ensuring internal consistency of the 

data by preserving the energy balance and the coherence of the partial cross-sections 

with the total or the reaction cross-sections. In addition, the model calculations can fill 

gaps in the experimental results and predict data for unstable nuclei. In the present case 

for comparison our experimental data, we have used the newly developed model code 

TALYS and the ALICE-IPPE code. 

The TALYS code is a nuclear-reaction computer program which simulates basically all 

types of nuclear reactions in the energy range of 1 keV - 200 MeV. With a few exceptions, the 

database of this code is based on the Reference Input Parameter Library [22]. In TALYS, the 

coupled-channel code ECIS-97 [23] is used as a subroutine for all optical model and direct 

reaction calculations. The default optical-model potentials (OMP) used in TALYS are the local 

and global parameterizations for neutrons and protons [24] but possible to adjust the parameters 

on demand. All types of compound nucleus reaction mechanism are included in this code where 

the calculations are mostly based on the Hauser-Feshbach formalism including width fluctuation 
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corrections (WFC). Several models for the level density are used in this code, which range from 

phenomenological analytical expressions to tabulated level densities derived from microscopic 

calculations. However, mostly the Fermi gas model is used at high energies, with shell- and 

energy-dependent level density parameter, whereas a constant temperature model fitted to the 

known discrete states is used at low energy. For nucleon reactions, a two-component exciton 

model with a new form of internal transition rates based on the OMP is implemented, which 

yields an improved description of pre-equilibrium processes over the whole energy range.  The 

multiple pre-equilibrium processes are accomplished by keeping track of all successive particle-

hole excitations for either proton or neutron. Pre-equilibrium photon emission is taken into 

account with the model of Akkermans and Gruppelaar [25]. For nuclear reaction mechanism 

involving projectiles and ejectiles with different particle numbers like stripping, pick-up, and 

knock-out processes, and for the prediction of pre-equilibrium angular distributions the newly 

developed Kalbach [26] phenomenological systematics are included in this code. The 

independent treatment of isomeric state cross-section is the main advantage of this code. The 

present results of p+natW processes were evaluated using the default values of various models 

(such as pre-equilibrium model, level density model etc.) of this code. However, the optical 

model parameters for p+natW processes were first calculated, and then used for evaluation 

purposes instead of using the global OMP from TALYS default values.  

The measured data were also compared with the theoretical data taken from the 

MENDL-2P database [27] calculated by using the ALICE-IPPE code. The ALICE-IPPE code is 

a modified version of ALICE-91 proposed by the Obninsk group [27]. The calculation of cross-

section using this code was based on the evaporation Weisskopf-Ewing model and geometry 

dependent hybrid exciton model [28]. 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.  

The individual results of the present studied reaction of interest were weighted and 

summed according to the abundance of the target isotopes. These obtained cross-sections are 

given in Figs. 1-8 and are discussed together with the experimental results in the following 

section. 

 

4. Results and discussion 

 

The stable isotopes of natural tungsten can transmute to the rhenium (Re) radioisotopes 

through W(p,xn)Re reactions. In some cases, two or more γ-rays are used for the measurement 

of each reaction cross-section, and the average value is presented. The excitation functions of 
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the investigated radioactive products 181,182g,182m,183,184g,186Re are shown in Figs. 1–6. The 

numerical data with uncertainties are presented in Table 2. The thick target integral yields are 

derived from the respective thresholds for the production of the investigated radionuclides using 

the measured cross-sections as a function of proton energy and are shown in Figs. 7–9. 

 

4.1. Cross-sections of residual radioisotopes of Rhenium 

 

4.1.1. Production of 181Re 

The radioisotope 181Re (T1/2= 19.9 h) has no isomeric state. The open reaction channels 

for the direct production of 181Re radioisotope have shown in Table 1. Excitation function for 

the formation of the 181Re radioisotope is shown in Fig. 1 together with the literature values. 

Only a few experimental data has found in the literature for the investigated energy region. 

Recently, Lapi et al. [8] and Zhang et al. [9] reported activation cross-sections for rhenium 

radioisotopes up to 17.6 MeV and 25 MeV, respectively.  Recently Tarkanyi et al. [11] and 

Michel et al. [14] reported production cross-sections of Re and Ta radioisotopes up to 34 MeV 

and 70 MeV, respectively. A good agreement is found with Lapi et al. [8] and Zhang et al. [9] 

data, while Tarkanyi et al. [11] and the ALICE-IPPE model [27] calculation appear 

systematically higher than this work. The prediction of the TALYS code showed a very good 

agreement with the present work. 

 

4.1.2. Production of 182gRe 

The radioisotope 182Re has two longer-lived energy states. The metastable state 

radioisotope 182mRe (T1/2=12.7 h) has no internal transition to the ground state (T1/2=64.0 h) and 

the decay of both states is accompanied by different number of independent γ-lines. Hence, we 

could measure the production cross-sections for both states independently. The produced 

activity from 182gRe was measured using the independent γ-lines (229.32, 1076.2 and 1231.0 

keV) and found consistent result among them. Excitation function for the 182gRe radioisotope 

production is shown in Fig. 2. The present results are in general good agreement with the earlier 

measured data of Lapi et al. [8], Zhang et al. [9], Tarkanyi et al. [11], and Michel et al. [14]. 

However, the data of Tarkanyi et al. [11] are higher than the present one in the proton energy 

region between 20 and 32 MeV. Szelecsenyi et al. [10] also reported the production cross-

sections of 182gRe radioisotope upto 18 MeV. The agreement between the present results and 

those of Szelecsenyi et al. [10] is reasonable up to 11 MeV, but their data are systematically 

lower than the present values as well as other experimental values. The trend of peak formation 

of our data agrees with the TALYS predicted values but ALICE-IPPE prediction showed a big 

difference. Actually, the ALICE-IPPE code can’t predict the isomeric states (i.e.,182gRe and 
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182mRe) independently, and the predicted cross sections is for the formation of  182m+gRe 

radionuclide. 

 

4.1.3. Production of 182mRe 

The isomeric state 182mRe has only one independent γ-line 470.32 keV (Iγ=2 %) with 

low intensity. The other high intense γ-rays 1121.4, 1189.2, and 1221.5 keV have an interfering 

contribution from the 182Ta radioisotope. In principle, the activity of this isomeric state can be 

determined by decomposition of strong common γ-lines through the measurement of decay 

curve. Comparing the present experimental conditions (i.e., irradiation time, decay time, 

measuring time) with the half life of 182Ta (T1/2= 114.43 days), we have considered that the 

contribution from 182Ta in the common γ-lines is very negligible amount. However, we have 

confirmed the consistency of measured values by using less intense independent γ-line 470.32 

keV. The measured cross-sections of 182mRe is shown in Fig. 3. The present results were 

compared with the available literature values, as well as theoretical values from the TALYS and 

the ALICE-IPPE code [27]. A good agreement was found with the literature data reported by 

Lapi et al. [8] and Tarkanyi et al. [11] in both shape and size.  However, the data reported by 

Zhang et al. [9] showed systematically lower values, but the trend of peak formation agrees with 

our new results. The calculated value of the TALYS code showed a better agreement with the 

present result than that of the ALICE-IPPE code. 

 

4.1.4. Production of 183Re 

The 183Re (T1/2=70 d) radioisotope has no longer-lived isomeric state. The produced 

activity of 183Re was determined using the independent γ-line 162.32 keV. The measured 

excitation function for the production of 183Re radioisotope and the literature data are shown in 

Fig. 4. The present results are in general good agreement with those of Zhang et al. [9], 

Tarkanyi et al. [11] and Michel et al. [14]. The data of Schoen et al. [13] and Lapi et al. [8] 

showed significantly higher and lower values, respectively, than the present data. Since the 

experimental technique and data evaluation method are more or less same to all groups, the use 

of monitor cross-sections may be the key point to the scattered data reported by different authors. 

The present results showed an overall good agreement with the theoretical data evaluated by the 

TALYS code than the data taken from ALICE-IPPE code [27]. 

 

4.1.5. Production of 184gRe 

The radioisotope 184Re has two longer-lived isomeric states. The metastable state 184mRe 

(T1/2=169 d) mainly decays to the ground state (T1/2=38 d) by internal transition (75.4%). As the 

half-life of the metastable state is four times longer than that of the ground state, contributions 
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from the decay of 184mRe to 184gRe strongly depend on the period of the activity measurement of 
184gRe. In principle, the production of the two states can be measured by assessment of different 

independent gamma-lines following the decays of the two isomers. However, we measured the 

production cross-sections of 184gRe by using the independent gamma line 894.76 keV (Iγ = 

15.6 %). Since in the present experiment, the irradiation time (tirr= 0.5 h), decay time (td= few 

hours) and the measuring time (tm= 200 ~1000 sec) are negligible compare to the half life of 

metastable state (T1/2=169 d), hence we could considered that the gamma lines originating from 

the decay of the ground state contain only an insignificant contribution from the metastable state. 

The cross-section for the direct production of the ground state could hence be determined with 

very small additional uncertainty. Furthermore, we did not find any independent gamma ray line 

for meta stable state (184mRe) radionuclide. The measured production cross-sections of 184gRe 

radioisotope and the available experimental data are shown in Fig. 5. An overall good 

agreement is found with all of the previously reported experimental data by Lapi et al. [8], 

Zhang et al. [9], Tarkanyi et al. [11], Schoen et al. [13], Michel et al. [14], and also with the 

theoretical data (for 184m+gRe) from the codes TALYS  and ALICE-IPPE [27]. 

  

4.1.6. Production of 186Re 

The only possible reaction path for the production of 186Re from the proton bombardment on 

natural tungsten is 186W(p, n)186Re (Q= -1.069 MeV). The produced activity of 186Re (T1/2=3.72 

d) nuclei was determined using the independent γ-line 137.157 keV (9.47%). The measured 

excitation function for the production of neutron rich therapeutic radioisotope 186Re has shown 

in Fig. 6 together with the available experimental values and theoretical data evaluated by 

computer code TALYS and data taken from ALICE-IPPE code [27], as well. We found a 

general good agreement with the data reported by Lapi et al. [8]. Recently, Tarkanyi et al. [12] 

reported the corrected data of their previous results [11] and new results for 186Re radioisotope. 

The corrected data are agreed with the presented results and the new results of Tarkanyi et al. 

[12] are lower than our results above 15 MeV. The data of Szelecsenyi et al. [10] are higher 

than the present ones below 17 MeV.  Shigeta et al. [7] measured the production cross-sections 

of 186Re by using an isotopically enriched sample 186W, and hence their data showed higher 

values than any other measurements. The data reported by Zhang et al. [9] are very low 

compared with other measurements, and the ALICE-IPPE [27] prediction is not reasonable in 

the peak formation region 6-13 MeV. 
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5. Integral yields 

 

The thick target integral yields for the production of medically and technologically 

relevant activation products were deduced using the experimental cross-sections and stopping 

power of natW over the energy range from threshold up to 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. 7-9 as a function of proton energy in comparison with the few directly measured thick 

target yields (TTY) data found in the literature. Dmitriev and Molin [29,30] measured integral 

yield as a function of proton energy up to 22 MeV for 181,182m,182g,183,184m,184gRe radioisotopes. The 

comparison of our calculated data and the experimental yield data showed a good agreement for 
181Re, 183Re, and 184gRe, but the yields differ significantly for production of 182mRe and182gRe; 

however the area of their (182mRe, 182gRe) application is limited.  

 

6. Conclusions 

 

Owing to the original goal, a new data set for the production cross-sections of the 
181,182m,182g,183,184m,184g,186Re radioisotopes through the proton bombardment on natural tungsten 

have been reported in the energy range of 6.61-40 MeV using the stacked-foil activation 

technique with an overall uncertainty of about 14%. The measured cross-section data for most 

of the radioisotopes have much importance in several fields; e.g., nuclear medicine, thin layer 

activation process, trace element analysis, and for the improvement of model calculations. 

Rhenium-186 (186Re) is one of the most useful radioisotopes for internal radiotherapy in 

nuclear medicine. The measured production cross-sections of this radioisotope will help 

effectively to optimize the production conditions. The production cross-sections of 184gRe and 
183Re radioisotopes have much importance in thin layer activation technique due to their 

convenient half-lives, gamma-lines and high yields. The measured cross-sections of the other 
181Re, 182mRe, and 182gRe radioisotopes could help in prediction, optimization and evaluation of 

the radiochemical purity. Furthermore, it should be mentioned that for precise estimation of the 

impurity levels in fully and/or partly enriched targets, isotopic cross-sections are required for all 

stable isotopes of that target material. At present the isotopic cross-sections of tungsten are not 

sufficient in our investigated energy range, hence these new data have importance in this regard 

also. 

Although, nowadays some medically important radioisotopes (especially, diagnostic 

ones say, 99mTc) are produced commercially by using nuclear reactors through (n,γ) process, the 

cyclotron offers the alternative production route of these isotopes in no carrier added form 
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(NCA) and also with with high specific activity. In the last two decades, the rapid installations 

of hospital based cyclotrons all over the world were driven by the advent of advances in PET 

imaging technique. However, the measured production cross-sections of natW(p,xn) processes 

would be very helpful to prepare a recommended data base leading to various mentioned 

applications.  
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Table 1 
Decay data of the produced nuclides used in the present study 
 
Nuclide Half-

life 
Decay 
mode 

γ-
energy, 
Eγ (keV)

Branching 
ratio (%) 

Contributing 
reactions 

Q-value  
(MeV) 

Threshold 
(MeV) 

181Re 19.9 h EC 360.70 
365.57 
639.30 
805.2 
953.42 
1000.2 

20.0 
57.0 
6.4 
3.1 
3.6 
3.3 

182W(p,2n) 
183W(p, 3n) 
184W(p,4n) 
186W(p,6n) 

-10.58 
-16.78 
-24.19 
-37.14 

10.64 
16.87 
24.32 
37.34 

182mRe 12.7 h EC 470.32 
1121.4 
1189.2 
1221.5 

2.0 
31.8 
15 
24.8 

182W(p,n) 
183W(p,2n) 
184W(p,3n) 
186W(p,5n) 

-3.58 
-9.77 
-17.18 
-30.13 

3.60 
9.83 
17.28 
30.30 

182gRe 64.0 h EC 169.15 
229.32 
256.45 
276.31 
286.56 
357.07 
1076.2 
1121.3 
1221.4 
1231.0 
1427.3 

11.3 
25.7 
9.5 
8.7 
7.0 
10.3 
10.3 
22 
17.4 
14.9 
9.8 

182W(p,n) 
183W(p,2n) 
184W(p,3n) 
186W(p,5n) 

-3.58 
-9.77 
-17.18 
-30.13 

3.60 
9.83 
17.28 
30.30 

183Re 70.0 d EC 162.32 
246.062 
291.72 
354.0 

23.3 
0.31 
3.05 
0.54 

183W(p,n) 
184W(p,2n) 
186W(p,4n) 

-1.34 
-8.75 
-21.70 

1.35 
8.80 
21.82 

184mRe 169 d IT+EC 104.73 
161.27 
216.55 
792.06 

13.4 
6.5 
9.4 
3.69 

184W(p,n) 
186W(p,3n) 

- 2.27 
-15.21 

2.28 
15.29 

184gRe 38.0 d EC 792.07 
894.76 
903.28 

37.5 
15.6 
37.9 

184W(p,n) 
186W(p,3n) 

- 2.27 
-15.21 

2.28 
15.29 

186Re 3.72 d β⎯ 137.157 9.47 186W(p,n) -1.069 1.37 
 

* The bold marked gamma lines were used for nuclide identifications and cross-sections 

measurements. 
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Table 2 

Measured cross-sections of the reactions natW(p,xn)181, 182g, 182m, 183,184g, 186Re and 183, 184Ta 

 

Proton  

Energy 

Cross sections with uncertainties (mb) 

MeV 181Re 182gRe 182mRe 183Re 184gRe 186Re 

6.6±1.1 -- 7.6±1.0 27.5±2.2 13.4±2.1 29.7±5.4 2.4±0.3 

10.8±0.9 19.0±3.4 8.6±1.1 102.2± 9.8 46.7±5.2 61.6±8.0 16.6±1.6 

13.0±0.8 157.1±13.0 37.4±3.1 171.0±12.6 146.5±11.4 69.7±6.6 11.3±1.0 

15.9±0.8 253.8±24.4 46.9±4.6 167.2± 15.6 202.6±16.9 50.0±6.0 10.3±1.1 

18.9±0.7 333.1±26.0 73.0±5.7 213.3± 15.8 259.4±20.4 153.2±13.6 9.1±0.9 

21.6±0.7 316.7±30.8 81.2±7.1 271.2± 25.7 152.0±15.2 272.4±29.3 9.1±1.0 

23.4±0.7 284.3±23.2 108.5±8.4 343.7± 25.7 111.7±9.7 339.0±29.6 7.8±0.8 

25.8±0.6 225.7±23.4 120.8±11.6 410.0±38.8 136.0±13.4 323.3±34.8 7.7±0.8 

28.0±0.6 236.4±20.8 146.2±11.2 375.0±28.0  182.8±14.3 248.6±24.6 9.2±0.9 

30.0±0.5 266.5±26.3 121.3±11.7 344.5± 32.7 254.9±24.4 158.9±19.8 7.6±0.8 

31.5±0.5 301.8±29.3 103.3±8.0 261.3± 19.8 289.2±22.4 141.5±16.3 7.2±0.7 

33.4±0.5 373.9±35.6 94.3±9.1 179.0±17.1  281.2±27.9 114.6±15.7 7.7±0.9 

35.2±0.4 441.7±33.8 86.6±6.8 153.9±11.4  272.2±22.8 100.3±13.8 7.1±0.7 

36.9±0.4 379.4±36.2 73.9±7.2 166.2±16.1 245.2±24.9 84.1±13.8 7.8±0.9 

38.3±0.3 353.0±27.6 80.6±6.3 171.4± 12.7 238.6±19.4 79.5±12.1 7.1±0.7 

39.9±0.3 329.8±31.8 91.3±8.8 189.2±17.7 225.8±22.0 66.4±11.6 6.4±0.7 

 

Figure captions: 

 

Fig. 1 Excitation function of the natW(p, x)181Re reaction 

Fig. 2 Excitation function of the natW(p, x)182gRe reaction 

Fig. 3 Excitation function of the natW(p, x)182mRe reaction 

Fig. 4 Excitation function of the natW(p, x)183Re reaction 

Fig. 5 Excitation function of the natW(p, x)184gRe reaction 

Fig. 6 Excitation function of the natW(p, x)186Re reaction 

Fig. 7 Integral yields for the production of the 181, 182m, 182gRe radionuclides 

Fig. 8 Integral yields for the production of the 183, 184gRe radionuclides 

Fig. 9 Integral yields for the production of the 186Re radionuclides 
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Fig. 1 Excitation function of the natW(p, x)181Re reaction 
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Fig. 2 Excitation function of the natW(p, x)182gRe reaction 
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Fig. 3 Excitation function of the natW(p, x)182mRe reaction 
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Fig. 4 Excitation function of the natW(p, x)183Re reaction 
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Fig. 5 Excitation function of the natW(p, x)184gRe reaction 
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Fig. 6 Excitation function of the natW(p, x)186Re reaction 
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Fig. 7 Integral yields for the production of the 181, 182m, 182gRe radionuclides 
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Fig. 8 Integral yields for the production of the 183, 184gRe radionuclides 
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Fig. 9 Integral yields for the production of the 186Re radionuclide 
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The production cross-sections of 117m,113Sn radioisotopes for proton-
induced reactions on natural tin were measured up to 40 MeV by using a 
stacked-foil activation technique at the MC50 cyclotron of the Korea 
Institute of Radiological and Medical Sciences. The thick target integral 
yields were also deduced for each radionuclide by using the measured 
cross-sections from the respective threshold up to 40 MeV. The present 
results are in generally good agreement with the earlier reported data and 
with the theoretical data calculated by using the computer codes TALYS 
and ALICE-IPPE. The production yield of 117mSn from a natural tin target 
at a 39 MeV proton energy was 3.15 MBq/μA-h (85.14 μCi/μA-h), but 
the impurity level due to the long-lived 113Sn radionuclide was found to 
be ~4%.  

 
PACS number: 25.40.Lw 
Keywords: Activation cross-section, Sn+p reactions, Thick target integral yield, 
117m,113Sn radioisotope, 42MeV proton energy, MC50 cyclotron, Stacked-foil activation 
technique, TALYS. 
 

I. INTRODUCTION 

The science and technology for the production of radionuclides by using proton accelerators in 
the tens of MeV region have become very important features of modern nuclear medicine. The 
proton-induced reaction cross-sections are required to optimize the production routes, i.e., to 
maximize the yield of the desired product and to minimize the yields of radioactive impurities. A full 
knowledge of the excitation function is essential for the optimization of radionuclide formation 
because an accelerated proton impinging on a target material loses its energy very quickly, instead of 
using an average cross-section.  

The use of certain bone-seeking radiopharmaceuticals is becoming increasingly popular 
because their use tends to relieve pain without the undesirable side effects associated with narcotics. 
Several radiopharmaceuticals are used in palliation therapy, including compounds or complexes of 
32P [1], 89Sr [2], 186Re [3], 153Sm [4], and 117mSn [5]. Among them 117mSn diethylene-triamine-
pentaacetic-acid (DTPA) is widely used as an ideal agent for the treatment of metastatic bone pain 
[6]. It has proven to be an ideal radionuclide for the prognosis and the palliative 
treatment of metastatic bone cancer due to its suitable radiation characteristics: for 
example, the emission of low-energy conversion (Auger) electrons with a discrete range 
                                                 
4 Present address: R & D Division, National Fusion Research Center, Daejeon 305-333. 
5 E-mail: gnkim@knu.ac.kr, Tel.: +82(53)950-5320, Fax.: +82(53)939-3972. 
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of 0.2-0.3 mm in bone tissue. Because of its favorable decay characteristics, especially 
the moderate half-life (13.60 day) and the conversion electron, it can be used as a high 
linear energy transfer (LET) radioisotope. 117mSn with a monoenergetic gamma photon 
of 158.562 keV at 86% emission intensity can be used as an excellent bone imaging 
agent, enabling accurate quantification of total-body uptake and retention, as well as 
uptake and retention by metastatic lesions and normal bone [7]. The 117mSn radionuclide 
is produced by using the nuclear reaction 117Sn(n,γ)117mSn, where the main contaminants 
are the 113Sn and 125Sn (and its daughter 125Sb) isotopes, originating in impurities of the 
target material. An alternative production through natSn(p,x)117mSn was reported by 
Moraes and Osso [8]. Recently, Hermanne et al. also published the production cross-
sections of proton-induced reactions on natural Sn by using the stacked-foil activation 
technique from threshold to 67 MeV [9].   

In this research, we measured the production cross-sections of 117m,113Sn 
radioisotopes for proton-induced reactions on natural tin from threshold to 40 MeV by 
using a stacked-foil activation technique at the MC50 cyclotron of the Korea Institute of 
Radiological and Medical Sciences (KIRAMS). The thick target integral yields were 
also deduced for each reaction by using the measured cross-sections from the respective 
threshold up to 40 MeV. The present results were compared with the earlier reported 
data and with the theoretical data calculated by using the computer codes TALYS and 
ALICE-IPPE.  

II. EXPERIMENTAL TECHNIQUE 

The production cross-sections of 117m,113Sn radioisotopes in proton-induced reactions 
on natural tin (Sn) target were measured as a function of the proton energy in the energy 
region from threshold to 40 MeV by using a stacked-foil activation technique combined 
with high-resolution gamma-ray spectrometry. A high-purity (>99.99%) tin foil (50-μm 
thick) with a natural isotopic composition (112Sn (0.97%), 114Sn (0.65%), 115Sn (0.34%), 
116Sn (14.53%), 117Sn (7.68%), 118Sn (24.23%), 119Sn (8.59%), 120Sn (32.59%), 122Sn 
(4.63%), and 124Sn (5.79%)) was used as the target for irradiation. Monitor foils of 
copper (100-μm and 50-μm thick) and aluminum (100-μm thick) with known cross-
sections were also included in the stack. The aluminum and the copper foils were used 
to monitor the beam intensity and to degrade the beam energy, respectively. A natural 
cadmium foil (100-μm thick) was inserted into the stack, together with the tin target, to 
do additional experiment in the same irradiation. The cadmium foil also served as a 
beam-energy degrader. The stacked samples were irradiated for 45 minutes at a proton 
energy of 42 MeV, a beam diameter of 10 mm, and a beam current of about 100 nA in 
the external beam line of the MC50 cyclotron at KIRAMS. The beam intensity was kept 
constant during the irradiation. It was necessary to ensure that equal areas of the monitor 
and the target foils intercepted the beam. The irradiation geometry was kept in a 
position such that the foils received the maximum beam intensity.  

III. DATA ANALYSIS 

The activities of the radioisotopes produced from the tin foils and the monitor 
(Cu and Al) foils were measured continuously by using a high-purity germanium 
(HPGe) gamma-ray spectrometer. The HPGe-detector (EG&G Ortec.) was coupled to a 
4096 multi-channel analyzer (MCA) with the associated electronics to determine the 
photo peak area of the γ-ray spectrum. The spectrum analysis was done using the 
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program Gamma Vision 5.0 (EG&G Ortec.). The activity measurements of the 
irradiated samples were started about 5 hours after the end of irradiation, due to the high 
radiation dose of the short-lived products, and continued up to 30 days with repeated 
measurements. This process allowed us to accurately measure short-lived, as well as 
long-lived, activation products. Each sample was recounted 5-6 times to avoid 
disturbances caused by overlapping gamma-lines from undesired sources and to more 
accurately evaluate the longer-lived radioisotopes. Measurements were done at 5-25 cm 
distances between the sample and the end-cap of the detector to keep dead time within 
10% and to suppress the sum-coincidence effect caused by the coincidental detection of 
two or more γ-rays in cascade. The measurements were repeated several times to follow 
the decay of the radioisotopes and, thereby, to identify the possible interfering lines. The 
detection efficiencies as functions of the photon energy were determined by using the 
standard point sources 133Ba, 109Cd, 22Na, 60Co, 57Co, 54Mn, and 137Cs.  

The activation cross-sections for the reactions natSn(p, xn)117m,113Sn were 
determined in the proton energy range 5-40 MeV by using the well-known activation 
formula [10]. The nuclear data for the produced radioisotopes used in this report were 
taken from the NUDAT database [11] and are presented in the 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 [12].  
 
Table 1. Nuclear data of the produced radioisotopes used in the present study. 
Produced 

Nuclei 
Half-life Eγ 

(keV) 
Iγ 

(%) 
Contributing 

reactions 
Q-value 
(MeV) 

Threshold 
Energy (MeV) 

117mSn 13.6 d  
 

158.56  
 

86.3  
 

117Sn(p, p΄)  
118Sn(p, pn) 

119Sn(p, p2n) 

120Sn(p, p3n) 

122Sn(p, p5n)  

0.0 
-9.32652 
-15.8119 
-24.9194 
-39.9038 

0.0 
9.40625 
15.9460 
25.1289 
40.2337 

113Sn  115.1 d  254.5  
391.71  

2.07  
64.17  

114Sn(p, pn)  
115Sn(p, p2n) 

116Sn(p, p3n) 

117Sn(p, p4n)  
Decay of 113Sb

-10.2991 
-17.8450 
-27.4084 
-34.3531 

10.3902 
18.0015 
27.6468 
34.6492 

 
62 Zn 9.186 h 548.35 

596.7 
15.2 
25.7 

63Cu(p, 2n) 
65Cu(p, 4n) 

-13.2626 
-31.0889 

13.4750 
31.5715 

24 Na 14.96 h 1368.59 100 27Al(p, 3p+n) -31.4287 32.6027 
22 Na 2.6 y 1274.53 99.94 27Al(p, +pn)  -22.5111 23.3519 

 
The proton beam intensity and energy were determined from the measured 

activities induced in the copper monitor foils at the front position of the stack using the 
reactions natCu(p,x)62Zn [13]. The monitor foils were considered to have been irradiated 
simultaneously and were measured with the same detector and in a comparable 
geometry as the tin target. The loss of proton flux through the stack was very small and 
difficult to measure practically. The beam intensity was considered constant to deduce 
the cross-sections for each foil of the stack. A precise measurement of the proton energy 
has a great impact on the accuracy of the excitation functions for the production of 
radioisotopes. We measured the production cross-sections of the 62Zn nuclide to cross 
check the proton energy with the SRIM-2003 [14] simulated proton energy along the 
foils in the stacks, as shown in Fig. 1.  
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Fig. 1. Excitation function of the monitor reaction used in the present experiment. 

 
The theoretical data were taken from the MENDL-2P data base calculated by 

using the ALICE-IPPE code [15]. ALICE-IPPE is a version of ALICE-91 [16] that was 
modified by the Obninsk group. It is an ‘a-priori’ model calculation. The calculation of 
the cross-section using this code was based on the evaporation Weisskopf-Ewing model 
and geometry-dependent hybrid exciton model [17]. A 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, so only total production cross-sections were 
calculated. The individual results of the present studied reaction of interest were 
weighted and summed according to the abundance of the target isotopes.  

We also calculated the cross-sections by using the TALYS code for comparison. 
TALYS is a nuclear-reaction computer program that simulates basically all types of 
nuclear reactions in the energy range of 1 keV - 200 MeV. With a few exceptions, the 
database of this code is based on the Reference Input Parameter Library [18]. In TALYS, 
the coupled-channel code ECIS-97 [19] is used as a subroutine for all optical model and 
direct reaction calculations. The default optical-model potentials (OMP) used in TALYS 
are the local and the global parameterizations for neutrons and protons [20], but the 
parameters can be adjusted by the user. The present results of p+natSn processes were 
evaluated using mostly the default values of the code, and a little modification of the 
level density file based on the RIPL-2 data base [18].  

There are many types of errors, but they are usually grouped into two broad 
categories: random and systematic. Systematic errors are those that affect all the results 
in the same way. For example, the error in beam current meters is a systematic bias in 
the method. Systematic errors introduce uncertainties that do not obey a particular law 
and cannot be estimated by repeating the measurements. Reasonable efforts were taken 
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to minimize and/or eliminate the systematic errors. However, the combined uncertainty 
in each representing cross section point was estimated by using the error propagation 
formula and considering the uncertainties given in Table 2. The uncertainty of the 
proton energy for each foil in the stack was estimated by comparing the measured 
excitation functions of the monitor reaction with their recommended values, and the 
individual uncertainties of the contributing processes were taken into account 
considering also cumulative effects. The possible uncertainty of a point in the excitation 
function ranged from ±0.3 up to ±1.1 MeV, which we indicated in the table and figures. 
 

Table 2. Main source of errors considered in the cross-section measurements 

Source of error Uncertainty (%) 
Statistical error  0.5~10 
Error due to the beam flux ~7 
Error due to the detection efficiency estimation ~4 
Error due to the sample thickness ~1.5 
Error due to the γ-ray intensity ~1 

Overall uncertainty 8~14 

 

IV. RESULTS AND DISCUSSION 

 
The measured production cross-sections of the radioactive 117m,113Sn nuclides 

produced through natSn(p,pxn) reactions are presented in Table 3. Total uncertainties are 
also given. In Figs. 2 and 3, a comparison between the present results and the few 
existing literature values are shown. The thick target integral yields were derived from 
the respective thresholds for the production of the investigated radioisotopes by using 
the measured excitation functions as a function of proton energy.  

 
1. natSn(p,pxn)117mSn Processes 

 
The long-lived metastable state radionuclide 117mSn (T1/2= 13.6 d) decays to a 

stable isotope 117Sn through the complete IT decay process. The only characteristic 
gamma line (Eγ=158.56 keV, Iγ=86.3%) of the 117mSn radionuclide is identical to that of 
the 117Sb radionuclide (T1/2=2.80 h). Fortunately, the half-lives of these two 
radioisotopes are greatly different. In principle, after a decay time of 10-15 half-lives, 
the activity contribution of the 117Sb radionuclide at 158.56 keV become completely 
zero and/or practically negligible. In order to determine the production cross-sections of 
the 117mSn radionuclide, we analyzed the counting spectra with a decay time of 4-30 
days. The contributing reactions of this radionuclide formation are 117Sn(p, p΄)117mSn 
(Q= 0.0 MeV), 118Sn(p, pn)117mSn (Q= -9.3 MeV), 119Sn(p, p2n)117mSn (Q= -15.8 MeV),  
120Sn(p, p3n)117mSn (Q= -24.9 MeV) and 122Sn(p, p5n)117mSn (Q= -39.9 MeV).  The 
measured excitation function of 117mSn radionuclide formation is shown in Fig. 2, 
together with the literature data obtained by Hermanne et al. [9], the theoretical data 
calculated by using the TALYS code, and the data taken from the calculations based on 
the ALICE-IPPE code [15]. The coulomb barrier of the 117Sn(p, p΄)117mSn (Q= 0.0 
MeV) reaction is largely inhibited in both the entrance and exit channel. Hence, the 
contributions of this reaction in the formation of 117mSn started immediately after the 



KAERI/TR-3602/2008 
 

 26 
 

Coulomb barrier effect. We also observed no clear structure and a slowly rising shape 
from the threshold of 9.4 MeV of the (p,pn) reaction. The comparatively higher 
production region (> 20MeV) is due to the direct contribution of the highest abundant 
isotope 120Sn (32.59%) through the 120Sn(p, p3n)117mSn (Q= -24.9 MeV) nuclear process. 
The present results are in generally good agreement with those of Hermanne et al. [9] in 
our investigated energy region. The ALICE-IPPE [15] prediction showed a better 
agreement with the measured data than the TALYS code prediction up to 25 MeV. The 
extended (beyond our investigated energy region, 40 MeV) theoretical prediction by 
both codes (TALYS and ALICE-IPPE) showed a maximum at around a 50-MeV proton 
energy. However, for commercial production of the 117mSn radionuclide, high energy 
(50-MeV) proton irradiation is not suitable due to the large impurity from the long-lived 
113Sn radionuclide. The value of the production cross-section just increased gradually 
with the proton energy, somewhat in linear form, in the present investigated energy 
region. 

 
Fig. 2. Excitation function of the natSn(p, xn)117mSn reaction. 

 
 
2. natSn(p,pxn)113Sn Processes        

 
The long-lived ground state of 113Sn (T1/2=115.1d) is produced as a contaminant of 

the medically important radionuclide 117mSn from proton irradiations on natural tin 
targets. 113Sn has one short-lived metastable state radionuclide 113mSn (T1/2= 21.4 m), 
which decays to the ground state by the IT (91.1%) process and to the daughter 113mIn 
by the EC (8.9%) process.  The contributing reaction channels for this radionuclide 
formation are 114Sn(p,pn) (Q=-10.3 MeV), 115Sn(p, p2n) (Q=-17.8 MeV), 116Sn(p, p3n) 
(Q= -27.4 MeV), and117Sn(p, p4n) (Q= -32.4 MeV). Basically, this radionuclide can be 
produced in three processes: direct production by the (p,pxn) process, IT (91%) decay of 
the short-lived metastable state radionuclide 113mSn (T1/2= 21.40 m), and EC (100%) 
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decay of the short-lived parent 113Sb. As the activity counting was done after a long 
cooling time and as we could not measure the short-lived radionuclide 113mSn, the 
present measured cross-sections of 113Sn can be treated as the cumulative production 
cross-sections of the 113m+gSn radionuclide. The cumulative cross-sections of 113Sn were 
determined using the strong gamma line at 391.71 keV and are shown in Fig. 3. An 
overall good agreement is found with the experimental data given by Hermanne et al. 
[9], the theoretical data calculated by using the computer code TALYS, and the 
evaluated data taken from the ALICE-IPPE code [15] in our investigated energy region. 
For both the theoretical values, small differences exist in this energy region. It seems to 
us that the slightly higher value around 25 MeV is due to the decay of the parent 113Sb 
radioisotope because the corresponding reaction threshold 116Sn(p, p3n)113Sn (Q=-27.4 
MeV) of the higher isotopic abundant isotope 116Sn (14.53%) lies above this energy and 
because the isotopic abundances of other competing reactions stable isotopes [114Sn 
(0.65%); 115Sn (0.34%)] are very low. We, thus, see a sharp rise above 35 MeV, which 
originated from the direct reactions on abundant Sn isotopes (116Sn(p, p3n) and 118Sn(p, 
p5n)), and a second maximum for the production of 113Sb, as observed in Ref. [9]. The 
ALICE-IPPE [15] calculation predicts a peak formation at around 45 MeV whereas the 
calculations with the TALYS code doesn’t predict any maximum up to 80 MeV. 

 
Fig. 3. Excitation function of the natSn(p, xn)113Sn reaction. 
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Table 3. Measured cross-sections of the reactions natSn(p,xn)117m,113Sn 

Energy (MeV) 
117mSn (mb) 113Sn (mb) 

5.6±1.1 0.69±0.16 -- 

8.1±1.1 0.76±0.17 -- 

10.2±1.0 1.07±0.20 1.39±0.65 

12.0±1.0 1.21±0.21 1.76±0.92 

15.5±0.9 2.54±0.29 2.67±1.57 

16.8±0.8 3.20±0.35 3.42±1.17 

19.6±0.8 6.77±0.66 4.49±1.35 

22.2±0.7 10.17±0.97 4.49±1.50 

23.3±0.7 12.45±1.18 5.71±1.74 

25.5±0.6 16.40±1.54 5.45±1.43 

26.5±0.6 17.91±1.34 5.98±2.44 

28.6±0.5 20.85±1.55 5.71±3.23 

30.5±0.5 23.41±1.73 5.45±2.28 

32.4±0.4 24.91±1.84 5.29±1.60 

34.2±0.4 26.73±1.97 5.77±2.12 

35.9±0.3 28.04±2.07 8.65±2.54 

37.6±0.3 30.92±2.27 10.68±2.53 

39.2±0.3 37.99±2.79 20.50±2.92 
 
 
3. Integral Yield 

 
The yield for a target having any thickness can be defined as the ratio of the 

number of nuclei formed in the nuclear reaction to the number of particles incident on 
the target, and is termed as physical yield. It is customary to express the number of 
radioactive nuclei in terms of the activity and the number of incident particles in terms 
of the charge. Thus, the physical yield can be given as the activity per Coulomb, in units 
of GBq/C. The analytical meaning of the physical yield is the slope (at the beginning of 
the irradiation) of the curve of the growing activity of the produced radionuclide versus 
irradiation time. 

The integral yield of a radionuclide from a nuclear process can be deduced 
using the measured cross-sections of 117m,113Sn and the stopping power of natSn over the 
energy range from threshold up to 40 MeV by taking into account that the total energy 
is absorbed in the targets. It is expressed as MBq⋅μA-1⋅h-1, i.e., for an irradiation at 
constant beam current of 1μA for 1 hour. The obtained integral yield for 117mSn 
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production is shown in Fig. 4 as a function of proton energy and is compared to that for 
the impurity from the 113Sn radionuclide.  

 
 

Fig. 4. Integral yields for the production of the 117mSn radionuclide with an impurity 
from 113Sn 

 
 

V. CONCLUSIONS 

New, independent, cumulative production cross-sections for the 117m,113Sn 
radioisotopes were measured by using a stacked-foil activation technique in the proton 
energy range of 5-40 MeV with an overall uncertainty of less than 14%. 117mSn is one of 
the most useful radionuclides for bone pain palliation and bone tumor therapy studies in 
nuclear medicine. Hermanne et al. [9] measured the production cross-sections of 117mSn 
from natural tin target up to 70 MeV and concluded that deuteron bombardment on 
natural tin target is more preferred for the production of 117mSn in larger amounts than 
proton bombardment. Srivastava [10] concluded in his recent review that the privileged 
production route of 117mSn was neutron activation of stable ground-state 117Sn targets by 
reactors whereas the largest impurities came from 113Sn and 125Sn (and its daughter 
125Sb) isotopes.  

In this experiment, the integral yield of the 117mSn radionuclide from a natural 
tin target at 39 MeV was 3.15 MBq/μA⋅h (85.14 μCi/μA⋅h), but the impurity level due 
to the long-lived 113Sn radionuclide was found to be ~4%. In principle, the non-isotopic 
impurities can be removed by chemical separations, but the level of isotopic impurities 
can only be minimized by using enriched targets and/or by a careful selection of the 
effective particle energy range in the target. A highly enriched 117,118Sn target and 
medium-energy (< 30 MeV) hospital-based cyclotron can also be used to increase the 
production yield of 117mSn and to decrease the pollutant 113Sn, simultaneously. However, 
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the present measured excitation function of this radionuclide will help effectively to 
optimize the production conditions and to enrich the literature data base. Above all, the 
present measured production cross-sections of the 117mSn radioisotope from the 
natSn(p,pxn)117mSn processes will be very helpful to prepare a recommended database 
leading to practical applications.  

 

ACKNOWLEDGMENTS 

 

The authors express their sincere thanks to the staffs of the MC-50 Cyclotron 
Laboratory for their cordial help in performing the experiment. This work was partly 
supported by the Korea Science and Engineering Foundation (KOSEF) through a grant 
provided by the Korean Ministry of Science and Technology (MOST) in 2007 ( project 
numbers M2-07A110101419, M2-07B020000810, and M2-07M040001110). This work 
was also partly supported by the Science Research Center (SRC) program of the Korean 
MOST and through the BK21 program of the Korea Research Foundation (KRF). 

REFERENCES 

[1] E. B. Silberstein, Semin Oncol. 20 (Suppl. 2), 10 (1993). 

[2] L. Berna, I. Carrio, C. Alonso, J. Ferre, M. Estorch, and G. Torres, Euro. J. Nucl. 

Med. 22, 1101 (1995); S. L. Breen, J. E. Powe, and A. T. Porter, J. Nucl. Med. 33, 

1316 (1992). 

[3] J. M. H. De Klerk, B. A. Zonnenberg, A. D. Van het Schip, A. Van Dijk, S. H. 

Han, J. M. S. P. Quirijen, G. H. Blijham, and P. P. Van Rijk, Euro. J. Nucl. Med. 

21, 1114 (1994); H. R. Maxson, L. E. Schroder, S. R. Thomas, V. S. Hertzberg, E. 

A. Deutsch, H. I. Scher, R. C. Samaratunga, K. F. Libson, C. C. Williams, J. S. 

Moulton, and H. J. Schneider, Radiology 176, 155 (1990).  

[4] J. H. Turner, A. A. Martindale, P. Sorby, E. L. Hetherington, R. F. Fleay, R. F. 

Hoffman, and P. G. Claringbold, Euro. J. Nucl. Med. 15, 784 (1989). 

[5] H. L. Atkins, L. F. Mausner, S. C. Srivastava, G. E. Meinken, R. F. Straub, C. J. 

Cabahug, D. A. Weber, C. T. C. Wong, D. F. Sacker, S. Madajewicz, T. L. Park, 

and A. G. Meek, Radiology 186, 279 (1993). 

[6] B. E. Zimmerman, J. T. Cessna, and F. J. Schima, Appl. Radiat. lsot. 49(4), 317 

(1998). 

[7] G. T. Krishnamurthy, F. M. Swailem, S. C. Srivastava, H. L. Atkins, L. J. 

Simpson, T. Kent Walsh, F. R. Ahmann, G. E. Meinken, and J. H. Shah, J. Nucl. 

Med. 38, 230 (1997). 

[8] V. Moraes and J. A. Osso Jr., World Congress of Nuclear Medicine in 2002 

(Abstract 15.34) 



KAERI/TR-3602/2008 
 

 31 
 

[9] A. Hermanne, F. Tarkanyi, F. Ditroi, S. Takacs, R. A. Rebeles, M. S. Uddin, M. 

Hagiwara, M. Baba, Yu. N. Shubin, and S. F. Kovalev, Nucl. Instr. Meth. B 247, 

180 (2006).  

[10] M. U. Khandaker, K. S. Kim, Y. S. Lee and G. N. Kim, J. Korean Phys. Soc. 50, 

1518 (2007). 

[11] National Nuclear Data Center (NNDC), NuDat database, available at 

<http://nucleardata.nuclear.lu.se/database/nudat/>. 

[12] Reaction Q-values and thresholds, Los Alamos National Laboratory, T-2 Nuclear 

Information Service, available from < http://t2.lanl.gov/data/qtool.html>. 

[13] F. Tarkanyi, S. Takacs, K. Gul, A. Hermanne, M. G. Mustafa, M. Nortier, P. 

Oblozinsky, S. M. Qaim, B. Scholten, Yu. N. Shubin, and Z. Youxiang, IAEA-

TECDOC-1211, Beam Monitor Reactions, Charged Particle Cross-Section 

Database for Medical Radioisotope Production: Diagnostic Radioisotopes and 

Monitor Reactions, Co-ordinated Research Project (1995-1999), IAEA, Vienna, 

Austria, May 2001, available from <http://www-nds.iaea.org/ medical/>. 

[14] J. F. Ziegler, J. P. Biersack, and U. Littmark, SRIM 2003 code, Version 96.xx. The 

stopping and range of ions in solids (Pergamon, New York, 2003). 

[15] A. I. Dityuk, A. Yu. Konobeev, V. P. Lunev, Yu. N. Shubin, New Advanced 

Version of Computer Code ALICE-IPPE, INDC(CCP)- 410, IAEA, Vienna, 1998; 

Medium Energy Activation Cross Sections data: MENDL-2P, available from 

<http://www-nds.iaea.org/nucmed.html>. 

[16] M. Blann, LLNL Report, UCRL-JC-109052 (1991). 

[17] M. Blann, and H. K. Vonach, Phys. Rev. C 28, 1475 (1983). 

[18] Reference Input Parameter Library. Available<http://www-nds. iaea.org/RIPL-2/>   

[19] J. Raynal, Notes on ECIS94, CEA Saclay Report No. CEA-N-2772, (1994).  

[20] A. J. Koning and J. P. Delaroche, Nucl. Phys. A 713, 231 (2003). 

 
 
 
 
 
 
 
 
 
 



KAERI/TR-3602/2008 
 

 32 
 

Production Cross-Sections for the Residual Radionuclides 
from the natCd(p, x) Nuclear Processes  

 

 

M. U. Khandaker a, b, K. Kim a, M. W. Lee a, K. S. Kim a, 
G. N. Kim a6, Y. S. Cho b, Y. O. Lee b 

 
a Department of Physics, Kyungpook National University, Daegu 702-701, Korea 

b Nuclear Data Evaluation Lab., Korea Atomic Energy Research Institute, Daejeon 305-353, Korea 
 

 

Abstract 

We measured the production cross-sections of the 107,111m,115gCd, 
108m,108g,109g,110m,110g,111g,113m,114m,115m,116mIn, and 104g,105g,106m,110m,111g,113gAg radionuclides 

for proton-induced reactions on cadmium by using a stacked-foil activation technique in 

the energy rangy between 3 MeV and 40 MeV at the MC50 cyclotron of the Korea 

Institute of Radiological and Medical Science. The measured cross-sections were 

compared with the available literature data and the theoretical calculations by the model 

codes TALYS and ALICE-IPPE. The integral yields for thick targets were also obtained 

from the measured cross-sections of the produced radionuclides. The measured cross-

sections, especially the indium (In) radionuclides have a significance for various 

practical  applications; thin layer activation (TLA) analysis, nuclear medicine, nuclear 

technology, radioactive waste handling etc. 

 

PACS: 25.40.-h; 25.60.Dz; 27.60.+j 

Keywords: Natural cadmium target; 42 MeV proton beam; MC-50 cyclotron; Stacked-

foil activation technique; Excitation functions; Integral yields 

 

1. Introduction 

Radionuclides and/or nuclear radiation have various practical applications in 

science and technology. Cyclotrons, accelerators, nuclear reactors are commonly 

employed to produce radionuclides of interest. The physical basis of a radionuclide 

production is optimized by using data on nuclear cross-sections. Therefore, among the 
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various types of nuclear data, the cross-sections have great significance in the 

production and the quality control of desired radionuclides. Proton-induced reaction 

cross-sections for cadmium are important for various practical applications; medical 

radionuclide production, thin layer activation (TLA) analysis, dosimetry application, 

nuclear technology, radioactive waste handling, and so on [1].  

Cadmium (Cd) is a soft, malleable, ductile, toxic, and bluish-white bivalent 

metal. It is largely used in batteries and pigments, for example in plastic products. It is 

an ideal target material for the production of medically important radionuclides (for 

example, 109,110,111,114mIn) [2-5]. The radionuclide 111In is widely used in diagnostic 

nuclear medicine due to its suitable half-life (T1/2 
=2.8 d), abundance of β¯ emission, 

and high intense low energy γ-ray emission. It is also used for labeling cellular blood 

components and monoclonal antibody, a myocardial damage detection, a localization of 

an abscess in polyeystic kidney, radiolabeled immunoglobulin therapy, and an imaging 

for cancer [6-7]. In addition, a number of clinical investigations are in progress in which 

antibodies and peptides labeled with 111In are the subject of therapeutic and diagnostic 

evaluations [8]. Moreover, the radionuclide 111In plays a greater role in time differential 

perturbed angular correlation (TDPAC) studies [9]. The short-lived radionuclides 110mIn 

(T1/2= 69.1 min), 109In (T1/2= 4.2 h), and 108m,gIn (T1/2= 39.6 min and T1/2= 58.0 min) 

have a potential interest in positron emission tomography (PET) studies [10-11]. It is 

interesting to note that, 114mIn and its daughter radionuclide 114In are usually regarded as 

undesirable long-lived impurities in 111In -labeled radiopharmaceuticals for a diagnostic 

use. However, there is increasing interest in studying 114mIn to determine the long-term 

stability and bio kinetics of indium-labeled pharmaceuticals as well as for radionuclide 

therapy at a low-energy [8, 12]. On the other hand, the silver (Ag) radionuclides, 

especially 104m,gAg has potential applications in a PET imaging, whereas 105g,106mAg  are 

suitable for a thin layer activation analysis.  

A general survey of the literature [1, 13-24] revealed that several earlier 

investigations were carried out for the production of medically and technologically 

important radionuclides from a proton bombardment on natural and/or enriched 

cadmium targets (collected in Table 1) but considerable discrepancies are found among 

them. Therefore, new experimental data is required to reduce these discrepancies and 

also to prepare a recommended database for an optimal production of important 

radionuclides.  
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We have measured the production cross-sections of residual radionuclides from 

the natCd(p,x) processes in the energy range of 3-42 MeV by using a stacked-foil 

activation technique and using an Azimuthally Field Varying (AVF) MC-50 cyclotron 

at the Korea Institute of Radiological and Medical Sciences (KIRAMS). The integral 

yields, i.e., yields on infinite thick targets, were also deduced for the produced 

radionuclides using the measured cross-sections and the electronic stopping power of 

natural cadmium from 40 MeV down to their threshold energies. 
 

2. Experimental procedures 

 

The proton-induced cross sections on natCd target were measured by using the 

stacked-foil activation technique combined with high-resolution gamma-ray 

spectroscopy. The irradiation, activity determination, and data evaluation were similar 

as described in our previous works [25-26]. Some important features relevant to the 

present work are discussed below. 

 

2.1. Targets and Irradiations 

A high purity (>99.98%) cadmium foil with a natural isotopic composition 

(106Cd 1.25%, 108Cd 0.89%, 110Cd 12.49%, 111Cd 12.80%, 112Cd 24.13%, 113Cd 12.22%, 
114Cd 28.73% and 116Cd 7.49%) was used as the target for the irradiation. The thickness 

of the Cd foil was calculated by measurements of the weight and the size of the foil, and 

found to be 50±0.5 μm. Monitor foils of copper (>99.98 % purity and 50-μm thickness) 

and energy degrader foils of aluminum (99.999% purity and 100-μm thickness) with 

known cross-sections were also included in the stack.  Several foils of natural tin (Sn) 

were also inserted in the stack as a target material to allow for additional measurements. 

In order to accurately measure the beam flux, an Al foil (200 μm thickness) was placed 

at the front position of the stack where the beam energy is well defined. The stacked-

foils were irradiated by a 42 MeV collimated proton beam with a 10 mm in diameter 

and about 100 nA for 45 minutes in the external beam line of the MC-50 cyclotron at 

the KIRAMS.  The beam intensity was kept constant during the irradiation.  

2.2. Measurement of radioactivity 
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After the irradiations and an appropriate cooling time, the samples were 

removed, and the induced gamma activities emitted from the activated foils were 

measured by using a γ-ray spectrometer. The γ-ray spectrometer was an n-type coaxial 

ORTEC (PopTop, Gmx20) high-purity germanium (HPGe) detector with a diameter of 

55.1 mm and a thickness of 52.2 mm. The HPGe-detector was coupled to a 4096 multi-

channel analyzer with the associated electronics to determine the photo-peak area of the 

gamma-ray spectrum. The spectrum analysis was done using the Gamma Vision 5.0 

(EG&G Ortec) program. The energy resolution of the detector was 1.90 keV at a full 

width half maximum (FWHM) for the 1332.5-keV peak of 60Co. The photopeak 

efficiency curve of the gamma spectrometer was calibrated with a set of standard point 

sources: 109Cd, 57Co, 137Cs, 54Mn, 22Na, 60Co, and 133Ba.  The detection efficiencies as a 

function of the photon energy were measured at 5-20 cm distances from the end-cap of 

the detector. Since most of the sources such as 133Ba, 60Co, 57Co and 22Na emit more 

than one γ-ray, there is a certain probability of coincidence losses from cascade γ-rays 

when the sources are placed closer to the detector. For this reason, all the samples were 

counted at distances of 5-20 cm from the end-cap of the detector to avoid coincidence 

losses, and to assure a low dead time (<10%) and a point like geometry. The 

measurements were repeated 3-4 times to follow the decay of the radionuclides and 

thereby to identify the possible interfering nuclides. The activity measurements of the 

irradiated samples were started at about 1.5 hours after the end of the bombardment 

(EOB). This cooling time was enough to separate the complex gamma lines from the 

decay of the undesired short-lived nuclides.  

 

2.3. Data analysis 

 

The proton beam intensity was determined by using the monitor reactions, 
27Al(p,x)24Na and natCu(p,x)62Zn [27] from the measured activities induced in the 

monitor foils at the front position of the stack by considering that the monitor foils were 

irradiated simultaneously and measured in the same counting geometry, and with the 

same HPGe-detector calibrated by the above mentioned standard γ-ray point sources. 

The use of multiple monitor foils decreases the probability of introducing unknown 

systematic uncertainties during an activity determination. It was also considered that the 

loss of a proton flux was very small and very hard to deduce practically. The beam 
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intensity was considered to be constant to deduce the cross-sections for each foil in the 

stack. The proton energy degradation along the stack foils was calculated by using the 

computer program SRIM-2003 [28].  

The activation cross-sections for the natCd(p, x) processes were determined in 

the proton energy range of 3-40 MeV using a well-known activation formula [29]. The 

decay data of the radioactive products, such as the half-life (T1/2), the γ-ray energy (Eγ), 

and the γ-ray emission probability (Iγ) were taken from the NUDAT database [30] and 

are presented in Table 2. The threshold energies given in Table 2 were taken from the 

Los Alamos National Laboratory, T-2 Nuclear Information Service on the internet [31].  

The uncertainty of the proton energy for each foil in the stack was estimated by 

comparing the measured excitation functions of the monitor reaction with the 

recommended values and the individual uncertainties of the contributing processes were 

taken into account by considering the cumulative effects. The total uncertainty for each 

energy point depends on the irradiation circumstances and the position of the foil in the 

stack. These are the uncertainties for the incident beam energy, the target thickness and 

homogeneity, and the beam straggling effect. The estimated uncertainty for a 

representative point in the excitation function ranges from ±0.3 to ±1.0 MeV. 

In the present experiment, all the uncertainties were considered as independent. 

Consequently, they were quadratically added according to the laws of an error 

propagation to obtain the total uncertainties. Moreover, some of the sources of 

uncertainties are common to all data, while others affect each reaction individually. 

However, the combined uncertainty in each cross-section was estimated by considering 

the following uncertainties; statistical uncertainty of the gamma-ray counting (0.5-10 %), 

uncertainty in the monitor flux (~7 %), uncertainty in the efficiency calibration of the 

detector (~4 %) and so on. The overall uncertainties of the cross-sections measurements 

were in the range of 8-13 %.  

 

3. Theoretical calculations 

 

The production cross-sections of the residual radionuclides from the natCd(p,x) 

processes at the proton energies up to 50 MeV were theoretically calculated using the 

model calculations by the TALYS and ALICE-IPPE codes. The model codes usually 

employed to calculate the nuclear reaction cross-sections, especially in cases where 
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there is a lack of experimental data or there are other disagreements. Moreover, it allows 

us to extrapolate and predict the experimental data, and also to ensure an internal 

consistency of the data. 

The TALYS [32] is a computer code system which can basically simulate all 

types of nuclear reactions in the energy region of 1 keV - 200 MeV. The accuracy of the 

computer simulations for nucleon-induced reactions largely depends on the employed 

nuclear models and their parameters, which can be taken from the literature or a 

comprehensive database, such as the Reference Input Parameter Library (RIPL). With a 

few exceptions, the TALYS database is based on the RIPL-2 [33]. In TALYS, the 

coupled-channel code, Equations Couplees and Iterations Sequentielles (ECIS-97) [34] 

is used as a subroutine for all the optical models and direct reaction calculations. The 

default optical-model potentials (OMP) used in TALYS are the local and global 

parameterizations for neutrons and protons [35] but we can adjust the parameters on 

demand. All types of compound nucleus reaction mechanisms are included in this code 

where the calculations are mostly based on the Hauser and Feshbach [36] formalism 

including width fluctuation corrections (WFC). In TALYS, several models for the level 

densities are introduced; whereas Gilbert and Cameron [37] model for level density is 

used as default in this model code. For nucleon reactions, a two-component exciton 

model with a new form of the internal transition rates based on the OMP is implemented, 

which yields an improved description of the pre-equilibrium processes over the whole 

energy range.  The multiple pre-equilibrium processes are accomplished by keeping 

track of all the successive particle-hole excitations for either protons or neutrons. Pre-

equilibrium photon emission is taken into account with the model of Akkermans and 

Gruppelaar [38]. For a nuclear reaction mechanism involving projectiles and ejectiles 

with different particle numbers like the stripping, pick-up, and knock-out processes,  

and for a prediction of the pre-equilibrium angular distributions, the newly developed 

Kalbach [39-40] phenomenological systematics are included in this code. An 

independent treatment of an isomeric state cross-section is the main advantage of this 

code. The present results for the p+natCd processes were mostly evaluated using the 

default values of various models (such as pre-equilibrium model, level density model 

etc.) of this code. 

The measured data was also compared with the theoretical data taken from the 

MENDL-2P database [41] calculated by using the ALICE-IPPE code. The ALICE-IPPE 
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code is a modified version of ALICE-91 proposed by the Obninsk group [41]. The 

calculation of a cross-section using this code was based on the Weisskopf-Ewing 

evaporation model and a geometry dependent hybrid exciton model [42]. 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 an independent treatment of isomeric states impossible, thus only the total 

production cross-sections were calculated. The individual results of the present reaction 

of interest were weighted and summed according to the abundance of the target isotopes. 

 

4. Results and discussions 

 

The measured production cross-sections are shown in Figs. 1–13 together with 

the available literature data and the evaluated data by the computer code TALYS and 

the theoretical data taken from the calculations based on the ALICE-IPPE code. The 

measured numerical data and the uncertainties are presented in Tables 3-4. The integral 

yields for thick target were also deduced from the measured excitation functions of the 

produced radionuclides by taking into account that the total energy is absorbed in the 

targets. 

 

4.1. Cross-sections for the production of In radionuclides 

 

4.1.1. natCd(p,xn)108gIn process 

The ground state radionuclide 108gIn (T1/2=58.0 m) was produced by several direct 

reactions: 108Cd(p, n), 110Cd(p, 3n), 111Cd(p, 4n), and 112Cd(p, 5n). The radionuclide 
108gIn was identified by several independent γ-lines as listed in Table 2. The short-lived 

metastable radionuclide 108mIn (T1/2= 39.6 min) completely decays to stable 108Cd by the 

EC process and does not contribute to the ground state radionuclide 108gIn by the IT 

process. The production cross-sections of the metastable nuclide 108mIn were not 

measured in this experiment. The measured excitation function of 108gIn is shown in Fig. 

1 together with the data reported by Tarkanyi et al. [1] and the theoretical data by the 

TALYS and the ALICE-IPPE codes. The present data below 26 MeV are partly agreed 

with the data obtained by Tarkanyi et al. [1] and the theoretical prediction by the code 

TALYS, but above 26 MeV the measured data revealed a similar shape with lower 
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magnitudes. The ALICE-IPPE code could only predict the total production of 108m+gIn 

which is compared with the sum of two cross-sections obtained by Tarkanyi et al. [1] in 

Fig. 1. An analysis of the contributing reactions signifies that the measured data points 

up to 19 MeV are due to the contribution of the (p,n) reaction from a lower abundant 

(0.89%) isotope 108Cd. The gradual increase of the cross-sections after a minimum at 

around 24 MeV supports the direct contributions of the 110Cd(p,3n) and the 111Cd(p,4n) 

reactions. 

 

4.1.2. Cumulative natCd(p,xn) 109gIn process 

The nuclide 109In has one long-lived ground state radionuclide 109gIn (T1/2= 4.20 h), 

and two short-lived metastable states 109mIn (T1/2= 1.34 min) and 109nIn (T1/2= 0.21 s). 

These two metastable radionuclides completely decay to a ground state 109gIn by 100% 

IT process. As the γ-ray counting process was started after a cooling time of about 1.5 h, 

the measured production cross-sections of the 109gIn radionuclide are considered as 

cumulative ones. Only the 203.5 keV high-intense γ-line was used to identify the 109gIn 

radionuclide. The competing reaction channels for the formation of this radionuclide 

are: 110Cd(p, 2n), 111Cd(p, 3n), 112Cd(p, 4n), and  113Cd(p, 5n). The measured excitation 

function of the 109gIn is shown in Fig. 2 in comparison with the literature data and the 

theoretical prediction by the TALYS code. The excitation function for 109m+gIn predicted 

by the ALICE-IPPE code was also plotted for comparison. The first maximum obtained 

at around 25 MeV signifies the direct contribution of the 110Cd(p, 2n) and the 111Cd(p, 

3n) reactions.  The measured data are in general good agreement with the reported data 

of Nortier et al. [13], Kormali et al. [15], and Tarkanyi et al. [1] obtained by irradiating 
natCd and also with the theoretical data from the TALYS code for the whole investigated 

energy region. However, Kormali’s data and our data below 25 MeV are lower than 

others.  Otozai et al. [19] and Skakun et al. [20] measured the excitation function of 
109In by irradiating enriched 110Cd target. The measured data were also compared with 

their data [19, 20] converted to natural isotopic composition, and agreed with each other. 

 

4.1.3. natCd(p,xn)110gIn process 

Two long-lived states of the 110In radionuclide, the ground state 110gIn (T1/2=4.9 h) 

and its isomeric state 110mIn (T1/2=69.1 min), decay independently to the stable 110Cd 

isotope by the EC process. The 110gIn radionuclide was produced by the competing 
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direct reactions of 110Cd(p, n), 111Cd(p, 2n), 112Cd(p, 3n), 113Cd(p, 4n), and 114Cd(p, 5n) 

in the investigated proton energy range. The 110gIn radionuclide was identified by using 

its several strong independent γ-lines of 707.4 keV, 884.685 keV, and 937.50 keV. We 

could not measure the metastable state 110mIn in this experiment due to the rather short 

life-time. The measured excitation function of 110gIn is compared with the available 

literature data and the calculated value of the TALYS code and the ALICE-IPPE code 

as shown in Fig. 3. The beginning of the measured excitation function indicates the 

contribution of 110Cd(p,n) immediately after its threshold energy. The fairly flat 

maximum at around 20 MeV is mostly from the contribution of the (p,2n) reaction, 

whereas the bump around 35 MeV is from the contribution of the direct (p,3n) and 

(p,4n) reactions. The measured excitation function revealed an excellent agreement with 

the TALYS code except for three points in the high energy region. The data reported by 

Tarkanyi et al. [1] and Al-Saleh [24] showed in general good agreement with the present 

result. The excitation function for the 110mIn reported by Nortier et al. [13] and Kormali 

et al. [15] is similar to the present measurement for 110mIn. The shape of the excitation 

function for 110m+gIn predicted by the ALICE-IPPE code revealed a similar trend but 

overestimated the magnitudes when compared to our measurements and the TALYS 

value. Otozai et al. [19], Skakun et al. [20], and Abrahmovich et al. [21] measured the 

excitation function of 110g+mIn by irradiating enriched 110,111Cd, 110,111Cd, and 110Cd 

targets, respectively. Their data were converted by using the natural isotopic 

composition for a comparison. Their data [19, 20, 21] and the Tarkanyi’s data for 
110g+mIn support the ALICE-IPPE prediction for 110In production in both shape and 

magnitudes. 

 

4.1.4. Cumulative natCd(p,xn)111gIn process 

The radionuclide 111In has a long-lived ground state radionuclide 111gIn (T1/2=2.8 

d) and a short-lived isomeric state 111mIn (T1/2=7.7 min) which completely decays to the 

ground state by IT process. The measured cross-sections of the 111gIn radionuclide is a 

cumulative one, because the counting process was started after a cooling time sufficient 

for a complete IT decay of 111mIn to 111gIn. The production of the 111gIn radionuclide is 

contributed to by the direct reactions 111Cd(p,n), 112Cd(p,2n), 113Cd(p,3n), and 
114Cd(p,4n) in the investigated energy region. The measured excitation function of 111gIn 

is shown in Fig. 4 together with the available literature values and the calculated one 
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with the TALYS code. The contribution of the (p,n), (p,2n) and (p,3n) reactions formed 

a sharp maximum around 24 MeV, whereas the second maximum around 40 MeV is 

from the contribution of the 114Cd(p,4n) reaction. The present results are agreed well 

with the measured data reported by Tarkanyi et al. [1], Nortier et al. [13], and Al-Saleh 

[24], which were obtained by irradiating natCd. However, the data reported by Zaitseva 

et al. [14] is different from any other measurements obtained by using the natCd sample. 

The present excitation function was also agreed with the data of Blaser et al. [16] and 

Skakun et al. [20] obtained by irradiating enriched 111Cd target, where the data were 

normalized with a natural isotopic composition of natCd. The data calculated by the 

TALYS code showed a good agreement for both the shape and magnitude with the 

measured data. The present result was also agreed with the deduced normalized values 

from the IAEA recommended data [43] of the 111Cd(p,n) and the 112Cd(p,2n) reactions 

up to 20 MeV. The excitation function for 111m+gIn predicted by the ALICE-IPPE code 

was also showed a similar shape but higher magnitude than the present measurement 

due to the inclusion of the production cross-section of the 111mIn nuclide.  

 

4.1.5. natCd(p,xn) 113mIn process 

The metastable radionuclide 113mIn (T1/2=1.66 h) completely decays to the stable 
113In by an IT process. The 113mIn is produced mainly by 113Cd(p,n), 114Cd(p,2n), and 
116Cd(p,4n) reactions in our investigated energy region. It can be identified by using a 

391.7 keV γ-line. The measured excitation function is shown in Fig. 5 together with the 

available literature data and the calculated one with the TALYS code. The broad bump 

is due to the combined contributions of the 113Cd(p,n) and the 114Cd(p,2n) reactions 

whereas the high energy tail is due to the (p, 4n) contribution. The present excitation 

function is in general good agreement with the data reported by Tarkanyi et al. [1], 

Kormali et al. [15], and Al-Saleh [24] and also with the TALYS predictions. The 

excitation function of Skakun et al. [20, 22] obtained by irradiating enriched 113Cd, 

where the data were normalized with a natural isotopic composition of natCd, is also 

consistent with the present result. The data reported by Said et al. [23] (converted to 

natural isotopic composition) are similar to the evaluated value of the ALICE-IPPE 

below 12 MeV. The excitation function for 113m+gIn production evaluated by the 

ALICE-IPPE code predicts a similar shape but higher magnitudes because it can not 

predict the isomeric cross-section independently. 
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4.1.6. natCd(p,xn)114mIn process 

Except for the short-lived ground state radionuclide 114gIn (T1/2= 1.20 min), the 
114In has two isomeric states 114mIn (T1/2= 49.51 d) and 114nIn (T1/2= 0.0431 s). Under the 

circumstances of the present experimental conditions, we could only measure the 

production of the 114mIn (T1/2= 49.51 d) radionuclide. The contributing reactions to the 

formation of this radionuclide are the 114Cd(p,n) and the 116Cd(p,3n) processes. The 

measured data is shown in Fig. 6 together with the available literature data and the 

theoretical data obtained by the TALYS and the ALICE-IPPE codes. The two maxima 

around 10 and 26 MeV are from the independent contributions of the 114Cd(p, n) and 
116Cd(p, 3n) reactions, respectively. The present result showed in general good 

agreement with the previous data obtained by Tarkanyi et al. [1] and Nortier et al. [13] 

but differed from the data reported by Zaitseva et al. [14] below 30 MeV. The 

normalized data measured on enriched 114Cd of  Blaser et al. [16], Wing and Huizenga 

[18], and Said et al. [23] were also agreed with our measurement. The TALYS code 

predicts a nicely fitted excitation function to the measured one, whereas the ALICE-

IPPE code produced a similar shape but overestimated the magnitudes. However, the 

normalized data of Abramovich et al. [21] measured on 114Cd strongly supports the 

excitation function of 114m+gIn estimated by the ALICE-IPPE code. 

 

4.1.7. natCd(p,xn)115mIn process 

The metastable radionuclide 115mIn (T1/2= 4.48 h) decays to the stable ground state 

of 115In by the IT (95%) and the β- (5%) processes, and it was identified by the 336.24 

keV γ-line. The production of the 115mIn is not only contributed to by the direct reaction 

presented in Table 2 but also by the decay of the 115gCd nuclide. Therefore, the present 

measured cross-section is a cumulative one. The measured excitation function of this 

radionuclide is shown in Fig. 7 together with the previous reported one and the 

calculated one by the TALYS code. We found a good agreement with the data reported 

by Tarkanyi et al. [1] and the normalized data of Skakun et al. [20] measured with an 

enriched sample 116Cd. The TALYS code produces a nicely fitted excitation function to 

the measured one. The excitation function for the 115m+gIn production calculated by the 

ALICE-IPPE code showed a similar shape but overestimated due to the inclusion of the 

ground state. This reflects that the population of the metastable state is much lower than 

that of ground state in the investigated energy region. 
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4.1.8. Cumulative natCd(p,xn)116m1In process 

The 116In radionuclide has a short-lived ground state 116gIn (T1/2= 14.1 s) and two 

metastable states: 116m1In (T1/2= 54.29 min) and 116m2In (T1/2= 2.18 s). The present 

experimental condition only permits us an identification of the 116m1In radionuclide. The 

production of this radionuclide is due to the combined contributions from the direct 
116Cd(p,n) reaction and the IT decay of the short-lived isomeric state 116m2In (T1/2= 2.18 

s). The measured excitation function is shown in Fig. 8 together with the available 

literature data and the theoretical data obtained by the TALYS and the ALICE-IPPE 

codes. The present result agreed with the reported data of Tarkanyi et al. [1] except for 

around the 10-MeV region. Al-Saleh [24] reported data showed larger magnitudes than 

all other measurements by irradiation on the natural cadmium target. The normalized 

data of Skakun et al. [20] measured with an enriched sample were agreed with the data 

obtained by using natCd.  The normalized total cross-sections of 116In reported by 

Johnson et al. [17] and Abramovich et al. [21] by using an enriched 116Cd target in the 

lower energy region below 10 MeV were higher than those of other measured ones for 
116mIn. The theoretical data calculated by the TALYS code was consistent with the 

measured data but the ALICE-IPPE model prediction seems wrong for both the shape 

and the size of the excitation function. 

 

4.2. Cross-sections for the production of Cd radionuclides 

 

4.2.1 natCd(p,xn)111mCd process 

The isomeric state 111mCd (T1/2=48.5 min) is produced through numerous direct 

reactions listed in Table 2. The radionuclide 111mCd was identified by using the 

characteristic γ-line of 245.39 keV. The measured excitation function is shown in Fig. 9 

together with the data reported by Tarkanyi et al. [1] and the theoretical data calculated 

by the code TALYS and also that for 111m+gCd by the ALICE-IPPE code. The present 

results above 20 MeV are considerably lower than Tarkanyi’s data and theoretical data.  

 

4.2.2 Cumulative natCd(p,xn)115gCd 

The 115Cd radionuclide has a short-lived (T1/2=2.23 d) ground state 115gCd and a 

long-lived (T1/2=44.6 d) isomeric state 115mCd, however only the ground state was 

determined in this measurement. The 115gCd can be produced by the direct 116Cd(p, pn) 
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reaction and by the β¯ decay of it’s parent 115gAg and 115mAg radionuclides, and hence 

the reported cross-section is a cumulative one. The measured cross-sections of the 
115gCd radionuclide are given in Fig. 10 together with the experimental data reported by 

Tarkanyi et al. [1] and the calculated ones by the TALYS and the ALICE-IPPE codes. 

The measured excitation function of the 115gCd radionuclide was good agreement with 

that of the Tarkanyi et al. [1]. However, the theoretical data predicted by the ALICE-

IPPE code  (115m+gCd and 115m+gAg) and the TALYS code (115gCd and 115m+gAg) which 

include more reaction cross-sections revealed lower than the experimental 

measurements. We checked the effect of secondary neutrons by placing a Cd foil at the 

end of the stack where complete stopping of the beam was expected. No peak for 115gCd 

was identified in the spectrum of that foil. 

 

4.3. Cross-sections for the production of Ag radionuclides  

 

4.3.1. natCd(p,xn)104gAg process 

The ground state of 104Ag radionuclide was produced by the α-particle emission of 

the numerous direct reaction channels presented in Table 2. The contribution from the 
108Cd(p, nα) (Q=-7.34 MeV) reaction was practically absent during the formation of the 
104gAg radionuclide due to the very low isotopic abundance of a stable 108Cd (0.89%) 

nuclide, and this fact is presented in the measured excitation function. The short-lived 

isomeric state 104mAg (T1/2=33.5 min) has a very small amount of IT decay (EC= 

99.93%, IT = 0.07%) to the ground state 104gAg. Therefore, there is no contribution from 

other nuclei or its metastable state. The measured cross-sections are given in Fig. 11 

together with the available literature data and the theoretical data estimated by the 

ALICE-IPPE and the TALYS codes. The present result is consistent with the data 

reported by the Tarkanyi et al. [1] within the error bar and the model calculations by the 

TALYS, whereas the ALICE-IPPE code predicted lower magnitude. 

 

4.3.2. Cumulative natCd(p,xn)105gAg process 

The 105Ag has a short-lived metastable state 105mAg (T1/2 = 7.23 min) and a long-

lived ground state 105gAg (T1/2 = 41.29 d). The production cross-section of the 105gAg 

radionuclide includes the contributions from the decay of 105m+gIn and 105Cd, and from 

the decay of the short-lived metastable state 105mAg by an IT (99.96%) process. 
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Therefore, the production of 105gAg is a cumulative one. The measured excitation 

function for the formation of the 105gAg radionuclide is presented in Fig. 12 together 

with the data obtained by Tarkanyi et al. [1] and the data calculated by using the 

ALICE-IPPE and the TALYS codes.  The present result is lower than the data reported 

by Tarkanyi et al. [1].  

 

4.3.3.  natCd(p,xn)106mAg process 

The 106Ag has a short-lived ground state 106gAg (T1/2 = 23.96 min), and a long-

lived metastable state 106mAg (T1/2 = 8.28 d) which does not decay into the ground state. 

We could not identify the short-lived ground state in this experiment. The contributing 

reactions for the formation of the 106mAg radionuclide are listed in Table 2. The 

measured excitation function of this radionuclide is presented in Fig. 13 together with 

the data by Tarkanyi et al. [1] and the evaluated data by the TALYS and the ALICE-

IPPE codes. The present result is in general good agreement with the data of Tarkanyi et 

al. [1] and has the similar shape as the evaluated data within the investigated energy 

region.  

 

5. Integral yield 

 

The integral yields were deduced using the measured cross-sections of the 

investigated radionuclides and the stopping power of natCd over the energy range from 

threshold to 40 MeV by taking into account that the total energy is absorbed in the 

targets. The stopping power of natural cadmium was calculated by using the computer 

program SRIM-2003. The deduced yield is expressed as MBq-μA-1-h-1, i.e. the activity 

at the end of a bombardment performed at a constant 1μA beam current on a target 

during 1 hour. The obtained integral yields for the production of the  104g,105g,106mAg, 
111m,115gCd,  and 108g,109g,110g,111g,113m,114m,115m,116m1In radionuclides are given in Figs. 14-

16 as a function of the proton energy. The comparison of our obtained yields and the 

directly measured thick target yields of Dimitriev and Molin [44] for the 111,114mIn and 
105gAg radionuclides showed consistent results within the error bar. It should be 

mentioned that our calculated integral yields for the thick target can be used for the 

optimization of production yields of corresponding radionuclide with minimum 

impurity contamination.  
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6. Conclusions 

 

The new independent and cumulative cross-sections for the natCd(p,x) processes 

were measured in the energy range of 3-40 MeV with an overall uncertainty of about 

14%. The present measured data for the natCd(p,x) reactions together with the previous 

measured data  will be used to check the theoretical calculations based on the ALICE-

IPPE and the TALYS codes. Currently, indium radionuclides (110In, 111In, 113In and 
114mIn) are widely used for therapeutic and diagnostic (SPECT and PET) purposes in 

nuclear medicine. The production of 111In through the 111Cd(p,n) and 112Cd(p,2n) 

processes is already recommended by the IAEA [45]. The present measured cross-

sections of 111In from a natural cadmium target could be used for a validation of the 

IAEA recommended data. But, the production of this radionuclide from a natural 

cadmium target is not suitable due to a contamination from a simultaneously produced 
114mIn radionuclide in our investigated energy range. However, highly enriched 111, 112Cd 

targets could be used to obtain a suitable production of 111In radionuclide with a 

minimum impurity level [43]. The measured data for the long-lived radionuclides 105gAg 

and 106mAg could be used in wear, corrosion, and erosion processes for machine 

components by using the TLA technique, whereas the data for the short-lived 

radionuclide 104gAg has importance for the PET imaging technique. The other 

radionuclides measured in this experiment are also important for a prediction and 

optimization of radiochemical purity. Above all, the present experimental results will 

play an important role in enrichment of the literature data base for proton-induced 

activation on natural cadmium leading to various mentioned applications.  
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Figures and Tables 
 
Fig. 1. Excitation function for the natCd(p,x)108gIn processes. 
 
Fig. 2. Excitation function for the natCd(p,x)109gIn processes. 
 
Fig. 3. Excitation function for the natCd(p,x)110gIn processes. 
 
Fig. 4. Excitation function for the natCd(p,x)111gIn processes. 
 
Fig. 5. Excitation function for the natCd(p,x)113mIn processes. 
 
Fig. 6. Excitation function for the natCd(p,x)114mIn processes. 
 
Fig. 7. Excitation function for the natCd(p,x)115mIn processes. 
 
Fig. 8. Excitation function for the natCd(p,x)116m1In processes 
 
Fig. 9. Excitation function for the natCd(p,x)111mCd processes. 
 
Fig. 10. Excitation function for the natCd(p,x)115gCd processes. 
 
Fig. 11. Excitation function for the natCd(p,x)104gAg processes. 
 
Fig. 12. Excitation function for the natCd(p,x)105gAg processes. 
 
Fig. 13. Excitation function for the natCd(p,x)106mAg processes. 
 
Fig. 14. Integral yields for the 108g, 109g, 110, 113mIn and 111mCd radionuclides 
 
Fig. 15. Integral yields for the 115m, 116m1, 111In and 104gAg radionuclides 
 
Fig. 16. Integral yields for the 114mIn, 115gCd and 105g, 106mAg radionuclides 
 
 
Tables 
 
Table 1: Summary of the earlier investigations for the proton-induced reactions on 
cadmium targets 
 
Table 2: Decay data of the product nuclides used in the present study 

 

Table 3: Cross-sections for the formations of  109g, 110g, 111g, 113m, 114m, 115mIn radionuclides 

Table 4: Cross-sections for the formation of 108g, 116m1In, 111m, 115gCd and 104g, 105g, 106mAg 
radionuclides 
 
 



KAERI/TR-3602/2008 
 

 51 
 

 
Fig. 1. 

0 10 20 30 40 50
0

20

40

60

80

100

108gIn

C
ro

ss
 se

ct
io

n 
(m

b)

Proton energy (MeV)

Tarkanyi et al., '06 [1]
 This work
 TALYS
 ALICE-IPPE (m+g)

 

 

 
 
 
 
 
 
Fig. 2. 
 

0 10 20 30 40 50
0

50

100

150

200

250

C
ro

ss
 se

ct
io

n 
(m

b)

Proton energy (MeV)

 

 

 Kormali et al.' 76
 Nortier et al.,' 90
 Tarkanyi et al.,' 06
 This work-Cumulative
 Otozai et al.,' 66-Converted
 Skakun et al.,' 75-Converted
 TALYS
 ALICE-IPPE (m+g)

natCd(p,x)109gIn

 
 
 
 
 



KAERI/TR-3602/2008 
 

 52 
 

 
 
Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 11. 
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Fig. 13.  
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Fig. 15. 
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Table 1: Summary of the earlier investigations for the proton-induced reactions on 

cadmium targets 

Author Targets Monitor 
reaction 

Activity 
measurement

Contributing 
 reactions 

Energy 
range(MeV)

natCd(p,x)108m,108gIn, 111Cd 7.5-66.1 
natCd(p,x)109g,110g,111g,114mIn 7.5-74.5 
natCd(p,x)110m,112m,113m,116mIn 7.5-61.1 
natCd(p,x)115mIn 7.5-32.9 
natCd(p,x)107,109Cd 35-66.1 
natCd(p,x)104gAg 31.1-66.1 
natCd(p,x)105cum,110m,111cumAg 13.4-74.5 
natCd(p,x)106mAg 19.8-74.5 

Tarkanyi  
et al., 2006 [1]  

natCd foils, 
15.6 　m thick 

Al, Cu monitor 
27Al(p,x)22Na 
27Al(p,x)24Na 
natCu(p,x)62Zn 
natCu(p,x)65Zn 

HpGe, 
No chem. sep.

natCd(p,x)113gAg 39.7-74.5 
natCd(p,x)109In 13-98.5 
natCd(p,x)110mIn 8-98.5 

Nortier et al., 
1990 [13] 

natCd foils (99.99%), 
125　m thick 

No information 
 

Germanium 
intrinsic 
detector, natCd(p,x)111, 114mIn 4.1-98.5 

Zaitseva et al.,  
1990 [14]  

Natural & Enriched 
(113,114Cd), 0.13, 
0.24g/cm2 thick 

Al monitor  
27Al(p,x)24Na 
 

Ge(Li), 
Chem. sep. natCd(p,x)111, 114mIn 11.9-63.9 

natCd(p,x)109In 13.5-18.9 
natCd(p,x)110mIn 5.8-19.2 

Kormali et al., 
1976 [15]  

Vacuum-vapor deposits,    
1mg/cm2 of Cd 

Cu monitor 
natCu(p,x)65Zn 

Ge(Li), 
No chem. sep.

natCd(p,x)113mIn 7.8-18.7 
114Cd(p,n)114mIn 3.5-6.4 
111Cd (p,n)111gIn 3.04-6.4 

Blaser and 
Boehm, 1951 
[16] 

natCd foils, Thickness 
4.92 mg/cm2 

No information Geiger-Mueller 
Counter 

111Cd (p,n)111gIn 12 
Johnson et al., 
1958 [17] 

116Cd (93.8%), 
areal density 1.92 mg/cm2 

No information  BF3 neutron 
detector 

116Cd (p,n)116In 2.5-5.6 
114Cd(p,n)114mIn 4.4-10.3 Wing and 

Huizenga, 
1962 [18] 

natCd foils, Thickness 
5mg/cm2 

Cu monitor 
65Cu(p,x)65Zn 

Proportional 
counter, NaI  111Cd (p,n)111In 2.1-10.1 

111Cd (p,n)111In 4.3-14.7 
110Cd (p,n)110gIn  7.3-14.7 

Otozai et al., 
1966 [19] 

Natural & Enriched Cd 
foils, areal density 3-5 
mg/cm2 

Al monitor  
 

No information

110Cd (p,2n)109In  12.6-14.7 
110Cd (p,2n)109In  13.7-20.9 
110Cd (p,n)110In  6.5-20.9 
111Cd (p,n)111In 4.3-20.9 
113Cd(p,n)113mIn 4.7-20.9 
114Cd(p,n)114mIn 3.8-20.9 
116Cd (p,2n)115mIn 11.5-20.9 

Skakun et al., 
1975 [20] 

Enriched targets: 
110Cd (91.5%), 111Cd 
(93.9%), 113Cd (90.2%), 
114Cd (97.3%), 116Cd 
(90.5%) 

No information NaI  

116Cd (p,n)116m1In 4.5-20.9 
110Cd (p,n)110In 6.19-9.6 
114Cd(p,n)114In 6.93-8.16 

Abramovich 
et al., 1975 
[21] 

Enriched targets: 
110Cd (91.5%), 114Cd 
(96.9%), 116Cd(88.5%) 

No information Long counter 

116Cd (p,n)116In 7.23-8.41 

Skakun et al., 
1979 [22] 

Enriched  113Cd target No information Ge(Li) detector 113Cd(p,n)113mIn 6.1-9.1 
114Cd(p,2n)113mIn Said et al., 

2006 [23] 
Natural & Enriched 114Cd 
(98.43%) foils, 

Cu monitor 
natCu(p,x)62,63,65Zn

HpGe-detector
114Cd(p,n)114mIn 

8.4-16.7 

natCd(p,x)110g, 116mIn 5.6-14.4 Al-Saleh, 
2008 [24] 

natCd foils, thickness 2.5-
14.1 mg/cm2 

Cu monitor 
natCu(p,x)62Zn 
natCu(p,x)63Zn 

HpGe-detector
natCd(p,x)111g,113mIn 2.8-14.4 
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Table 2: Decay data of the product nuclides used in the present study 

Nuclei Half-
life  
T1/2 

Decay 
mode (%) 

Eγ 
(keV) 

Iγ 
(%) 

Contributing 
reactions 

Q-value 
(MeV) 

Threshol
d 

(MeV)
108gIn 58.0 m EC (100) 242.75 

632.97 
875.47  
1032.92 

41 
100 
100 
35 

108Cd(p, n) 
110Cd(p, 3n) 
111Cd(p, 4n) 
112Cd(p, 5n) 

-5.94 
-23.18 
-30.16 
-39.55 

5.99 
23.39 
30.43 
39.91 

109gIn  4.2 h  EC (100) 203.5 
426.25 
623.7 
1149.1 

73.5 
4.12 
5.5 
4.3 

110Cd(p, 2n) 
111Cd(p, 3n) 
112Cd(p, 4n) 
113Cd(p, 5n) 
IT decay of 109mIn 

-12.72 
-19.69 
-29.09 
-35.63 
 

12.83 
19.87 
29.35 
35.95 

110gIn  4.9 h  EC (100) 641.68  
657.76 
707.4 
884.68 
937.50 

25.9 
98.3 
29.5 
92.9 
68.4 

110Cd(p, n) 
111Cd(p, 2n) 
112Cd(p, 3n) 
113Cd(p, 4n) 
114Cd(p, 5n) 

-4.66 
-11.64 
-21.03 
-27.57 
-36.62 

4.70 
11.74 
21.22 
27.82 
36.94 

111gIn  2.81 d  EC (100) 171.28  
245.39 

90  
94 

111Cd(p, n) 
112Cd(p, 2n) 
113Cd(p, 3n) 
114Cd(p, 4n) 
IT decay of 111mIn 

-1.65 
-11.05 
-17.59 
-26.63 
 

1.66 
11.14 
17.74 
26.86 

113mIn  1.658 h  IT (100) 391.69  64.2  113Cd(p, n) 
114Cd(p, 2n) 
116Cd(p, 4n) 

-0.47 
-9.51 
-24.35 

0.47 
9.59 
24.56 

114mIn  49.51d  IT+EC 
(100) 

190.29 
558.46  

14.74
4 

114Cd(p, n) 
116Cd(p, 3n) 

-2.23 
-17.08 

2.25 
17.22 

115mIn  4.48 h  IT+β¯(100)  336.24 45.83 116Cd(p, 2n) 
β¯ decay of 115gCd 

-8.04 8.11 

116m1In  54.29 m  β¯ (100) 1097.33 
1293.56 

56.2 
84.4   

116Cd(p, n) 
 

-1.25 1.26 

111mCd  48.54 m  IT (100) 150.82 
245.39 

29.1 
94  

112Cd(p, d) 
112Cd(p, pn) 
113Cd(p, p2n) 
114Cd(p, p3n) 

-7.17 
-9.40 
-15.94 
-24.98 

7.24 
9.48 
16.08 
25.20 

115gCd  2.23 d  β¯ (100) 336.24  
527.90 

45.9 
27.45

116Cd(p, pn) 
β¯ decay of 115g,mAg  

-8.70 8.78 

104gAg 1.15 h EC (100) 555.8 
767.72 
941.6 

92.6 
65.69
25.0 

108Cd(p, αn) 
110Cd(p, α3n) 
111Cd(p, α4n) 

-7.35 
-24.59 
-31.56 

7.42 
24.81 
31.85 

105gAg  41.29 d  EC (100) 
 

280.44 
344.52  
644.55  

30.2 
41.4 
11.1  

110Cd(p, α2n) 
111Cd(p, α3n) 
112Cd(p, α4n) 
IT decay of 105mAg 

-14.56 
-21.54 
-30.93 

14.69 
21.73 
31.21 

106mAg  8.28 d  EC (100) 
 

450.97 
616.17 
717.24 
748.44 
1045.83 

28.2 
21.6 
28.9 
20.6 
29.6  

108Cd(p, n2p) 
110Cd(p, αn) 
111Cd(p, α2n) 
112Cd(p, α3n) 
113Cd(p, α4n) 

-17.67 
-6.62 
-13.59 
-22.99 
-29.53 

17.84 
6.68 
13.72 
23.20 
29.80 
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Table 3: Cross-sections for the formations of  109g, 110g, 111g, 113m, 114m, 115mIn radionuclides 

 

Cross-sections (mb) Energy 

(MeV) 111In 109gIn 110gIn 113mIn 114mIn 115mIn 

3.9±1.1 2.4±0.2 -- -- 1.1±0.1 1.2±1.1 1.1±0.2 

6.9±1.0 20.2±1.5 -- 0.9±0.2 7.7±0.6 12.5±5.4 0.7±0.2 

9.2±0.9 50.2±3.7 -- 3.6±0.4 16.0±1.2 52.7±7.1 3.0±0.4 

11.1±0.8 84.2±6.1 -- 9.1±0.8 28.6±2.1 96.0±9.4 12.9±1.0 

12.8±0.8 131.7±9.6 1.0±0.1 14.6±1.2 42.3±3.1 58.3±6.9 19.3±1.5 

16.2±0.7 232.2±16.9 54.6±4.0 32.3±2.5 55.6±4.1 15.1±4.6 18.7±1.4 

17.5±0.7 240.2±17.5 74.5±5.5 34.3±2.6 52.5±3.9 7.5±4.6 20.8±1.6 

20.2±0.7 275.93±20.09 97.1±7.1 44.3±3.3 45.7±3.4 9.6±4.9 19.6±1.5 

22.7±0.7 312.1±22.7 120.1±8.8 42.1±3.2 29.2±2.2 37.9±7.8 5.4±0.5 

23.8±0.6 326.3±23.8 138.1±10.1 45.2±3.4 26.5±2.0 42.7±8.8 4.2±0.4 

26.0±0.6 273.6±19.9 154.0±11.3 62.7±4.7 10.9±0.9 49.7±8.9 2.2±0.3 

27.0±0.6 250.8±18.3 151.3±11.1 68.2±5.1 8.6±0.7 58.3±8.4 2.6±0.4 

29.0±0.5 204.9±14.9 124.5±9.1 81.9±6.1 7.1±0.6 64.0±8.4 1.9±0.4 

30.9±0.5 191.5±13.9 126.5±9.3 89.5±6.6 6.4±0.6 52.3±9.0 2.0±0.4 

32.8±0.4 201.2±14.7 106.8±7.8 96.1±7.1 5.8±0.6 41.5±9.4 1.6±0.4 

34.6±0.4 217.6±15.8 103.5±7.6 97.5±7.2 6.4±0.6 29.3±8.6 2.0±0.4 

36.3±0.3 235.1±17.1 111.6±8.2 107.6±8.0 7.5±0.7 28.8±7.5 2.0±0.4 

37.9±0.3 249.5±18.2 117.0±8.6 92.5±6.9 6.7±0.7 19.9±4.6 1.9±0.4 

39.5±0.3 257.4±18.7 142.6±10.4 85.4±6.4 7.3±0.7 25.5±6.8 1.3±0.4 
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Table 4: Cross-sections for the formation of 108g, 116m1In, 111m, 115gCd and 104g, 105g, 106mAg 

radionuclides 

 

Cross-sections (mb) Energy 

(MeV) 111mCd 115gCd 104gAg 105gAg 106mAg 108gIn 116m1In 

3.9±1.1 0.8±0.2 -- -- -- -- -- 0.4±0.1 

6.9±1.0 1.6±0.4 -- -- -- -- 0.2±0.1 3.6±0.3 

9.2±0.9 1.8±0.6 -- -- -- -- 0.6±0.1 7.7±0.7 

11.1±0.8 2.1±0.7 -- -- -- -- 1.4±0.2 7.2±0.7 

12.8±0.8 2.2±1.5 0.6±0.2 -- -- -- 1.0±0.2 4.6±0.5 

16.2±0.7 -- 1.7±0.3 -- 2.3±1.2 -- 0.8±0.3 1.7±0.4 

17.5±0.7 4.7±1.3 2.7±0.3 -- 3.4±1.4 -- 0.8±0.4 1.2±0.4 

20.2±0.7 6.0±1.4 4.1±0.4 -- 6.4±1.7 -- -- 0.8±0.4 

22.7±0.7 7.5±1.6 5.7±0.5 -- 8.0±1.6 1.1±0.4 -- -- 

23.8±0.6 9.0±2.7 6.2±0.5 -- 8.6±2.1 1.1±0.4 -- 0.7±0.4 

26.0±0.6 9.5±2.0 6.9±0.6 0.2±0.1 8.6±1.6 1.5±0.4 1.7±0.7 0.7±0.5 

27.0±0.6 11.5±4.2 7.0±0.6 1.1±0.4 9.4±1.6 2.7±0.5 2.8±0.9 -- 

29.0±0.5 12.5±3.1 7.3±0.6 -- 8.2±1.6 3.1±0.6 8.4±1.2 0.8±0.7 

30.9±0.5 13.1±5.2 7.3±0.6 1.6±0.6 8.8±1.5 4.2±0.6 11.3±1.4 0.7±0.7 

32.8±0.4 15.1±3.5 7.8±0.7 2.0±0.6 8.8±1.4 3.9±0.6 14.4±1.6 -- 

34.6±0.4 19.0±5.5 7.7±0.7 1.8±0.6 8.8±1.3 4.2±0.6 14.9±1.7 0.8±0.6 

36.3±0.3 22.6±5.3 7.9±0.7 3.0±0.9 9.4±1.6 5.3±0.7 17.3±1.8 -- 

37.9±0.3 26.2±5.6 7.9±0.7 4.4±1.1 11.0±1.8 5.7±0.7 20.0±2.0 0.8±0.7 

39.5±0.3 29.6±5.9 7.4±0.6 6.0±1.1 10.1±1.6 5.6±0.7 20.3±2.0 0.4±0.1 
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Experimental study of proton induced cross-sections on natural 
cadmium leading to the production of 111In radionuclide 
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1 Department of Physics, Kyungpook National University,1370 Sankyok-dong, Buk-gu, Daegu 702-701, Korea 
2 R & D Division, National Fusion Research Center, Daejeon 305-333, Korea. 

3 Nuclear Data Evaluation Lab., Korea Atomic Energy Research Institute, Daejeon 305-600, Korea 
 
 We measured the production cross-sections of 111In induced by proton on the natCd at several proton energies 

between 4 MeV and 40 MeV by using a stacked-foil activation technique at the MC50 cyclotron of the Korea 
Institute of Radiological and Medical Sciences. The present results were compared with the earlier reported 
experimental data and the theoretical calculations by using both the TALYS code and the ALICE-IPPE code. An 
overall good agreement was found with the recently reported experimental data and the TALYS prediction, as well. 
Integral yields of 111In were also deduced from the measured cross-sections. 
 
    KEYWORDS: natCd+p reactions, 42 MeV proton, stacked-foil activation technique, production cross-section of 111In 
 

 

I.  Introduction7 
 
    Indium (In) is a natural element distributed in a minute 
quantity (~0.1 μg/g) in earth’s crust. The demand of indium 
and indium containing compounds are increasing rapidly in 
various industrial, scientific, and medical purposes: 
decorative coating, bearing, low-melting alloys, glass-
sealing alloys, semiconductor research, solar batteries, 
liquid crystal displays, nuclear reactor control rods, and in 
nuclear medicine.1-2) Recently, indium radiosotopes namely 
110In, 111In, 113In, and 114mIn are widely used as therapeutic 
and diagnostic purposes.3-6) The important nuclear 
characteristics for some medically important In 
radioisotopes are shown in Table 1.7) Among them, 111In is 
largely used in diagnostic nuclear medicine due to its 
suitable half-life (T1/2

 
=2.8 d), abundance of β--emission and 

high intense low energy γ-ray emission. It is also used for 
labeling of cellular blood components and monoclonal 
antibody, myocardial damage detection, localization of 
abscess in polyeystic kidney, radiolabeled immunoglobulin 
therapy, imaging for cancer, and etc. 8-9). In addition, a 
number of clinical investigations are in progress in which 
antibodies and peptides labeled with 111In are the subject of 
therapeutic and diagnostic evaluations.7) Moreover, the 
radionuclide 111In plays a great role in time differential 
perturbed angular correlation studies. Since 111In emits 
cascade γ-rays (171 and 245 keV) in which the intermediate 
nuclear level (Figure 1) has a suitable lifetime (84 ns) and 
significant nuclear quadrupole moment, so it is widely used 
as a nuclear probe for perturbed angular correlation 
studies.10-11) 
    In the literature, several studies were carried out with 
proton, deuteron, alpha, 3He, and 12C beam irradiation on 
either natural or isotopically enriched Cd, Ag or Sn targets, 
                                                 
7 Corresponding author: e-mail: gnkim@knu.ac.kr 

with the aim of investigating the production cross section of 
111In radioisotope.4,8,12-14) The use of variable energy proton-
cyclotron beams presents remarkable advantages to induce 
(p, xn) reactions on either natural or isotopically enriched 
targets with the aim of determining excitation functions and 
cross-sections. The major and economical production routes 
of 111In radionuclide with varieties of excitation energy 
ranges are illustrated in Table 2. Among them, protons or 
deuterons irradiation of cadmium targets is the most easy, 
convenient, and cheap method for production of 111In 
radionuclide leading to clinical use. The major aim of this 
work was to study the production cross-sections of high 
purity 111In radionuclide from the proton bombardment of 
natural cadmium (Cd) target using the external beam line of 
the MC50 cyclotron at the Korea Institute of Radiological 
and Medical Sciences (KIRAMS).  
 
Table 1 Important nuclear data of medically relevant indium 

isotopes 
 

Nuclide Half- 
life 

Decay 
mode 

Eγ 
(keV) 

Iγ 
(%) 

Production 
method 

111In 2.8d EC to 111Cd 171.2 
245.3 

90.0 
94.0 

112Cd(p,2n)

113mIn 1.66h IT to 113In 393 64 113Sn(p,2pn) 
114mIn 49.5d IT to 114In 

β¯
 
to 114Sn 

190.2 
558.4 
725.2 

14.7 
4.0 
4.0 

114Cd(p, n) 

 
II. Experimental Technique 
 
    The irradiation technique, the activity determination, and 
the data evaluation are described in elsewhere.15) The well 
established stacked-foil activation technique combined with 
high-purity germanium (HPGe) γ-ray spectrometry were 
employed to determine the production cross-sections of 
111In. Stack was prepared using high-purity (99.97%) 
metallic form of natural cadmium foils (50 μm thick) 
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together with 100 μm thick natural copper and aluminum 
foils where Cu and Al foils were used as beam monitors and 
energy degraders, respectively. The stacked-foils were 
irradiated for 0.75 hour by the proton energy of 42.1 MeV 
with a beam current of about 100 nA from the external 
beam line of the MC50 cyclotron at the KIRAMS.  The 
beam intensity was kept constant during the irradiation. It 
was necessary to ensure that equal areas of the monitor and 
the target foils intercepted the beam. The activity 
measurements of the irradiated samples were started about 
2 hours after the end of the irradiation. Each sample was 
recounted 4~5 times to avoid disturbance by overlapping 
gamma-lines from undesired sources and in order to more 
accurately evaluate the longer-lived radonuclides. The 
HPGe-detector was coupled with a 4096 multichannel 
analyzer (MCA) with the associated electronics to 
determine the photo peak area of the γ-ray spectrum. 
Interactive peak analysis was done using the program 
Gamma Vision 5.0 (EG&G Ortec).  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Partial decay schemes for 111In and 111mCd nuclides. The 
half-life of each level is labeled. The 171-245 keV gamma cascade 
follows the electron capture decay of 111In; the 48.5 minute 111mCd 
state decays the 151-245 keV gamma cascade. Both cascades 
share the same 245 keV (5/2+) 111Cd intermediate nuclear state. 
  

The efficiency versus energy curves of the HPGe-
detector for the counting distances was determined using 
the standard point sources, 133Ba, 109Cd, 22Na, 60Co, 57Co, 
54Mn, and 137Cs. The proton beam intensity was determined 
from the measured activities induced in aluminum and 
copper monitor foils at front of stack using the reactions, 
27Al(p,x)22,24Na and natCu(p,x)62Zn, respectively. It was 
considered the monitor foils were irradiated simultaneously 
and measured with the same detector and in a comparable 
geometry as the Cd target. The loss of proton energy along 
the samples in the stack was calculated by using the 
computer program SRIM-2003.16) In order to calculate the 
cross-sections, the decay data of the 111In were taken from 
the NUDAT database17), the threshold energy of the 
contributing reaction was taken from the Los Alamos 
National Laboratory.18) The standard cross-sections for the 
monitors were taken from internet service.19)    

     The production cross-sections of the investigated nuclear 
reactions were determined from the reaction rates of the 
radioactive products and the measured beam intensity. 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, the combined uncertainty in each cross-
section was estimated by considering the following 
uncertainties; statistical uncertainty of gamma-ray counting 
(0.5-10 %), uncertainty in the monitor flux (~7 %) and 
uncertainty in the efficiency calibration of the detector 
(~4 %). The overall uncertainties of the cross-section 
measurements were in the range 8-14 %. 
 
Table 2 The Q-values and Coulomb barriers for the reactions  
              leading to the production of 111In radionuclide 
 

Production route Target 
abund- 
ances 
(%) 

Q- 
value 
 
(MeV)

Effective
Coulomb
barrier 
(MeV) 

111Cd(p, n)111In 12.75 -1.63 4.11 
112Cd(p, 2n)111In 24.07 -11.02 4.10 
113Cd(p, 3n) 111In 12.26 -17.56 4.09 
114Cd(p, 4n) 111In 28.86 -26.60 4.09 
110Cd(d, n) 111In 12.39 3.10 5.09 
111Cd(d, 2n) 111In 12.75 -3.85 5.08 
109Ag(3He, n) 111In 48.65 6.55 10.92 
109Ag(4He, 2n) 111In 48.65 -14.03 10.71 
112Sn(p, 2n)111Sb →111Sn →111In 0.95 -17.06 4.27 
114Sn(p, 4n)111Sb →111Sn →111In 0.65 -35.10 4.26 
115Sn(p, 5n)111Sb →111Sn →111In 0.34 -42.65 4.25 
116Sn(p, 6n)111Sb →111Sn →111In 14.24 -52.21 4.24 
117Sn(p, 7n)111Sb →111Sn →111In 7.57 -59.15 4.23 
118Sn(p, 8n)111Sb →111Sn →111In 24.01 -68.47 4.22 
110Cd(3He, 2n) 111Sn →111In 12.39 -5.62 11.13 

III. Theoretical Calculations 
 

TALYS is a nuclear-reaction computer program which 
simulates basically all types of nuclear reactions, in the 
energy range of 1 keV - 200 MeV. With a few exceptions, 
the database of this code is based on the Reference Input 
Parameter Library.20) In TALYS, the coupled-channel code 
ECIS-97 21) is used as a subroutine for all optical model and 
direct reaction calculations. The default optical-model 
potentials (OMP) used in TALYS are the local and global 
parameterizations for neutrons and protons22) but possible to 
adjust the parameters on demand. All types of compound 
nucleus reaction mechanism are included in this code where 
the calculations are mostly based on the Hauser-Feshbach 
formalism including the width fluctuation corrections. 
Several models for the level density are used in this code, 
which range from phenomenological analytical expressions 
to tabulated level densities derived from microscopic 
calculations. For fission, the default model used in this code 
is based on the Hill-Wheeler expression for the 
transmission coefficient for one, two, or three barriers. For 
nucleon reactions, a two-component exciton model with a 

111In 

120 ps 

γ 171.28 keV γ 151keV 

2.80 d
1.1 EC 

γ 245.40 keV 
5/2+   

 111mCd 
T1/2 = 48.54 m 

 T1/2 = 84 ns

111Cd 
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new form of internal transition rates based on the OMP is 
implemented, which yields an improved description of pre-
equilibrium processes over the whole energy range.  The 
multiple pre-equilibrium processes are accomplished by 
keeping track of all successive particle-hole excitations for 
either proton or neutron. Pre-equilibrium photon emission is 
taken into account with the model of Akkermans and 
Gruppelaar.23) The newly developed Kalbach24) 
phenomenological systematics are included in this code for 
nuclear reaction mechanisms like stripping, pick-up, and 
knock-out processes, and for the prediction of pre-
equilibrium angular distributions. The independent 
treatment of isomeric state cross-section is the main 
advantage of this code. The present results of p+natCd 
processes were evaluated using mostly the default values of 
the code, proper tuning with experimental conditions, and 
adjustment of some OMP parameters, as well.  
 
IV. Results and Discussion 
 
    The production cross-sections of 111In in the interactions 
of protons with natural Cd are presented in Table 3 and is 
shown in Figure 2 together with the available literature 
values25-28) and theoretical calculations using the newly 
introduced code TALYS-0.72 version, and also theoretical 
data taken from the calculations based on the ALICE-IPPE 
code.29) The measured cross-sections of 111In radionuclide is 
a cumulative one, because the activity counting was started 
after a long cooling time and by this time the short-lived 
metastable state  radionuclide 111mIn (7.7 min) decayed 
completely to the long-lived 111In ground state by IT 
process. The present results are in good agreement with the 
measured data reported by Tarkanyi et al.25) and Nortier et 
al.26) However, the data reported by Zaitseva et al.27) are 
different form any other measurements. The data calculated 
by both the TALYS and the ALICE-IPPE code showed 
good agreement in both the shape and the magnitude with 
the present measured data. The present results are compared 
with the deduced normalized values from the IAEA 
recommended data28) of the 111Cd(p,n) and the 112Cd(p,2n) 
reactions up to 20 MeV and the present results show very 
good agreement. 
 
Table 3 Measured production cross-sections of the 111In 

radionuclide 
Ep(MeV) σ (mb) Ep(MeV) σ (mb) Ep(MeV) σ (mb)

39.6 
37.9 
36.3 
34.6 
32.8 
30.9 
29.0 

249.4±18.2 
241.8±17.6 
227.8±16.6 
210.9±15.4 
195.0±14.2 
185.5±13.5 
198.6±14.5 

27.0 
26.0 
23.8 
22.7 
20.2 
17.5 
16.2 

243.0±17.7 
265.1±19.3 
316.2±23.0 
302.5±22.0 
267.4±19.5 
232.7±16.9 
225.0±16.4 

12.8 
11.1 
9.2 
6.9 
4.0 

 
 

127.6±9.3
81.5±5.9 
48.6±3.5 
19.6±1.4 
2.3±0.2 

 
 

 

V. Integral Yield 

    The integral yield of a radionuclide from a nuclear 
process was deduced using the measured cross-sections of 
111In and the stopping power of natCd over the energy range 
from threshold upto 40 MeV. It is expressed as MBqμA-1h-1, 
i.e. for an irradiation at beam current of 1 μA for 1 hour. 
The present result is shown in Fig. 3 together with the 
directly measured thick target yield value reported by  
Dmitriev and Molin 30) as a function of proton energy and 
found a very good agreement.  

0 10 20 30 40 50
0

100

200

300

400

 

 

C
ro

ss
 se

ct
io

ns
 (m

b)

Proton energy (MeV)

 This work      Tarkanyi'06
 Zaitseva'90    Nortier'90
 ALICE-IPPE      TALYS
 IAEA Recom. (111Cd+112Cd)

 
Fig. 2 Excitation function of the natCd(p, x)111In reaction 
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Fig. 3 Integral yields for the production of 111In radionuclide 
 
VI. Conclusions 
 
    A new experimental cross-sections data for the 
production of 111In radionuclide from the proton 
bombardment on natural cadmium target have been 
reported in the energy range of 4-40 MeV using the 
stacked-foil activation technique with an overall uncertainty 
of about 14%. It is one of the most widely used 
radionuclide for diagnostic and therapeutic purposes in 
nuclear medicine. The measured excitation function of this 
radionuclide will help effectively to optimize the production 
conditions. The production of 111In through 111Cd(p,n) and 
112Cd(p,2n) processes is already recommended by IAEA 
under Coordinated Research Project (CRP). Hence, the 
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present measured cross sections of 111In from natural 
cadmium target could be used in validation of the IAEA 
recommended data. The production of this radionuclide 
from natural cadmium target is not suitable due to the 
contamination from other simultaneously produced indium 
radionuclides in our investigated energy range. Highly 
enriched 111,112Cd targets could be used to get the suitable 
production with minimum impurity level. 
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     The excitation function of the natW(p,xn)186Re nuclear reaction was measured as a function of the proton energy in 
the range of  6 - 40 MeV by using a stacked-foil activation technique combined with high-purity germanium gamma-
ray spectroscopy at the MC50 cyclotron of the Korea Institute of Radiological and Medical Sciences.  The present 
results are in good agreement with the earlier reported experimental data and the theoretical calculation based on the 
TALYS code. The thick target integral yield was also deduced from the measured excitation function and stopping 
power of natW over the energy range from threshold up to 40 MeV.  
 
 KEYWORDS: excitation function, natW(p,xn)186Re reactions, 42 MeV proton, stacked-foil activation technique, 

integral yield 
 

I.  Introduction8 
 

The cyclotrons with energy ranges from few tens to few 
hundreds MeV were applied to the nuclear medicine 
especially in technologically advanced countries. The 
radionuclide produced at cyclotron with neutron deficient 
and decay mainly by an electron capture (EC) or a β+ 
emission is especially suitable for diagnostic studies. 
Rhenium (Re) has varieties of applications in nuclear 
medicine including radioimmunotherapy, radionuclide 
synovectomy, and bone pain palliation.1) The most widely 
used rhenium radioisotopes 186Re and 188Re have suitable 
properties for radiotheraphy. In principle, neutron rich 
radionuclide 186Re can be produced in different ways, the 
dominant routes are; by nuclear reactor through (n,γ) 
process and by cyclotron through 186W(p,n)186Re process. 
The principal drawback of the former process is that the 
radionuclide 186Re is produced as carrier added form with 
low specific activity, whereas the later is better due its 
carrier-free nature and also for high specific activity. High 
specific activity is generally required for radiolabeling of 
tumor-specific antibodies.2) Moreover, an additional 
advantage is that sufficient amount of 186Re can be 
produced by using a compact cyclotron.3) Recent survey4-6) 
has shown that the radionuclide 186Re is an ideal candidate 
for radioimmunotherapy, especially in bone pain palliation. 
This is due its short range β¯ emission (<2mm in tissue) 
with energies at 1.07 and 0.933 MeV, low-abundance (9%) 
γ-ray emission at 137 keV, which allows for in-vivo 
tracking of the radiolabeled biomolecules and the 
estimation of dosimetry calculation. The suitable 3.7-day 

                                                 
8 Corresponding author: E-mail: gnkim@knu.ac.kr 

half-life allows sufficient time for the synthesis and 
shipment of potential radiopharmaceuticals. 

Only a few earlier investigations7-9) were carried out for 
the production of high specific activity 186Re radionuclide in 
no carrier added (NCA) form by the proton bombardment 
on enriched tungsten targets using cyclotron but 
discrepancies are found among these data set. These 
inconsistencies severely limit the reliability of data 
evaluations. However, an accurate knowledge of excitation 
function is critically needed for the optimization of 
production condition. The aim of this work was to measure 
the production cross-section and estimate the integral yields 
of 186Re radionuclide from the proton bombardment on 
natural tungsten target using the MC-50 cyclotron at the 
Korea Institute of Radiological and Medical Sciences 
(KIRAMS) in order to enrich, as well as increase the 
reliability of the existing data set. 
 
II. Experimental Procedure 
 
    The production cross-sections of 186Re were measured as 
a function of proton energy in the energy range of 6-40 
MeV using a stacked-foil activation technique combined 
with high purity germanium (HPGe) γ-ray spectrometry. 
The irradiation technique, the activity determination, and 
the data evaluation were described in elsewhere.10) High 
purity metallic form of tungsten (>99.99%) with a thickness 
of 200 μm, 50 μm thick copper (>99.98%) and 100 μm 
thick aluminum (99.999%) foils with natural isotopic 
compositions were assembled in two separate stacks. The 
aluminum and the copper foils were used to monitor the 
beam intensity and to degrade the beam energy, as 
respectively. Two stacked-samples were separately 
irradiated for 0.5 hour with 42 MeV proton beam of 10 mm 
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diameter and a beam current of about 100 nA in the external 
beam line of the MC50 cyclotron at the KIRAMS.  The 
beam intensity was kept constant during irradiation. The 
activity measurements of the irradiated samples of both the 
stacks were started about 15 hours after the end of the 
irradiation. The HPGe-detector (EG&G Ortec.) was 
coupled with a 4096 multichannel analyzer (MCA) with the 
associated electronics to determine the photo peak area of 
the γ-ray spectrum. The spectrum analysis was done using 
the program Gamma Vision 5.0 (EG&G Ortec.). Each 
sample was recounted 3~4 times to avoid disturbance by 
overlapping gamma-lines from undesired sources and in 
order to more accurately evaluate the longer-lived 
radionuclide. All samples were measured at 15 cm and 25 
cm distances between the sample and the detector to keep 
dead time within 10% and to suppress the sum-coincidence 
effect caused by the coincidental detection of two or more 
γ-rays in cascade. The efficiency of the HPGe-detector was 
determined using the standard radiation sources. 
 
III. Data Analysis 
 

Cross-sections for the independent and cumulative 
formation of 186Re in proton-induced activation on natural 
tungsten were determined from the decay rates of the 186Re 
and the measured proton beam intensity. 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, 27Al(p,x)22,24Na 
and natCu(p,x)62Zn, respectively. The use of the multiple 
monitor foils decreases the probability of introducing 
unknown systematic errors in activity determination. The 
beam intensity was considered constant to deduce cross-
sections for each foil of the stack. The loss of proton energy 
along the stacked was calculated by the computer program 
SRIM-2003.11) In order to calculate the cross-sections, the 
decay data of the 186Re were taken from the NUDAT 
database12), and the threshold energy of the contributing 
reaction was taken from T-2 Nuclear Information Service 13). 
The standard cross-section data for the monitors were taken 
from internet service14).  

The thick target integral yield can be determined by 
using the measured excitation function. On the basis of 
excitation functions, the production yield under ideal 
conditions can be determined as the upper limit of the direct 
experimental value. 

In the present experiment, we have tried to make the 
reasonable effort to minimize or eliminate systematic errors. 
However, the combined uncertainty in each cross-section 
was estimated by considering the following uncertainties; 
statistical uncertainty of γ-ray counting (0.5-10%), 
uncertainty in the monitor flux (~7%), and uncertainty in 
the efficiency calibration of the detector (~4%). The overall 
uncertainties of the cross-section measurements were in the 
range of 8-13%. The uncertainty of proton energy was 
calculated from the uncertainties of the incident beam 

energy, the target thickness and homogeneity, and the beam 
struggling. The calculated uncertainty of a representing 
point in the excitation function ranges from ±0.3 to ±0.9 
MeV. 

 
IV. Results and Discussion 
 
    The cross-sections for the formation of 186Re in the 
interactions of protons with natural tungsten, measured in 
this work, are presented in Table 1. The obtained cross-
section data and deduced yield are shown in Figures 1-3 
together with the literature values and the calculated values 
of the theoretical model code TALYS. 
 
Table 1 Measured production cross-sections of 186Re  
Ep(MeV) σ (mb) Ep(MeV) σ (mb) Ep(MeV) σ (mb)

39.9 
38.3 
37.0 
35.2 
33.4 
31.5 

6.59±0.71
7.26±0.65
7.83±0.87
7.32±0.93
7.79±0.86
7.38±0.68

30.0 
28.0 
25.8 
23.4 
21.6 
19.0 

7.79±0.82 
9.27±0.85 
7.81±0.82 
7.99±0.72 
9.13±0.98 
9.16±0.86 

15.9 
13.0 
10.8 
6.6 

 
 

10.31±1.07
11.31±0.97
16.87±1.66
2.39±0.32
 
 

 
1. Production cross-sections of the monitor reaction 
 
     The use of monitor reactions in monitor foils with same 
area with the target foils of interaction is a very simple, 
convenient and a cheap method for energy and intensity 
measurements of charged particle beams used for 
radioisotope production. This process has especially a great 
importance when the deduced beam parameters are used in 
the determination of new experimental data such as cross 
sections or yields. The use of monitor reaction means 
performing relative measurement. 
      To avoid any mistake in determination of the effective 
bombarding energy of the target foils in the stack, the 
excitation function of the monitor reaction, natCu(p,xn)62Zn 
was measured simultaneously with desired targets and 
compared to the recommended values over the investigated 
energy region. As shown in Figure 1, the measured values 
are in well consistent with the recommendation14) and that 
fact confirms the reliability of the incident beam energy 
degradation calculation, effective beam current and the 
measured cross-sections for the investigated nuclides. 

 
Fig. 1 Excitation function of the natCu(p,xn)62Zn monitor reaction. 
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2. Production cross-sections 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 cross-section of the 
direct formation of 186Re from the natW+p process was 
measured up to 40 MeV. The present measurements are 
compared in Figure 2 with the available experimental 
values8,15-18) and the theoretical calculations using the code 
TALYS. TALYS is a nuclear-reaction computer program 
which simulates basically all types of nuclear reactions, in 
the energy range of 1 keV - 200 MeV. With a few 
exceptions, the database of this code is based on the 
Reference Input Parameter Library19). As shown in Figure 
2, the excitation function of 186W(p,n)186Re reaction has a 
peak at around 9 MeV. The present results are in general 
good agreement with the data reported by Lapi et al.15), 
Tarkanyi et al.17), and Szelecsenyi et al.18). The theoretical 
calculations by TALYS are consistent with the present 
results in our investigated energy region. Shigeta et al.,8) 
measured the production cross-sections of 186Re by using an 
isotopically enriched sample 186W, and hence their data 
showed higher values than any other measurements. The 
data reported by Zhang et al.16) are very low compared with 
other measurements. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Excitation function of the natW(p,xn)186Re reaction. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Integral yields of 186Re from a natural tungsten target as a 
function of proton energy 
 

3. Integral yield 
The integral yield of a radionuclide from a nuclear 

process was deduced using the measured cross-sections of 
186Re and stopping power of natW over the energy range 
from threshold up to 40 MeV. It is expressed as MBq μA-1 
h-1, i.e. for an irradiation at beam current of 1 μA for 1 hour. 
The obtained result is shown in Figure 3 with the 
calculated yield by Dmitriev and Molin20) as a function of 
proton energy. The optimum production range of 186Re 
radionuclide was found for proton energy at 7-14 MeV. The 
integral yield of 186Re at 15.9 MeV is 1.25 MBq μA-1 h-1. 
For application purposes by using enriched 186W-target 
(99%), the yield of 186Re may be increased up to 4.32 MBq 
μA-1 h-1. 

 
V. Conclusions 
 
    The new independent and cumulative excitation function 
of the natW(p,xn)186Re reaction was measured in the energy 
range of 6.6 - 40 MeV by using a stacked-foil activation 
technique with an overall uncertainty of about 13%. In 
general the present measured data agreed with other 
measurements except the data reported by Zhang et al.16). 
The 186Re is one of the most useful radionuclide for internal 
radiotherapy in nuclear medicine. The measured excitation 
function of this radionuclide will help effectively to 
optimize the production conditions. The optimum 
production of this radionuclide was found in the energy 
range 7-14 MeV whereas at 15.9 MeV the integral yield 
was obtained as 1.25 MBq μA-1 h-1, which could be 
increased up to 4.32 MBq μA-1 h-1 using 99% enriched 
186W-target. Although nowadays, 186Re is produced 
commercially by using nuclear reactors, the cyclotron offers 
the alternative production route of this isotope in no carrier 
added form. In the last decade, the rapid installations of 
hospital based cyclotrons in the world were driven by the 
advent of advances in various imaging techniques. However, 
the present measured cross-sections data from 
186W(p,n)186Re process will be very helpful to prepare a 
recommended data base leading to the practical applications. 
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Abstract 
 

We measured the production cross-sections of the residual radionuclide for proton-induced 
reactions on natural tin by using a stacked-foil activation technique in the energy range from threshold 
energy to 40 MeV at the MC-50 cyclotron of the Korea Institute of Radiological and Medical Sciences. 
The results were compared with the earlier reported experimental data and theoretical calculations by using 
the TALYS and the ALICE-IPPE codes. The present results are in general good agreement with the 
available literature data and calculated results by using the computer codes TALYS and ALICE-IPPE. The 
thick target integral yields were also deduced from the measured excitation functions of the produced 
radionuclide.  
 
PACS: 25.40.-h; 25.60.Dz 
Keywords: p+natSn; 40 MeV proton beam; Stacked-foil activation technique; Excitation functions; Integral 
yields. 
 
 
1. Introduction 

 
Excitation functions of proton-induced nuclear reactions in the intermediate energy region are of 

increasing importance for a wide variety of applications: medical radioisotope production, spallation 
neutron sources, radiation and shielding effects in space, and technology development of an accelerator-
driven system for transmutation of nuclear waste or for energy production. The information on the 
excitation function of residual nuclei is important for verification of different models used to explain the 
reaction mechanism, optimize the production yield, and estimate the impurities of radioisotopes produced 
simultaneously. The production yield of radioisotope in the cyclotron with reasonable accuracy can be 
deduced from the full excitation function of the nuclear process.  

The excitation functions of radioisotopes produced by proton-induced reactions on natural tin (Sn) 
play important roles in practical applications such as medical radioisotope production (117mSn, 111In, and 
114mIn), wear measurements via thin layer activation technique (124Sb and 122Sb), trace element analysis 
(125Sb, 124Sb, 122Sb, and 120mSb), and so on. The 117mSn labeled radiopharmaceuticals based on the unique 
physical characteristics i.e., an intermediate half-life of 14 days, a monoenergetic γ-ray of 158.6 keV, 
and low-energy-conversion electrons shows potential use in bone pain palliation and bone tumor 
therapy [1-4]. The radionuclide 111In is widely used in diagnostic nuclear medicine due to its 
suitable half-life (T1/2 

=2.8 d), abundance of β¯ emission, and high intense low energy γ-ray 
emission. It is also used for labeling cellular blood components and monoclonal antibody, a 
myocardial damage detection, a localization of an abscess in polyeystic kidney, radiolabeled 
immunoglobulin therapy, and an imaging for cancer [5-8]. In addition, a number of clinical 

                                                 
9 Corresponding author. Tel.: +82539505320; Fax: +82539393972. 
  E-mail address: gnkim@knu.ac.kr (G. N. Kim). 



KAERI/TR-3602/2008 
 

 72 
 

investigations are in progress in which antibodies and peptides labeled with 111In are the subject of 
therapeutic and diagnostic evaluations [8]. Moreover, the radionuclide 111In plays a greater role in 
γ-γ time differential perturbed angular correlation (TDPAC) studies [9]. It is interesting to note 
that, 114mIn and its daughter radionuclide 114In are usually regarded as undesirable long-lived 
impurities in 111In-labeled radiopharmaceuticals for a diagnostic use. However, there is increasing 
interest in studying 114mIn to determine the long-term stability and biokinetics of indium-labeled 
pharmaceuticals as well as for radionuclide therapy [10]. Antimony (Sb) is a widely distributed toxic 
trace element in soils, and it is likely to be a pollutant in industrial environments [11-12]. The mobility of 
antimony in agricultural soils was studied by using the 124Sb as a radiotracer [13]. The radionuclide 122Sb 
was used for the studies of environmental contamination or food crops [14]. The radionuclide 125Sb (half 
life 2.76 y) has importance in nuclear waste management because it is a fission product of 235U and is found 
in nuclear wastes.  

There are few reported results for proton-induced reaction cross-sections on natural tin in the 
medium-energy range; Hermanne et al. [15], Kormali et al. [16], and Johnson et al. [17]. Kormali et al. [16] 
reported production cross-sections of Sb radionuclides by proton-induced reactions on natSn up to 20 MeV. 
Johnson et al. [17] reported on the total neutron emission in (p,n) reactions for protons up to 7 MeV in the 
formation of seven Sb radionuclides. Hermanne et al. [15] published the excitation functions of proton-
induced reactions on natSn up to 65 MeV. 

The present work was performed to measure the proton-induced reaction cross-sections on natural 
tin in the energy range from the threshold energy to 40 MeV by using a stacked-foil activation technique at 
the MC-50 cyclotron of the Korea Institute of Radiological & Medical Sciences (KIRAMS). The integral 
yields, i.e. yields on infinite thick targets, were also deduced from the respective threshold for the produced 
radionuclide by using the measured excitation functions as a function of proton energy. 
 
2. Experimental techniques and data analysis 

 
We measured the excitation functions for the natSn(p,x) reactions by using a stacked-foil activation 

technique in the energy range from threshold energy to 40 MeV at the MC-50 cyclotron of the KIRAMS. 
The detailed information of the experimental set-up and data evaluation methods, including uncertainty 
estimation was similar to that of our earlier publications [18-19].  

The stacked foils were irradiated by using 42 MeV incident proton beam of the MC-50 cyclotron. 
Natural high purity (>99.99%) Sn foils (112Sn 0.97%, 114Sn 0.65%, 115Sn 0.34%, 116Sn 14.53%, 117Sn 7.68%, 
118Sn 24.23%, 119Sn 8.59%, 120Sn 32.59%, 122Sn 4.63%, and 124Sn 5.79%) were stacked together with 
copper and aluminum foils. Al and Cu foils were used as monitor as well as energy degraders. In order to 
accurately measure the beam flux, an Al sample (200 μm thickness) was placed as a front foil of the stack 
where the beam energy is well defined. Care was taken in preparation of uniform targets with known 
thicknesses, determination of proton energy and intensity along the stacks. The precisely measured 
thicknesses of the Sn, Cu, and Al foils were 50 μm, 100 μm and 100 μm, respectively. The stacked samples 
were irradiated for 0.75 hour by the proton energy of 42 MeV with a beam current of about 100 nA from 
the external beam line of the MC50 cyclotron.  

The activities of the produced residual radionuclides were measured non-destructively by using a 
high-purity germanium (HPGe)-detector coupled to computer-based multi-channel analyzer. The activity 
measurements of the irradiated samples were started about 5 h after the end of the bombardment (EOB) 
and continued up to 30 days with repeated measurements. This process allowed us the accurate 
measurements of short-lived as well as long-lived activation products. The counting of each sample was 
done 5-6 times by giving long time interval to avoid disturbance by overlapping gamma-lines from 
undesired sources, and also more precisely assay the longer-lived radionuclides. All samples were counted 
at distances of 5-25 cm from the end-cap of the detector to avoid coincidence losses, to assure low dead 
time (<10%) and point like geometry. Interactive peak analysis was done using the program Gamma Vision 
(EG&G ORTEC). 

The detection efficiencies for different measuring distances were determined using standard 
gamma-ray sources (133Ba, 109Cd, 22Na, 60Co, 57Co, 54Mn, and 137Cs). The proton beam intensity was 
determined by using the monitor reactions, 27Al(p,x)22,24Na and natCu(p,x)62,65Zn [20] from the measured 
activities induced in monitor foils considering that the monitor foils were irradiated simultaneously and 
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measured in the same counting geometry and with the same HPGe-detector calibrated by the above 
mentioned standard γ-ray point sources. The use of the multiple monitor foils decreases the probability of 
introducing unknown systematic errors in activity determination. The beam intensity was considered 
constant to deduce cross-sections for each foil in the stack. The proton energy degradation along the stack 
foils was calculated by using the computer program SRIM-2003 [21]. 

The activation cross-sections for the reactions natSn(p, x) were determined in the proton energy 
range 5-40 MeV by using the well-known activation formula [22]. The decay data of the radioactive 
products, such as the half-life (T1/2), the γ-ray energy (Eγ), and the γ-ray emission probability (Iγ), were 
taken from the NUDAT database [23] and are collected 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 [24]. 
A detailed analysis can be found in elsewhere [18-19]. 

In the present experiment, all the uncertainties were considered as independent. Consequently, they 
were quadratically added according to the laws of error propagation to obtain total uncertainties. Moreover, 
some of the sources of uncertainties are common to all data, while others individually affect each reaction. 
However, the combined uncertainty in each cross-section was estimated by considering the following 
uncertainties; statistical uncertainty of gamma-ray counting (0.5-10 %), uncertainty in the monitor flux 
(~7 %), uncertainty from sample thickness measurement (~1.5%), and uncertainty in the efficiency 
calibration of the detector (~4 %). The overall uncertainties of the cross-section measurements were in the 
range 8-15 %. Furthermore, the uncertainty of proton energy was calculated from the uncertainties of the 
incident beam energy, the target thickness and homogeneity, and the beam struggling. The estimated 
uncertainty of a representing point in the excitation function ranges from ±0.3 to ±1.1 MeV. 
 
3. Model Calculation 
 

A variety of theoretical models are in general use at this time for calculating nuclear 
reaction cross-sections. In principle, a model gives us complete understanding of a physical 
process. It allows extrapolation and prediction of experimental data. The model codes offer 
important advantages such as ensuring internal consistency of the data by preserving the energy 
balance and the coherence of the partial cross-sections with the total or the reaction cross-sections. 
In addition, the model calculations can fill gaps in the experimental results and predict data for 
unstable nuclei.  

The TALYS is a nuclear-reaction computer program which simulates basically all types of nuclear 
reactions, in the energy range of 1 keV to 200 MeV. With a few exceptions, the database of this code is 
based on the Reference Input Parameter Library [25]. In TALYS, the coupled-channel code ECIS-97 [26] 

is used as a subroutine for all optical model and direct reaction calculations. The default optical-model 
potentials (OMP) used in TALYS are the local and global parameterisations for neutrons and protons [27] 
but possible to adjust the parameters on demand. All types of compound nucleus reaction mechanism are 
included in this code where the calculations are mostly based on the Hauser-Feshbach formalism including 
width fluctuation corrections (WFC). Several models for the level density are used in this code, which 
range from phenomenological analytical expressions to tabulated level densities derived from microscopic 
calculations. However, mostly the Fermi gas model is used at high energies, with shell- and energy-
dependent level density parameter, whereas a constant temperature model fitted to the known discrete 
states is used at low energy. For nucleon reactions, a two-component exciton model with a new form of 
internal transition rates based on the OMP is implemented.  The multiple pre-equilibrium processes are 
accomplished by keeping track of all successive particle-hole excitations for either proton or neutron. Pre-
equilibrium photon emission is taken into account with the model of Akkermans and Gruppelaar [28]. For 
nuclear reaction mechanism involving projectiles and ejectiles with different particle numbers like 
stripping, pick-up, and knock-out processes, and for the prediction of pre-equilibrium angular distributions 
the newly developed Kalbach [29] phenomenological systematics is included in this code. The independent 
treatment of isomeric state cross-section is the main advantage of this code. The present results of 
p+natSn processes were evaluated using mostly the default values of the code, and modification of 
the local level density file, as well.  
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The measured data were also compared with the theoretical data taken from the MENDL-2P 
database [30] calculated by using the ALICE-IPPE computer code. The ALICE-IPPE code is a modified 
version of ALICE-91 by the Obninsk group [30]. 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 [31]. 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. The individual results of the present studied reaction of interest were weighted and summed 
according to the abundance of the target isotopes. These obtained cross-sections are given in Figs. 1-10 and 
are discussed together with the experimental results in the following section. 

 
3. Results and discussion 

Natural tin containing 10 stable isotopes can produce various radioisotopes with interesting 
characteristics for medical and industrial applications through the (p, xn), (p, pxn), and (p, αxn) processes. 
In some cases, two or more γ-rays were used for the measurement of each reaction cross-section, and the 
average value is presented. Some of the radionuclides formed as the result of cumulative processes through 
the decay of metastable states or contribution of parent nuclides to the production process. The detailed 
situations for the individual studied nuclides are discussed in the following section. The measured 
excitation functions of the investigated radioactive products are compared with the available literature data 
and the  calculated values of the TALYS and the ALICE-IPPE code as shown in Figs. 1–10. The numerical 
data with errors are presented in Tables 2 and 3. The thick integral yields are derived from the respective 
thresholds for the production of the investigated radionuclides using the measured cross-sections as a 
function of proton energy and are shown in Figs. 11–14. 
 
3.1. Excitation functions for the production of antimony radionuclide 
 
3.1.1. 124Sb 

 
The radionuclide 124Sb has a long-lived ground state 124gSb (T1/2=60.2 d), which is used in 

radiochemical analysis as a tracer isotope for soils and two short-lived metastable states 124mSb (T1/2= 1.55 
min) and 124nSb (T1/2= 20.20 min), which could not be analyzed in this experiment. The metastable state 
124nSb completely decays to124Sb by 100% IT process. The other metastable state 124mSb decays to ground 
state 124Sb through IT (75%) process and to daughter nuclide 124Te through β¯ (25%) process. Therefore, 
the measured results represent mostly the cumulative production of 124m+gSb after total decay of the 
isomeric states. The intense independent γ-ray (602.72 keV) was used to determine the production cross-
section of 124Sb isotope, whereas the γ- line 645.85 and 722.78 keV were used to cross check the obtained 
results. Only one reaction 124Sn(p, n)124Sb (Q = -1.4 MeV) contributes to the formation of 124Sb 
radionuclide. The present results shown in Fig. 1 are in general good agreement with the recent data 
reported by Hermanne et al. [15].  The maximum position of the production cross-section is almost similar 
to that of the theoretical expectation by both the TALYS and the ALICE-IPPE codes, while we can see the 
experimental peak is much broader than the theoretical peak. The high resolution data below 7 MeV 
obtained from Johnson et al. [17] after normalized to the abundance in natSn are consistent with the 
calculated values from the TALYS and the ALICE-IPPE codes.  

 
3.1.2. 122Sb 
 

The 122Sb nuclide can be used as a tracer isotope for the studies of environmental contamination or 
food crops. The long-lived ground state 122gSb (T1/2= 2.73 d) was measured after complete decay of the 
short-lived metastable states 122mSb (T1/2= 0.00053 sec and T1/2= 4.19 min) to the 122Sb by the IT (100%) 
process. Therefore, the production cross-section of the 122Sb isotope is considered as the cumulative 
production of 122g+mSb after decay of the isomeric states. The direct reaction channels for this radionuclide 
formation are from the 122Sn(p, n)122Sb and the 124Sn(p, 3n)122Sb reactions. The intense independent γ-ray 
564.2 keV was used to determine the production cross-sections of 122Sb. The obtained two maxima at 
around 6-14 MeV and 21-33 MeV proton energy shown in Fig. 2 supports the (p,n) and (p,3n) 
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contributions, respectively. The present data are similar to those of Hermanne et al. [15] within the error 
and follow closely the evaluated data by using the TALYS and the ALICE-IPPE codes. Here again the high 
resolution data below 7 MeV obtained from Johnson et al. [17] after normalized to the abundance in natSn 
are consistent with the calculated values from the TALYS and the ALICE-IPPE codes. 

 
3.1.3. 120mSb 

 
The 120Sb has a short-lived ground state 120gSb (T1/2= 15.89 min) and a long-lived metastable state 

120mSb (T1/2= 5.76 d). Both states decay directly to 120Sn through the EC (100%) process. We could not 
assess the ground state due to its short half-life. The contributing reactions for the formation of 120mSb 
radionuclide are 120Sn(p, n)120mSb, 122Sn(p, 3n)120mSb, and 124Sn(p, 5n)120mSb with Q-values -3.5, -18.4, and 
-32.9 MeV, respectively. Three independent energies of 197.25 (Iγ = 88%), 1023.06 (Iγ =99%), and 1171.4 
keV (Iγ =99.9%) γ-lines were considered to identify the 120mSb isotope. Hence we took the average value of 
production cross-sections using all of the γ-lines. The present data shown in Fig. 3 are consistent with the 
experimental data reported by Hermanne et al. [15] in the investigated energy range. The overall shape of 
the excitation curve looks similar to that of the theoretical data evaluated by the TALYS and the ALICE-
IPPE codes but not in magnitude, especially for the case of the ALICE-IPPE code. The fact is that the 
ALICE-IPPE code could only predict the total production cross-sections but not the isomeric state 
independently. The experimental data obtained by Johnson et al. [17], which is the sum of both 120Sb 
isomers, are well agreed with those obtained by the ALICE-IPPE code.  
   
3.1.4. 118mSb 
 

The 118Sb also has a short-lived ground state 118gSb (T1/2= 3.60 min) and a long-lived excited state 
118mSb (T1/2= 5.0 h). Both states directly decay to 118Sn through the EC (100%) process without any 
isomeric transition. Due to the long cooling time, we could not identify the short-lived ground state 118gSb. 
In order to determine the production cross-sections of 118mSb, we used the intense independent γ-line 
253.68 keV. We also confirmed the result with other two γ-lines of 1050.69 keV and 1229.64 keV. This 
radionuclide can be produced through a number of competing reaction channels; 118Sn(p,n)118mSb (Q= -4.4 
MeV), 119Sn(p,2n)118mSb (Q= -10.9 MeV), 120Sn(p,3n)118mSb (Q= -20.0 MeV), and 122Sn(p,5n)118mSb (Q= -
35.0 MeV). The measured excitation function for the formation of 118mSb radionuclide is shown in Fig. 4. 
The present result showed an overall good agreement with the data reported by the Hermanne et al. [15] 
and the Kormali et al. [16]. The evaluated data predicted by the code TALYS showed better agreement 
with the measured ones than the theoretical data taken from calculation based on the ALICE-IPPE code. 
This big difference is that the ALICE-IPPE code calculated the sum of the ground and the excited state 
production. The data obtained by Johnson et al. [17] are again identical to those obtained by the ALICE-
IPPE code. 
 
3.1.5. 117Sb 
 

The radionuclide 117Sb (T1/2= 2.80 h; Jπ = 5/2+; Eβ
+ =0.57 MeV; Iβ

+ =1.7%) has no metastable state 
and decays to the 117mSn by the EC (100%) process. We used the γ-ray of 158.56 keV with an intensity of 
85.9 % to identify the 117Sb radionuclide. The contributing reactions for the production of the 117Sb 
radionuclide in the investigated energy region are 117Sn(p,n) (Q= -2.5 MeV), 118Sn(p,2n) (Q= -11.9 
MeV),119Sn(p,3n) (Q= -18.3 MeV), and 120Sn(p,4n) (Q= -25.4 MeV). The measured excitation function in 
Fig. 5 shows in general good agreement with those reported by Hermanne et al. [15] and Kormali et al. [16]. 
However, the data of Kormali et al. [16] slightly differ from that of both the present and the Hermanne et al. 
[15] above 15 MeV. The low energy data of Johnson et al. [17] are also consistent with both the measured 
data and the theoretical data.  The obtained peak around 24 MeV is mainly due to the contribution of 
118Sn(p,2n)117Sb reaction because of higher isotopic abundance in the natural Sn target ( 24.23% of 118Sn). 
The theoretical data predicted by both the TALYS and the ALICE-IPPE codes showed in general good 
agreement with the measured ones. 
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3.2. Excitation functions for the production of tin radionuclide 
 
3.2.1. 117mSn 
 

The long-lived metastable radionuclide 117mSn (T1/2= 13.6 d) decays to the stable ground state 
through a complete IT process. The only characteristics γ-line (Eγ =158.56 keV, Iγ= 86.3 %) of this 
radionuclide is identical to that of the 117Sb radionuclide (T1/2= 2.80 h). Fortunately, the half-lives of these 
two radionuclides have a great difference. In principle after 10-15 half-lives, the activity contribution of 
117Sb radionuclide at 158.56 keV γ-line became completely zero and/or practically negligible. The 
contributing reactions of the 117mSn formation are 117Sn(p,p’), 118Sn(p,pn),119Sn(p,p2n), and 120Sn(p,p3n) in 
the investigated energy region. The measured excitation function of the 117mSn formation in Fig. 6 is the 
similar to that of Hermanne et al. [15], where there is slowly increasing from the threshold of 9.4 MeV of 
the (p,pn) reaction. The ALICE-IPPE prediction showed a better agreement with the measured data than 
the TALYS prediction up to 25 MeV. There is no clear peak and/or structure shown in our investigated 
energy region for the formation of this radionuclide.  
  
3.2.2. 113Sn 
 
            The long-lived radionuclide 113Sn (T1/2= 115.1 d) is produced as a contaminant of medically 
important radionuclide 117mSn from the proton irradiations on natural tin. The 113Sn radionuclide has one 
short-lived metastable radionuclide 113mSn (T1/2= 21.4 min) which decays to the ground state by IT (91.1%) 
mode and to the 113mIn isotope by EC (8.9%) mode. The contributing reactions for the long-lived ground 
state of 113Sn formation are three ways: the direct process through the (p,pxn) reactions, the decay of the 
short-lived metastable radionuclide 113mSn, and the decay of the 113Sb radionuclide. As the activity counting 
was done after a long cooling time and conversely we could not measure the short-lived radionuclide 
113mSn, the present measured cross-sections of 113Sn can be treated as the cumulative production cross-
sections of 113m+gSn radionuclide. The cumulative cross-sections of 113Sn were determined by using the 
strong γ-line 391.71 keV. The obtained result shown in Fig. 7 is in general good agreement with the 
experimental data given by Hermanne et al. [15], theoretical data calculated from the computer code 
TALYS, and also data taken from the ALICE-IPPE code in our investigated energy region. The broad 
bump around 27 MeV is due to the contributions from the 116Sn(p, p3n)113Sn reaction and the decay of 
113Sb isotope. This is because, the corresponding reaction threshold lies [116Sn(p, p3n)113Sn; Q value= -27.4 
MeV] above this energy, and also the isotopic abundances of other related stable isotopes [114Sn (0.65%); 
115Sn (0.34%)] are very low. The sharply increased excitation function above 35 MeV is due to the 
contributions of direct reactions on abundant Sn isotopes (116Sn(p, p3n)113Sn  and 117Sn(p, p4n)113Sn). The 
calculated cross-sections above 35 MeV by using the ALICE-IPPE code much higher than those by using 
the TALYS code. 
  
3.3. Excitation functions for the production of indium radionuclide 
3.3.1. 114mIn 

The short-lived ground state 114In (T1/2= 1.20 min) has two metastable states 114mIn (T1/2= 
49.41 d) and 114nIn (T1/2= 43.1 ms) radioisotopes. The short-lived metastable state 114nIn decays 
completely to 114mIn by 100% IT process. The long-lived metastable state 114mIn decays to the 
ground state 114In by IT (95.6%) process and to the daughter nucleus 114Cd by EC (4.4%) process. 
Finally, the short-lived ground state 114In decays to the daughter nuclide 114Cd and 114Sn through 
EC (0.50%) and β¯-decay (99.50%) processes, respectively. We could only measure the long-
lived metastable state 114mIn. The contributing reactions for the formation of 114mIn radionuclide 
are shown in Table 1. There is large uncertainty due to the very long half-life of 114mIn, the 
emission of very weak low energy γ-lines [190.27 (15.56 %); 558.43 (3.2 %)], and the short 
measuring time (1000 sec). There is no clear peak and/or structure in the excitation function as 
shown in Fig. 8. The present result shows good agreement with the data obtained by the 



KAERI/TR-3602/2008 
 

 77 
 

Hermanne et al. [15] below 35 MeV. Above 35 MeV region, the present result followed the 
theoretical data predicted by both the TALYS and the ALICE-IPPE code but the data measured by 
the Hermanne et al. showed a bump around 38 MeV.   
 
3.3.2. 111In 
 

The radionuclide 111In has a short-lived metastable state 111mIn (T1/2= 7.6 min) decaying to the 
ground state (T1/2= 2.83d) by 100 % IT process. From the proton bombardment on natural tin target, the 
111In can be produced by various ways: the direct production by the (p,pxn) reactions, the decay of the 
metastable state 111mIn by 100% IT process, and the series decay of the short-lived 111Sb (T1/2= 75 s) 
radionuclide by a successive EC process [111Sb (T1/2= 1.25 min, EC)  111Sn (T1/2= 35.30 min, EC)  
111In]. After complete decaying of the metastable state, the cumulative production cross-sections of 111In 
were determined by using the strong and independent γ-lines 171.29 keV and 245.35 keV emitted from the 
ground state 111gIn (T1/2= 2.83d). The measured excitation curve presented in Fig. 9 shows an overall good 
agreement with the result of Hermanne et al. [15] and the theoretical data calculated by the TALYS and the 
ALICE-IPPE codes.  The broad peak around 25 MeV is due the α-scattering reactions and also the decay of 
a parent isotope 111Sb by the EC process. Above 32 MeV, the successive increase of cross-sections are due 
to the contribution of the (p,pxn) reactions from the higher isotopic abundances in natural Sn target.  

 
3.3.3. 110In 
 

The long-lived radionuclide 110In (T1/2= 4.9 h) has a short-lived metastable state 110mIn (T1/2= 1.15 
h) which could not be assessed in our experiment. The only strong γ-line 657.7 keV of 110mIn is also the 
strongest γ-line of 110In, and no reliable separation is possible on the basis of half-lives. Both of the 
radioisotopes separately decay to the daughter nuclide 110Cd by the EC process. Fortunately, the ground 
state 110In radionuclide has a number of characteristics γ-lines [641.68 (25.9%); 657.75 (97.8 %); 707.4 
(29.5%); 884.667 (92.9%); 937.48 (68.4 %); 997.16 (10.52%)] and the average production cross-sections 
were determined by using the high intense two γ-lines of 884.667 keV and 937.48 keV. The reaction paths 
leading to the formation of this radionuclide are given in Table 1, and the measured excitation function of 
110In is presented in Fig. 10. We could not compare the present result due to lack of literature data. 
Although Hermanne et al. [15] reported the excitation function of 110mIn up to 65 MeV proton energy, they 
did a complete mistake may be in unconsciously. Their measurement should be the production cross-
sections of 110In instead of 110mIn. A general good agreement in shape of the excitation function is found 
between the present result and the ALICE-IPPE prediction, whereas the TALYS prediction showed a 
considerable difference in both the shape and measured values. 
 

4. Integral yields 
The integral yields for the reported radionuclides 124,122,120m,118m,117Sb,117m,113Sn, and 114m,111,110In 

were deduced using the present measured cross-sections and the stopping power of natSn over the energy 
range from threshold up to 40 MeV. The stopping power of natural tin for hydrogen nucleus was calculated 
by using SRIM 2003 [21] computer program. The calculated yield 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. 11-14 as a function 
of proton energy in comparison with the few directly measured thick target yields (TTY) found in the 
literature. Dmitriev and Molin [32] and Dmitriev and Konstantinov [33] measured integral thick target 
yield as a function of proton energy up to 22 MeV for 124,122,120m,118mSb and 113Sn radionuclides. The 
comparison of our deduced yield with their data [32, 33] showed a good agreement for 124Sb, 122Sb, and 
113Sn, but the yields differ significantly for the production of 120mSb and 118mSb.  

5. Conclusions 
We measured the excitation functions for the formation of 124Sb, 122Sb, 120mSb, 118mSb, 117Sb, 117mSn, 

113Sn, 114mIn, 111In, and 110In radionuclides through the proton induced reactions on natural tin in the energy 
range of 5-40 MeV by using the stacked-foil activation technique with an overall uncertainty of about 15%. 
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Most of the radionuclides are produced directly by the (p, xn) reactions, whereas some of them (124Sb, 
122Sb,113Sn, 111In) are formed by decay of their metastable states through the cumulative IT process. 
However, a clear explanation is presented in the discussion part regarding the peak formation and decay 
scheme of the reported radionuclide. We compared the present result with the reported data by Hermanne 
et al. [15], Kormali et al. [16], and Johnson et al. [17] and found in general good agreement with each other 
within the error bar region. The evaluated data by using the TALYS code and the theoretical data taken 
from the calculations based on the ALICE-IPPE code showed an overall good agreement with the present 
measured excitation functions. 

The measured cross-sections have significant relevance to the practical applications in nuclear 
medicine, trace element analysis and improvement of nuclear model calculations. The antimony 
radionuclides (e.g., 124Sb, 122Sb) could be used as radiotracer due to their suitable decay characteristics. 
Since natural tin is widely used as an important alloy component, the corrosion, erosion and wear behaviors 
of tin containing elements through TLA can be studied by using Sb isotopes. The production yield of 
medically important radionuclide 117mSn from natural tin target at 30 MeV proton energy is obtained as 
1.57 MBq/μA-h (42.43 μCi/μA-h), but the impurity level due to the long- lived 113Sn nuclide is found 
~3.5%. In principle, the non isotopic impurities can be removed by chemical separations, but the level of 
isotopic impurities can only be minimized by using enriched targets and/or by a careful selection of the 
effective particle energy range in the target. Highly enriched 117,118Sn target and medium energy (< 30 
MeV) hospital based cyclotron could be used to increase the production yield of 117mSn and decrease the 
pollutant 113Sn, simultaneously. Usually, 111In-labeled molecules are used as chemical and biological 
surrogates to study biodistribution and estimation of radiation dosimetry [34]. The optimum production of 
111In was found in the energy range 26 18 MeV and the yield was obtained as 2.42 MBq/μA-h (65.40 
μCi/μA-h) for 26 MeV proton energy. But the contamination of long-lived 114mIn was found approximately 
1%. To minimize the impurity level of 114mIn and maximize the production yield of 111In, a medium energy 
(<30 MeV) cyclotron and an enriched 112Sn target can be used in practice. 

It should be mentioned that for precise estimation of the impurity levels in enriched targets, 
isotopic cross-sections are required for all stable isotopes of that target material. At present the isotopic 
cross-sections of tin are not sufficient in our investigated energy range, hence the present measurements 
have importance in this regard. Above all, the present experimental results will play an important role in 
enrichment of literature data base for all of the investigated radio radionuclides.  
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Figure captions: 

 

Fig. 1 Excitation function of the natSn(p, xn)124Sb reaction 

Fig. 2 Excitation function of the natSn(p, xn)122Sb reaction 

Fig. 3 Excitation function of the natSn(p, xn)120mSb reaction 

Fig. 4 Excitation function of the natSn(p, xn)118mSb reaction 

Fig. 5 Excitation function of the natSn(p, xn)117Sb reaction 

Fig. 6 Excitation function of the natSn(p, xn)117mSn reaction 

Fig. 7 Excitation function of the natSn(p, xn)113Sn reaction 

Fig. 8 Excitation function of the natSn(p, xn)114mIn reaction 

Fig. 9 Excitation function of the natSn(p, xn)111In reaction 

Fig. 10 Excitation function of the natSn(p, xn)110In reaction 

Fig. 11 Integral yields for the production of the 118mSb radionuclide 

Fig. 12 Integral yields for the production of the 122Sb and 110In radionuclides 

Fig. 13 Integral yields for the production of the 120mSb, 117mSn and 111In radionuclides 

Fig. 14 Integral yields for the production of the 124Sb, 113Sn and 114mIn radionuclides 
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Table 1 Decay data and contributing production reactions 
 

Radio-
nuclide  

Half-life  Decay 
Mode 
(%) 

Energy,
Eγ 
(keV) 

Intensity,
Iγ (%) 

Contributing  
reaction 

Q-value 
(MeV) 

124Sb  60.2 d  β⎯(100) 602.72  
645.86 
722.78 

98.3  
   7.46 
10.81   

124Sn(p, n)  -1.4 
 

122Sb  2.72 d  β⎯+EC 
(100) 

564.2  
692.6  

70.67  
3.85  

122Sn(p, n)  
124Sn(p, 3n)  

-2.4 
-16.8 

120mSb  5.76 d  EC(100) 197.25 
1023.06 
1171.44 

88  
99  
99.9  

120Sn(p, n)  
122Sn(p, 3n) 
124Sn(p, 5n)  

-3.5 
-18.4 
-32.9 

118mSb  5 h  EC(100) 253.68  
1050.69 
1229.64 

96  
97.5 
100  

118Sn(p, n) 

119Sn(p, 2n) 

120Sn(p, 3n)  
122Sn(p, 5n)  

-4.4 
-10.9 
-20.0 
-35.0 

117Sb  2.8 h  EC(100) 158.6  85.9  117Sn(p, n)  
118Sn(p, 2n)  
119Sn(p, 3n) 
120Sn(p, 4n)  

-2.5 
-11.9 
-18.3 
-25.4 

117mSn 14 d  
 

IT(100) 158.56  
 

86.3  
 

118Sn(p, pn) 

119Sn(p, p2n) 

120Sn(p, p3n) 

-9.3 
-13.8 
-24.9 

113Sn  115.1 d  EC(100) 254.5  
391.71  

2.07  
64.17  

114Sn(p, pn)  
115Sn(p, p2n) 

116Sn(p, p3n) 

117Sn(p, p4n)  
Decay of 113Sb  

-10.3 
-17.8 
-27.4 
-32.4 
 

114mIn  49.51 d  IT+EC 
(100) 

190.27  
558.43  

15.56  
3.2  

115Sn(p, 2p) 

116Sn(p, 2pn) 

117Sn(p, 2p2n) 

118Sn(p, 2p3n) 

119Sn(p, α2n) 

120Sn(p, α3n) 

-8.8 
-18.3 
-25.3 
-34.6 
-12.8 
-21.9 

111In  2.71 d  EC(100) 171.29  
245.35 
 

91 
94  
 

114Sn(p, α) 

115Sn(p, αn) 
116Sn(p, 2nα) 
117Sn(p, 3nα) 

118Sn(p, 4nα) 

Decay of 111Sb 

-2.7 
-4.9 
-14.4 
-21.4 
-30.7 
 

110In 4.9 h  
 

EC(100) 641.68 
657.75  
707.4 
884.667
937.48 

25.9 
97.8  
29.5 
92.9 
68.4 

112Sn(p, 2pn)  
114Sn(p,  nα)  
115Sn(p, 2nα)  
116Sn(p, 3nα)  
117Sn(p, 4nα)  

-17.5 
-7.3 
-14.8 
-24.4 
-31.3 
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Table 2 

Production cross-sections of the reactions natSn(p, xn)124, 122, 120m, 118m, 117Sb 

 

Energy (MeV) 124Sb (mb) 122Sb (mb) 120mSb (mb) 118mSb (mb) 117Sb (mb) 

5.59±1.1 10.75±1.90 3.22±1.00 0.35±0.12 0.10±0.09 4.38±0.64 

8.10±1.1 20.92±2.74 10.81±1.70 2.88±0.33 1.00±0.14 18.03±1.57 

10.17±1.0 19.52±2.22 18.82±2.58 11.74±0.94 4.23±0.35 36.36±2.86 

11.97±1.0 12.30±1.62 15.60±2.50 22.24±1.70 9.88±0.76 59.21±4.52 

15.45±0.9 4.83±1.14 8.14±1.53 17.67±1.37 19.99±1.49 170.19±12.60

16.83±0.8 3.82±1.17 4.33±1.03 13.18±1.05 20.40±1.52 208.76±15.40

19.64±0.8 3.32±0.92 12.81±2.06 7.46±0.64 19.43±1.46 244.21±18.00

22.19±0.7 2.42±0.69 37.53±3.95 9.85±0.81 22.51±1.68 276.68±20.40

23.25±0.7 2.09±0.78 48.95±4.86 12.97±1.04 28.89±2.14 293.89±21.60

25.53±0.6 1.80±0.81 58.08±5.62 19.13±1.49 50.62±3.73 278.17±20.50

26.49±0.6 2.38±0.60 61.39±5.30 22.30±1.72 61.61±4.53 260.35±19.20

28.55±0.5 1.48±0.80 59.24±5.18 25.61±1.95 76.59±5.62 201.18±14.90

30.52±0.5 2.13±0.81 48.54±4.43 27.10±2.06 88.26±6.47 170.94±12.70

32.40±0.4 1.95±0.56 35.51±3.63 24.96±1.91 94.93±6.95 170.15±12.70

34.17±0.4 2.16±0.70 24.44±3.13 22.79±1.74 93.37±6.84 189.30±14.10

35.89±0.3 1.66±0.77 19.11±2.60 17.51±1.36 79.35±5.82 218.59±16.20

37.56±0.3 1.84±0.56 15.50±2.36 14.10±1.12 64.90±4.77 240.86±17.80

39.18±0.3 1.51±0.77 14.22±2.34 14.85±1.17 60.26±4.43 289.92±21.40
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Table 3 

Production cross-sections of the reactions natSn(p, xn)117m, 113Sn, 114m, 111, 110In 

 

Energy (MeV) 117mSn (mb) 113Sn (mb) 114mIn (mb) 111In (mb) 110In (mb) 

5.59±1.1 0.69±0.16 -- -- -- -- 

8.10±1.1 0.76±0.17 -- -- -- -- 

10.17±1.0 1.07±0.20 1.39±0.65 -- -- -- 

11.97±1.0 1.21±0.21 1.76±0.92 0.49±0.31 -- -- 

15.45±0.9 2.54±0.29 2.67±1.57 0.76±0.40 0.81±0.08 -- 

16.83±0.8 3.20±0.35 3.42±1.17 0.58±0.40 2.26±0.19 -- 

19.64±0.8 6.77±0.66 4.49±1.35 0.98±0.54 6.38±0.50 -- 

22.19±0.7 10.17±0.97 4.49±1.50 1.29±0.67 8.90±0.69 -- 

23.25±0.7 12.45±1.18 5.71±1.74 1.56±1.07 9.62±0.75 0.12±0.10 

25.53±0.6 16.40±1.54 5.45±1.43 2.45±1.21 10.19±0.79 0.16±0.09 

26.49±0.6 17.91±1.34 5.98±2.44 2.67±1.52 10.18±0.63 0.76±0.26 

28.55±0.5 20.85±1.55 5.71±3.23 2.89±1.57 9.58±0.58 0.76±0.31 

30.52±0.5 23.41±1.73 5.45±2.28 3.42±1.62 8.86±0.54 2.23±0.36 

32.40±0.4 24.91±1.84 5.29±1.60 3.38±1.53 8.33±0.51 3.73±0.45 

34.17±0.4 26.73±1.97 5.77±2.12 4.13±2.68 8.69±0.54 4.90±0.51 

35.89±0.3 28.04±2.07 8.65±2.54 4.22±2.55 8.85±0.55 4.94±0.52 

37.56±0.3 30.92±2.27 10.68±2.53 3.78±1.75 9.49±0.59 5.13±0.52 

39.18±0.3 37.99±2.79 20.50±2.92 4.89±2.29 11.43±0.68 5.82±0.57 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 8. 
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Fig. 9. 
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Fig. 10. 
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Fig. 11. 
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Fig. 12. 
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Fig. 13. 
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Fig. 14. 
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Abstract 
 

Excitation functions for the natAl(p,x)22, 24Na nuclear processes were measured  over proton 
energy range 19-38 MeV using a stacked-foil activation technique combined with high purity 
germanium (HPGe) gamma-ray spectrometry. Measured data were compared, and found a general 
good agreement with the available literature data and theoretical calculation by the model code 
TALYS. Validation of the measured data was done with the IAEA recommended ones. The 
formation of both 22Na and 24Na radionuclides in the interaction of proton with aluminium can be 
advantageously utilized for monitoring the proton beam parameters in activation experiments.  
 
Keywords: aluminium; 42 MeV proton; stacked-foil technique; monitor reaction; excitation 
functions. 
 
 
1. Introduction 
 

Aluminium (Al), a silvery-white, soft, ductile, light, nontoxic and nonmagnetic metal has 
wide applications as important structural material for research reactor, aerospace industry (due to 
their high strength-to-weight ratio), other areas of transportation, building, and so on. It is also 
widely used as a corrosion resistant material. Al is found abundantly in the earth's crust, but not 
free in nature. Furthermore, it is one of the available elements in lunar surface materials, in stony 
meteorites as well as in the earth's atmosphere (Bodemann et al., 1993).  Accurate knowledge of 
the interaction phenomena of proton with Al is therefore essential for the design and operation of 
accelerators, for radiation protection in space and on earth, and also for the optimization of 
radionuclide production leading to various practical applications.  
  On the other hand, in activation experiment, an exact calculation of the radionuclidic 
yields requires precise determination of the energy and intensity of the bombarding particles. 
Faraday cup measurements of the beam current are sometimes not possible and/or not accurate 
enough. However, the use of monitor reactions could be used with a high accuracy to monitor 
beam parameters, especially in a charged particle activation analysis (CPAA). The formation of 
both 22Na and 24Na radionuclides in the interaction of proton with Al can be advantageously 
utilized for monitoring proton beam parameters, whereas 24Na for measurements in a relatively 
short time after the end of a irradiation and 22Na for measurements after the most of the reaction 
products have decayed out. Furthermore, Ludington and Helmer (2000) showed that instead of 
using 66Ga and 56Co, the use of 24Na is more convenient for efficiency calibrations of high-

                                                 
10 Corresponding author. Tel.: +82539505320; Fax: +82539393972. 
  E-mail address: gnkim@knu.ac.kr (G. N. Kim). 
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resolution Ge-detectors beyond 2754 keV photon energy. It (24Na) is also used for studies of 
electrolytes within the body, and for the determination of radiation dose in the body. The 
radioisotope 22Na (T1/2 = 2.6 yr; β+ = 90.6%; EC=9.4%) is widely used for calibration of dose 
calibrators, detectors, other nuclear instruments, and also seems to be promising for calibration of 
PET cameras (Gonzalez-Lepera, 1994). It is a convenient source for production of "slow" β+ 
beams (Saam et al., 1989), and also been applied in some biological studies. 

A general survey of literature showed that several investigations (Hintz and Ramsey, 1952; 
Batzel and Coleman, 1954; Meghir, 1962; Cumming, 1963; Williams and Fulmer, 1967; Walton 
et al., 1976; Hogan, 1978; Pulfer, 1979; Lagunas-Solar et al., 1988; Aleksandrov et al., 1988; 
Steyn et al., 1990; Bodemann et al., 1993; Michel et al., 1997; Uddin et al., 2004; Buthelezi et al., 
2006) were carried out for the Al(p,x) processes leading to various applications. Moreover, the 
International Atomic Energy Agency (IAEA) have already compiled  and provided a set of 
recommended data (Tarkanyi et al., 2001) for some important monitor reactions including 
natAl(p,x)24Na. Currently, we are investigating the proton-induced production cross sections of 
residual radionuclides from various target elements, and frequently using the IAEA recommended 
monitor reactions of interest.  Therefore, we ought to cross check the IAEA recommended data for 
some important monitor reactions through further experimental measurements, and also measure 
the  excitation functions of natAl(p,x)22, 24Na reactions with a high precision over the energy range 
from 19-38 MeV using the MC-50 cyclotron at the Korea Institute of radiological and Medical 
Sciences (KIRAMS). 
 
2. Experimental 
 

The irradiation technique, the activity determination and the data evaluation procedures 
were similar to our previous works (Khandaker et al., 2007). Some important points relevant to 
the present experiment are discussed as follows. A well established stacked-foil activation 
technique combined with a high-resolution γ-ray spectrometry was employed to determine the 
excitation functions of the natAl(p,x)22, 24Na reactions. A high-purity (>99.999%) aluminium foil 
with 100-μm thickness was used as the target for irradiation. The thickness of the Al foil was 
calculated by measurements of the weight and the size of the foil and found as to be 100 μm. 
Monitor foils of copper (>99.98 % purity, 100-μm and 50-μm thickness) with known cross-
sections were also included in the stack. Several foils of natural palladium (Pd) were also inserted 
in the stack as a target material to allow for additional measurements. In order to accurately 
measure the beam flux, a Cu foil of 200 μm thickness was placed at the front position of the stack 
where the beam energy is well defined. The stacked-foils were irradiated for 60 minutes by proton 
energy of 42.1 MeV with a beam current of about 100 nA from an external beam line of the MC-
50 cyclotron at the KIRAMS.  The beam intensity was kept constant during the irradiation. It was 
necessary to ensure that equal areas of the monitor and target foils intercepted the beam. 

After the irradiations and an appropriate cooling time, the samples were removed, and the 
induced gamma activities emitted from the activated foils were measured by using a high 
resolution gamma-ray spectrometer. The gamma-ray spectrometer was an n-type coaxial ORTEC 
(PopTop, Gmx20) high-purity germanium (HPGe) detector with a diameter of 55.1 mm and a 
thickness of 52.2 mm. The HPGe-detector was coupled to a 4096 multi-channel analyzer with the 
associated electronics to determine the photo-peak area of the gamma-ray spectrum. The spectrum 
analysis was done using the Gamma Vision 5.0 (EG&G Ortec) program. The energy resolution of 
the detector was 1.90 keV at full width half maximum (FWHM) for the 1332.5-keV peak of 60Co. 
The photopeak efficiency curve of the gamma spectrometer was calibrated with a set of standard 
point sources. The detection efficiencies as a function of the photon energy were measured at 5-20 
cm distances from the end-cap of the detector to avoid coincidence losses, to assure a low dead 
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time (<10%) and a point like geometry. The measurements were repeated 3-4 times to follow the 
decay of the radionuclides and thereby to identify the possible interfering nuclides.  

The proton beam intensity was determined by using the monitor reaction natCu(p,x)62Zn 
(Tarkanyi et al., 2001) from the measured activities induced in the monitor foils by considering 
that the monitor foils were irradiated simultaneously and measured in the same counting geometry 
and with the same HPGe-detector calibrated by the above mentioned standard γ-ray point sources. 
The beam intensity was considered to be constant to deduce the cross-sections for each foil in the 
stack. The proton energy degradation along the stack foils was calculated by using the computer 
program SRIM-2003 (Ziegler and Biersack, 2003). 

The activation cross-sections for the natAl(p,x)22,24Na reactions were determined in the 
proton energy range of 19-38 MeV using a well-known activation formula (Uddin et al., 2007). 
The decay data of the radioactive products, such as the half-life (T1/2), the γ-ray energy (Eγ), and 
the γ-ray emission probability (Iγ) were taken from the NUDAT database, (Kinsey et al., 1997) 
and are presented 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 
(http://t2.lanl.gov/data/qtool.html).  

In the present experiment, all the uncertainties were considered as independent. 
Consequently, they were quadratically added according to the laws of an error propagation to 
obtain the total uncertainties. Moreover, some of the sources of uncertainties are common to all 
data, while others affect each reaction individually. The uncertainty of the proton energy for each 
foil in the stack depends on the irradiation circumstances and the position of the foil in the stack. 
Particularly, the uncertainty relevant to the proton energy calculated from the uncertainties for the 
incident beam energy, the target thickness and homogeneity, and the beam straggling. The 
estimated uncertainty for a representative point in the excitation function ranges from ±0.3 to ±0.8 
MeV. On the other hand, the combined uncertainty in each cross-section was estimated by 
considering the following uncertainties; statistical uncertainty of the gamma-ray counting (0.5-
10 %), uncertainty in the monitor flux (~7 %), uncertainty in the efficiency calibration of the 
detector (~4 %) and so on. The overall uncertainties of the cross-sections measurements were in 
the range of 8-18 %.  
 
3. Theoretical calculations 
 

The excitation functions of the natAl(p,x)22, 24Na reactions at the proton energies up to 50 
MeV were theoretically calculated using the model calculations by the TALYS code. The model 
code usually employed to calculate the nuclear reaction cross-sections, especially in cases where 
there is a lack of experimental data or there are other disagreements. Moreover, it allows us to 
extrapolate and predict the experimental data, to ensure an internal consistency of the data, to 
minimize the possible systematic errors of the experimental data, and also to solve the existing 
discrepancies among the literature data.  

TALYS (Koning et al., 2005), which is incorporated by different nuclear reactions models, 
is a computer code system for the prediction and analysis of nuclear reactions in the energy range 
from 1 keV to 200 MeV for the target nuclides of A ≥ 12.  The accuracy of the computer 
simulations for nucleon-induced reactions largely depends on the employed nuclear models and 
their parameters, which can be taken from the literature or a comprehensive database, such as the 
Reference Input Parameter Library (RIPL). With few exceptions, the TALYS database is based on 
the RIPL-2 (http://www-nds. iaea.org/RIPL-2/). In TALYS, the coupled-channel code, Equations 
Couplees an Iterations Sequentielles (ECIS-97) (Raynal, 1994) is used as a subroutine for all the 
optical model and direct reaction calculations. The default optical-model potentials (OMP) used in 
the TALYS are the local and global parameterizations for neutrons and protons (Koning and 
Delaroche, 2003). All types of compound nucleus reaction mechanisms are included in this code 
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where the calculations are mostly based on the Hauser and Feshbach (1952) formalism. In TALYS, 
several models for the level densities are introduced; whereas Gilbert and Cameron (1965) model 
for level density is used as default in this model code. For nucleon reactions, a two-component 
exciton model with a new form of the internal transition rates based on the OMP is implemented, 
which yields an improved description of the pre-equilibrium processes over the whole energy 
range.  The multiple pre-equilibrium processes are accomplished by keeping track of all the 
successive particle-hole excitations for either protons or neutrons. For a nuclear reaction 
mechanism involving projectiles and ejectiles with different particle numbers like the stripping, 
pick-up, and knock-out processes,  and for a prediction of the pre-equilibrium angular 
distributions, the newly developed Kalbach (1988, 2005) phenomenological systematics are 
included in this code. An independent treatment of an isomeric state cross-section is the main 
advantage of this code. The present results for the p+27Al processes were mostly evaluated using 
the default values of various models, but the very important inputs like nuclear masses, discrete 
energy levels and level densities of the nuclides involved in the calculations have been taken care 
of in a proper way during the calculations. 
 
4. Results and Discussion 

 
Followed by the Al(p,x) reactions, the radionuclides 22Na and 24Na were formed through 

the emission of numerous particles and also different reaction channels. A new data set for the 
formation of these radionuclides is reported in the energy region 19-38 MeV. The decay data of 
the reported radionuclides, contributing reaction processes, and threshold energies are presented in 
Table 1. The excitation functions of the investigated 22Na and 24Na radionuclides are shown in 
Figs. 1–2 together with the available literature data, and also with the evaluated data by the 
computer code TALYS. The numerical data with errors are presented in Table 2. The integral 
yields were deduced using the measured cross-sections by taking into account that the total energy 
is absorbed in the targets, and they are shown in Fig. 3. 
 
Table 1. 
Decay data of the produced radionuclides 
 
Nuclei Half- 

Life, 
   T1/2 

Decay  
mode 

γ-ray 
energy, 
Eγ (keV)

γ-ray 
intensity,Iγ  

(%) 

Contributing 
reactions 

Q- 
value 

(MeV) 

Thres- 
hold 

 (MeV)
24 Na 14.96 h β‾ 1369 100 27Al(p, p+ 3He) 

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

-23.71 
-29.20 
-31.43 

24.59 
30.29 
32.60 

22 Na 2.6 y EC 1274.53 99.94 27Al(p, α d) 
27Al(p, α pn) 
27Al(p, t+ 3He) 
27Al(p, pd t) 
27Al(p, 
α2n)22Mg 22Na 

-20.27 
-22.51 
-34.61 
-40.10 
-28.08 

21.04 
23.35 
35.90 
41.60 
29.13 

Monitor reaction       
62 Zn 9.19 h EC 548.35 

596.56 
15.3 
26.0 

63Cu(p, 2n) 
65Cu(p, 4n) 

-13.26 
-31.09 

13.47 
31.57 
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4.1 The natAl(p,x)24Na process 
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Fig. 1. Excitation function for the 27Al(p, x)24Na reaction 

 
24Na has a long-lived ground state radionuclide 24gNa (T1/2=14.96 h) and a very short-lived 

isomeric state 24mNa (T1/2=0.02 s), whereas the isomeric state radionuclide completely decays to 
the ground state by the IT (99.95 %) process. The radionuclide was identified using it’s strong and 
independent characteristic gamma-line of 1369 keV. The measured excitation function of 24gNa is 
shown in Fig. 1 together with the available literature values and the data from the model code 
calculations. The formation of the 24gNa radionuclide is also contributed to by the emission of 
various particles through the direct reaction channels shown in Table 1. The contribution of the 
27Al(p, 3p+n) reaction formed a sharp increases above the threshold energy at around 31 MeV, 
whereas the cross sections below 31 MeV were contributed to by the other competing reaction 
channels 27Al(p, p+3He)  (Q=-23.71 MeV), and 27Al(p, 2p+d) (Q=-29.20 MeV). The present 
results are in good agreement with the measured data reported by Hintz and Ramsey (1952); 
Lagunas-Solar et al. (1988) and Michel et al. (1997), but a considerable discrepancy is obtained 
with other measurements (Meghir, 1962; Cumming, 1963; Williams et al., 1967; Hogan, 1978; 
Pulfer, 1979; Uddin et al., 2004). The data calculated by the model code TALYS (Koning et al., 
2005) revealed a good agreement for both the shape and magnitude with the measured data. The 
present results were compared with the IAEA recommended data (Tarkanyi et al., 2001) and a 
good overall agreement was found. 
 
4.2 The natAl(p,x)22Na process 
 

The long-lived 22Na radionuclide was identified through an analysis of the independent 
high intense 1274 keV characteristic gamma line. The population of this radionuclide is not only 
contributed to by the direct numerous reaction channels  presented in Table 1 but also the EC 
decay of the short-lived 22Mg (T1/2=3.86 s)  radionuclide. The measured excitation function of this 
radionuclide formation is shown in Fig. 2 together with the available literature data and the 
theoretical data from the model calculations by the TALYS code (Koning et al., 2005). We found 
a good agreement with the data reported by Hintz and Ramsey (1952); Batzel and Coleman 
(1954); Walton et al. (1976); Pulfer (1979); Lagunas-Solar et al. (1988); Steyn et al. (1990); 



KAERI/TR-3602/2008 
 

 96 
 

Bodemann et al. (1993); Michel et al. (1997) and Buthelezi et al. (2006). The TALYS model code 
produces a nicely fitted excitation function with the measured ones in both the shape and size. On 
the other hand, the data reported by Williams and Fulmer (1967); Aleksandrov et al. (1988) and 
Uddin et al. (2004) showed similar shape of excitation function with lower magnitudes. 

0 10 20 30 40 50
0

10

20

30

40

50

Proton energy (MeV)

C
ro

ss
 se

ct
io

ns
 (m

b)
27Al(p, x)22Na

 

 

 Hintz'52 [1]
 Batzel'54 [2]
 Cumming'63 [4]
 Williams'67 [5]
 Walton'76 [6]
 Pulfer'79 [8]
 Aleksandrov'88 [9]
 Lagunas-Solar'88 [10]
 Steyn'90 [11]
 Bodemann'93 [12]
 Michel'97 [13]
 Uddin'04 [14]
 Buthelez'06 [15]
 This work
 TALYS

 
Fig. 2. Excitation function for the 27Al(p, x)22Na reaction 

 
 
 
Table 2.  
Measured cross sections for the 24Na and 22Na radionuclides with uncertainties 
 

Proton energy   Cross-sections (mb) with uncertainties 
(MeV) 24-Na  22-Na 

19.1±0.8 0.29±0.09  
20.2±0.8 0.31±0.08  
23.3±0.7 0.32±0.08  
25.5±0.6 0.35±0.10  
26.3±0.6 0.43±0.09  
28.3±0.6 0.44±0.10  
28.9±0.6 0.41±0.09  
30.9±0.5 0.45±0.09  
31.6±0.5 0.46±0.08  
33.4±0.4 0.54±0.09 14.50±5.9 
34.1±0.4 0.65±0.11 17.40±8.79 
34.5±0.4 0.77±0.13 23.20±8.96 
36.5±0.3 1.27±0.15 31.91±9.01 
38.3±0.3 1.81±0.14 38.47±6.36 
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5. Integral yield 
 
The integral yields for the 24Na radionuclide were deduced using the measured cross-

sections and the stopping power of the Al target over the energy range from 19 to 38 MeV taking 
into account that the total energy is absorbed in the target. It is expressed as MBq-μA-1-h-1, i.e. the 
activity at the end of a bombardment performed at a constant 1μA beam current on a target during 
1 hour. The deduced yield for the production of 24Na radionuclide has given in Fig. 3 as a function 
of proton energy. We were unable to compare the deduced yield due to the lack of any literature 
data of directly measured thick target yields for this (24Na) radionuclide. 
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Fig. 3. Integral yields for the production of 117mSn and 111In radionuclides 

 
 

6. Conclusions 
 

Excitation functions for the natAl(p,x)22, 24Na nuclear processes were measured  over the 
energy region 19-38 MeV with an overall uncertainty of about 18%. A detailed compilation of the 
earlier works was performed, and compared with the measured ones. The present data give a fairly 
good description of the excitation functions with the available literature data for 22Na and 24Na 
production cross-sections from proton-induced reactions on Al. The formation of both 22Na and 
24Na in the interaction of proton  with Al can be advantageously utilized for monitoring the proton 
beam parameters, whereas 24Na for the measurements in a relatively short time after the end of 
irradiation and 22Na for the measurements after the most of the reaction products have decayed out. 
The IAEA recommended values for natAl(p,x)24Na nuclear process was verified by the present 
investigations. 
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Abstract 
 

Cross-sections for the formation of 86g,87m,87gY, 88,89gZr, and 90,92mNb radionuclides through 
the natZr(p,x) nuclear processes were measured over the energy range 1-40 MeV using a 
conventional stacked-foil activation technique combined with high purity germanium (HPGe) γ-
ray spectrometry. Measured data were compared with the available literature data, theoretical 
calculations by the codes TALYS and ALICE-IPPE, and a good overall agreement among them 
was found. Integral yields for the investigated radionuclides were deduced using the measured 
cross-sections. The optimum production possibility of the medically important 89gZr and 86Y 
radionuclides were discussed elaborately. 
 
Keywords: natural zirconium; 42 MeV cyclotron; production cross-sections; yttrium, niobium, 
and zirconium radionuclides. 
  
 
1. Introduction 
 

Nuclear medicine is a growing field in the recent time, and the radionuclides are playing a 
crucial role in this field. Nowadays, the production of medical radionuclides by cyclotron is 
emerging as an alternative and very efficient route. The versatile ion-accelerating machine 
cyclotrons are employed to produce both the diagnostic and therapeutic radionuclides. In general, 
two categories of radionuclides are applied for diagnostic purposes; the pure gamma (γ)-emitters 
and the positron (β+)-emitters.  The γ-emitting radionuclides can be produced by using both the 
nuclear reactors and the cyclotrons, but the β+-emitting radionuclides can only be produced by 
using cyclotron via charged-particle-induced reactions. On the other hand, the therapeutic 
radionuclides can also be produced by cyclotron in no carrier added (NCA) form. Regardless the 
production of the diagnostic or therapeutic radionuclides by using cyclotron, nuclear cross-
sections and/or excitation functions play a crucial role for the optimization of their production 
conditions. Based on the well measured excitation functions, the optimum production 
circumstances of the required radionuclides can easily be calculated. Therefore, experimental 
measurements of the natZr(p,x) nuclear processes are required for the optimization of medically 
and technologically important radionuclides production circumstances. 

Zirconium (Zr) is a very strong, malleable, ductile, lustrous, grayish-white metal. Metallic 
Zr is the best construction material for nuclear reactors like cladding of fuel elements due to its 
low neutron cross-section, high mechanical and chemical resistance, and appropriate thermal 
conductivity. The metal is highly resistant to corrosion by alkalis, acids, salt water, and other 
                                                 
11 Corresponding author. Tel.: +82539505320; Fax: +82539393972. 
  E-mail address: gnkim@knu.ac.kr (G. N. Kim). 
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agents. It is therefore used extensively by the chemical industry where corrosive agents are 
employed. In the design of accelerator-driven system, ZrN is planned to be utilized as a main 
constituent of the nuclear fuel pellet. Therefore, accurate knowledge of interaction of particles (or 
nuclei) with Zr revealed a great demand. Moreover, Zr is a potential target material for the 
production of some medically important radionuclides like 86,87,90Y, 88,89Zr etc. Molecules labeled 
with yttrium and zirconium radionuclides (such as 86,87Y and 88,89Zr) can be applied in the field of 
tumour diagnostics, tumour therapy and investigation of bio-kinetics (Tarkanyi et al., 2004). 90Y 
(T1/2= 64.1 h, β⎯=100%, Eβ⎯ =1.3 MeV) is one of the most widely used therapeutic radionuclides. 
Since 90Y decays entirely by β– emission, accurate calculation of dosimetry is difficult. Therefore, 
a corresponding γ- or β+-emitter (87Y or 88Y vs 86Y) is needed for estimating optimal therapeutic 
doses for humans. Hence, the positron-emitting radionuclide 86Y (T1/2= 14.7 h, β+ =33%, Eβ

+ =1.2 
MeV, Eβ+

max varying from 2.34 MeV (4.6%) to 1.04 MeV (15%) and >600% γ’s per β+ emission) 
can be used as a quantitative PET imaging agent for in vivo determination of biodistribution and 
dosimetry of therapeutic 90Y pharmaceuticals for individual patients (Yoo et al., 2005; Pagani et 
al., 1997). Also, the half-life of 86Y is long enough for sequential scans over several days. Besides 
the conventional ‘‘organic’’ positron emitters, the radionuclide 89Zr has been suggested as a 
suitable positron emitter for labeling antibodies (Link et al., 1986; Zweit et al., 1991). The use of 
immuno-PET, the combination of PET with monoclonal antibodies (mAbs), is an attractive option 
to improve tumor detection and mAb quantification. 89Zr (T1/2= 78 h; EC = 77%; β+=23%, 
Eβ+

max=0.897 MeV) is a potential candidate for immuno-PET due to its suitable half-life, which is 
compatible with the time needed for intact mAbs to achieve optimal tumor-to-nontumor ratios 
(Verel et al., 2003). 

Various production pathways (i.e., irradiations by different nucleons on different targets) 
for the mentioned radionuclides are available in the literature, but very few earlier (Kondratev et 
al., 1991; Michel et al., 1997; Uddin et al., 2008)  investigations were carried out for the 
production cross-sections measurements of the residual radionuclides by proton irradiations on 
natural and/or enriched zirconium targets. Therefore, the aim of the present work turned into the 
excitation function measurements for the residual radionuclides from the natZr(p,x) nuclear 
processes by using a medium energy cyclotron at the Korea Institute of Radiological and Medical 
Sciences (KIRAMS) in order to enrich the literature data bases leading to various practical 
applications.  
 
2. Experimental 
 

The independent and cumulative cross-sections for the formation of 86g,87m,87gY, 88,89gZr, 
and 90,92mNb radionuclides from the natZr(p,x) nuclear processes were measured over the energy 
range 1-40 MeV using a conventional stacked-foil activation technique at the MC-50 cyclotron of 
the KIRAMS. Detailed description about the experimental set up and the methods of data analysis 
are found elsewhere (Khandaker et al., 2007). Here we describe only some key points relevant to 
this work. A high-purity Zr foil (50-μm thick) with a natural isotopic composition (90Zr-51.45%, 
91Zr-11.22%, 92Zr-17.15%, 94Zr-17.38%, 96Zr-2.8%) was used as the target for irradiation. Monitor 
foils of copper (100-μm and 50-μm thick) and aluminum (100-μm thick) were also included in the 
stack. The aluminum and the copper foils were used to monitor the beam intensity and to degrade 
the beam energy, respectively. The stacked samples were irradiated for 60 minutes with proton 
energy of 42 MeV, a diameter of 10 mm, and a beam current of about 100 nA in the external beam 
line of the MC-50 cyclotron at the KIRAMS. The beam intensity was kept constant during the 
irradiation. It was necessary to ensure that equal areas of the monitor and the target foils 
intercepted the beam. The irradiation geometry was kept in a position such that the foils received 
the maximum beam intensity.  
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The activities of the radionuclides produced from the targets and monitors were measured 
continuously by using a high-purity germanium (HPGe) gamma-ray spectrometer with the 
associated electronics. The spectrum analysis was done using the program Gamma Vision 5.0 
(EG&G Ortec.). The activity measurements of the irradiated samples were started after a sufficient 
cooling time to avoid the disturbance of the overlapping gamma lines emitted from the short-lived 
radionuclides. The measurements were repeated several times to follow the decay of the 
radionuclides. Measurements were done at 5-20 cm distances between the sample and the end-cap 
of the detector to keep the dead time within 10%. The detection efficiencies as a function of the 
photon energy were determined by using the standard gamma-ray point sources. The proton beam 
intensity was determined by using the monitor reactions 27Al(p,x)24Na and natCu(p,x)62Zn with 
known cross-sections from the Tarkanyi et al. (2001). The cross-sections for the 
natZr(p,x)86,87m,87gY, 88,89Zr, and 90,92mNb processes were determined using the well-known 
activation formula (Uddin et al., 2007). The decay data of the radioactive products were taken 
from the NUDAT database (Kinsey et al., 1997). The threshold energies (Table 1) were taken 
from the T-2 Nuclear Information Service on the internet (http://t2.lanl.gov/data/qtool.html).  

The uncertainty of the proton energy for each foil in the stack was calculated using the 
uncertainties from the incident beam energy, the target thickness, and the beam straggling effect. 
The estimated uncertainty for a representative point in the excitation function ranges from ±0.3 to 
±1.0 MeV. Furthermore, the combined uncertainty in each cross-section was estimated based on 
the error propagation formula using the following uncertainties; statistical uncertainty of the γ-ray 
counting (0.5-10 %), uncertainty in the monitor flux (~7 %), uncertainty in the detector efficiency 
calibration (~4 %), and so on. The overall uncertainties of the cross-sections measurements were 
in the range of 8-15 %.  
 
3. Theoretical calculations 
 

The excitation functions for the natZr(p,x)86,87m,87gY, 88,89Zr, and 90,92mNb processes at the 
proton energies up to 50 MeV were theoretically calculated using the model calculations by the 
codes TALYS (Koning et al., 2005) and ALICE-IPPE (Dityuk et al., 1998). TALYS is a computer 
code system which can basically simulate all types of nuclear reactions in the energy region of 1 
keV - 200 MeV. The accuracy of the computer simulations for nucleon-induced reactions largely 
depends on the employed nuclear models and their parameters, which can be taken from the 
literature or a comprehensive database, such as the Reference Input Parameter Library (RIPL). 
With a few exceptions, the TALYS database is based on the RIPL-2 (http://www-nds. 
iaea.org/RIPL-2/). In TALYS, the coupled-channel code, Equations Couplees and Iterations 
Sequentielles (ECIS-97) (Raynal, 1994) is used as a subroutine for all the optical models and 
direct reaction calculations. The default optical-model potentials (OMP) used in the TALYS are 
the local and global parameterizations for neutrons and protons (Koning and Delaroche, 2003) but 
we can adjust the parameters on demand. For compound nucleus reactions the model of Moldauer, 
i.e. the Hauser and Feshbach (1952) model corrected for width fluctuations, is used. In TALYS, 
several models for the level densities are introduced; whereas Gilbert and Cameron (1965) model 
for level density is used as default. The pre-equilibrium reactions, which become important for 
incident energies above about 10MeV, are modelled using the two-component exciton model. The 
multiple pre-equilibrium processes are accomplished by keeping track of all the successive 
particle-hole excitations for either protons or neutrons. For a nuclear reaction mechanism 
involving projectiles and ejectiles with different particle numbers like the stripping, pick-up, and 
knock-out processes, the Kalbach (1988, 2005) phenomenological systematics are included in this 
code. The present results for the p+natZr processes were mostly evaluated using the default values 
of various models, but the very important inputs like optical model parameters, discrete energy 
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levels, and level densities of the nuclides involved in the calculations have been taken care of in a 
proper way during the calculations.  

Furthermore, the data of the model code ALICE-IPPE were taken from the web site of 
International Atomic Energy Agency, where it is compiled as MENDL-2P database (http://www-
nds.iaea.org/ndspub/mendl2p/). The ALICE-IPPE code is a modified version of ALICE-91 
proposed by the Obninsk group (Dityuk et al., 1998). The calculation of a cross-section using this 
code was based on the Weisskopf-Ewing evaporation model and a geometry dependent hybrid 
exciton model (Blann and Vonach, 1983). The lack of angular momentum and parity treatments in 
the Weisskopf–Ewing formalism used in these codes makes an independent treatment of isomeric 
states impossible, thus only the total production cross-sections were calculated. The individual 
results of the present reactions of interest were weighted and summed according to the abundance 
of the target isotopes. 

 
Table 1. Decay data of the produced radionuclides from the natZr(p,x) processes 
 

Nuclide Half-life Eγ (keV) Iγ (%) Contributing 
reactions 

Q-value 
(MeV) 

Threshold
(MeV) 

90gNb 14.6 h 132.72 
141.18 
890.64 
1129.224 

4.13 
66.8 
1.8 
92.7 

90Zr(p, n) 
91Zr(p, 2n) 
92Zr(p, 3n) 
94Zr(p, 5n) 

-6.89 
-14.09 
-22.72 
-37.68 

6.97 
14.24 
22.97 
38.08 

92mNb 
 

10.15 d 934.46 99.0 92Zr(p, n) 
94Zr(p, 3n) 
96Zr(p, 5n) 

-2.79 
-17.74 
-32.06 

2.82 
17.93 
32.40 

88Zr 83.4 d 392.87 97.24 90Zr(p, t) 
90Zr(p, nd) 
90Zr(p, 2np) 
91Zr(p, 2nd) 
91Zr(p, nt) 
92Zr(p, 2nt) 

-12.81 
-19.06 
-21.29 
-26.26 
-19.99 
-28.63 

12.95 
19.28 
21.53 
26.55 
20.22 
28.95 

89gZr 78.41 h 909.14 99.87 90Zr(p, d) 
91Zr(p, 2np) 
92Zr(p, 3np) 
94Zr(p, 3nt) 
IT decay of 89mZr 

-9.75 
-19.16 
-27.80 
-34.27 
 

9.85 
19.38 
28.10 
34.64 

86gY 14.74 h 443.13 
627.72 
703.33 
777.37 
1076.63 
1153.05 

16.9 
32.6 
15.4 
22.4 
82.5 
30.5 

90Zr(p, nα) 
90Zr(p, d t) 
90Zr(p, npt) 
91Zr(p, 2nα) 
92Zr(p, 3nα) 
IT decay of 86mY 

-12.69 
-30.28 
-32.51 
-19.89 
-28.52 
 

12.83 
30.62 
32.87 
20.11 
28.84 

87mY 13.37 h 380.79 78.0 
 

87gY 79.8 h 388.53 
484.81 

82.0 
89.7 

90Zr(p, α) 
91Zr(p, nα) 
92Zr(p, 2nα) 
94Zr(p, 4nα) 

-0.89 
-8.08 
-16.72 
-31.67 

0.89  
8.17 
16.89 
32.01 
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4. Results and Discussion 
 
The proton irradiation on natural Zr targets resulted in the production of Nb, Zr, and Y 

radionuclides through the (p, xn), (p, pxn), and (p, αxn) processes, respectively. A new data set for 
the formation of the residual radionuclides through the natZr(p,xn) processes is reported in the 
proton energy region between 1-40 MeV. In some cases, two or more γ-rays were used for the 
measurement of each reaction cross-section, and the average value is presented. Some of the 
radionuclides are formed as a result of the cumulative processes through mostly an IT decay of the 
metastable states and/or a contribution of the parent nuclides in the production process. The decay 
data of the radioactive products, contributing reaction processes, and threshold energies are 
presented in Table 1. The excitation functions of the investigated radioactive products 90,92mNb, 
88,89Zr, and 86,87m,87gY are shown in Figs. 1–7 together with the available literature data, the 
evaluated data by the computer code TALYS, and the theoretical data taken from the calculations 
based on the ALICE-IPPE code. The numerical data with errors are presented in Tables 2. The 
integral yields were deduced using the measured cross-sections, and they are shown in Figs. 8–9. 
 
4.1 The natZr(p,x)90Nb processes 
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Fig. 1. Excitation function for the natZr(p,x)90Nb processes 

 
90Nb has a long-lived ground state radionuclide 90gNb (T1/2=14.6 h) and a short-lived 

isomeric state 90mNb (T1/2=18.81 s), whereas the isomeric state radionuclide completely decays to 
the ground state by an IT process. Therefore, the measured cross-sections of the 90gNb 
radionuclide is a cumulative one. It was not possible to us to measure the 90mNb radionuclide 
under the present experimental conditions. The measured excitation function of 90gNb is shown in 
Fig. 1 together with the available literature values and the data from the model calculations. The 
formation of the 90gNb radionuclide is also contributed to by the direct 90Zr(p, n) (Q=-6.89 MeV), 
91Zr(p, 2n) (Q=-14.09 MeV), 92Zr(p, 3n) (Q=-22.72 MeV), and 94Zr(p, 5n) (Q=-37.68 MeV) 
reaction channels up to the investigated energy region. The contribution of the 90Zr(p, n) (Q=-6.89 
MeV) reaction formed a sharp maximum at around 15 MeV, whereas the second flat maximum at 
around 31 MeV is from the contribution of the (p, 2n) and (p, 3n) reactions. The present results are 
in good agreement with the measured data reported by Michel et al. (1997) and Uddin et al. (2008) 
except only one point at around 11 MeV. However, the data reported by Kondratev et al. (1991) 
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showed quite discrepant results from all measurements. The data calculated by the TALYS and 
ALICE-IPPE codes revealed a good agreement for both the shape and absolute values with the 
measured data.  
 
4.2 The natZr(p,x)92mNb processes 
 

The long-lived ground state radionuclide 92gNb (T1/2=3.47E+7 y) and its isomeric state 
92mNb (T1/2=10.15 d) decays independently to the stable 92Zr isotope through an EC process. We 
could only identify the 92mNb radionuclide by using its strong independent γ-line of 934.46 keV.  
The measured excitation function of 92mNb is shown in Fig. 2 in comparison with the available 
literature data and the theoretical data from the model code calculations. The competing direct 
reactions of 92Zr(p, n) (Q=-2.78 MeV), 94Zr(p, 3n) (Q=-17.74 MeV), and 96Zr(p, 5n) (Q=-32.06 
MeV) contributed to the formation of the 92mNb radionuclide up to the investigated energy region. 
The first maximum at around 10 MeV is mostly from the contribution of the 92Zr(p, n) (Q=-2.78 
MeV) reaction, whereas the 2nd flat maximum at around 27 MeV is from the contribution of the 
direct 94Zr(p, 3n) (Q=-17.74 MeV) reaction. The measured excitation function revealed a good 
agreement with the code TALYS except for four points in the 2nd maximum region. Also, the 
Michel et al. (2006) reported data revealed a good overall agreement with the measured ones for 
the whole investigated energy region except for three points in the 2nd peak region. Data reported 
by Uddin et al. (2008) showed similar shape of excitation function but underestimated in 
magnitudes for higher (≥ 20 MeV) energy. The shape of the excitation function for 
natZr(p,x)92m+gNb reaction predicted by the ALICE-IPPE code revealed a similar trend but 
overestimated the absolute values by almost three times when compared to the measured ones, 
because this code could not predict the isomeric state independently. 
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Fig. 2. Excitation function for the natZr(p,x)92mNb processes 

 
4.3 The natZr(p,x)88Zr processes 

 
The 88Zr radionuclide was identified through an analysis of the 392.87 keV characteristic 

gamma line. The population of this radionuclide is only contributed to by the direct nuclear 
reactions presented in Table 1. The measured excitation function of this radionuclide formation is 
shown in Fig. 3 together with the available literature data and the theoretical data from the model 
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code calculations. We found a good agreement with the data reported by Uddin et al. (2008). Data 
reported by Michel et al. (1997), and both the theoretical codes (TALYS and ALICE-IPPE) 
predicted a similar shape of the excitation function but overestimated the magnitudes for the 
whole investigated energy region. The effect of secondary neutrons was checked by placing a Zr 
foil at the end of the stack after the full stop of the beam. No activity from 88Zr radionuclide was 
found in this foil. 
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Fig. 3. Excitation function for the natZr(p,x)88Zr processes 

 
 
4.4 The natZr(p,x)89Zr processes 

0 10 20 30 40 50
0

100

200

300

400

500

600

natZr(p, x)89Zr

C
ro

ss
 se

ct
io

ns
 (m

b)

Proton energy (MeV)

 

 

  Michel et al.' 97
 Uddin et al.' 08
 This work
 ALICE-IPPE
 TALYS

 
Fig. 4. Excitation function for the natZr(p,x)89Zr processes 
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89Zr has a long-lived ground state radionuclide 89gZr (T1/2=3.27 d) and a short-lived 
isomeric state 89mZr (T1/2=4.18 m), whereas the isomeric state radionuclide decays to the ground 
state by 93.77% IT process, and to 89Y by 6.23% EC process. Furthermore, the EC decay of the 
simultaneously produced 89gNb (T1/2=1.18 h) and 89mNb (T1/2=1.9 h) radionuclides have also made 
contribution to the formation of 89gZr. Therefore, the measured cross-section of the 89gZr 
radionuclide is a cumulative one, because the counting process was started after a cooling time 
sufficient for a complete IT decay of 89mZr to 89gZr. The measured excitation function of 89gZr is 
shown in Fig. 4 together with the available literature values and the data from the model code 
calculations. The formation of the 89gZr radionuclide is also contributed to by the direct reaction 
channels (presented in Table 1). The sharp increase in the excitation function from 15 MeV proton 
energy is mostly contributed to by the direct reaction 90Zr(p, np) (Q=-11.97 MeV), whereas the 
maximum around 28 MeV is mostly the contribution by 91Zr(p, 2np) (Q=-19.16 MeV) and 92Zr(p, 
3np) (Q=-27.80 MeV) direct channels.  We did not find a good agreement, especially in 
magnitudes in the peak region (24 – 31 MeV) with the measurements by Uddin et al. (2008) and 
Michel et al. (1997). However, the theoretical calculations by the model code TALYS produce a 
better fitting in both the shape and absolute values of the excitation function with our 
measurements than the ALICE-IPPE code prediction. In fact, only a large number of experimental 
data could confirm the actual shape of the excitation function of this medically important 
radionuclide. The effect of secondary neutrons was checked by placing a Zr foil at the end of the 
stack after the full stop of the beam. No characteristic gamma-ray lines for the 89Zr radionuclide 
were identified in that foil. 

 
4.5 The natZr(p,x)86Y processes 
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Fig. 5. Excitation function for the natZr(p,x)86Y processes 

 
The nuclide 86Y has a long-lived ground state 86gY (T1/2=14.74 h) and a short-lived 

isomeric state 86mY (T1/2=48 m), whereas the isomeric state radionuclide almost completely decays 
to the ground state by 99.31% IT process, and to 86Sr by 0.69% EC process. The measured cross-
sections of the 86gY radionuclide is a cumulative one, because the counting process was started 
after a cooling time sufficient for complete an IT decay of 86mY to 86gY. The radionuclide was 
identified by using its strong and independent gamma line of 1076 keV. The measured excitation 
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function of 86gY is shown in Fig. 5 together with the available literature values and the data from 
the model code calculations. The formation of the 86gY radionuclide is also contributed to by the 
direct reaction channels 90Zr(p, nα) (Q=-12.69 MeV) and 92Zr(p, 3nα) (Q=-28.52 MeV). The 
present results are in good agreement with the recently reported data by Uddin et al. (2008). 
However, the data reported by Michel et al. (1997) and Kondratev et al. (1991) are not only 
inconsistent with our measurements but also among themselves. A successive decrease of the 
energy shift from a lower to a higher scale can be applied to the Kondratev et al. (1991) data to 
reduce the discrepancy with the Michel et al. (1997) reported ones. The data evaluated by the 
codes TALYS and ALICE-IPPE revealed a good agreement for both the shape and magnitudes 
with the measured ones.  
 
4.6 The natZr(p,x)87mY processes 
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Fig. 6. Excitation function for the natZr(p,x)87mY processes 

 
The radionuclide 87mY (T1/2=13.37 h) decays to it’s ground state 87gY by 98.43% IT 

process and to 87Sr by 1.57% EC process. The moderate half-life of this radionuclide allows us to 
measure it properly within the frame of the present experimental conditions. The strong and 
independent characteristic gamma line 380.79 keV was used to identify this radionuclide. The 
population of 87mY is only contributed to by the direct nuclear reactions presented in Table 1. The 
measured excitation function of this radionuclide formation is shown in Fig. 6 together with the 
available literature data and the theoretical data from the model code calculations. The model code 
TALYS produces a well fitted excitation function with the measured ones. But, the data reported 
by Michel et al. (1997) and Uddin et al. (2008) revealed similar shape of excitation functions with 
overestimated and underestimated in magnitudes, respectively. Therefore, only a large number of 
experimental data could confirm the actual shape of the excitation function of this radionuclide. 

 
4.7 The natZr(p,x)87gY processes 

The long-lived 87gY (T1/2=3.33 d) radionuclide is populated in principle by various 
pathways; the 98.43% IT decay of the metastable state 87mY (T1/2=13.37 h) radionuclide, the 100% 
EC decay of the simultaneously produced short-lived 87Zr (T1/2=1.68 h) nuclide, and the numerous 
competing direct reaction channels presented in Table 1. Therefore, the measured data of this 
radionuclide is considered as cumulative cross-sections. The strong and independent characteristic 
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gamma line 484.81 keV was used to identify this radionuclide. The measured excitation function 
of this radionuclide formation is shown in Fig. 7 together with the available literature data and the 
theoretical data from the model code calculations. Both the model codes TALYS and ALICE-
IPPE produces quite well fitted excitation function with the measured ones. Even though, the 
shape of the excitation functions reported by the authors Michel et al. (1997), Kondratev et al. 
(1991) and Uddin et al. (2008) are similar to the present measurements, but they revealed 
discrepant magnitudes among themselves and our data, as well. However, only a large number of 
experimental data could confirm the actual shape of the excitation function of 87gY formation. But, 
we deduce the integral yield of 87gY radionuclide using the measured cross-section, and compared 
with the directly measured thick target yield of Konstantinov et al. (1986). The obtained excellent 
agreement proved the accuracy of our measurements. 
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Fig. 7. Excitation function for the natZr(p,x)87gY processes 

 
 
5. Integral yield 

 
The integral yields for all investigated radionuclides were deduced using their measured 

cross-sections and the electronic stopping power of natZr over the energy range from a threshold to 
40 MeV by taking into account that the total energy is absorbed in the targets. The deduced yield 
is expressed as MBq-μA-1-h-1, i.e. the activity at the end of a bombardment performed at a 
constant 1μA beam current on a target during 1 hour. The deduced yields for the production of the  
90Nb, 89Zr, 86Y and 92mNb, 88Zr, 87m, 87gY radionuclides are given in the Fig. 8 and Fig. 9, 
respectively, as a function of the proton energy with the directly measured thick target yield found 
in the literature. Konstantinov et al. (1986) reported thick target integral yields for the 89gZr, 87gY 
and 92mNb radionuclides measured by irradiating thick natural zirconium target with 22.4 MeV 
proton beam. The used target was thick enough to cover the energy ranges from threshold to 22.4 
MeV. The present results deduced from the measured excitation function revealed excellent 
agreement with the directly measured values by Konstantinov et al. (1986), and this fact proved 
the accuracy of our measurements. 
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Fig. 8. Integral yields for the 90Nb, 89Zr and 86Y radionuclides 
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Table 2.  
Measured cross-sections of the 86g,87m,87gY, 88,89gZr, and 90,92mNb radionuclides from the proton 
activated natZr 
 

Energy Cross-sections (mb) with uncertainties 
MeV 86-Y 87m-Y 87g-Y 88-Zr 89g-Zr 90-Nb 92m-Nb

1.2±1.4 - - - - - - 0.5±0.1
5.3±1.2 - - - - 2.0±0.2 4.0±0.4 11.3±0.9
9.0±1.0 - - - - 2.3±0.3 112.7±8.3 68.7±5.0
11.7±1.0 - 0.3±0.3 0.1±0.1 - 2.5±0.5 275.8±20.1 85.6±6.3
15.9±0.9 - 0.6±0.4 1.5±0.3 - 13.9±1.1 345.1±25.2 15.5±1.3
17.8±0.9 - 1.6±0.6 3.5±0.4 - 91.2±6.7 315.6±23.0 7.8±0.8
21.1±0.8 - 4.9±0.7 6.8±0.6 - 291.6±21.2 161.7±11.9 14.8±1.2
24.0±0.8 0.7±0.3 6.3±0.7 9.6±0.8 - 353.8±25.8 115.4±7.5 38.3±2.9
26.6±0.7 5.8±0.7 5.7±0.7 9.1±0.8 - 361.5±26.3 108.8±6.8 44.4±3.3
28.0±0.7 7.7±0.9 5.4±0.6 7.7±0.7 2.4±1.6 360.4±26.3 110.8±7.0 43.9±3.3
30.4±0.6 12.0±1.1 5.2±0.7 7.6±0.7 19.6±2.8 353.7±25.8 116.6±7.3 38.8±2.9
31.6±0.6 14.0±1.3 5.3±0.8 7.4±0.7 51.1±4.6 348.5±25.4 116.6±7.6 37.1±2.8
33.8±0.5 18.7±1.6 5.8±0.8 9.9±0.8 101.9±7.9 326.3±23.8 125.7±8.0 29.6±2.3
34.9±0.5 20.4±1.7 6.4±0.8 10.6±0.9 130.0±9.9 311.9±22.7 119.4±8.2 27.3±2.1
37.0±0.4 21.2±1.7 7.8±0.8 11.9±0.9 174.1±13.0 296.0±21.6 110.2±8.0 22.0±1.7
38.0±0.4 20.1±1.6 8.1±0.7 13.7±1.1 182.3±13.6 290.6±21.2 107.3±7.9 19.8±1.6
40.0±0.3 19.2±1.6 9.5±0.9 14.5±1.1 219.4±16.3 292.6±21.3 96.1±7.1 17.0±1.4

 
 
6. Conclusions 

 
Excitation functions for the formation of 86g,87m,87gY, 88,89gZr and 90,92mNb radionuclides 

through the natZr(p,x) nuclear processes were measured over the energy range 1-40 MeV using a 
stacked-foil activation technique with an overall uncertainty of about 15%. Measured data were 
critically compared with the available literature data and also with the theoretical data from the 
TALYS and ALICE-IPPE codes. The integral yields were also deduced from the measured cross-
sections. It was possible to select the suitable energy range for the optimum production of the 
desired radionuclides with minimum impurity. Optimum production for the medically important 
radionuclide 89Zr from the natural zirconium target was found as 133.09 MBq/μA-h (3.6 mCi/μA-
h) over the energy range 30→18 MeV with 0.04% impurity from 88Zr. Therefore, a low energy 
(<30 MeV) cyclotron and natZr target could be used to produce large amount of 89gZr with 
minimum impurity from simultaneously produced 88Zr radionuclide. On the other hand, the 
production of 86Y through proton irradiation on natural zirconium target is not suitable due to the 
considerable level impurity from the simultaneously produced other yttrium (87m, 87g, 88Y) 
radionuclides. Finally, the measured data could play an important role to enrich the literature data 
base leading to various practical applications. 
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Abstract  
 

We measured the production cross-sections of residual radionuclides from proton-induced 
reactions on natural silver by using a stacked-foil activation technique in the energy range from 
threshold energy to 40 MeV at the MC50 cyclotron of the Korea Institute of Radiological and 
Medical Sciences. The present results showed in general good agreement with the available 
literature data as well as the theoretical data calculated by using the computer code TALYS. The 
integral yields for thick targets were also deduced using the measured cross-sections and the 
stopping power of natAg over the energy range from threshold energy to 40 MeV, taking into 
account that the total energy is absorbed in the targets. The production circumstances of the 
studied 104g,105g,106mAg and 104,107Cd radionuclides leading to the practical applications are 
discussed elaborately.  
 
PACS numbers: 25.40.-h; 25.60.Dz 
Keywords: p+natAg reactions; 42 MeV proton beam; stacked-foil activation; MC50 cyclotron; 
Excitation functions; Integral yields; TALYS prediction 
 
 
1. Introduction 

 

Proton induced nuclear reactions by using cyclotrons or accelerators with moderate energy have 

been used for a wide variety of applications: medical radioisotope production, spallation neutron sources, 

radiation and shielding effects in space, technology development of an accelerator-driven system for the 

transmutation of nuclear waste or for the energy production. The proton induced activation cross-sections 

are required to optimize the production routes, i.e., to maximize the yield of the desired product and to 

minimize the yields of the radioactive impurities. The information on the excitation function of residual 

nuclei is also important for verification of different models used to explain the reaction mechanism. The 

radioisotopes produced at cyclotron with neutron deficient and decay mainly by an electron capture or a β+ 

emission are especially suitable for diagnostic studies. The science and technology for the production of 

radioisotopes by using the cyclotron has become a very important feature of the modern nuclear medicine. 

                                                 
∗ Corresponding author. Tel.: +82 53 950 5320; fax: +82 53 939 3972. E-mail address: 
gnkim@knu.ac.kr (G.N. Kim). 
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Silver (Ag) is one of the widely used materials from the ancient time. The malleability and 

non-toxicity of silver make it useful in various practical applications, especially in dental alloys 

for fittings and fillings. It could be used as an ideal target material for the production of various 

important radionuclides due to its advantageous properties; good heat transfer, highest electrical 

and thermal conductivity among all metals, highest optical reflectivity etc. The radionuclides 
105,106mAg produced from silver targets through (p,xn) processes have potential applications in 

wear studies, general radiolabelling as well as beam monitoring purposes.  The rather short-lived 

radionuclide 104gAg could also be used as a diagnostic and PET imaging analogue. Furthermore, 

the cross section data for the production of all radionuclides from natural targets are needed to the 

macroscopic estimation of activity for the analysis of radiation environment around accelerator.  

Only a few earlier groups measured the production cross-sections of p+Ag processes in 

our investigated energy range. Fassbender et al. [1] have reported only for some long-lived 

products from p+Ag processes. Recently, Uddin et al. [2] reported the excitation functions of the 

proton-induced activation reactions on natural silver up to 80 MeV for both the short and the long-

lived radionuclides. On the other hand, Blaser et al. [3], Wing and Huizenga [4], Colle et al. [5], 

and Hershberger et al. [6] measured the excitation function of 107Cd by irradiating an enriched 
107Ag target in the low energy region. Also, Linder and James [7] measured the cross section of 
106mAg at 15 MeV proton energy from an enriched 107Ag target. No other experimental data for 
104g,105g,106mAg, 104,107Cd radionuclides from natural and/or enriched targets are available in the 

literature.  

We present the production cross-sections of 104g,105g,106mAg and 104,107Cd radionuclides 

from proton-induced reactions on natural silver by using a stacked-foil activation technique in the 

energy range from threshold energy to 40 MeV at the MC50 cyclotron of the Korea Institute of 

Radiological and Medical Sciences (KIRAMS). The cross-sections calculated by using TALYS 

code were compared with experimental measurements. We also present the integral yields 

obtained from the respective threshold for the produced radionuclides by using the measured 

cross-sections. 

2. Experimental 

The cross-sections of the proton-induced reactions on natural silver were measured as a 

function of proton energy in the range from threshold to 40 MeV by using a conventional stacked-

foil activation technique combined with a high-resolution gamma-ray spectrometry. A high purity 

(>99.99%) Ag foil with a natural isotopic composition (107Ag 51.839% and 109Ag 48.161%) was 
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used as the target for the irradiation. Several foils of silver (50 μm thick), copper (100 μm thick), 

and aluminum (100 μm thick) with a natural isotopic composition were assembled in a stack. The 

Cu and the Al foils were used to monitor the beam intensity and to degrade the beam energy, 

respectively. 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 silver.  

After the irradiations and appropriate cooling 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 with a diameter of 55.1 mm and a thickness of 52.2 mm. The 

HPGe-detector was coupled to a computer-based multichannel analyzer card system, which could 

determine the photopeak-area of the gamma-ray spectra by using the Gamma Vision computer 

program. 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, 57Co, 137Cs, 54Mn, 22Na, 60Co, 

and 133Ba. The measured detection efficiencies were fitted by using the following function: 

εln  = n

n
n Ea ln

7

0
∑

=

                                                               (1) 

where ε  is the detection efficiency, na 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 such as 133Ba, 
60Co, 57Co, and 22Na emit more than one γ-ray, there is a certain probability of coincidence losses 

of cascade γ-rays when the sources are put closer to the detector [8]. 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, and to assure low dead time (<10%) and point like geometry. The 

measurements were repeated several times to follow the decay of the radioisotopes and thereby to 

identify the possible interfering nuclides. 

The proton beam intensity was determined by using the natCu(p,x)62Zn monitor reactions 

from the measured activities induced in monitor foils at the front position of each stack 

considering that the monitor foils were irradiated simultaneously and measured in the same 

counting geometry and with the same HPGe-detector calibrated by the above mentioned standard 

γ-ray point sources. The use of the multiple monitor foils decreases the probability of introducing 

unknown systematic errors in activity determination. It was also considered that the loss of proton 
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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 proton energy degradation along 

the stack was calculated by using the computer program SRIM-2003 [9]. 

The production cross-sections through the reactions natAg(p,xn) were determined in the 

proton energy range 2-40 MeV by using the well-known activation formula [10]. The decay data 

of the relevant radionuclides, 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 [11], and are given 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 [12]. The standard cross-sections for 

the monitor reactions were taken from internet service [13]. 

In this measurement, 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 

summarized in Table 2. The total uncertainties of the measured cross-sections were calculated by 

combining the statistical uncertainties ( stsδ ) and other uncertainties ( othδ ).  

The uncertainty of proton energy for each representing energy point in the stack depends 

on the irradiation circumstances and the position of the foil in the stack. These are the 

uncertainties of the incident beam energy, the target thickness and homogeneity, and the beam 

struggling. The possible uncertainty of a representing point in the excitation function ranges from 

±0.3 up to ±1.2 MeV, which we indicated in the tables and figures.  

 

3. Model Code Calculations 

A variety of theoretical models are in general use at this time for calculating nuclear 

reaction cross-sections. In principle, a model gives us complete understanding of a physical 

process. It allows extrapolation and prediction of experimental data. The model codes offer 

important advantages such as ensuring internal consistency of the data by preserving the energy 

balance and the coherence of the partial cross sections with the total or the reaction cross sections. 

In addition, the model calculations can fill gaps in the experimental results and predict data for 

unstable nuclei. In the present case for comparison our experimental data, we have used the newly 

developed model code TALYS and also The ALICE-IPPE code. 

TALYS is a nuclear-reaction computer program which simulates basically all types of 

nuclear reactions, in the energy range of 1 keV - 200 MeV. With a few exceptions, the database of 
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this code is based on the Reference Input Parameter Library-2 [14]. In TALYS, the coupled-

channel code ECIS-97 [15] is used as a subroutine for all optical model and direct reaction 

calculations. The default optical-model potentials (OMP) used in this code are the local and global 

parameterizations for neutrons and protons [16] but possible to adjust the parameters on user’s 

demand. All types of compound nucleus reaction mechanism are included in this code where the 

calculations are mostly based on the Hauser-Feshbach formalism including width fluctuation 

corrections (WFC). Several models for the level density are used in this code, which range from 

phenomenological analytical expressions to tabulated level densities derived from microscopic 

calculations. However, mostly the Fermi gas model is used at high energies, with shell- and 

energy-dependent level density parameter, whereas a constant temperature model fitted to the 

known discrete states is used at low energy. For nucleon reactions, a two-component exciton 

model with a new form of internal transition rates based on the OMP is implemented, which yields 

an improved description of pre-equilibrium processes over the whole energy range.  The multiple 

pre-equilibrium processes are accomplished by keeping track of all successive particle-hole 

excitations for either proton or neutron. Pre-equilibrium photon emission is taken into account 

with the model of Akkermans and Gruppelaar [17]. For nuclear reaction mechanism involving 

projectiles and ejectiles with different particle numbers like stripping, pick-up, and knock-out 

processes, and for the prediction of pre-equilibrium angular distributions the newly developed 

Kalbach [18] phenomenological systematic is included in this code. The independent treatment of 

isomeric state cross-section is the main advantage of this code. The present results of p+natAg 

processes were evaluated using mostly the default values of the code, and a little modification of 

the level density file based on the RIPL-2 data base [16], as well.  

Furthermore, the data of the model code ALICE-IPPE were taken from the web site of the 

International Atomic Energy Agency, where it is compiled as MENDL-2P database (http://www-

nds.iaea.org/ndspub/mendl2p/). The ALICE-IPPE code is a modified version of ALICE-91 

proposed by the Obninsk group [19]. The calculation of a cross-section using this code was based 

on the Weisskopf-Ewing evaporation model and a geometry dependent hybrid exciton model [20]. 

The lack of angular momentum and parity treatments in the Weisskopf–Ewing formalism used in 

these codes makes an independent treatment of isomeric states impossible, thus only the total 

production cross-sections were calculated. The individual results of the present reactions of 

interest were weighted and summed according to the abundance of the target isotopes. 
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4. Results and Discussion 

From the decay rates of the radioactive products and the measured beam current, the cross-

sections were deduced from threshold to 40 MeV of proton energy by using the well known 

activation formula [10]. The numerical values of measured cross section are given in Table 3. The 

excitation functions of the measured 104g,105g,106mAg, 104,107Cd radionuclides are presented in Figs. 

1-5, respectively, as a function of proton energy. It is noted that two or more radionuclides emitted 

gamma rays having very close energies which couldn’t be resolved by HPGe-detector, were 

separated using other independent gamma rays of the respective radionuclides. Furthermore, 

radionuclides having two or more intense independent γ-rays were measured by using all gamma 

lines, and only the average values of the cross-sections are presented here.   

 

4.1 The natAg(p,x)104gAg processes 

The nuclide 104Ag has a ground state 104gAg (T1/2 = 1.15 h) and an excited isomeric state 104mAg 

(T1/2 = 33.5 m). The isomeric state decays 0.07 % by internal transition (IT) to ground state with 

the emission of a 6.9 keV gamma line. The meta-stable state radionuclide 104mAg emits the 

characteristics gamma line of 555.8 keV, which is also the same strong gamma line of the ground 

state 104gAg radionuclide. Since, the half life of both the states don’t have too much difference, we 

could not use this gamma line for the identification of 104gAg radionuclide on the basis of waiting 

time. However, 104gAg has several other low intense (compare to 555.8 keV) independent gamma-

lines, and for a proper assessment we have used these gamma lines for the measurement of 104gAg 

production. On the other hand, the 104Cd nuclide decays completely by EC process to the ground 

state 104gAg and contributes strongly to the production cross section of 104Ag radionuclide.  

However, the measured cross-sections for the production of 104gAg is shown in Fig.1 along with 

the theoretical calculations by the computer code TALYS. Due to the lack of experimental data, 

we couldn’t compare the present measured data of 104gAg except the TALYS predicted ones. A 

very good agreement is found with the TALYS prediction both in the magnitudes and shape of the 

excitation curves.  

 

4.2 The natAg(p,x)105gAg processes 

The 105Ag consists of a short-lived meta-stable state 105mAg (T1/2 = 7.23 m) and a long-

lived ground state 105gAg (T1/2 = 41.29 d) radionuclide. Within the present experimental conditions, 

we couldn’t measure the 105mAg radionuclide. However, the production cross-sections of 105gAg 

radionuclide were measured from threshold to 40 MeV proton energy. The production of this 

radionuclide is contributed by three processes: the direct processes through 107Ag(p, p2n) Q=-
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17.48 MeV and 109Ag(p, p4n) Q=-33.94 MeV, the IT (99.96%) decay of short-lived meta-stable 

state 105mAg radionuclide, and 100% EC decay of the 105Cd. Therefore, the production of 105gAg is 

a cumulative one. Unfortunately, due to the short half-life, and also very weak gamma-ray of 
105Cd radionuclide (Eγ=346.87; Iγ=4.2%, and Eγ=961.83; Iγ=4.7%), we couldn’t not measure 105Cd 

radionuclide independently. Hence, we couldn’t determine the contribution of 105Cd activity on 
105Ag production. The measured excitation function for the formation of 105gAg radionuclide is 

presented in the Fig. 2 together with the available literature data reported by Uddin et al. [2]. The 

present results are in general good agreement with their results [2]. The theoretical calculation by 

using the TALYS code showed an overall good agreement in both the shape and size of the 

excitation function in the investigated energy region.  

 

4.3 The natAg(p,x)106mAg processes 

  The ground state radionuclide 106Ag (T1/2 = 23.96 m) has a long-lived meta-stable state 
106mAg (T1/2 = 8.28 d) radionuclide, whereas the ground state couldn’t be analyzed in this 

experiment due to its short half-life. The production of this 106mAg radionuclide from the direct 

contributions of the competing reaction channels is collected in Table 1. The measured excitation 

function of this radionuclide formation is presented in Fig. 3 together with the available literature 

data and the theoretical calculations by using the TALYS code. The obtained first peak around 26 

MeV is from the direct contribution of 107Ag(p, pn)  reaction with threshold energy Q=-9.54 MeV. 

The competing reaction 109Ag(p, p3n) Q=-25.99 MeV contributed to the formation of this 

radionuclide in the higher energy region, whereas the TALYS predicted 2nd maximum around 45 

MeV supports this fact. A very good agreement is found with the data reported by Uddin et al. [2] 

within the error bar in the whole investigated energy region. Linder and James [7] measured the 

cross section of 106mAg radionuclide by irradiating an enriched 107Ag target. The measured data 

were also compared with their data [7] converted to natural isotopic composition, and found good 

agreement. The theoretical data predicted by the TALYS code showed similar trend of peak 

formation with the measurements but slightly overestimates the cross-sections in the higher 

energy region. 

 

4.4 The  natAg(p,x)104Cd  processes 

The activity of 104Cd radionuclide was measured from peak counts of a characteristic gamma-line 

at 709 keV. The 104Cd radionuclide is produced by the direct reactions of  107Ag(p,4n) and 
109Ag(p,6n) in the natural isotopic silver target. In our investigated energy region, only 
107Ag(p,4n); Q= - 29.425 MeV reaction made contribution for the formation of 104Cd radionuclide. 
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The measured values are shown in Fig. 4 together with the TALYS predicted values. The model 

code TALYS predicted a flat maximum at around 42 MeV, and the sharp increase of measured 

cross section above 30 MeV supports this predicted peak of 104Cd formation.  The measured cross 

section showed a similar shape of excitation function with the TALYS predicted ones with 

slightly lower cross section values in magnitude. We couldn’t compare this result due to the lack 

of any literature values. 

 

4.5 The  natAg(p,x)107Cd  processes 

The radionuclide 107Cd was identified by analyzing the characteristic gamma line of 93 keV. The 

direct contribution of 107Ag(p, n) Q=- 2.20 MeV and 109Ag(p, 3n) Q=-18.65 MeV reactions made 

possible the large scale production of this radionuclide in our investigated energy region. The 

excitation function of 107Cd formation as a function of proton energy is shown in Fig. 5 together 

with the available literature data, and also theoretical data from TALYS and ALICE-IPPE codes. 

Blaser et al. [3], Wing and Huizenga [4], Colle et al. [5], and Hershberger et al. [6] measured the 

excitation function of 107Cd by irradiating an enriched 107Ag target. Their data were converted by 

using the natural isotopic composition for a comparison, and agreed with each other. The first 

maximum obtained at around 11 MeV is from the direct contribution of a competing reaction 

channel, 107Ag(p,n). The 2nd maximum at around 31 MeV contributed directly by 109Ag(p, 3n) 

reaction. The threshold energy (Q=-18.65 MeV) of 109Ag(p, 3n)  reaction supports the starting of 

peak formation from around 20 MeV. The overall shape is in general consistent with the 

theoretical calculation by the TALYS code. 

 

5. Integral yield 

The integral yields were deduced using the measured cross-sections of 104g,105g,106mAg and 
104,107Cd radionuclides and the stopping power of natAg over the energy range from threshold to 40 

MeV taking into account that the total energy is absorbed in the targets. It is expressed as MBq-

μA-1-h-1, i.e. the activity at the end of a bombardment performed at a constant 1μA beam current 

on a target during 1 hour. The analytical meaning of the physical yield is the slope (at the 

beginning of the irradiation) of the curve of the growing activity of the produced radionuclide 

versus irradiation time. In practice, this yield can be used when the bombardment time is 

significantly shorter than or comparable with the half-life of the produced isotope. The obtained 

integral yields for the production of  104g,105g,106mAg and 104,107Cd radionuclides are given in Figs. 

6-7 as a function of proton energy. The directly measured thick target yield by Dimitriev and 
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Molin [21] for 107Cd radionuclide was compared with the present one, and found very good 

agreement, which proved the reliability of the present measurement for the production cross-

sections.  

 

6. Conclusions 

We have reported the excitation functions for the formation of 104g,105g,106mAg and 104,107Cd 

radionuclides from the proton irradiations on natural silver targets using a stacked-foil activation 

technique in the energy range of 2–40 MeV with an overall uncertainty of 16 %. In this paper, 

both the independent and cumulative productions of the measured radionuclides are discussed 

elaborately. The measured data for the long-lived radionuclides 105gAg and 106mAg could be used 

in wear, corrosion, and erosion processes of machine components by using thin layer activation 

(TLA) analysis, whereas the data of short-lived radionuclide 104gAg have importance in positron 

emission tomography (PET) imaging technique. The other radionuclides measured in this 

experiment are also important in the prediction and optimization of radiochemical purity. The 

production of cross-sections 104gAg and 104,107Cd radionuclides have been reported here for the 

first time from the proton irradiation on natural silver targets. However, the present measured 

excitation function of all the radionuclides will help effectively to optimize the production 

conditions and enriched the literature data base. Above all, the measured cross sections data from 

the natAg(p,x) processes will be very helpful to prepare a recommended data base leading to the 

various practical applications. 
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Figure captions: 

Fig. 1. Excitation function of the natAg(p, x)104gAg processes 
Fig. 2. Excitation function of the natAg(p, x)105gAg processes 
Fig. 3. Excitation function of the natAg(p, x)106mAg processes 
Fig. 4. Excitation function of the natAg(p, x)104Cd processes 
Fig. 5. Excitation function of the natAg(p, x)107Cd processes 
Fig. 6. Integral yields for the production of 107Cd, 104Cd and 104gAg radionuclides 
Fig. 7. Integral yields for the production of 105gAg and 106mAg radionuclides 
 

Table 1. Investigated reactions, Q-values and reaction products with decay data 
 
Nuclide Half -life Decay  

mode 
Eγ  

(keV) 

Iγ  

(%) 

Contributing 

reaction 

Q-value 

(MeV) 

Threshold

(MeV) 
104gAg 1.15 h β+(15%); 

EC(85%) 

555.8 

767.6 

857.9 

925.9 

941.6 

92.6 

65.7 

10.4 

12.5 

25 

107Ag(p, p3n) 
109Ag(p, t3n) 

-27.50 

-35.48 

 

27.77 

35.81 

104mAg 33.5 m β+(63%); 

EC(37%) 

555.8 91 107Ag(p, p3n) 
109Ag(p, t3n) 

-27.50 

-35.48 

27.77 

35.81 
105Ag 41.29 d EC(100%) 280.44 

344.52 

443.37 

644.55 

30.2 

41.4 

10.5 

11.1 

107Ag(p, p2n) 
109Ag(p, t2n) 
109Ag(p, p4n) 

IT decay of 105mAg

EC decay of 105Cd

-17.48 
-25.45 
-33.94 

17.64 
25.69 
34.25 

106mAg 8.28 d EC(100%) 406.18 
429.64 
450.97 
616.17 
717.34 
748.36 
804.28 
824.69 
1045.83

13.5 
13.2 
28.2 
21.6 
28.9 
20.6 
12.4 
15.3 
29.6 

107Ag(p, pn) 
109Ag(p, tn) 
109Ag(p, p3n) 

-9.54 
-17.51 
-25.99 
 

9.63 
17.67 
26.23 

107Cd 6.5 h EC(100%) 93.1 4.8 107Ag(p, n) 
109Ag(p, 3n) 

-2.20 
-18.65 

2.22 
18.83 

104Cd 57.7 m EC(99.9%); 

β+(0.2%) 

709.3 19.5 107Ag(p, 4n) -29.43 29.70 
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Table 2. Main source of errors considered in the cross-section measurements 
 

Principal sources of errors Magnitudes (%) 
Statistical error  0.5~10 
Error due to the beam flux ~7 
Error due to detector efficiency curve ~4 
Error due to the sample thickness ~1.5 
Error due to γ-ray intensity ~1 

Overall Uncertainty 8~16 
 
 
 
Table 3 Production cross-sections of the 107, 104Cd and 106m, 105g, 104gAg radionuclides 

Energy (MeV) 107Cd (mb) 104Cd (mb) 106mAg (mb) 105gAg (mb) 104gAg (mb) 

0.9 ±1.2 5.9±2.1 -- -- -- -- 

5.8 ±1.1 51.5±4.8 -- -- -- -- 

9.0±0.9 199.8±15.2 -- -- -- -- 

11.7±0.9 225.0±17.1 -- -- -- -- 

15.8±0.8 59.1±6.3 -- 4.5±0.7 -- -- 

17.8±0.8 34.1±4.2 -- 14.7±1.3 -- -- 

21.1±0.7 58.8±6.3 -- 40.4±3.1 -- -- 

24.1±0.7 198.0±15.2 -- 63.1±4.7 57.6±8.4 -- 

26.8±0.6 308.9±23.3 -- 70.8±5.3 219.2±18.2 -- 

28.3±0.6 325.5±24.5 -- 70.2±5.3 288.1±22.9 -- 

30.8±0.5 347.6±25.8 -- 63.0±4.7 372.3±28.8 -- 

32.2±0.5 341.3±25.6 -- 58.4±4.4 401.2±30.8 1.1±0.3 

34.4±0.4 290.5±22.0 5.5±2.3 53.2±4.0 434.5±33.1 5.9±0.9 

35.5±0.4 260.4±19.6 15.1±4.9 53.6±4.1 437.6±33.3 14.8±1.8 

37.5±0.3 198.6±15.7 28.1±6.6 60.1±4.5 399.7±30.8 45.7±3.7 

38.6±0.3 174.8±14.1 36.5±8.1 65.8±4.9 386.3±29.8 62.3±5.0 

40.5±0.3 145.4±11.7 59.6±10.3 81.8±6.1 332.9±25.9 106.8±8.2 
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Abstract  
 

Production cross-sections of 105,106mAg, 100,101Pd, and 100,101m,105Rh radionuclides from 
proton-induced reactions on natural palladium were measured by using the stacked-foil activation 
technique up to 40 MeV at the MC50 cyclotron of the Korea Institute of Radiological and Medical 
Sciences. The present results are compared with the available literature values as well as the 
theoretical data calculated by the TALYS code and the ALICE-IPPE code. The thick target 
integral yields were also deduced using the measured cross-sections of the produced radionuclides. 
In the investigated energy region, the present results are in generally good agreement with the 
earlier reported data and with the calculated data. Optimal production pathways of the measured 
radionuclides with minimal contamination leading to the practical applications are discussed 
elaborately. 
 
 
PACS numbers: 25.45.De 
Keywords: Production cross-sections; p+natPd process; stacked-foil activation; TALYS code; 
ALICE-IPPE code; MC50 cyclotron. 
 
 
1. Introduction 
 

The study of light ion-induced nuclear reactions on different target elements finds 
increasing importance leading to the production of various radionuclides for medical and 
technological applications. The versatile ion-accelerating machine cyclotrons are employed to 
produce these radionuclides. Especially, the medium energy cyclotrons find applications in 
nuclear medicine to produce both the diagnostic and the therapeutic radionuclides. In general, two 
broad categories of radionuclides are applied for diagnostic purposes; the pure gamma emitters 
and the positron emitters.  The gamma emitting radionuclides can be produced using both the 
nuclear reactors and the cyclotrons, but the neutron rich positron emitting radionuclides can only 
be produced by using cyclotron via charged-particle-induced reactions [1]. On the other hand, the 
therapeutic radionuclides can also be produced by using cyclotron in carrier free nature. 
Regardless the production of the diagnostic or the therapeutic radionuclides by using cyclotron, 
nuclear cross section data and/or excitation functions play a crucial role for the optimization of 
their production condition. An optimum selection of ion and energy range can only be obtained 
from the measured excitation function of the produced radionuclide. Therefore, the present 
measurement of activation cross sections of natPd(p,x) processes are important for medically and 
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technologically relevant radionuclide production, charged particle activation analysis, thin layer 
activation (TLA) analysis, nuclear model calculations, etc. 

Palladium (Pd) is a silvery-white, soft, ductile, least dense, and lowest melting point metal. 
Its affinity to hydrogen led it to play an essential role in cold fusion technology. Palladium and Pd 
containing alloys find various practical applications: dentistry, watch making, production of 
surgical instruments, making of the Multi-Layer Ceramic Capacitor (MLCC), in jewelry as a 
white gold, etc. It is an ideal target material for the production of medically and technologically 
important radionuclides 105Rh, 103Ag,103Pd,  105Ag, 106Ag and so on. The favorable decay 
characteristics of Ag radionuclides (105,106Ag) made them possible for wear studies using thin layer 
activation (TLA) technique. These radionuclides can also be used for general radiolabelling as 
well as beam monitoring purposes. The 105Rhodium (105Rh) radionuclide is a promising candidate 
for targeted radiotherapy [2-3]. The emission of beta (Eβ¯ = 570 keV 70%, 250 keV 30%) and γ-
ray (318.9 keV 19%) with moderate energy, and the moderate half-life (1.44 days) make this 
radionuclide attractive for the dosimetry and the pharmacokinetic perspective [3]. Currently, the 
large amount of 105Rh is produced in carrier free form by nuclear reactor by using an enriched 
104Ru target, i.e., the indirect 104Ru(n,γ)105Ru 105Rh process. It is also possible to obtain very 
large quantities of 105Rh as a fission product, if required [4]. However, this 105Rh radionuclide can 
also be produced in no carrier added (NCA) form using medium energy cyclotron through the 
proton and/or light-charged particle irradiations on palladium target. 

A general survey of literature shows that only one earlier group [5] carried out a study on 
the production cross-sections of natPd(p,x) processes up to 70 MeV. The present work was 
performed to measure the proton induced reaction cross-sections on natural palladium in the 
energy range from the threshold energy to 40 MeV by using a stacked-foil activation technique 
and at the external beam line of the MC50 cyclotron at the Korea Institute of Radiological and 
Medical Sciences (KIRAMS). 
 

2. Experimental Technique 

The cross-sections of the proton-induced reactions on natural palladium were measured as 
a function of proton energy from threshold energy to 40 MeV by using a conventional stacked-foil 
activation technique combined with high-resolution gamma-ray spectrometry. A high purity 
(>99.99%) Pd foil with a natural isotopic composition (102Pd 1.02%; 104Pd 11.14%; 105Pd 22.33%; 
106Pd 27.33%; 108Pd 26.46%; 110Pd 11.72%) was used as the target for the irradiation. Several foils 
of palladium (50 μm thick), copper (100 μm thick), and aluminum (100 μm thick) were assembled 
in a stack. The Cu and the Al foils were used to monitor the beam intensity and to degrade the 
beam energy, respectively. 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 palladium.  

After the irradiations and appropriate cooling time, the samples were taken off, and the 
induced gamma activities emitted from the activated foils were measured by using a gamma 
spectrometer. The gamma spectrometer was an n-type coaxial ORTEC (PopTop, Gmx20) high-
purity germanium (HPGe) detector with a diameter of 55.1 mm and a thickness of 52.2 mm. The 
HPGe-detector was coupled to a computer-based multichannel analyzer card system, which could 
determine the photopeak-area of the gamma-ray spectra by using the Gamma Vision computer 
program. 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 
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keV, and 383.82 keV). The detection efficiencies as a function of the photon energy were 
measured at 5 cm, 10 cm and 20 cm distances from the end-cap of the detector. Since most of the 
sources such as 133Ba, 60Co, 57Co and 22Na emit more than one γ-ray, there is a certain probability 
of coincidence losses of cascade γ-rays when the sources are put closer to the detector. For this 
reason, all samples were counted at distances of 5- 20 cm from the end-cap of the detector to 
avoid coincidence losses, and to assure low dead time (<10%) and point like geometry. The 
measurements were repeated several times to follow the decay of the radionuclides and thereby to 
identify the possible interfering nuclides. 

The proton beam intensity was determined by using the natCu(p,x)62Zn monitor reactions 
from the measured activities induced in monitor foils at the front position of each stack 
considering that the monitor foils were irradiated simultaneously and measured in the same 
counting geometry and with the same HPGe-detector calibrated by the above mentioned standard 
γ-ray point sources. The use of the multiple monitor foils decreases the probability of introducing 
unknown systematic errors in activity determination. It was also 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 proton energy degradation along 
the stack was calculated by using the computer program SRIM-2003 [6]. 

The cross-sections for the reactions natPd(p, x) were determined in the proton energy range 
3-40 MeV by using the well-known activation formula [7]. The decay data of the relevant 
radionuclides, 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 [8], and are given 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 [9]. The standard cross-sections for the monitor 
reactions were taken from internet service [10]. 
 

In this measurement, 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 
summarized in Table 2. The total uncertainties of the measured cross-sections were calculated by 
combining the statistical uncertainties ( stsδ ) and other uncertainties ( othδ ).  

The uncertainty of proton energy for each representing energy point in the stack depends 
on the irradiation circumstances and the position of the foil in the stack. These are the 
uncertainties of the incident beam energy, the target thickness and homogeneity, and the beam 
struggling. The possible uncertainty of a representing point in the excitation function ranges from 
±0.3 up to ±1.5 MeV, which we indicated in the table and figures.  
 
3. Model Calculations 
 

Nuclear data from model calculations have significance to validate the experimental data, 
which lack reference data in the literature or which are in disagreement with the existing data. On 
the other hand, reliable experimental cross section data are necessary to prove and improve the 
results of model calculations. Above all, a model calculation gives us complete understanding of a 
physical process. However, the present measured data are compared with the data from the model 
calculations ALICE-IPPE and TALYS. 
ALICE-IPPE: The theoretical data of model code ALICE-IPPE were taken from the web site of 
International Atomic Energy Agency (www.nds-iaea.org), where it is compiled as MENDL-2P 
database [11]. The ALICE-IPPE is a modified version of ALICE-91 by Obninsk group [11]. It is 
an ‘a-priori’ model calculation. The calculation of cross-section using this code was based on the 
evaporation Weisskopf-Ewing model and hybrid, geometry dependent hybrid exciton model [12]. 
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Pre-equilibrium cluster emission calculation is included in this code. A disadvantage of this code 
is that it cannot describe the formation of isomeric states; only the total production cross-sections 
could be predicted. Furthermore, the ALICE-IPPE code can only calculate excitation functions for 
individual reaction channels. Therefore, the individual results of the present studied reaction of 
interest were weighted and summed according to the abundance of the target isotopes.  
TALYS: The newly developed model code TALYS can simulates basically all types of nuclear 
reactions, in the energy range of 1 keV - 200 MeV. With a few exceptions, the database of this 
code is based on the Reference Input Parameter Library-2 [13]. In TALYS, the coupled-channel 
code ECIS-97 [14] is used as a subroutine for all optical model and direct reaction calculations. 
The default optical-model potentials (OMP) used in this code are the local and the global 
parameterizations for neutrons and protons [15] but possible to adjust the parameters on user’s 
demand. All types of compound nucleus reaction mechanism are included in this code where the 
calculations are mostly based on the Hauser-Feshbach formalism including width fluctuation 
corrections (WFC). Several models for the level density are used in this code, mostly the Fermi 
gas model at high energies, and a constant temperature model is used at low energy. For nucleon 
reactions, a two-component exciton model with a new form of internal transition rates based on 
the OMP is implemented.  The multiple pre-equilibrium processes are accomplished by keeping 
track of all successive particle-hole excitations for either proton or neutron. Pre-equilibrium 
photon emission is taken into account with the model of Akkermans and Gruppelaar [16]. The 
newly developed Kalbach [17] phenomenological systematic is included in this code for nuclear 
reaction mechanism involving projectiles and recoils with different particle numbers like stripping, 
pick-up, and knock-out processes, and for the prediction of pre-equilibrium angular distributions. 
The independent treatment of isomeric state cross section is the main advantage of this code. The 
present results of p+natPd processes were evaluated with adjustment of some OMP parameters, 
width fluctuation correction factor and also changing some default models (e.g., level density 
model, width model) for compound nucleus calculation processes.  
 
4. Results and Discussion 
 

The stable isotopes of natural palladium transmuted to the radioactive 105,106mAg, 100,101Pd, 
and 100,101m,105Rh nuclides following the (p,x) nuclear processes. It is noted that two or more 
radionuclides emitted gamma rays having very close energies which couldn’t be resolved by the 
HPGe-detector, were separated using other independent gamma rays of the respective 
radionuclides. Furthermore, radionuclides having two or more independent γ-rays were used all of 
them for the measurement of each reaction cross-section, and the average value is presented. The 
excitation functions of the investigated radioactive products 105,106mAg, 100,101Pd, and 100,101m,105Rh 
are shown in Figs. 1–7. The numerical data with errors are collected in Table 3. The integral 
yields were deduced using the measured cross-sections taking into account that the total energy is 
absorbed in the targets and are shown in Figs. 8–9. 
 
4.1 The natPd(p,x)105Ag processes 
 

The nuclide 105Ag consists of a short-lived meta-stable state 105mAg (T1/2 = 7.23 m) and a 
long-lived ground state 105gAg (T1/2 = 41.29 d) radionuclide. Within the present experimental 
conditions, we couldn’t measure the 105mAg radionuclide. However, the production cross-sections 
of 105gAg radionuclide were measured from threshold to 40 MeV. The production of this 
radionuclide is contributed by two processes: the direct 105Pd(p, n) (Q=-2.12 MeV), 106Pd(p, 2n) 
(Q=-11.69 MeV), and 108Pd(p, 4n) (Q=-27.45 MeV) reactions, and the IT (99.96% ) decay of short-
lived meta-stable state 105mAg radionuclide. Therefore, the production of 105gAg is a cumulative 
one. The direct contribution of the higher abundant isotopes (105Pd 22.33%; 106Pd 27.33%; 108Pd 
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26.46%) made possible the large scale production of 105Ag in our investigated energy region. The 
measured excitation function for the formation of 105gAg radionuclide is presented in the Fig. 1 
together with the available literature data [5] and the calculated values by using the ALICE-IPPE 
[11] and the TALYS codes. The first wide maximum around 20 MeV is from the contribution of 
105Pd(p, n) (Q=-2.12 MeV) and 106Pd(p, 2n) (Q=-11.69 MeV) competing reactions, whereas the 2nd 
maximum around 40 MeV (confirmed by extrapolated data from theoretical calculations) is only 
from the contribution of 108Pd(p, 4n) (Q=-27.45 MeV) reaction. The threshold energies of the 
relevant reactions support this peak formation. The present results are in general good agreement 
with the data reported by Ditroi et al. [5] within the error bar in the investigated energy region. 
The theoretical values estimated from both the TALYS and the ALICE-IPPE codes show a similar 
shape of excitation function with overall good agreement in the whole investigated energy region.  
 
4.2 The natPd(p,x)106mAg processes 
 

The 106Ag consists of a short-lived ground state 106gAg (T1/2 = 23.96 m) and a long-lived 
meta-stable state 106mAg (T1/2 = 8.28 d) radionuclide. The ground state nuclide 106gAg couldn’t be 
analyzed in this experiment due to its short life-time. The competing reaction channels for the 
formation of the 106mAg radionuclide have shown in Table 1. The measured excitation function of 
this radionuclide formation is presented in Fig. 2 together with the existing data measured by 
Ditroi et al. [5] and the theoretical expectation values by using both the ALICE-IPPE [11] code 
and the TALYS code. The obtained first lower maximum around 11 MeV is from the direct 
contribution of a 106Pd(p, n) (Q=-3.75 MeV) reaction, and the 2nd higher maximum around 30 
MeV is highly contributed by the competing reaction 108Pd(p, 3n) (Q=-19.5 MeV), whereas the 
high energy tail of this maximum is the contribution from 110Pd(p, 5n) (Q=-34.45 MeV) reaction. 
The present results are higher than those of Ditroi et al. [5] in the investigated energy region.  The 
excitation function estimated with both computer codes showed a similar shape to both the present 
results and the data reported by Ditroi et al. [5]. The theoretical value estimated with the TALYS 
code underestimated compared with the evaluated value based on the ALICE-IPPE code [11] but 
reproduce the measured excitation function well.  
 
4.3 The natPd(p,x)100Pd processes 
 

The moderate half-lived 100Pd (T1/2= 3.63 d) radionuclide is formed from the direct 
contribution of 102Pd(p, p2n) (Q=-18.8 MeV) and 104Pd(p, p4n) (Q= -36.45 MeV) competing 
reactions. The only characteristic gamma-ray of 84 keV was used to determine the production 
cross-section of a 100Pd radionuclide. The strong gamma intensity of the 84-keV line (Iγ=45%) 
compared to the peripheral characteristic gamma lines of other nuclides in the low resolution 
region of detector made easier in the identification procedure. The measured excitation function of 
the 100Pd radionuclide formation is shown in Fig. 3 together with the data measured by Ditroi et al. 
[5], the evaluated data from ALICE-IPPE code [11], and the theoretical calculations by using the 
TALYS code. The contribution of the 102Pd(p, p2n) (Q=-18.8 MeV) reaction is started from 
around 24 MeV due to the coulomb barrier effect in the exit channel of this reaction. The present 
results are consistent with the model calculations by TALYS, whereas the data reported by Ditroi 
et al. [5] are scattered without forming any shape of excitation function in the investigated energy 
regions. The ALICE-IPPE [11] prediction showed a sharply increasing shape above 33 MeV, 
which is different from that of the TALYS code.  

 
4.4 The natPd(p,x)101Pd processes 
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The 101Pd radionuclide was identified by using its comparatively strong characteristic 
gamma line of 296 keV. The contributing reaction channels for this radionuclide formation are 
102Pd(p, np) (Q=-10.57 MeV), 104Pd(p, p3n) (Q=-28.17 MeV), and 105Pd(p, p4n) (Q=-35.27 MeV). 
The excitation function of the natPd(p,x)101Pd was measured as shown in Fig. 4 compared with the 
theoretical data from the ALICE-IPPE [11] and the TALYS codes. The flat maximum around 22 
MeV is from the contributions of 102Pd(p, np) (Q=-10.57 MeV) and 104Pd(p, p3n) (Q=-28.17 
MeV) reactions. The higher abundant isotope through 105Pd(p,p4n) (Q=-35.27 MeV) process 
contributes the sharp increasing shape of the excitation function above 35 MeV. The similar shape 
of excitation function was obtained with the TALYS and ALICE-IPPE [11] codes but TALYS 
predicted a better agreement than ALICE-IPPE with the measured ones.  

 
4.5 The natPd(p,x)100Rh processes 
 

The long-lived radionuclide 100Rh (T1/2=20.8 h) has a short lived meta-stable state 100mRh 
(T1/2=4.60 m) radioisomer, which is completely decays to the ground state by IT process before starting 
our measurement. Therefore, the measured production cross-sections of the 100Rh radionuclide are 
cumulative ones. The competing reaction channels for the formation of this radionuclide are given 
in Table 1. The measured excitation function is shown in Fig. 5 compared with the theoretical data 
estimated from the ALICE-IPPE [11] and the TALYS codes. No experimental data is available in 
the literature for comparison. The present results are in general consistent with both the 
calculation codes. No clear structure and/or peak formation is obtained up to our investigated 
energy region. The excitation function is gradually increases linearly as a function of energy after 
the coulomb barrier effect of the competing reaction channels. 

 
4.6 The natPd(p,x)101mRh processes 
 

The meta-stable state 101mRh radionuclide was identified by using its strong gamma line of 
306 keV. The competing open reaction channels for the formation of this radionuclide are 
collected in Table 1. The measured excitation function is shown in Fig. 6 together with the 
available literature data and the expected data taken from the calculations based on the ALICE-
IPPE [11] and the TALYS codes. The flat maximum around 25 MeV is from the direct 
contributions of the 105Pd(p, nα) (Q=-4.21 MeV) and the 106Pd(p, 2nα) (Q=-13.77 MeV) reactions. 
The coulomb barrier in both the entrance and exit channel largely inhibits the contribution of the 
102Pd(p, 2p) (Q=-7.8 MeV) and the 104Pd(p, α) (Q=-2.88 MeV) reactions. The rapid increase of the 
excitation function above 30 MeV is contributed uniquely by the 108Pd(p, 4nα) (Q=-29.53 MeV) 
reaction. The shape of excitation function predicted by both the ALICE-IPPE [11] and the TALYS 
codes are different from the measurements. On the basis of our experience it is noted that the 
model codes ALICE-IPPE [11] and also TALYS can explain properly the neutron emission 
reactions but not α emission processes.   
 
4.7 The natPd(p,x)105Rh processes 
 

The long-lived radionuclide 105Rh (T1/2=1.47 d) has a short-lived meta-stable state 105mRh 
(T1/2=40.0 s), which completely decays to the ground state by IT process before starting our 
measurement. Therefore, the formation of 105Rh radionuclide follows cumulative process. The 
contributing direct channels for the formation of this radionuclide are the 106Pd(p, 2p) (Q=-9.34 
MeV), the 108Pd(p, α) (Q= 3.18 MeV) and the 110Pd(p, 2nα) (Q=-11.78 MeV) reactions. The 
measured excitation function of this radionuclide formation is shown in Fig. 7 compared with the 
value predicted from the ALICE-IPPE [11] and the TALYS codes. The excitation function 
predicted by both the model codes TALYS and ALICE-IPPE showed a similar shape to that of the 
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present measurement, and found a partial agreement with the TALYS prediction above 30 MeV 
whereas ALICE-IPPE overestimates in this energy region.  
 
4.8 Integral yield 
 

The thick target integral yields for the produced radionuclides were deduced using the 
measured cross-sections of the radionuclides and the stopping power of natPd over the energy 
range from threshold to 40 MeV taking into account that the total energy is absorbed in the targets. 
It is expressed as MBq-μA-1-h-1, i.e. the activity at the end of a bombardment performed at a 
constant 1μA beam current on a target during 1 hour. The analytical meaning of the physical yield 
is the slope (at the beginning of the irradiation) of the curve of the growing activity of the 
produced radionuclide versus irradiation time. The obtained integral yields for the production of 

105,106mAg, 100,101Pd, and 100,101m,105Rh radionuclides are given in Figs. 8-9 as a function of proton 
energy. We couldn’t compare the present results with any directly measured thick target integral 
yields due to the lack of the available literature data. 

 
 

5. Conclusions 
 

Excitation functions for the formation of 105,106mAg, 100,101Pd, and 100,101m,105Rh 
radionuclides have been reported from the proton irradiations on natural palladium targets using a 
stacked-foil activation technique in the energy range of 3–40 MeV with an overall uncertainty of 
15%. In this paper, both the independent and cumulative productions of the measured 
radionuclides are discussed elaborately.  

The measured data for the long-lived radionuclides 105gAg and 106mAg could be used in 
wear, corrosion, and erosion processes of machine components by using thin layer activation 
(TLA) analysis, whereas the data of 105Rh radionuclide have importance in targeted radiotherapy. 
The data of palladium radionuclides measured in this study are important for the optimization of 
production of medically relevant radionuclide 103Pd. The deduced thick target yield showed that 
the production of medically relevant radionuclide 105Rh is not profitable through Pd(p,x) process 
with 40 MeV proton irradiation due to the impurity from simultaneously produced other rhodium 
(Rh) radionuclides. However, a low energy (<20 MeV) medical cyclotron and highly enriched 
108,110Pd target could be used for a profitable production of 105Rh with a minimum impurity from 
101mRh, even though under above condition the production of 101mRh impurity is not possible 
energetically.  

The production of cross-sections 105,100Rh and 101Pd radionuclides have been reported here 
for the first time from the proton irradiation on natural palladium targets. However, the present 
measured excitation function of all radionuclides will help effectively to optimize the production 
conditions and enriched the literature data base. Above all, the measured cross sections data from 
the natPd(p,x) processes will be very helpful to prepare a recommended data base leading to the 
various practical applications. 
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Figure Captions: 
 

Fig. 1. Excitation function of the natPd(p, x)105Ag processes 
Fig. 2. Excitation function of the natPd(p, x)106mAg processes 
Fig. 3. Excitation function of the natPd(p, x)100Pd processes 
Fig. 4. Excitation function of the natPd(p, x)101Pd processes 
Fig. 5. Excitation function of the natPd(p, x)100Rh processes 
Fig. 6. Excitation function of the natPd(p, x)101mRh processes. 
Fig. 7. Excitation function of the natPd(p, x)105Rh processes. 
Fig. 8. Integral yields for the production of 100,101m,105Rh, 105Ag and 100Pd radionuclides 
Fig. 9. Integral yields for the production of 106mAg and 101Pd radionuclides 
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Table 1. Decay data and contributing production reactions 
 

Nuclide Half-life Decay mode 
(%) 

Eγ 
(keV) 

Iγ 
(%) 

Contributing 
Reaction 

Q-value 
(MeV) 

Threshold 
(MeV) 

105Ag  41.29 d  EC (100) 280.44
344.52
443.37
644.55

30.2 
41.4 
10.5 
11.1 

105Pd(p, n) 
106Pd(p, 2n) 
108Pd(p, 4n) 
IT decay of 105mAg

-2.1276 
-11.690 
-27.449 

2.1480 
11.801 
27.706 

106mAg 8.28 d  EC (100) 406.182
429.646
450.97
616.17
717.34
748.36
804.28
824.69

1045.83
1128.02
1199.39
1527.65

13.4 
13.2 
28.2 
21.6 
28.9 
20.6 
12.4 
15.3 
29.6 
11.8 
11.2 
16.3 

106Pd(p, n) 
108Pd(p, 3n) 
110Pd(p, 5n) 
 

-3.7476 
-19.507 
-34.478 

3.7833 
19.689 
34.794 

101Pd  8.47 h  
 

EC (100) 296.29
590.44

 

19.2 
12.1 
 

102Pd(p, np) 
104Pd(p, p3n) 
105Pd(p, p4n) 
106Pd(p, t3n) 

-10.569 
-28.176 
-35.271 
-36.351 

10.673 
28.450 
35.609 
36.697 

100Pd 3.63 d 
 

EC (100) 84 45.0 102Pd(p, p2n) 
104Pd(p, p4n) 
105Pd(p, t3n) 

-18.841 
-36.449 
-35.061 

19.027 
36.802 
35.398 

100Rh  20.8 h EC (100) 446.2
539.6
822.5

1107.1
1362.1
1553.4

11.2 
78.0 
20.1 
13.2 
15.1 
20.5 

104Pd(p, nα) 
105Pd(p, 2nα) 
106Pd(p, 3nα) 
108Pd(p, 5nα) 
IT decay of 100mRh

-7.0094 
-14.103 
-23.666 
-39.425 
 

7.0774 
14.239 
23.891 
39.794 

101mRh 4.34 d EC(92.8); 
IT (7.20) 
 

306.86
545.06

94.0 
5.0 

102Pd(p, 2p) 
104Pd(p, α) 
105Pd(p, nα) 
106Pd(p, 2nα) 
108Pd(p, 4nα) 

-7.8067 
2.8812 
-4.2128 
-13.775 
-29.535 

7.8839 
0.0 
4.2533 
13.906 
29.810 

105Rh  1.47 d β⎯ (100) 318.9 19.1 106Pd(p, 2p) 
108Pd(p, α) 
110Pd(p, 2nα) 
IT decay of 105mRh

-9.3470 
3.18925 
-11.781 
 

9.4360 
0.0 
11.889 
 

 
 
Table 2. Main source of errors considered in the cross-section measurements 

Principal sources of errors Magnitudes (%) 
Statistical error  0.5~10 
Error due to the beam flux ~7 
Error due to detector efficiency curve ~4 
Error due to the sample thickness ~1.5 
Error due to γ-ray intensity ~1 

Overall Uncertainty 5~15 
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Table 3. Production cross-sections of 105,106mAg, 100,101Pd, and 100,101m,105Rh radionuclides 

Energy, 

(MeV) 

105Ag, 

(mb) 

106mAg, 

(mb) 

100Pd, 

(mb) 

101Pd, 

(mb) 

100Rh, 

(mb) 

101mRh, 

(mb) 

105Rh, 

(mb) 

3.1±1.5 22.7±2.1 2.1±0.4 -- -- -- -- 0.4±0.1

5.6±1.4 60.5±5.1 12.4±1.3 -- -- -- -- 0.7±0.2

7.5±1.3 106.2±8.7 29.0±2.6 -- -- -- 0.2±0.1 1.1±0.2

9.1±1.2 151.0±12.4 53.4±4.5 -- -- -- 0.3±0.1 1.8±0.3

10.5±1.2 186.5±15.3 72.8±6.1 -- -- -- 0.3±0.1 2.4±0.3

11.8±1.2 226.4±18.5 79.2±6.6 -- 0.4±0.1 -- 0.6±0.1 2.9±0.3

13.0±1.2 266.3±21.8 73.1±6.1 -- 1.6±0.3 -- 1.0±0.1 3.8±0.4

15.9±1.1 314.4±25.5 36.9±3.2 -- 3.0±0.4 -- 4.2±0.4 5.5±0.5

18.5±1.0 321.5±26.1 16.8±1.6 -- 7.4±0.7 0.5±0.1 9.5±0.8 6.4±0.6

19.4±1.0 335.3±27.2 16.2±1.9 -- 8.6±0.8 0.9±0.1 11.3±0.9 5.6±0.5

21.6±1.0 324.9±26.4 24.6±2.3 -- 9.8±0.9 2.4±0.2 14.0±1.1 5.6±0.5

22.4±0.9 319.9±26.0 45.4±3.9 -- 10.4±1.0 3.0±0.3 14.2±1.2 5.5±0.5

24.4±0.9 258.9±21.1 108.5±9.0 0.14±0.06 9.9±0.9 4.2±0.4 15.5±1.3 5.4±0.7

25.2±0.9 229.1±18.8 122.3±10.1 0.24±0.08 9.9±0.9 4.2±0.4 15.9±1.3 4.4±0.5

27.1±0.8 157.0±13.3 163.2±13.5 0.56±0.10 9.1±0.8 5.5±0.5 15.6±1.3 4.0±0.5

27.7±0.8 134.4±11.4 182.7±15.1 0.90±0.13 8.7±0.8 6.1±0.5 16.6±1.4 3.4±0.5

29.5±0.7 89.2±8.0 194.7±16.2 2.05±0.20 8.0±0.8 8.5±0.7 15.6±1.3 2.4±0.4

30.1±0.7 83.0±7.6 197.8±16.4 2.32±0.22 7.1±0.7 9.5±0.8 14.6±1.2 3.5±0.6

31.8±0.6 68.7±6.8 195.1±16.1 2.90±0.27 6.4±0.8 11.9±1.0 14.4±1.2 4.4±0.6

32.4±0.6 71.8±7.4 190.0±15.8 3.89±0.34 4.7±0.6 12.2±1.0 14.6±1.2 4.7±0.6

34.0±0.5 71.0±6.4 180.7±15.1 4.71±0.40 4.2±0.8 14.2±1.2 14.7±1.2 5.3±0.7

34.5±0.5 98.3±8.9 168.8±14.0 4.77±0.41 4.8±0.7 14.9±1.2 15.6±1.3 4.1±0.5

36.0±0.4 117.0±10.1 136.7±11.4 5.38±0.46 4.6±0.6 16.5±1.3 16.1±1.3 5.0±0.6

36.6±0.4 126.6±10.8 139.2±11.7 5.31±0.45 6.3±0.7 16.5±1.4 17.6±1.5 5.8±0.7

38.0±0.3 155.5±13.5 118.3±9.9 5.10±0.43 9.6±1.0 18.0±1.5 21.3±1.7 5.6±0.6

38.5±0.3 157.3±13.3 105.0±8.8 5.77±0.48 10.8±1.1 18.5±1.5 22.7±1.9 5.3±0.6

39.9±0.3 174.5±14.8 96.9±8.2 5.08±0.43 17.3±1.6 19.0±1.6 28.6±2.3 7.4±0.8

40.4±0.3 179.3±15.0 91.8±7.8 5.21±0.43 19.0±1.7 18.4±1.5 31.4±2.6 5.6±0.6
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Abstract 
 

Independent and cumulative production cross-sections for the natTi(p, x)48V, 

43,44m,44g,46,47,48Sc nuclear processes are reported here, for the energy region of 4-38 MeV by using 

a stacked-foil activation technique. Measured data were critically compared with the earlier 

reported values, and also with the theoretical data from the TALYS and ALICE-IPPE codes. The 

measured natTi(p,x)48V reaction is important for charged particle beam monitoring purposes, 

whereas the 43,44,47Sc radionuclides  have various practical applications in nuclear medicine. 

 
Keywords: natural titanium; stacked target technique; 40 MeV proton; cyclotron; vanadium, 
scandium radionuclides. 
 
 
1. Introduction 
 

Nuclear data relevant to important medical radionuclides can be divided into two main 

categories: the decay data and the nuclear reaction cross sections. The suitability of a radionuclide 

for medical applications largely depends on the decay data, whereas the production and 

radionuclidic quality control depends on accurate data for the reaction cross sections. In general, 

the decay data are known with sufficient accuracy, but the reaction cross sections, especially the 

charged particle induced ones, need more attention for the optimisation of the established 

production routes and the development of new routes. In particular, the optimum production 

parameters for important medical radionuclides can be determined easily from measured cross 

sections and/or excitation functions. Conversely, the accuracy of the measured excitation 

functions largely depends on the accurate values of the monitor reaction cross sections. The 
natTi(p,x)48V reaction is an ideal reaction for monitoring charged particle beam energy and 

intensity for a low energy particle accelerator and/or a medical cyclotron (Tarkanyi et al., 2001). 

                                                 
12 Corresponding author. Tel.: +82539505320; Fax: +82539393972. 
  E-mail address: gnkim@knu.ac.kr (G. N. Kim). 
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Therefore, precise measurements of the natTi(p,x)48V processes are required for various practical 

applications including charged particle activation analysis.  

Titanium (Ti), a light, strong, non-toxic, lustrous, white metal, has a wide array of practical 

applications in the industrial, aerospace (high strength-to-weight ratio), recreational, and emerging 

markets. It is widely used as a refractory and corrosion resistant metal. Moreover, this metal is a 

potential candidate for the production of medical radionuclides, such as 43Sc, 44Sc, 47Sc, and so on. 

The positron emitting radionuclide 43Sc (T1/2=3.89 h; Eγ= 372.8 keV, Iγ= 22.5%; Eβ
+= 1198.5 keV, 

Iβ+= 70.9%) could be used for an in vivo dosimetry. Grignon et al. (2007) reported that 44Sc 

(T1/2=3.93 h; Eγ= 511 keV, Iγ= 188.68%; Eβ
+= 1475.3 keV, Iβ+= 94.34%) is the most interesting 

radionuclide for nuclear medical imaging using β+γ coincidences. Moreover, when it is associated 

with 47Sc, it could be used for a pre-therapeutic imaging. Furthermore, the 47Sc (T1/2=3.35 d) 

radionuclide shows promising interest in radio-immunotheraphy (Masuner et al., 1998) due to its 

suitable β‾ emission (Eβ‾ = 440.7 keV, Iβ‾ = 68.4%; Eβ‾ = 600.1 keV, Iβ‾ = 31.6%). Baer et al. 

(1984) used the 46Sc radionuclide as a labeled microsphere for an investigation of an increased 

number of myocardial blood flow measurements, whereas this (46Sc) radionuclide was used as a 

radiotracer to analyse Lungs by Wehner et al. (1984). On the other hand, Mutsuo and Kazuhisa 

(2001) demostrated the potential use of 46Sc as a cosmogenic radionuclide for an investigation into 

the evolution history of chondrites after a separation from their parent body. Moreover, Hichwa et 

al. (1995) investigated 48V (T1/2 = 15.98 d) as an alternative to 68Ge for a routine transmission 

scanning in PET. Therefore, an accurate determination of the natTi(p, x)48V, 43,44m,44g,46,47,48Sc 

nuclear processes has great importance in the field of nuclear medicine, trace element analysis, 

radiation protection in space and on earth etc.  

A detailed study has shown that various production pathways [such as, 43Sc from 43Ca(p,n), 
44Ca(p,2n); 44Sc from 44Ti decay/generator, V,Ti(p,spall) etc.] for the mentioned radionuclides are 

available in the literature. Moreover, several authors (Barrandon et al., 1975; Brodzinski et al., 

1971; Fink et al., 1990; Jung 1991; Kopecky et al., 1993; Michel et al., 1978, 1980, 1997; 

Szelecsenyi et al., 2001; Tarkanyi et al., 1991;  Takacs et al., 2002; Walton et al., 1973,1976) have 

investigated the (p,x) processes using natural or enriched Ti targets, but considerable 

discrepancies are found among them. Therefore, the aim of the present study was to reduce the 

existing discrepancies among the various literature data, to validate the existing data for the 

important monitor reaction natTi(p,x)48V, and finally, to report on a new data set for the 
natTi(p,x)43,44m,44g,46,47,48Sc processes leading to various practical applications.  
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2. Experimental 

2.1. Targets and Irradiations 

The irradiation technique, the activity determination and the data evaluation procedures 

were similar to our previous works (Khandaker et al., 2007). Some important features relevant to 

the present experiment are discussed as follows. A well established stacked-foil activation 

technique combined with a high-resolution γ-ray spectrometry was employed to determine the 

production cross-sections of the residual radionuclides from a proton irradiation on natural 

titanium. A high purity (99.98 %) titanium foil (50 μm thick) with a natural isotopic composition 

(46Ti 8.0%, 47Ti 7.3%, 48Ti 73.8%, 49Ti 5.5%, 50Ti 5.4%) was used as the target for the irradiation. 

Monitor foils of copper (>99.98 % purity and 50-μm thickness) and energy degrader foils of 

aluminum (99.999% purity and 100-μm thick) with known cross-sections were also included in 

the stack.  In order to accurately measure the beam flux, an Al foil (200 μm thickness) was placed 

at the front of the stack where the beam energy is well defined. The stacked-foils were irradiated 

for 1.0 hour with proton energy of 42.1 MeV and with a beam current of about 100 nA from an 

external beam line of the MC-50 cyclotron at the KIRAMS.  The beam intensity was kept constant 

during the irradiation. It was necessary to ensure that equal areas of the monitor and target foils 

intercepted the beam. 

2.2. Measurement of the Radioactivity 

 

After the irradiations and an appropriate cooling time, the samples were removed, and the 

induced gamma activities emitted from the activated foils were measured by using a high 

resolution (1.90 keV at FWHM for the 1332.5-keV) gamma-ray spectrometer. The gamma-ray 

spectrometer was an n-type coaxial ORTEC (PopTop, Gmx20) high-purity germanium (HPGe) 

detector with a diameter of 55.1 mm and a thickness of 52.2 mm. The HPGe-detector was coupled 

to a 4096 multi-channel analyzer with the associated electronics to determine the photo-peak area 

of the gamma-ray spectrum. The spectrum analysis was done using the Gamma Vision 5.0 

(EG&G Ortec) program. A typical γ-ray spectrum for a Ti sample is shown in Fig. 1. The 

photopeak efficiency curve of the gamma spectrometer was calibrated with a set of standard point 

sources. The detection efficiencies as a function of the photon energy were measured at 5-20 cm 

distances from the end-cap of the detector to avoid coincidence losses, and to assure a low dead 

time (<10%) and a point like geometry. The measurements were repeated 3-4 times to follow the 

decay of the radionuclides and thereby to identify the possible interfering nuclides. The activity 
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measurements of the irradiated samples were started at about 2.0 hours after the end of the 

bombardment (EOB). This cooling time was enough to separate the complex gamma lines from 

the decay of the undesired short-lived nuclides.  

 

2.3. Data analysis 

 

The proton beam intensity was determined by using the monitor reactions, 27Al(p,x)24Na 

and natCu(p,x)62Zn with known cross-sections from the Tarkanyi et al. (2001). The use of multiple 

monitor foils decreases the probability of introducing unknown systematic uncertainties during an 

activity determination. The beam intensity was considered to be constant to deduce the cross-

sections for each foil in the stack. The proton energy degradation along the stack foils was 

calculated by using the computer program SRIM-2003 (Ziegler et al., 2003).  

The activation cross-sections for the natTi(p, x) processes were determined in the proton 

energy range of 4-38 MeV using a well-known activation formula (Uddin et al., 2007). The decay 

data of the radioactive products, such as the half-life (T1/2), the γ-ray energy (Eγ), and the γ-ray 

emission probability (Iγ) were taken from the NUDAT database (Kinsey et al., 1997) and are 

presented 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 

(http://t2.lanl.gov/data/qtool.html).  

In the present experiment, all the uncertainties were considered as independent. 

Consequently, they were quadratically added according to the laws of an error propagation to 

obtain the total uncertainties. The uncertainty of the proton energy for each foil in the stack 

depends on the irradiation circumstances and the position of the foil in the stack. Particularly, the 

uncertainty relevant to the proton energy was calculated from the uncertainties for the incident 

beam energy, the target thickness and homogeneity, and the beam straggling. The estimated 

uncertainty for a representative point in the excitation function ranges from ±0.3 to ±1.0 MeV. On 

the other hand, the combined uncertainty in each cross-section was estimated by considering the 

following uncertainties; statistical uncertainty of the gamma-ray counting (0.5-10 %), uncertainty 

in the monitor flux (~7 %), uncertainty in the efficiency calibration of the detector (~4 %) and so 

on. The overall uncertainties of the cross-sections measurements were in the range of 8-16 %.  
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Fig. 1. Typical Ti spectrum collected by using EG&G ORTEC gamma vision program  

 

3. Theoretical calculations 

 

The measured excitation functions from the natTi(p,x) processes were fitted using the 

model calculations by the TALYS and ALICE-IPPE codes. An overview relevant those are as 

follows:  

TALYS (Koning et al., 2005) is a computer code system which can basically simulate all 

types of nuclear reactions in the energy region of 1 keV - 200 MeV. The accuracy of the computer 

simulations for nucleon-induced reactions largely depends on the employed nuclear models and 

their parameters, which can be taken from the literature or a comprehensive database, such as the 

Reference Input Parameter Library (RIPL). With a few exceptions, the TALYS database is based 

on the RIPL-2 (http://www-nds. iaea.org/RIPL-2/). In TALYS, the coupled-channel code, 

Equations Couplees and Iterations Sequentielles (ECIS-97) (Raynal, 1994) is used as a subroutine 

for all the optical models and direct reaction calculations. The default optical-model potentials 

(OMP) used in TALYS are the local and global parameterizations for neutrons and protons 

(Koning and Delaroche, 2003) but we can adjust the parameters on demand. All types of 

compound nucleus reaction mechanisms are included in this code where the calculations are 

mostly based on the Hauser and Feshbach (1952) formalism including width fluctuation 

corrections (WFC). In TALYS, several models for the level densities are introduced; whereas 

Gilbert and Cameron (1965) model for level density is used as default. For nucleon reactions, a 
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two-component exciton model with a new form of the internal transition rates based on the OMP 

is implemented, which yields an improved description of the pre-equilibrium processes over the 

whole energy range.  The multiple pre-equilibrium processes are accomplished by keeping track 

of all the successive particle-hole excitations for either protons or neutrons. For a nuclear reaction 

mechanism involving projectiles and ejectiles with different particle numbers like the stripping, 

pick-up, and knock-out processes,  and for a prediction of the pre-equilibrium angular 

distributions, the newly developed Kalbach (1988, 2005) phenomenological systematics are 

included in this code. An independent treatment of an isomeric state cross-section is the main 

advantage of this code. The present results for the p+natTi processes were mostly evaluated using 

the default values of various models (such as pre-equilibrium model, level density model etc.) of 

this code. 

Furthermore, the measured data was also compared with the theoretical data taken from 

the MENDL-2P database (Dityuk et al., 1998) calculated by using the ALICE-IPPE code. The 

ALICE-IPPE code is a modified version of ALICE-91 proposed by the Obninsk group (Dityuk et 

al., 1998). The calculation of a cross-section using this code was based on the Weisskopf-Ewing 

evaporation model and a geometry dependent hybrid exciton model (Blann and Vonach, 1983). 

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 

an independent treatment of isomeric states impossible, thus only the total production cross-

sections were calculated. The individual results of the present reactions of interest were weighted 

and summed according to the abundance of the target isotopes. 
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Table 1: Decay data of the residual radionuclides from proton activated titanium 
 

Radio-
nuclide 

Half-life Decay 
Mode 
 (%) 

γ-energy, 
Eγ (keV) 

γ-intensity,
Iγ (%) 

Contributing 
reactions 

Q-value 
(MeV) 

Threshold
(MeV) 

48V  
 

15.97 d EC (100) 944.13 
983.52 
1312.1 

7.87 
100 
97.5 

47Ti(p, γ) 
48Ti(p, n) 
49Ti(p, 2n) 
50Ti(p, 3n) 

6.83 
-4.79 
-12.93 
-23.88 

0.0 
4.89 
13.20 
24.36 

43Sc 3.89 h EC (100) 372.8 22.5 46Ti(p, α) 
47Ti(p, nα) 
48Ti(p, 2nα) 
49Ti(p, 3nα) 

-3.07 
-11.95 
-23.58 
-31.72 

3.14 
12.21 
24.07 
32.37 

44mSc 2.44 d IT (98.8); 
EC (1.2) 

271.1 
1002 

86.7 
1.2 

44gSc 3.93 h EC (100) 1157.0 99.9 

47Ti(p, α) 
48Ti(p, nα) 
49Ti(p, 2nα) 
50Ti(p, 3nα) 

-2.25 
-13.88 
-22.02 
-32.96 

2.30 
14.17 
22.47 
33.63 

46gSc 83.79 d β‾ (100) 889.28 
1120.55

99.98 
99.99 

47Ti(p, 2p) 
48Ti(p, 3He) 
49Ti(p, α) 
50Ti(p, nα) 

-10.46 
-14.37 
-1.94 
-12.87 

10.69 
14.67 
1.98 
13.13 

47Sc 3.35 d β‾ (100) 159.38 68.3 48Ti(p, 2p) 
49Ti(p, 3He) 
50Ti(p, α) 

-11.44 
-11.87 
-2.23 

11.68 
12.11 
2.28 

48Sc 1.82 d β‾ (100) 175.36 
1037.52

7.48 
97.6 

49Ti(p, 2p) 
50Ti(p, 3He) 

-11.35 
-14.58 

11.59 
14.87 

 

 

4. Results and Discussion 

 

The proton irradiation on natural titanium resulted in the production of Vnadium (V) and 

Scandium (Sc) radionuclides through the (p, xn) and (p, αxn) processes, respectively. A new data 

set for the formation of the 48V and 43,44m,44g,46,47,48Sc radionuclides through the natTi(p,xn) 

processes were measured in the energy region of 4-40 MeV. In some cases, two or more γ-rays 

were used for the measurement of each reaction cross-section, and the average value is presented. 

Some of the radionuclides are formed as a result of the cumulative processes through mostly an IT 

decay of the metastable states and/or a contribution of the parent nuclides in the production 

process. The excitation functions of the investigated radioactive products 48V and 43,44m,44g,46,47,48Sc 

are shown in Figs. 2–8 together with the available literature data, the evaluated data by the 

computer code TALYS, and the theoretical data taken from the calculations based on the ALICE-

IPPE code. The numerical data with errors are presented in Table 2. The integral yields were 
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deduced using the measured cross-sections by taking into account that the total energy is absorbed 

in the targets, and they are shown in Figs. 9–11. 

 
4.1 Production of 48V 
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Fig. 2. Excitation function for the natTi(p,x)48V processes 

 
The long-lived radionuclide 48V (T1/2= 15.97 d) completely decays to the stable 48Ti 

nuclide by 100% EC process. The formation of the 48V radionuclide is only contributed to by 

several direct reactions:  47Ti(p, γ) (Q= 6.83 MeV), 48Ti(p, n)(Q=-4.79 MeV), 49Ti(p, 2n)(Q=-

12.93MeV) and 50Ti(p, 3n) (Q=-23.88MeV). The radionuclide 48V was identified by using the 

independent gamma lines of 983.52 keV and 1312.1 keV, and the average value is reported.  The 

measured excitation function of 48V is shown in Fig. 2 together with the data available in the 

literature, the theoretical data from the model calculations by the TALYS and the ALICE-IPPE 

codes. A good overall agreement is found with most of the literature data mentioned in the Fig. 2 

except for few points reported by Brodzinski et al. (1971), Walton et al. (1973), Tarkanyi et al. 

(1991), and kopecky et al. (1993). We found an excellent agreement with the IAEA recommended 

data for the whole investigated energy region. The model code TALYS produce a better fitted 

excitation function with the measured data compare to the ALICE-IPPE code predicted ones. An 

analysis of the contributing reactions signify that the maximum around 12 MeV is highly 

contributed to by the 48Ti(p, n)(Q=-4.79 MeV) reaction. Numerous authors investigated 
natTi(p,x)48V processes due to the importance of this reaction for the charged particle beam 

monitoring applications. 
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4.2 Production of 43Sc 
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Fig. 3. Excitation function for the natTi(p,x)43Sc processes 

 

The short-lived radionuclide 43Sc (T1/2= 3.89 h) was identified through an analysis of the 

372.8 keV gamma line. The population of this radionuclide is only contributed to by the direct 

nuclear reactions presented in Table 1. The measured excitation function of this radionuclide 

formation is shown in Fig. 3 together with the available literature data and the theoretical data 

from the model code calculations. We found a good agreement with the data reported by Michel et 

al. (1978) and Kopecky et al. (1993). The flat maximum around 15 MeV is from the contribution 

by the 47Ti(p, nα) (Q=-11.95 MeV) reaction, whereas the 2nd maximum around 28 MeV is mostly 

contributed to by the 48Ti(p, 2nα)(Q=-23.58 MeV) reaction. Both the codes TALYS and ALICE-

IPPE were unable to produce a reliable excitation function for this (43Sc ) radionuclide production 

by natTi(p,x)43Sc processes.  

 

4.3 Production of 44mSc 

The radionuclide 44mSc (T1/2=2.44 d) decays to it’s ground state 44gSc by 98.8% IT process 

and to 44Ca by 1.2% EC process. The moderate half-life of this radionuclide allows us to measure 

it properly within the frame of the present experimental conditions. The strong and independent 

characteristic gamma line 271.1 keV was used to identify this radionuclide. The population of 
44mSc is only contributed to by the direct nuclear reactions presented in Table 1. The measured 
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excitation function of this radionuclide formation is shown in Fig. 4 together with the available 

literature data and the theoretical data from the model code calculations. We found a very good 

agreement with all of the literature data mentioned in the Fig. 4 except only one point reported by 

the Michel et al. (1997) at 27 MeV. The model code TALYS produces a better fitted excitation 

function with this measurement compare to the ALICE-IPPE predicted one.  
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Fig. 4. Excitation function for the natTi(p,x)44mSc processes 

 

4.4 Production of 44gSc 
44Sc has a short-lived ground state radionuclide 44gSc (T1/2=3.93 h) and a long-lived 

isomeric state 44mSc (T1/2=2.44 d), whereas the isomeric state radionuclide decays to the ground 

state by 98.8% IT process. The formation of the 44gSc radionuclide is also contributed to by the 

direct reaction channels 47Ti(p, α) (Q=-2.25 MeV), 48Ti(p, nα) (Q=-13.88 MeV), 49Ti(p, 2nα) 

(Q=-22.02 MeV) and 50Ti(p, 3nα) (Q=-32.96 MeV). The measured excitation function of 44gSc is 

shown in Fig. 5 together with the available literature values and the data from the model code 

calculations. The sharp maximum around 32 MeV is mostly contributed to by the 48Ti(p, nα) (Q=-

13.88 MeV) and 49Ti(p, 2nα) (Q=-22.02 MeV)  direct channels.  We found a good agreement with 

the literature data reported by Michel et al. (1978) and Kopecky et al. (1993) for the whole 

investigated energy region. The theoretical calculations by the model code ALICE-IPPE produce a 

better fitting in both the shape and absolute values of the excitation function with our 

measurements than the TALYS code predicted one. In fact, the TALYS code predicted the 
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formation of 44gSc, whereas the ALICE-IPPE code predicted the formation of 44m+gSc. It is already 

mentioned that the isomeric state 44mSc has some IT contribution to the formation of the ground 

state 44gSc, and the present measured cross sections proved this fact.   
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Fig. 5. Excitation function for the natTi(p,x)44gSc processes 

 

4.5 Production of 46gSc 
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Fig. 6. Excitation function for the natTi(p,x)46gSc processes 
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46Sc has a long-lived ground state radionuclide 46gSc (T1/2=83.79 d) and a short-lived 

isomeric state 46mSc (T1/2=18.75 s), whereas the isomeric state radionuclide completely decays to 

the ground state by an IT process. Therefore, the measured cross-sections of the 46gSc radionuclide 

is a cumulative type. It was not possible to us to measure the 46mSc radionuclide under the present 

experimental conditions. The measured excitation function of 46gSc is shown in Fig. 6 together 

with the available literature values and the data from the model calculations. The formation of the 
46gSc radionuclide is also contributed to by the direct reaction channels presented in Table 1. The 

present results are in good agreement with the measured data reported by the authors Michel et al. 

(1978, 1980, and 1997), Brodzinski et al. (1971) and Fink et al. (1990). The data calculated by the 

TALYS and ALICE-IPPE codes revealed a good agreement in the shape of the excitation function 

but slightly underestimated in magnitudes.  

 
4.6 Production of 47Sc 
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Fig. 7. Excitation function for the natTi(p,x)47Sc processes 

The radionuclide 47Sc (T1/2=3.35 d) decays to the stable 47Ti by β‾ (100%) emission. The 

moderate half-life of this radionuclide allows us to measure it properly within the frame of the 

present experimental conditions. The strong and independent characteristic gamma line 

159.38keV was used to identify this radionuclide. The population of 47Sc is only contributed to by 

the direct nuclear reactions presented in the Table 1. The measured excitation function of this 

radionuclide formation is shown in Fig. 7 together with the available literature data and the 



KAERI/TR-3602/2008 
 

 156 
 

theoretical data from the model code calculations. We found a good general agreement with the 

data reported by several authors (Michel et al., 1978, 1980, 1997; Brodzinski et al., 1971; Fink et 

al., 1990; Kopecky et al., 1993) for the whole investigated energy region. Both the model code 

TALYS and ALICE-IPPE produced similar shape of excitation functions with the measured one 

but overestimated and underestimated in magnitudes, respectively.  

 
4.7 Production of 48Sc 

 

The radionuclide 48Sc (T1/2=1.82 d) has no isomeric state, and decays to the stable 48Ti by 

β‾ (100%) emission. The moderate half-life of this radionuclide allows us to measure it properly 

within the frame of the present experimental conditions. The strong and independent gamma lines 

of 983.53 keV, 1037.52 keV and 1312.12 keV were used to identify this radionuclide, and the 

average value is presented in here. The population of 47Sc is only contributed to by the direct 

nuclear reactions presented in Table 1. The measured excitation function of this radionuclide 

formation is shown in Fig. 8 together with the available literature data and the theoretical data 

from the model code calculations. No clear structure and/or peak is found for this radionuclide 

production within the present investigated energy region. We found a good general agreement 

with the data reported by the authors Michel et al. (1978 and 1997) and Fink et al. (1990). The 

data reported by Brodzinski et al. (1971) showed quite discrepant value with all other 

measurements including this work. Both the model code TALYS and ALICE-IPPE produced 

similar excitation functions in shape and magnitudes.  
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Fig. 8. Excitation function for the natTi(p,x)48Sc processes 
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5. Integral yield 

 

The integral yields for all investigated radionuclides were deduced using their measured 

cross-sections and the electronic stopping power of natTi over the energy range from a threshold to 

38 MeV by taking into account that the total energy is absorbed in the targets. The deduced yield 

is expressed as MBq-μA-1-h-1, i.e. the activity at the end of a bombardment performed at a 

constant 1μA beam current on a target during 1 hour. The deduced yields are given in the Figs. 9-

11 as a function of the proton energy with the directly measured thick target yield found in the 

literature. Dmitriev and Molin (1981) reported thick target integral yields for the 48V and 47,46Sc 

radionuclides measured by irradiating thick natural titanium target with 22.4 MeV proton beam. 

The used target was thick enough to cover the energy ranges from threshold to 22.4 MeV. 

Furthermore, Sabbioni et al. (1977) measured thick target yield for the 47Sc and 46gSc 

radionuclides from 44 MeV to down to the threshold values.  The present results deduced from the 

measured excitation function revealed a general agreement with the directly measured values by 

Dmitriev and Molin (1981) and  Sabbioni et al. (1977). 
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Fig. 9. Integral yields for the 48V, 47Sc and 44mSc radionuclides 
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Fig. 10. Integral yields for the 46gSc and 48Sc radionuclides 
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Fig. 11. Integral yields for the 44gSc and 43Sc radionuclides 
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Table 2.  
Measured cross-sections for the 43,44m,44g,46,47,48Sc and 48V  radionuclides 
 

Energy Cross-sections (mb) with uncertainties 
MeV 48-V 43-Sc 44m-Sc 44g-Sc 46g-Sc 47-Sc 48-Sc 

37.8±0.3 44.0±3.7 9.2±1.8 16.7±1.2 43.3±3.4 48.2±4.9 22.7±1.7 1.00±0.21

36.1±0.3 45.5±4.0 7.1±1.4 17.2±1.3 46.1±3.6 42.4±4.5 23.7±1.8 0.95±0.2 

35.5±0.3 40.6±4.4 6.0±1.4 17.3±1.6 49.4±4.7 33.4±4.5 24.2±2.3 0.99±0.18

33.8±0.4 43.7±3.8 4.8±1.3 17.1±1.3 52.3±4.0 24.2±3.6 24.5±1.8 0.77±0.17

33.0±0.4 41.9±3.7 2.9±1.0 17.0±1.3 51.5±4.0 24.1±3.5 24.2±1.8 0.89±0.19

31.2±0.4 41.0±3.8 3.1±1.0 15.0±1.1 51.1±3.9 15.9±3.1 22.9±1.7 0.73±0.16

30.6±0.4 46.7±4.0 3.7±1.1 14.8±1.1 48.8±3.8 16.1±3.1 22.1±1.6 0.82±0.16

28.6±0.5 50.4±4.2 4.3±1.3 12.1±0.9 47.0±3.7 15.5±3.0 19.3±1.4 0.66±0.13

27.8±0.5 50.3±5.5 4.4±1.5 11.3±1.1 44.1±4.3 10.9±1.9 18.3±1.7 0.52±0.13

25.8±0.5 56.4±6.0 3.3±1.1 8.6±0.8 34.6±3.4 12.2±2.1 14.8±1.4 0.31±0.12

25.1±0.5 57.7±6.2 2.8±1.1 7.1±0.7 26.9±2.7 9.6±2.9 13.5±1.3 0.30±0.10

22.9±0.6 68.6±7.3 2.5±1.1 3.0±0.3 11.1±1.3 9.4±1.8 9.4±0.9 0.20±0.10

22.0±0.6 76.0±8.3 3.1±1.0 2.1±0.2 6.3±0.9 9.2±1.9 8.6±0.8 0.28±0.10

19.6±0.6 110.7±11.9 3.7±1.1 1.5±0.2 4.0±0.8 8.6±2.5 4.7±0.5 0.20±0.09

18.7±0.7 144.2±14.6 3.7±1.3 1.2±0.2 4.3±0.9 8.1±2.2 3.3±0.4 0.13±0.07

16.1±0.7 268.5±27.4 3.5±1.6 1.2±0.2 2.0±1.0 5.7±2.7 1.1±0.3  

14.9±0.7 330.5±33.3 3.4±1.8 0.8±0.2 4.7±1.0 3.7±2.3 0.9±0.3  

11.9±0.8 383.8±35.7 2.5±1.8 0.4±0.2 1.8±0.6 2.2±1.0 0.7±0.2  

10.6±0.8 361.8±32.5 2.2±1.4 0.3±0.1 1.5±0.7 2.0±1.5 0.6±0.3  

6.7±0.9 62.5±5.4 0.8±0.5 0.13±0.07 0.2±0.1 1.9±0.9 0.39±0.14  

5.8±0.9 23.1±2.5  0.13±0.06  1.7±1.0 0.25±0.1  

3.9±1.0 4.3±0.9  0.11±0.06  1.7±0.7 0.15±0.08  

 
 

6. Conclusions 
 
Excitation functions for the formation of the 43,44m,44g,46,47,48Sc and 48V  radionuclides 

through the natTi(p,x) nuclear processes were measured over the energy range 4-38 MeV using a 

stacked-foil activation technique with an overall uncertainty of about 16%. Measured data were 

critically compared with the available literature data and also with the theoretical data from the 

TALYS and ALICE-IPPE codes. The integral yields were also deduced by using the measured 

cross-sections. It was possible to select the suitable irradiation parameters for the optimum 
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production of the medically important 47Sc radionuclide with minimum impurity level. Optimum 

production for the 47Sc radionuclide from the natural titanium target was found as 12 MBq/μA-h 

over the energy range 33→22 MeV with ~3% impurity from 46,48Sc. Therefore, a low energy (<33 

MeV) cyclotron and enriched 50Ti target could be used to produce large amount of 47Sc with 

minimum impurity from the simultaneously produced 46,48Sc radionuclides. On the other hand, the 
natTi(p, x)48V reaction can be advantageously utilized for monitoring the proton beam parameters 

under 40 MeV. The IAEA recommended values for the natTi(p, x)48V nuclear process was verified 

by the present investigations. Finally, the measured data for the natTi(p, x)48V, 43,44m,44g,46,47,48Sc 

nuclear processes could play an important role to enrich the literature data base leading to various 

practical applications. 
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1. Introduction 

 
      Aluminium (Al), a silvery-white, soft, nontoxic and nonmagnetic metal, has wide applications as an important 
structural material for research reactor, aerospace industry (due to their high strength-to-weight ratio), other areas of 
transportation, building, and so on. It is also widely used as a corrosion resistant material. Al is found abundantly in 
the earth's crust, but not free in nature. Furthermore, it is one of the available elements in lunar surface materials, in 
stony meteorites as well as in the earth's atmosphere [1]. Accurate knowledge of the interaction phenomena of proton 
with aluminum is therefore essential for the design and operation of accelerators, for radiation protection in space and 
on earth, and also for the optimization of radionuclide production leading to various practical applications.  
       On the other hand, in activation experiment, an exact calculation of the radionuclidic yields requires precise 
determination of the energy and intensity of the bombarding particles. Faraday cup measurements of the beam current 
are sometimes not possible and/or not accurate enough. However, the use of monitor reactions could be used with a 
high accuracy to monitor beam parameters, especially in a charged particle activation analysis (CPAA). The 
formation of 24Na radionuclide in the interaction of proton with Al can be advantageously utilized for monitoring 
proton beam parameters, especially for measurements in a relatively short time after the end of a irradiation. The 
International Atomic Energy Agency (IAEA) have already compiled and provided a set of recommended data for 
some important monitor reactions including 27Al(p,x)24Na. Currently, we are investigating the proton-induced 
production cross sections of residual radionuclides from various target elements, and frequently using the IAEA 
recommended monitor reactions of interest.  Therefore, we ought to cross check the IAEA recommended data for 
some important monitor reactions through further experimental measurements, and also measure the  excitation 
function of the natAl(p,x)24Na reaction with a high precision in the energy range from 40 MeV down to the threshold 
energy. 
 

2. Experimental 

      The experimental setup and the methods of data analysis were similar to those described elsewhere [2]. Some 
important features relevant to the present work are discussed as follows. A well established stacked-foil activation 
technique combined with a high-resolution γ-ray spectrometry was employed to determine the excitation function for 
the 27Al(p,x)24Na reaction. A high-purity (>99.999%) aluminium foil with 100-μm thickness was used as the target for 
irradiation. Monitor foils of copper (>99.98 % purity, 100-μm and 50-μm thickness) with known cross-sections were 
also included in the stack. The stacked-foils were irradiated for 60 minutes by proton energy of 42.1 MeV with a 
beam current of about 100 nA from an external beam line of the MC-50 cyclotron at the KIRAMS. After the 
irradiations and an appropriate cooling time, the induced gamma activities emitted from the activated foils were 
measured by using an n-type coaxial ORTEC high-purity germanium (HPGe) detector. The spectrum analysis was 
done using the Gamma Vision 5.0 (EG&G Ortec) program. The photo peak efficiency curve of the gamma 
spectrometer was calibrated with a set of standard point sources. The proton beam intensity was determined by using 
the monitor reaction natCu(p,x)62Zn [3]. The proton energy degradation along the stacked foils was calculated by using 
the computer program SRIM-2003 [4]. The decay data of the radioactive products were taken from the NUDAT 
database [5].  
      The uncertainty of the proton energy for each foil in the stack was estimated from the relevant processes: 
uncertainties for the incident beam energy, the target thickness, and the beam straggling. However, the combined 
uncertainty in each cross-section was estimated based on the error propagation formula using the following 
uncertainties: statistical uncertainty of the gamma-ray counting (0.5-10 %), uncertainty in the monitor flux (~7 %), 
uncertainty in the efficiency calibration of the detector (~4 %) and so on. The overall uncertainties of the cross-
sections measurements were in the range of 8-17 %.  
 

3. Theoretical calculations 
 
      The excitation function for the 27Al(p, x)24Na reaction at the proton energies up to 50 MeV were theoretically 
calculated by using the model calculations by the code TALYS [6] with mostly the default values of various models, 
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but the very important inputs like the discrete energy levels, level densities of the nuclides involved in the calculations 
have been taken care of in a proper way during the calculations.  

4. Results and Discussion 
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Fig. 1. Excitation function for the 27Al(p, x)24Na reaction 
 
      24Na has a long-lived ground state radionuclide 24gNa (T1/2=14.96 h) and a very short-lived isomeric state 24mNa 
(T1/2=0.02 s), whereas the isomeric state radionuclide completely decays to the ground state by an IT (99.95 %) 
process. The measured cross-sections of the 24gNa radionuclide are a cumulative one, because the counting process 
was started after a sufficient cooling time for the complete IT decay of 24mNa to 24gNa. The measured excitation 
function of 24gNa is shown in Fig. 1 together with the available literature values and the data from the model 
calculations. The formation of the 24gNa radionuclide is also contributed by the emission of various particles through 
the direct reaction channels. The contribution of the 27Al(p, 3p+n) (Q=-31.43 MeV) reaction formed a sharp increase 
above its threshold energy at around 31 MeV, whereas the cross sections below 31 MeV were contributed by the other 
competing reaction channels 27Al(p, p+3He)  (Q=-23.71 MeV), and 27Al(p, 2p+d) (Q=-29.20 MeV). The present 
results are in good agreement with the data reported by Hintz et al. [7], Michel et al. [8], and Lagunas-Solar et al. [9], 
but a considerable discrepancy is obtained with other measurements [10-15]. The data calculated by the model code 
TALYS revealed a good agreement for both the shape and magnitude with the measured data. The present results 
were compared with the IAEA recommended data [3] and an overall good agreement was found. 
 

4. Conclusions 
 
      Excitation function for the 27Al(p,x)24Na nuclear reaction was measured in the energy region 40 MeV down to the 
threshold energy with an overall uncertainty of about 17%. The present data give a fairly good description of the 
excitation function with the available literature data for 24Na production cross-sections from proton-induced reactions 
on Al. The formation of 24Na in the interaction of proton with Al can be advantageously utilized for monitoring the 
proton beam parameters for the measurements in a relatively short time after the end of irradiation. The IAEA 
recommended values for 27Al(p,x)24Na nuclear process was verified by the present investigations. 
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1. Introduction 
 
     Medical radionuclides used in nuclear medicine are categorized into two principal types: the diagnostics and the 
therapeutics. The radionuclides that emit gamma (γ) and positron (β+) with favorable physiochemical characteristics 
are used in diagnostic purposes. On the other hand, the radionuclides that have the emission of negatron (β‾), alpha 
(α), electron capture (EC) or isomeric transition (IT) decay leading to the emission of auger electrons with favorable 
physiochemical characteristics are widely used in therapeutic purposes.  
     Clinical radionuclide therapy has so far been exclusively practiced using β⎯ emitting radionuclides. Based on the 
various physical and chemical properties (half-life, average energy, intensity, mean range etc.), the β⎯ emitting 
radionuclides again classified into three sub groups: radionuclides frequently used in clinical purposes, radionuclides 
used in pre-clinical studies, and radionuclides of potential candidates that have yet to be investigated [1]. The 
radionuclide 105Rh is considered as a low energy beta (β⎯) emitter, and used in pre-clinical studies. It is a good 
candidate for giving therapy in small tumors (d ≅ 1-2 mm) [2] due to its physical behaviors (T1/2 =1.47 days, Eβ¯ = 566 
keV, Iβ¯ = 75%, weighted average of beta energy =179.4 keV, and maximum range in soft tissue = 0.89 mm). Beside 
this, Rhodium complexes are kinetically inert and are expected to be very stable in vivo [3]. Currently, large amount 
and high specific activity 105Rh radionuclide is produced by nuclear reactor using an enriched 104Ru target through the 
indirect 104Ru(n,γ)105Ru 105Rh process. But, an unsolved problem with current production methods is the high level 
of Ru impurity associated with the radiochemical separation method used [1]. It is also possible to obtain very large 
quantities of 105Rh as a fission product, if required. However, alternatively this 105Rh radionuclide can be produced in 
no carrier added (NCA) form by using medium energy cyclotron through the proton and/or light-charged particle 
irradiations on palladium target.  

 
2. Experimental 

 
     The irradiation technique, the activity determination and the data evaluation procedures were similar to our 
previous works [4]. Some important features relevant to this work are discussed as follows. The well established 
stacked-foil activation technique combined with a high-resolution γ-ray spectrometer was employed to determine the 
excitation function of the natPd(p,x)105Rh reaction. A high purity (>99.99%) and 50 μm thick Pd foil with a natural 
isotopic composition was used as the target for the irradiation. Several foils of copper (100 μm thick), and aluminum 
(100 μm thick) together with the Pd target foils were assembled in a stack. The Cu and the Al foils were used to 
monitor the beam intensity and to degrade the beam energy, respectively. The stacked-foils were irradiated for 60 
minutes by proton energy of 42.1 MeV with a beam current of about 100 nA from an external beam line of the MC-50 
cyclotron at the KIRAMS.  After the irradiations and an appropriate cooling time, the induced gamma activities of the 
activated foils were measured by using the γ-ray spectrometry. The spectrum analysis was done using the Gamma 
Vision 5.0 (EG&G Ortec) program. The photo peak efficiency curve of the gamma spectrometer was calibrated with a 
set of standard point sources. The proton beam intensity was determined by using the monitor reaction natCu(p,x)62Zn 
with known cross sections from the ref. [5]. The proton energy degradation along the stacked foils was calculated by 
using the computer program SRIM-2003 [6]. The activation cross-sections for the natPd(p,x)105Rh reaction were 
determined using a well-known activation formula [4]. The decay data of the radioactive products were taken from the 
NUDAT database [7].  
     The uncertainty of the proton energy for each point were estimated from the uncertainty of the incident beam 
energy, the target thickness, and the beam straggling. On the other hand, the uncertainty of cross-sections were 
estimated using the uncertainty propagation formula by considering the following uncertainties; statistical uncertainty 
of the γ-ray counting (~10 %), uncertainty in the monitor flux (~7 %), uncertainty in the detector efficiency (~4 %), 
and so on. The overall uncertainties of the measured cross-sections were in the range of 8-15 %.  
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3. Theoretical calculations 
 
     The excitation functions of the natPd(p,x)105Rh reaction at the proton energies up to 50 MeV were theoretically 
calculated using the model calculations by the codes TALYS [8] and ALICE-IPPE [9]. In case of TALYS code, the 
present results were mostly evaluated using the default values of various models, but the very important inputs like 
optical model parameters, discrete energy levels and level densities of the nuclides involved in the calculations have 
been taken care of in a proper way during the calculations. Furthermore, the data of the model code ALICE-IPPE 
were taken from the web site of International Atomic Energy Agency, where it is compiled as MENDL-2P database 
[9]. 
 

4. Results and Discussion 
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Fig. 1: Excitation function for the 105Rh radionuclide 
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Fig. 2: Integral yield for the 105Rh radionuclide 

 
     The long-lived radionuclide 105Rh (T1/2=1.47 d) has a short-lived meta-stable state 105mRh (T1/2=40.0 s), which 
completely decays to the ground state by a IT process before starting our measurement. Therefore, the formation of 
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105Rh radionuclide follows a cumulative process. The radionuclide 105Rh was identified using its strong and 
independent gamma line, Eγ = 318.9 keV (Iγ =19.1%). The contributing direct channels for the formation of this 
radionuclide are the 106Pd(p, 2p) (Q=-9.34 MeV), the 108Pd(p, α) (Q= 3.18 MeV) and the 110Pd(p, 2nα) (Q=-11.78 
MeV) reactions. We couldn’t compare the present results with any previous measurements due to the lack of available 
literature data. The measured excitation function of this radionuclide formation is shown in Fig. 1 and compared with 
the value predicted from the TALYS [8] and the ALICE-IPPE [9] codes. The excitation function predicted by both the 
model codes TALYS and ALICE-IPPE showed a similar shape to that of the present measurement, and we found a 
partial agreement with the TALYS prediction above 30 MeV whereas ALICE-IPPE overestimates in this energy 
region.  
 

5. Conclusions 
 

       Production cross sections of the 105Rh radionuclide were measured from the proton irradiations on natural palladium 
targets using a stacked-foil activation technique in the energy range of 3–40 MeV with an overall uncertainty of 15%. 
The deduced thick target yield showed that a low energy (<20 MeV) medical cyclotron and highly enriched 108,110Pd 
targets could be used for a profitable production of 105Rh with a minimum impurity from 101mRh, even though under 
above condition the production of 101mRh impurity is not possible energetically. Above all, the present investigation is 
the first report on the cyclotron production of carrier free 105Rh radionuclide as an alternative route to the currently 
used neutron activation process by nuclear reactor.  
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Independent and cumulative production cross-sections of the natCd(p,x)109g,111g,114mIn  and natPd(p,x)105Rh 
nuclear processes have been reported from 40 MeV down to their threshold energy by using a stacked-foil 
activation technique combined with high purity germanium γ-ray spectrometry. Measured data were 
compared with the available literature data and the theoretical data from the model calculations by the 
TALYS and ALICE-IPPE codes. Integral yields were also deduced for all the measured radionuclides. The 
measured cross-sections have a significance for various practical applications; nuclear medicine, nuclear 
technology, radioactive waste handling etc. 
 
Keywords: Indium and Rhodium radionuclides, natural cadmium and palladium targets; 42 MeV 
proton; stacked-foil technique; excitation functions; medical applications. 
 
 
1. Introduction 
 

The study of light ion-induced nuclear reactions leading to the production of various radionuclides 
is finding increasing importance for medical and technological applications. The versatile ion-accelerating 
machine cyclotrons are employed to produce these radionuclides. The physical basis of a radionuclide 
production could be optimized by using data on nuclear cross-sections. Therefore, excitation functions 
and/or nuclear cross-sections have great significance in the production and the quality control of desired 
radionuclides for various practical applications, especially in nuclear medicine [1].  

Cadmium (Cd) and Palladium (Pd) are ideal target materials for the production of medically 
important radionuclides, such as 109,111,114mIn, and 105Rh, respectively. The radionuclide 111In is widely used 
in diagnostic nuclear medicine [2]. The radionuclide 109In is used for diagnostic purposes using PET. It is 
interesting to note that, 114mIn and its daughter radionuclide 114In are usually regarded as undesirable long-
lived impurities in 111In -labeled radiopharmaceuticals for a diagnostic use. However, there is increasing 
interest in studying 114mIn to determine the long-term stability and bio kinetics of indium-labeled 
pharmaceuticals as well as for radionuclide therapy at a low-energy [3-4]. On the other hand, the 105Rh 
radionuclide is a promising candidate for targeted radiotherapy [5-6]. The emission of beta (Eβ¯ = 570 keV 
70%, 250 keV 30%) and γ-ray (318.9 keV 19%) with a moderate energy, and medium half-life (1.44 days) 
make this radionuclide attractive for the dosimetry and the pharmacokinetic perspective [6]. Currently, a 
large amount and a high specific activity 105Rh radionuclide is produced by a nuclear reactor using an 
enriched 104Ru target through the indirect 104Ru(n,γ)105Ru 105Rh process. But, an unsolved problem with 
the current production methods is the high level of Ru impurity associated with the radiochemical 
separation method used [7]. It is also possible to obtain very large quantities of 105Rh as a fission product, if 
required [8]. But, the radiochemical work involved in the separation of fission products is rather 
cumbersome. However, alternatively this 105Rh radionuclide can be produced in a no carrier added (NCA) 
form by a using medium energy cyclotron through the proton irradiations on a palladium target.  

A general survey of the literature [1, 9-12] revealed that only a few earlier investigations have been 
carried out for the production of medically and technologically important radionuclides from a proton 
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bombardment on natural and/or enriched Cd (or Pd) targets but considerable discrepancies are found 
among them. Therefore, new experimental data is required to reduce these discrepancies and also to 
prepare a recommended database for an optimal production of important radionuclides. Hence, we have 
measured the production cross-sections of residual radionuclides from the natCd(p,x)109g,111g,114mIn  and 
natPd(p,x)105Rh nuclear processes up to 40 MeV by using a stacked-foil activation technique and using an 
Azimuthally Field Varying (AVF) MC-50 cyclotron at the Korea Institute of Radiological and Medical 
Sciences (KIRAMS).  
 
2. Experimental 
 
     The irradiation technique, the activity determination and the data evaluation procedures were similar to 
our previous works [13]. Some important features relevant to this work are discussed as follows. A well 
established stacked-foil activation technique combined with a high-resolution γ-ray spectrometer was 
employed to determine the excitation functions of the natCd(p,x)109g,111g,114mIn and natPd(p,x)105Rh nuclear 
processes. High purity Cd ((>99.98%, 50 μm thick) and Pd (>99.99%, 50 μm thick) foils with natural 
isotopic composition was used as the targets for the irradiation. Several foils of copper (100 μm thick) and 
aluminum (100 μm thick) were also assembled in the stack to monitor the beam intensity and to degrade 
the beam energy, respectively. The stacked-foils were irradiated for 60 minutes by  a proton energy of 42.1 
MeV with a beam current of about 100 nA from an external beam line of the MC-50 cyclotron at the 
KIRAMS.  The spectrum analysis was done using the Gamma Vision 5.0 (EG&G Ortec) program. The 
photo peak efficiency curve of the gamma spectrometer was calibrated with a set of standard point sources. 
The proton beam intensity was determined by using the monitoring reaction of natCu(p,x)62Zn with known 
cross sections from the ref. [14]. The proton energy degradation along the stacked foils was calculated by 
using the computer program SRIM-2003 [15]. The activation cross-sections for the natCd(p,x) and natPd(p,x) 
processes were determined using a well-known activation formula [13]. The decay data of the radioactive 
products were taken from the NUDAT database [16], and presented in Table 1.  
     The uncertainty of the proton energy for each point were estimated from the uncertainty of the incident 
beam energy, the target thickness, and the beam straggling. On the other hand, the uncertainty of the cross-
sections were estimated using the uncertainty propagation formula by considering the following 
uncertainties; statistical uncertainty of the γ-ray counting (~10 %), uncertainty in the monitor flux (~7 %), 
uncertainty in the detector efficiency (~4 %), and so on. The overall uncertainties of the measured cross-
sections were in the range of 8-15 %.  

 
Table 1 Decay data for the natCd(p,x) and natPd(p,x) nuclear processes 

 
Nuclei Half-life 

T1/2 
Decay mode 

(%) 
Eγ 

(keV) 
Iγ 

(%) 
Contributing 

reactions 
Q-value 
(MeV) 

Threshold
(MeV) 

109gIn  4.2 h  EC (100) 203.5 
426.25 
623.7 
1149.1 

73.5 
4.12 
5.5 
4.3 

110Cd(p, 2n) 
111Cd(p, 3n) 
112Cd(p, 4n) 
113Cd(p, 5n) 

-12.718 
-19.693 
-29.092 
-35.632 

12.8347 
19.8729 
29.3542 
35.9505 

111gIn  2.81 d  EC (100) 171.28  
245.39 

90  
94 

111Cd(p, n) 
112Cd(p, 2n) 
113Cd(p, 3n) 
114Cd(p, 4n) 

-1.6477 
-11.046 
-17.586 
-26.629 

1.66276 
11.1454 
17.7432 
26.8646 

114mIn  49.51d  IT+EC (100) 190.29 
558.46  

14.74 
4 

114Cd(p, n) 
116Cd(p, 3n) 

-2.2342 
-17.075 

2.25401 
17.2238 

105Rh  1.47 d β⎯ (100) 318.9 19.1 106Pd(p, 2p) 
108Pd(p, α) 
110Pd(p, 2nα) 

-9.3470 
3.18925 
-11.781 

9.4360 
0.0 
11.889 
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3. Theoretical calculations 
 

The excitation functions of the natCd(p,x)109g,,111g,114mIn and natPd(p,x)105Rh nuclear processes at 
proton energies up to 100 MeV were theoretically calculated using the model calculations by the TALYS 
[17] and ALICE-IPPE [18] codes. In the case of the TALYS code, the present results were mostly 
evaluated using the default values of various models, but the very important inputs like the optical model 
parameters, discrete energy levels and level densities of the nuclides involved in the calculations have been 
taken care of in a proper way during the calculations. Furthermore, the data of the ALICE-IPPE code were 
taken from the IAEA (www-nds.iaea.org), where it is compiled as the MENDL-2P database. 
 
4. Results and discussion 
 
4.1 The natCd(p,x)109gIn processes 
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Fig. 1 Excitation function for the natCd(p,x)109gIn processes 

 
109In has one long-lived ground state radionuclide 109gIn (T1/2= 4.20 h), and two short-lived excited 

state radioisomers 109mIn (T1/2= 1.34 m) and 109nIn (T1/2= 0.21 s). Both of the isomers completely decay to 
their ground state 109gIn through a 100% IT decay process. As the γ-ray counting process was started after a 
cooling time of about 1.5 h, the measured production cross-sections of the 109gIn radionuclide are 
considered as cumulative ones. The measured excitation function of the 109gIn is shown in Fig. 1 in 
comparison with the available literature data and the theoretical data by the model code calculations. The 
first maximum obtained at around 25 MeV signifies the direct contribution of the (p, 2n) and (p, 3n) 
reactions. The measured data revealed a very good agreement with the data reported by Kormali et al. [11]. 
However, a good overall agreement, especially for the shape of the excitation function is obtained with the 
Nortier et al. [9], Tarkanyi et al. [1], and also with the theoretical data from the TALYS code for the whole 
investigated energy region. The ALICE-IPPE code predicted data with a similar shape for the measured 
excitation function, but overestimated the absolute values by about 20%. 
 
4.2 The natCd(p,x)111gIn processes 

 

111In has a long-lived ground state radionuclide 111gIn (T1/2=2.80 d) and a short-lived isomer 111mIn 
(T1/2=7.70 m), whereas the isomeric state radionuclide completely decays to its ground state by an IT 
process. Therefore, the measured cross-sections of the 111gIn radionuclide is a cumulative one. The 
measured excitation function of 111gIn is shown in Fig. 2 together with the available literature values and 
the data from the model calculations. The formation of the 111gIn radionuclide is also contributed to by the 
direct reactions collected in Table 1. The contribution of the (p,n), (p,2n) and (p,3n) reactions formed a 
sharp maximum at around 24 MeV, whereas the second maximum at around 40 MeV is from the 
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contribution of the 114Cd(p,4n) reaction. The present results are in good agreement with the measured data 
reported by Tarkanyi et al. [1], Nortier et al. [9], and the deduced normalized values from the IAEA 
recommended data [19]. However, the data reported by Zaitseva et al. [10] is different from any other 
measurements. The data calculated by the TALYS and ALICE-IPPE codes revealed a good agreement for 
both the shape and magnitude with the measured data.  
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Fig. 2 Excitation function for the natCd(p,x)111gIn processes 

 
4.3 The natCd(p,x)114mIn processes 
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Fig. 3 Excitation function for the natCd(p,x)114mIn processes 

 
Except for the short-lived ground state radionuclide 114gIn (T1/2= 1.20 m), 114In has two isomeric 

states 114mIn (T1/2= 49.51 d) and 114nIn (T1/2= 0.0431 s). Under the present experimental conditions, we 
could only measure the 114mIn radionuclide. The measured data is shown in Fig. 3 together with the 
available literature data and the theoretical data from the model code calculations. The two maximums at 
around 12 MeV and 29 MeV are from the independent contributions of the 114Cd(p, n) and 116Cd(p, 3n) 
reactions, respectively. We found a good overall agreement with the Tarkanyi et al. [1] and Nortier et al. 
[9] reported data but the data reported by Zaitseva et al. [10] revealed a discrepancy due to a significant 
energy shift. The TALYS code reproduced a nicely fitted excitation function with the measured ones, 
whereas the ALICE-IPPE code produced a similar shape but overestimated the magnitudes. 
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4.4 The natPd(p,x)105Rh processes 
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    Fig. 4 Excitation function for the natPd(p,x)105Rh processes 

 
The long-lived radionuclide 105Rh (T1/2=1.47 d) has a short-lived meta-stable state 105mRh (T1/2=40.0 

s), which completely decays to its ground state by an IT process before starting our measurement. 
Therefore, the formation of the 105Rh radionuclide follows a cumulative process. The radionuclide 105Rh 
was identified using its strong and independent gamma line, Eγ = 318.9 keV (Iγ =19.1%). The direct 
contributing channels for the formation of this radionuclide are the 106Pd(p, 2p), the 108Pd(p, α) and the 
110Pd(p, 2nα) reactions. We couldn’t compare the present results with any previous measurements due to 
the lack of available literature data. The measured excitation function of this radionuclide formation is 
shown in Fig. 4 and compared with the value predicted from the TALYS and the ALICE-IPPE codes, and 
we found a partial agreement with the TALYS prediction above 30 MeV whereas ALICE-IPPE 
overestimates it in this energy region.  
 
5. Integral yield 

The integral yields were deduced using the measured cross-sections of the radionuclides over the 
energy range from their threshold to 40 MeV by taking into account that the total energy is absorbed in the 
targets. The deduced yields are expressed as MBq-μA-1-h-1, and are presented in Fig. 5. 
 
6. Conclusions 

Production cross-sections for the natCd(p,x)109g,111g,114mIn  and natPd(p,x)105Rh nuclear processes 
have been reported from 40 MeV down to their threshold energy with an overall uncertainty of about 15%. 
Standardization and validation of the measured data were done using the available literature data, and the 
theoretical data from the TALYS and ALICE-IPPE codes. The present measured cross-sections of 111In 
from a natural cadmium target could be used for a validation of the IAEA recommended data. But, the 
production of this radionuclide from a natural cadmium target is not suitable due to a contamination from a 
simultaneously produced 114mIn radionuclide in our investigated energy range. However, highly enriched 111, 

112Cd targets could be used to obtain a suitable production of the 111In radionuclide with a minimum 
impurity level. On the other hand, the deduced thick target yield showed that a low energy (<20 MeV) 
medical cyclotron and highly enriched 108,110Pd targets could be used for a profitable production of 105Rh 
with a minimum impurity from 101mRh, even though under the above conditions the production of a 101mRh 
impurity is not possible, energetically. Above all, the present investigation is the first report on a cyclotron 
production of a carrier free 105Rh radionuclide as an alternative route to the currently used neutron 
activation process by a nuclear reactor. In addition, the present experimental results will play an important 
role in the enrichment of the literature data base for the natCd(p,x)109g,111g,114mIn  and natPd(p,x)105Rh nuclear 
processes leading to various applications.  
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Fig. 5 Integral yields for the 100Rh and 109g,111g,114mIn radionuclides 
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Abstract 
 

Excitation functions for the natSn(p,x)111In,117mSn and natZr(p,x)86Y,89Zr nuclear reactions 
were measured by using a stacked-foil activation technique from 40 MeV proton energy down to 
their threshold energies. Measured data were compared with those available in the literature, and 
also with the model calculations by the codes TALYS and ALICE-IPPE. Integral yields for the 
reported radionuclides were deduced using the measured cross sections. Optimum production 
circumstances for the measured radionuclides with minimum impurity levels are discussed 
elaborately. 

 
 
1. Introduction 
 

Nuclear medicine is a growing field in recent time, and the radionuclides are playing a 
crucial role in this field. The production of carrier free radionuclides can be performed in principle 
in various ways: charged particle-induced reactions, neutron activation, photonuclear activation, 
nuclear fission, radionuclide generator etc. Amongst them, the charged particle activation process 
is advantageous because the experimental parameters involved in this process can be easily 
controlled to produce the desired radionuclides. In particular, the measurements of nuclear cross 
sections and/or excitation functions by charged particle-induced reactions are the basis for the 
optimization of production circumstances of the desired radionuclides. Owing to this fact, the aim 
of the present work turned into the excitation function measurements of medical radionuclides 
111In, 117mSn, 86Y and 89Zr by using a medium energy cyclotron at the Korea Institute of 
Radiological and Medical Sciences (KIRAMS).  

Indium-111 is widely used in diagnostic nuclear medicine. It is also used for labeling of 
cellular blood components and monoclonal antibody (mAb), myocardial damage detection, 
localization of abscess in polyeystic kidney, radiolabeled immunoglobulin therapy, imaging for 
cancer, etc. (Thakur, 1982;  Maji et al., 2005). The suitable half-life (T1/2=2.8 d) and electron 
capture (EC) decay allows this radionuclide for several in vivo applications. Moreover, the low 
energy strong gamma lines (Eγ=171.28 keV, Iγ=90% and Eγ=245.35 keV, Iγ=94%) are suitable in 
the optimum range of detectability for the commercially available detecting devices.   

Tin-117m is an ideal tracer for studying biological behavior of tin compounds as well as 
for developing clinically-useful radio-pharmaceuticals. Currently, it is widely used in nuclear 
medicine, especially in bone pain palliation and bone tumor therapy studies to relieve pain without 
any undesirable side effects (Atkins et al., 1993). The favourable decay characteristics, especially 
the moderate half-life (T1/2= 13.6 d) and conversion electron make it possible to use as high linear 

                                                 
∗ Corresponding author; E-mail:gnkim@knu.ac.kr, Tel.: +82(53)950-5320, Fax.:+82(53)939-3972 



KAERI/TR-3602/2008 
 

 176 
 

energy transfer (LET) isotope. The low-energy γ-ray (Eγ=158.56 keV, Iγ=86.3 %) of this 
radionuclide can be used to image the biodistribution with conventional devices (Hermanne et al., 
2006). 

Yttrium-90 (T1/2= 64.1 h, β⎯=100%, Eβ⎯ =1.3 MeV) is one of the most widely used 
therapeutic radionuclides. Due to the emission of pure β⎯ particles, accurate calculation of 
dosimetry is difficult. But, the positron-emitting radionuclide 86Y (T1/2= 14.7 h, β+ =33%, Eβ

+ =1.2 
MeV) can be used as a quantitative PET imaging agent for in vivo determination of biodistribution 
and dosimetry of therapeutic 90Y pharmaceuticals for individual patients (Yoo et al., 2005). 

Besides the conventional ‘‘organic’’ positron emitters, the radionuclide 89Zr has been 
suggested (Link et al., 1986) as a suitable positron emitter for labeling antibodies (Zweit et al., 
1991). The use of immuno-PET, the combination of PET with monoclonal antibodies, is an 
attractive option to improve tumor detection and mAb quantification. 89Zr (T1/2= 78 h; EC = 77%; 
Iβ

+ =23%) is a potential candidate for immuno-PET due to its suitable half-life, which is 
compatible with the time needed for intact mAbs to achieve optimal tumor-to-nontumor ratios 
(Verel et al., 2003). 

Various production pathways (i.e., irradiations by different particles/nucleons on different 
targets) for the mentioned radionuclides are available in the literature, but only a few earlier 
(Hermanne et al., 2006; Kondratev et al., 1991; Michel et al., 1997; Uddin et al., 2008) 
investigations were carried out for the production cross sections measurements using the 
natSn(p,x)111In,117mSn and natZr(p,x)86Y,89Zr processes. Therefore, we devote to optimize the 
production circumstances of the mentioned radionuclides as proton production route using the 
MC-50 cyclotron at the KIRAMS. 

 
2. Experimental 
 

The independent and cumulative cross-sections of the proton-induced reactions on tin (Sn) 
and zirconium (Zr) were measured as a function of proton energy by using a conventional stacked-
foil activation technique. Detailed description about the experimental set up and the methods of 
data analysis were similar to those described elsewhere (Khandaker et al., 2007). However, some 
important features relevant to this work are described here. A high-purity tin (or zirconium) foil 
(50-μm thick) with a natural isotopic composition was used as the target for irradiation. Monitor 
foils of copper (100-μm and 50-μm thick) and aluminum (100-μm thick) were also included in the 
stack. The aluminum and the copper foils were used to monitor the beam intensity and to degrade 
the beam energy, respectively. The stacked samples were irradiated for 45 minutes with proton 
energy of 42 MeV, a diameter of 10 mm, and a beam current of about 100 nA in the external beam 
line of the MC50 cyclotron at the KIRAMS. The beam intensity was kept constant during the 
irradiation. It was necessary to ensure that equal areas of the monitor and the target foils 
intercepted the beam. The irradiation geometry was kept in a position such that the foils received 
the maximum beam intensity.  

The activities of the radionuclides produced from the targets and monitors were measured 
continuously by using a high-purity germanium (HPGe) gamma-ray spectrometer with the 
associated electronics. The spectrum analysis was done using the program Gamma Vision 5.0 
(EG&G Ortec.). The activity measurements of the irradiated samples were started after a sufficient 
cooling time to avoid the disturbance of the overlapping gamma lines emitted from the short-lived 
radionuclides. The measurements were repeated several times to follow the decay of the 
radionuclides. Measurements were done at 5-25 cm distances between the sample and the end-cap 
of the detector to keep the dead time within 10%. The detection efficiencies as a function of the 
photon energy were determined by using the standard gamma ray point sources. The proton beam 
intensity was determined by using the monitor reactions 27Al(p,x)24Na and natCu(p,x)62Zn with 
known cross sections from Tarkanyi et al. (2001). The cross-sections for the natSn(p,x)111In,117mSn 
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and natZr(p,x)86Y,89Zr processes were determined using the well-known activation formula (Uddin 
et al., 2007). The decay data of the radioactive products were taken from the NUDAT database 
(Kinsey et al., 1997). The threshold energies (Table 1) were taken from the T-2 Nuclear 
Information Service on the internet (http://t2.lanl.gov/data/qtool.html).  

The uncertainty of the proton energy for each foil in the stack was calculated using the 
uncertainties from the incident beam energy, the target thickness, and the beam straggling. The 
estimated uncertainty for a representative point in the excitation function ranges from ±0.3 to ±1.0 
MeV. Furthermore, the combined uncertainty in each cross-section was estimated based on the 
error propagation formula using the following uncertainties; statistical uncertainty of the γ-ray 
counting (0.5-10 %), uncertainty in the monitor flux (~7 %), uncertainty in the detector efficiency 
calibration (~4 %), and so on. The overall uncertainties of the cross-sections measurements were 
in the range of 8-15 %.  

 
3. Theoretical calculations 
 
      The excitation functions for the natSn(p,x)111In,117mSn and natZr(p,x)86Y,89Zr nuclear 
reactions at the proton energies up to 50 MeV were theoretically calculated using the model 
calculations by the codes TALYS (Koning et al., 2005) and ALICE-IPPE (Dityuk et al., 1998). In 
case of TALYS code, the present results were mostly evaluated using the default values of various 
models, but the very important inputs like optical model parameters, discrete energy levels and 
level densities of the nuclides involved in the calculations have been taken care in a proper way 
during the calculations. Furthermore, the data of the model code ALICE-IPPE were taken from 
the web site of International Atomic Energy Agency, where it is compiled as MENDL-2P 
database. 
 
Table 1   
 
Decay data and contributing production reactions of the investigated radionuclides 

 
Nuclide Half-

life 
Eγ 
(keV) 

Iγ 
(%) 

Contributing 
reactions 

Q-value 
(MeV) 

Threshold 
(MeV) 

111In  2.71 d 171.29  
245.35 
 

91 
94  
 

112Sn(p, 2p)  
114Sn(p, α) 

115Sn(p, nα) 
116Sn(p, 2nα) 
117Sn(p, 3nα) 

118Sn(p, 4nα) 

119Sn(p, 5nα)  
EC decay of  
111Sb 

-7.60 
2.70 
-4.90 
-14.4 
-21.4 
-30.7 
-37.2 
 

7.63 
0.00 
4.89 
14.54 
21.54 
30.95 
37.49 
 

117mSn 13.6 d 
 

158.56  
 

86.3 
 

118Sn(p, pn) 

119Sn(p, p2n) 

120Sn(p, p3n) 

112Sn(p, p5n)  

-9.30 
-15.8 
-24.9 
-39.9 

9.41 
15.95 
25.13 
40.23 

86gY 14.74 
h 

443.13 
627.72 
703.33 
777.37 
1076.63 
1153.05 

16.9 
32.6 
15.4 
22.4 
82.5 
30.5 

90Zr(p, nα) 
90Zr(p, d t) 
90Zr(p, np t) 
91Zr(p,2nα) 
92Zr(p,3nα) 
IT decay of 86mY

-12.69 
-30.28 
-32.51 
-19.89 
-28.52 
 

12.83 
30.62 
32.87 
20.11 
28.84 
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89gZr 78.41 
h 

909.14 99.87 90Zr(p,  d) 
91Zr(p, 2np) 
92Zr(p, 3np) 
94Zr(p, 3nt) 
IT decay of 
89mZr 

-9.75 
-19.16 
-27.80 
-34.27 
 

9.85 
19.38 
28.10 
34.64 

 
4. Results and Discussion 
 
4.1. Production of 111In 
 

The long-lived medically important radionuclide 111In (T1/2= 2.83 d) has a short-lived 
meta-stable state isomer 111mIn (T1/2= 7.6 m) which could not be assessed in the present work. 
From the proton bombardment on natural tin target, 111In can be formed in different ways; direct 
formation through the (p, xα) type reactions, decay of meta-stable state isomer 111mIn through 
100% IT process, and series decay of parent 111Sn to 111In through EC mode [111Sb(T1/2= 1.25 m) 

 111Sn(T1/2 = 35.30 m) 111In]. Hence, the cumulative production cross sections of 111In were 
determined taking average values using both the strong independent gamma-lines 171.29 keV & 
245.35 keV, and presented in Fig. 1. The contribution from 112Sn(p, 2p) (Q=-7.60 MeV) reaction 
is absent in the excitation function due to the lower isotopic abundance of the target 112Sn (0.97%), 
and also the coulomb barrier effect in both the entrance and exit channel. The obtained peak at 
around 25 MeV is due the α-scattering type reactions and also the EC decay of parent nuclide. 
Above 32 MeV, the successive increase of cross sections are from the contribution of (p,pxn) type 
reactions. An overall good agreement is found among the present results, available literature data 
(Hermanne et al., 2006), evaluated data by using the code TALYS (Koning et al., 2005), and also 
evaluated data taken from the ALICE-IPPE code (Dityuk et al., 1998). 
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Fig. 1. Excitation function for the natSn(p, xn)111In reaction 

 
4.2. Production of 117mSn 

 
The long-lived meta-stable state radionuclide 117mSn (T1/2= 13.6 d) decays completely to 

the stable isotope 117Sn by IT process. The only characteristics gamma line (Eγ =158.56 keV, Iγ= 
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86.3 %) of 117mSn radionuclide is also the same identification gamma line for 117Sb radionuclide 
(T1/2= 2.80 h). Fortunately, the half-lives of these two radionuclides have a great difference. In 
principle after 10-15 half-lives, the activity contribution of 117Sb radionuclide at 158.56 keV 
gamma line became completely zero and/or practically negligible. In order to determine the 
production cross sections of 117mSn radionuclide, we have analyzed the counting spectra having 
decay time of 7-30 days. The contributing reactions of this radionuclide formation is basically 
(p,pxn) type and is given in Table 1. The measured excitation function of 117mSn radionuclide 
formation is shown in Fig. 2 together with the available literature data and also with the theoretical 
data evaluated by TALYS code (Koning et al., 2005), and data taken from the ALICE-IPPE code 
(Dityuk et al., 1998). In the lower energy region (<25 MeV), we found a very good agreement 
with Hermanne et al. (2006) but above 25 MeV a slight difference is found with their data. The 
ALICE-IPPE prediction showed a better agreement with the measured data than the TALYS 
predicted ones up to 25 MeV. Actually, no clear peak and/or structure is obtained in our 
investigated energy region for the formation of this radionuclide. However, the extended 
theoretical prediction by both the codes (TALYS and ALICE-IPPE) showed that a maximum 
production of this radionuclide is obtained for proton energy around 50 MeV. Therefore, only a 
further measurements with high energy (>50 MeV) proton irradiations could confirm this fact.  
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Fig. 2. Excitation function for the natSn(p, xn)117mSn reaction 

 
4.3. Production of 86Y 

The nuclide 86Y has a long-lived ground state 86gY (T1/2=14.74 h) and a short-lived 
isomeric state 86mY (T1/2=48 m), whereas the isomeric state radionuclide almost completely decays 
to the ground state by 99.31% IT process, and to 86Sr by 0.69% EC process. The measured cross-
sections of the 86gY radionuclide is a cumulative one, because the counting process was started 
after a cooling time sufficient for complete a IT decay of 86mY to 86gY. The radionuclide was 
identified by using its strong and independent gamma line 1076 keV. The measured excitation 
function of 86gY is shown in Fig. 3 together with the available literature values and the data from 
the model calculations. The formation of the 86gY radionuclide is also contributed by the direct 
reaction channels (collected in Table 1). The maximum at around 35 MeV is contributed mostly 
by the (p, xα) type reactions. The present results are in good agreement with the recently reported 
data by Uddin et al. (2008). However, the data reported by Michel et al. (1997) and Kondratev et 
al. (1991) are not only inconsistent with our measurements but also among themselves. A 
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successive decrease of the energy shift from a lower to a higher scale can be applied to the 
Kondratev et al. (1991)data to reduce the discrepancy with the Michel et al. (1997) reported ones. 
The data calculated by the TALYS (Koning et al., 2005) and ALICE-IPPE (Dityuk et al., 1998) 
model codes revealed a good agreement for both the shape and magnitude with the measured ones.  
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Fig. 3. Excitation function for the natZr(p, xn)86Y reaction 

 
 
4.4. Production of 89gZr 
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Fig. 4. Excitation function for the natZr(p, xn)89Zr reaction 

 
89Zr has a long-lived ground state radionuclide 89gZr (T1/2=3.27 d) and a short-lived 

isomeric state 89mZr (T1/2=4.18 m), whereas the isomeric state radionuclide decays to the ground 
state by 93.77% IT process, and to 89Y by 6.23% EC process. Furthermore, the EC decay of the 
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simultaneously produced 89gNb (T1/2=1.18 h) and 89mNb (T1/2=1.9 h) radionuclides have also made 
contribution to the formation of 89gZr. Therefore, the measured cross-section of the 89gZr 
radionuclide is a cumulative one, because the counting process was started after a cooling time 
sufficient for a complete IT decay of 89mZr to 89gZr. The measured excitation function of 89gZr is 
shown in Fig. 4 together with the available literature values and the data from the model 
calculations. The formation of the 89gZr radionuclide is also contributed by the direct reaction 
channels (collected in Table 1). The sharp increase in the excitation function from 15 MeV proton 
energy is mostly contributed by the direct reaction 90Zr(p,  np) (Q=-11.97 MeV), whereas the 
maximum around 28 MeV is the contribution by 91Zr(p, 2np) (Q=-19.16 MeV) and 92Zr(p, 3np) 
(Q=-27.80 MeV) direct channels.  We did not find a good agreement, especially in magnitudes in 
the peak region (24 – 31 MeV) with the measurements by Uddin et al. (2008) and Michel et al. 
(1997). However, the theoretical calculations by the model code TALYS (Koning et al., 2005) 
produce a better fitting in both the shape and size of the excitation function with our 
measurements than the ALICE-IPPE (Dityuk et al., 1998) code prediction. In fact, only a large 
number of experimental data could confirm the actual shape of the excitation function of this 
medically important radionuclide. 
 
5. Integral yield 
 

The integral yields for the investigated radionuclides were deduced using the measured 
cross-sections and the stopping power of the respective targets over the energy range from 
threshold to 40 MeV taking into account that the total energy is absorbed in the targets. It is 
expressed as MBq-μA-1-h-1, i.e. the activity at the end of a bombardment performed at a constant 
1μA beam current on a target during 1 hour. The deduced yield for the production of  117mSn, 111In 
and  89gZr, 86Y radionuclides are given in Figs. 5-6 as a function of proton energy.  
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Fig. 5. Integral yields for the production of 117mSn and 111In radionuclides 
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Fig. 6. Integral yields for the production of 89gZr and 86Y radionuclides 

 

6. Conclusions 
 
Excitation functions for the natSn(p,x)111In,117mSn and natZr(p,x)86Y,89Zr nuclear reactions 

were measured by using a stacked-foil activation technique from 40 MeV proton energy down to 
their threshold values with an overall uncertainty of about 15%. Measured data were critically 
compared with the available literature data and also with the theoretical data from the TALYS and 
ALICE-IPPE codes. The integral yields were also deduced from the measured cross sections. It 
was possible to select the suitable energy range for the optimum production of the desired 
radionuclides with minimum impurity. The production yield of medically important radionuclide 
117mSn from natural tin target at 30 MeV proton energy is obtained as 1.57 MBq/μA-h (42.43 
μCi/μA-h), but the impurity level due to the long- lived 113Sn nuclide is found ~3.5%. However, 
highly enriched 117,118Sn target and medium energy (< 30 MeV) cyclotron could be used to 
increase the production yield of 117mSn and decrease the pollutant 113Sn, simultaneously. Usually, 
111In-labeled molecules are used as chemical and biological surrogates to study biodistribution and 
estimation of radiation dosimetry. The optimum production of 111In was found in the energy range 
26 18 MeV and the yield was obtained as 2.42 MBq/μA-h (65.40 μCi/μA-h) for 26 MeV proton 
energy. But the contamination of long-lived 114mIn was found approximately 1%. To minimize the 
impurity level of 114mIn and maximize the production yield of 111In, medium energy (<30 MeV) 
cyclotron and enriched 112Sn target could be used in practice. On the other hand, the optimum 
production of medically important radionuclide 89Zr was found as 133.09 MBq/μA-h (3.6 
mCi/μA-h) over the energy range 30→18 MeV with 0.04% impurity from 88Zr. Therefore, a low 
energy (<30 MeV) cyclotron and natZr target could be used to produce large amount of 89gZr with 
minimum impurity from simultaneously produced 88Zr radionuclide. Finally, the measured data 
could play an important role to enrich the literature data base leading to various practical 
applications. 
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Positron emission tomography (PET) is an optimal noninvasive imaging technique, but has been 

limited by availability and cost. Currently, the relatively short lived almost pure positron emitters 
11C (T1/2 = 20.3 min), 13N (T1/2 = 10.0 min), 15O (T1/2 = 2.0 min) and 18F (T1/2 = 110 min) are 

commonly used in the PET imaging purposes. The major obstacle to the use of radioimmuno 

diagnostics is the short half-lives of the conventional positron emitters. In particular, the PET 

imaging agent 18F-2-deoxy-2-fluoro-D-glucose (FDG) is largely used in clinical purposes. 

Unfortunately, the short half-life of 18F (T1/2=1.83 h, Eβ
+ =633.2 keV, Iβ

+ =96.73%) has limited the 

availability of FDG and PET imaging to locations near cyclotron facilities for radioisotope 

production. Specifically, the drawback of currently using conventional PET radionuclides (e.g., C-

1l, N-13, O-15, and F-l8) is that the user be near to a cyclotron. Furthermore, considering the 

targeting molecules often have distribution times of several hours to days, conventional PET 

radionuclides are not always usable and alternative positron emitting radionuclides with matching 

half-lives and suitable labeling properties are thus necessary.  In addition, for studying slow 

biochemical processes, interest in positron emitters of somewhat longer half-lives is growing. 

Some of the important radionuclides in this category are 55Co (T1/2 =17.53 h), 52Fe (T1/2 =8.27 h), 
76Br (T1/2 = 16.2 h), 64Cu (T1/2 = 12.7 h), and 124I (T1/2 = 4.18 d) etc.  Particularly, the applications 

of these longer-lived 55Co, 52Fe, 76Br, 64Cu, and 124I radionuclides enable slower metabolic 

processes to be diagnosed. In a nutshell, the advent of PET radiopharmaceuticals incorporating 

radioisotopes with longer half-lives to facilitate shipping greater distances could increase the 

accessibility of PET. 
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Table: Summary of the various production routes for the non-standard PET radionuclides 
 

Nuclei 

(half-life) 

Energy: max, mean (intensity), 

[keV] 

Principal γ-rays, 

Energy (intensity) 

[keV] 

Preferred production 

routes 

Target 

abundance 

(%) 

Comments 

 

56Fe(p, 2n)55Co 56Fe (91.72%) 56Co (77.27d) contaminant
54Fe(d, n)55Co 54Fe (5.8%) Enrichment required 

55Co 

(17.53 h) Eβ
+ = 1498.5, 570 (76%) 

477.2 (20.2%) 

931.1 (75%) 

1408.6 (16.9%) 58Ni(p, α)55Co 58Ni (68.1%) 56,57Co  contaminants 
50Cr(He-3, n)52Fe 50Cr (4.35%) Enrichment required 
50Cr(He-4, 2n)52Fe 50Cr (4.35%) Enrichment required 

52Fe 

(8.27 h) Eβ
+ = 806, 340 (55.49%) 168.68 (99%) 

55Mn(p, 4n)52Fe 55Mn (100%) Needs high energy 
76Se(p, n)76Br 76Se (9.36%) Enrichment required 76Br 

(16.20 h) Eβ
+ = 3941, 1180 (55%) 559.09 (74%) 

657.02 (15.9%) natBr(p, x)76Kr→76Br  77Br (57.04 h) contaminant

64Ni(p, n)64Cu 
64Ni(d, 2n)64Cu 

64Ni (0.93%) 

64Ni (0.93%) 

61Cu (3.33 h) contaminant,

and enrichment required 

66Zn(d, α)64Cu 66Zn (27.9%) 61Cu (3.33 h) contaminant 

64Cu 

(12.70 h) 

EC = (39%) 

Eβ
+ = 653.03, 278 (17.6%) 

Eβ- = 579.4, 191(38.5%) 

1345.8 (0.45%) 

68Zn(p, x)64Cu 68Zn (18.8%) 67Cu (61.83 h) contaminant
124Te(p, n)124I 124Te (4.82%) 123I (13.27h) contaminant 
124Te(d, 2n)124I 124Te (4.82%) 123I (13.27h) contaminant 

124I 

(4.18 d) 

Eβ
+ = 2137.6, 820 (22.8%) 

 
602.72 (60.5%) 

125Te(p, 2n)124I 125e (7.14%) 125I (59.4d) contaminant 

* Bold marked reactions are the most promising path ways for the respective radionuclides 

production 

1. Production of Cobalt-55 (55Co): 

 
Two isotopes of Co have properties relevant to nuclear medicine applications: 57Co and 55Co. 
57Co(T1/2= 271 d)  has been considered for use in single photon emission computed tomography 
(SPECT) imaging (Front et al., 1987; Joosten et al., 1995; Stevens et al., 1998), but the long half-
life results in a high radiation dose to the patient making it a poor imaging radioisotope (Jurisson 
et al., 1993). On the other hand, the shorter half-lived 55Co (T1/2= 17.53 h) radionuclide can be 
used in PET imaging. It has found application mainly in labelling bleomycin and, in recent years, 
in some cardiac and cerebral studies using positron emission tomography (PET). 55Co has also 
been used in PET imaging either in the ionic form or chelated with biomolecules. Serial PET 
studies of pathological processes have been possible up to several days after the tracer 
administration. 55Co2+ has primarily been used as a marker for calcium uptake in degenerating 
brain tissue (Jansen et al., 1994; 1995) and for quantitative tomocisternography (Gramsbergen et 
al., 1988).  
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There are three common routes for the production of 55Co, namely 56Fe(p, 2n)55Co, 54Fe(d, n)55Co 
and 58Ni(p, α)55Co. Out of these the 56Fe(p, 2n)55Co reaction has the highest yield but the level of 
the 56Co(T1/2= 78.8 d) impurity is about 2.6% (cf. Lagunas-Solar and Jungermann, 1979; Nieweg 
et al., 1981; Srivastava et al., 1993; Jansen et al., 1994). According to Jansen et al. (1995), the 
clinical use of 55Co (T1/2= 17.5 h) is limited up to about 48 h after production due to 56Co 
(T1/2=78.8 days; 19% β+) contaminant. The 54Fe(d, n)55Co process leads to the highest purity 
product, provided highly enriched 54Fe is used as a target material (cf. Sharma et al., 1986; Zaman 
and Qaim, 1996), which is rather expensive. The 58Ni(p, α)55Co production route has found 
limited application (cf. Maziere et al., 1983), although several groups have been studied the cross 
section (cf. Tanaka et al., 1972; Michel et al., 1978; Tarkanyi et al., 1991). The major draw-back 
in this process is the high impurity level (≅2%) of 57Co. Spellerberg et al. (1998) investigated the 
production of 55Co from proton irradiations on highly enriched 58Ni target. They selected 
Ep=15 7 MeV as the optimum energy range for the production of 55Co (a 3 h irradiation led to a 
batch yield of 240 MBq or 6.5 mCi at EOB) with 0.5% impurity from 57Co at EOB, and it is 
comparatively better than Maziere et al. (1983) reported ones (2% the impurity from 57Co). Even 
though, Spellerberg et al. (1998) reported batch yield is sufficient for applications in humans, but 
the proton irradiations on enriched 58Ni is not the ideal process to produce 55Co. This is because, 
58Ni(p, 2p)57Co has high cross sections, and the half life of 55Co is very short compare to 57Co 
half-life, therefore the level of 57Co impurity at end of separation (EOS) would be invariably 
>0.5%. 
 
 
1.1 56Fe(p, * ) reactions 
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Fig. 1.1.1: Excitation function for the 56Fe(p, 2n)55Co reaction 
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1.1.2 (p, n) reaction 
 

0 10 20 30 40 50
0

100

200

300

400

500
56Fe(p, n)56Co

C
ro

ss
 se

ct
io

ns
 (m

b)

Proton energy (MeV)

 

 

 Tanaka and Furukawa' 59
 Jenkins and Wain' 70
 Gadioli et al.,' 74
 Zuravlev et al.,' 84
 Antropov et al.,' 85
 Levkovskij' 91
 Wenrong et al.,' 93
 TALYS

 
Fig. 1.1.2: Excitation function for the 56Fe(p, n)56Co reaction 
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Fig. 1.1.3: Excitation function for the 56Fe(p, 2p+n)54Mn reaction 
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1.1.4 (p, nα) reaction 
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Fig. 1.1.4: Excitation function for the 56Fe(p, nα)52mMn reaction 

 
 
1.2 54Fe(d, * ) reactions 
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Fig.1.2.1: Excitation function for the 54Fe(d, n)55Co reaction 
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1.2.2 (d, α) reaction 
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Fig.1.2.2: Excitation function for the 54Fe(d, α)52mMn reaction 

 
 
 
1.3 58Ni(p, * ) reactions 
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Fig.1.3.1: Excitation function for the 58Ni(p, α)55Co reaction 
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1.3.2 (p, n2p) reaction 
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Fig.1.3.2: Excitation function for the 58Ni(p, n+2p)56Co reaction 
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Fig.1.3.3: Excitation function for the 58Ni(p, 2p)57Co reaction 
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1.3.4 (p, np) reaction 
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Fig.1.3.4: Excitation function for the 58Ni(p, np)57Ni reaction 

 
 
2. Production of Copper-64 (64Cu): 

 

64Cu is a radioisotope of great interest for PET and radiotherapy. It decays by the emission of β+ 
(17.4 %), which allows PET imaging, and by the emission of β‾(38.5 %) making it especially 
suited for targeted radiotherapy. Moreover, its half-life of 12.7 h matches the requirements for a 
reasonable uptake of larger tumor targeting molecules like monoclonal antibodies or antibody 
fragments. 
 

Several pathways have been investigated for the production of this radioisotope, such as those 
using neutron irradiation of Cu and Zn (natural or enriched targets) and also proton and deuteron 
beam irradiation on natural/enriched Ni, Zn targets. This should allow a wide availability to 
researchers, but unfortunately each production method suffers from some disadvantages. 
Irradiation with neutrons is nowadays problematic since the establishment and operation of 
nuclear reactors are related to national and/or international political commitment. Moreover, 
reactor produced 64Cu specific activity is too low for labeling antigen or receptor targeted 
compounds. A brief survey of earlier investigations leading to the production of 64Cu is given as 
follows: 
 
Hetherington et al. (1986) investigated the natCu(n, γ)64Cu  process for the production of 64Cu 
without reported any information on impurity, whereas Gielow (1990) reported the same process 
with impurity level as 60Cu (10−6%) and  66Cu (91%). Hetherington et al. (1986) reported 64Cu 
production using the natZn(n, p)64Cu process without any information on impurity, whereas Fritze 
(1964) and Zinn et al. (1994) investigated the same process with level of impurity as  67Cu(<1%) 
and 67Cu (0.14%), respectively. Neirincks (1977), Abbas et al. (2001) and Hilgers et al. (2003) 
investigated the natZn(d, x)64Cu process for the production of 64Cu with the level of impurity as  
67Cu (0.09%), 61Cu (246%) and  61Cu (not reported), respectively. Kozempel et al. (2007) and 
Abbas et al. (2006)   investigated the 64Zn(d, 2p)64Cu process for the production of 64Cu with 
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impurity as  61Cu (498%) and 61Cu (1269%), respectively. Hilgers et al. (2003) investigated the 
66Zn(d,α)64Cu process for the production of 64Cu, and no impurity was found. Szelecsenyi et al. 
(2005) reported 64Cu production with impurity as 61Cu (156%) using the 66Zn(p, 2pn)64Cu process. 
Boothe et al. (1991), Smith et al. (1996), Hilgers et al. (2003), and Szelecsenyi et al. (2005) 
investigated the 68Zn(p,αn)64Cu process for the production of 64Cu with the impurity as  67Cu 
(0.5%), 67Cu (<0.44%), 67Cu (not mentioned), and 67Cu (not detected), respectively. Mazière et al. 
(1983); Szelecsenyi et al. (1993); and McCarthy et al. (1997) investigated the natNi(p, n)64Cu 
process for the production of 64Cu with level of impurity as  61Cu (100%);61Cu (0.4%), 60Cu 
(10%); and 61Cu (0.35%), 60Cu (27%), respectively. Zweit et al. (1991) investigated the 64Ni(d, 
2n)64Cu process for the production of 64Cu, and found the impurity as  61Cu (0.3%). 
 
Thermal neutron capture in copper targets can produce only low specific activity 64Cu; but it can 
be increased by using an enriched 63Cu targets. On the other hand, high purity n.c.a. 64Cu can be 
prepared by fast neutron irradiation of natZn (Fritze, 1964). The main disadvantage of this method 
is the co-production of 65Zn (T1/2 = 244 d), which causes difficulties with radioactive waste 
disposal, when the irradiations are done on a regular basis (Zinn et al., 1994). However, the 
practical cyclotron production methods include irradiation of nickel and zinc targets.  
 
The most effective methods of 64Cu production (highest yields) with a cyclotron are based on 64Ni 
irradiation with protons (Szelecsenyi et al., 1993; McCarthy et al., 1997) and deuterons (Zweit et 
al., 1991). The draw back of the 64Ni(p, n)64Cu or 64Ni(d, 2n)64Cu process is relatively high cost of 
enriched 64Ni target material. The advantage of the (p, n) reaction is that common small-sized 
cyclotrons are sufficient to produce high yields of 64Cu. However, deuteron irradiation on natZn are 
considered as cheap alternative for n.c.a. 64Cu production, but deuterons of higher energies (above 
20 MeV) are necessary to achieve reasonable yields. Interesting results was found from 
66Zn(d,α)64Cu, where a good yield of 64Cu and no other radionuclidic impurities of copper were 
observed (Hilgers et al., 2003). Another cyclotron method based on fast neutron iradiation of zinc 
in d(Be) generator, was recently reported (Spahn et al., 2004). 
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2.1   64Ni(p, * ) reactions 
 
2.1.1 (p, n) reaction 
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Fig.2.1.1: Excitation function for the 64Ni(p, n)64Cu reaction 
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Fig.2.1.2: Excitation function for the 64Ni(p, α)61Co reaction 
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2.1.3 (p, nα) reaction 
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Fig.2.1.3: Excitation function for the 64Ni(p, n+α)60Co reaction 

 
 
2.2  64Ni(d, * ) reactions 
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Fig.2.2.1: Excitation function for the 64Ni(d, 2n)64Cu reaction 
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2.3  66Zn(d, * ) reactions 
 
2.3.1 (d, α) reaction 
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Fig.2.3.1: Excitation function for the 66Zn(d, α)64Cu reaction 

 
 
 
 

2.3.2 (d, 2n) reaction 
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Fig.2.3.2: Excitation function for the 66Zn(d, 2n)66Ga reaction 
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2.3.3 (d, 3n) reaction 
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Fig.2.3.3: Excitation function for the 66Zn(d, 3n)65Ga reaction 
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Fig.2.3.4: Excitation function for the 66Zn(d, n)67Ga reaction 
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2.4  68Zn(p, * ) reactions 
 
2.4.1 (p, x) reaction 
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Fig.2.4.1: Excitation function for the 68Zn(p, x)64Cu reaction 
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Fig.2.4.2: Excitation function for the 68Zn(p, 2n)67Ga reaction 
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2.4.3 (p, 2p) reaction 
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Fig.2.4.3: Excitation function for the 68Zn(p, 2p)67Cu reaction 

 
 
 
 
 
2.4.4 (p, 3n) reaction 
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Fig.2.4.4: Excitation function for the 68Zn(p, 3n)66Ga reaction 
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2.4.5 (p, n) reaction 
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Fig.2.4.5: Excitation function for the 68Zn(p, n)68Ga reaction 
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3. Bromine-76 (76Br): 
 
The relatively long-lived 76Br (T1/2=16.2 h) positron emitter is suitable for the study of ligands 
which equilibrate slowly in vivo. The energy (Emax

β
+ = 3.9 MeV) of the emitted positron (55%) is 

high compared to that of the conventional PET nuclides, which can be an advantage for 
radiotherapeutic applications, but is a disadvantage for studies demanding high resolution. In spite 
of the difficulties, 76Br-labelled ligands have been successfully used in humans for in vivo 
mapping of central receptor populations (Pagani et al., 1997). 
76Br could be produced by the 3He irradiation of thin metallic arsenic or Cu3As alloy targets 
(Blessing et al., 1982; Alfassi and Weinreich, 1982; Maziere et al., 1984). With higher energy 
beams, the radiopharmaceutical preparation is delayed by 15 h in order to reduce the 75Br 
contamination. Highest thick target yields have been reported for the 76Se(p, n)76Br reaction 
(Kovacs et al., 1985; Vaalburg et al., 1985) but the high cost of the enriched 76Se is a drawback of 
this process. The natBr(p,xn)76Kr→76Br reaction (Qaim, 1986, Maziere and Loch, 1986) requires 
high-energy beams and suffers from the rather large impurity of 77Br. Separation techniques have, 
however, been examined to optimise the yields of isolated 76Br (Tolmachev et al., 1994). 

 
 
 

3.1  76Se(p, * ) reactions 
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Fig.3.1.1: Excitation function for the 764Se(p, n)76Br reaction 

 
 
 
 
 
 
 



KAERI/TR-3602/2008 
 

 202 
 

3.1.2 (p, 2n) reaction 
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Fig.3.1.2: Excitation function for the 76Se(p, 2n)75Br reaction 

 
 
 

3.1.3 (p, 3n) reaction 
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Fig.3.1.3: Excitation function for the 76Se(p, 3n)74mBr reaction 
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3.1.4 (p, nα) reaction 
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Fig.3.1.4: Excitation function for the 76Se(p, n+α)72As reaction 
 
 
 

3.2  natBr(p, * ) reactions 
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Fig.3.2.1: Excitation function for the natBr(p, x)76Kr 76Br reaction 
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3.2.2 (p, x) reaction 
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Fig.3.2.2: Excitation function for the natBr(p, x)77Br reaction 
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Fig.3.2.3: Excitation function for the natBr(p, x)77Kr reaction 
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4. Iodine-124 (124I): 

 

The radionuclide 124I (T1/2 = 4.18 d) has a complex decay scheme. Only 23% of its decays lead to 
the emission of positrons, most of which are of relatively high energy. Many high energy γ’s are 
also emitted (>200% per β+ decay), some in cascade with the positrons. The spatial resolution of 
PET images with 124I-labelled ligands is comparable to that of images with the traditional PET 
radionuclides: estimated loss in spatial resolution is 2.3 mm. However, image quality can be 
enhanced somewhat if the ligand is highly specific for the target, if the imaging time is prolonged 
and if, when feasible, the administered activity is increased (Pentlow et al., 1991; 1996). In 
particular, the long half-life (4.2 days) can allow to study some slow biochemical kinetics of 
iodinated compounds via positron emission tomography (PET).  

There are three common routes for the production of 124I radionuclide, namely 124Te(d, 
2n)124I,  124Te(p, n)124I and 125Te(p, 2n)124I reaction (Sharma et al., 1988; Lambrecht et al., 1988; 
Firouzbakht et al., 1993, 1994; Weinreich and Knust, 1996; Knust et al., 2000; Bastian et al., 
2001; Hohn et al., 2001). In mostly, the radionuclidic impurity comes from 125I, although the level 
of 125I impurity was rather uncertain. However, Bastian et al. (2001) investigated 124Te(d, 
xn)124,125I route, and reported the level of impurity by 125I as 1.7%. On the other hand, concerning 
the impurity level from 125I, Scholten et al. (1995) showed that 124Te(p, n)124I production route is 
superior than 124Te(d, 2n)124I. Moreover, a recent comparison among the three routes viz. 124Te(d, 
2n)124I,  124Te(p, n)124I and 125Te(p, 2n)124I, revealed that the 124Te(p, n)124I process leads to the 
highest purity product whereas the 125Te(p, 2n)124I reaction gives the highest yield. (Bastian et al., 
2001; Qaim et al., 2001). Due to the high purity of the 124I obtained, and due to the fact that a 
small-sized cyclotron (Ep ≤17 MeV) is adequate for production purposes, the 124Te(p, n)124I 
reaction has been increasingly used in recent years at many places (cf. Qaim et al., 1996, 2000, 
2003; Eschmann et al., 2000; McCarthy et al., 2000; Brown et al., 2000; Sheh et al., 2000; Glaser 
et al., 2002). However, the 124Te(d,2n)124I process has been used in Riyadh for world-wide 
deliveries (Hupf et al., 1968; Lambrecht et al., 1988). 
 
4.1  124Te(p, * ) reactions 
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Fig.4.1.1: Excitation function for the 124Te(p, n)124I reaction 



KAERI/TR-3602/2008 
 

 206 
 

4.1.2 (p, 2n) reaction 
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Fig.4.1.2: Excitation function for the 124Te(p, 2n)123I reaction 

 

 

4.2  124Te(d, * ) reactions 
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Fig.4.2.1: Excitation function for the 124Te(d, 2n)124I reaction 
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4.2.2 (d, n) reaction 
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Fig.4.2.2: Excitation function for the 124Te(d, n)125I reaction 

 
 
 
 

4.3  125Te(p, * ) reactions 
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Fig.4.3.1: Excitation function for the 125Te(p, 2n)124I reaction 
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4.3.2 (p, 3n) reaction 
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Fig.4.3.2: Excitation function for the 125Te(p, 3n)123I reaction 
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Fig.4.3.3: Excitation function for the 125Te(p, n)125I reaction 
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5. Iron-52 (52Fe): 
 
52Fe, the only iron isotope with suitable decay characteristics for positron emission tomography 
(PET), has merely been used as a bone marrow tracer (Borgies et al., 1990; Ferrant et al., 1993; 
Bailey et al., 1996). However, quantitative measurements using PET should also be of advantage 
in iron uptake studies and in kinetic studies of iron-containing radiopharmaceuticals. The ability to 
use 52Fe and PET was demonstrated in a study of brain tumour iron uptake in humans (Roelcke et 
al., 1996) and in studies of iron-sucrose uptake in both animals and humans (Beshara et al., 1999a, 
b).  The use of the Fe-52/Mn-52m generator system gives the advantages of three-dimensional 
imaging (PET) over those of short-lived radionuclides. The parent 52Fe (T1/2= 8.27 h) decays by 
positron emission (55.49%), whereas the short-lived daughter radionuclide 52mMn (T1/2= 21.1 m) 
decays by positron emission (98.3%) with positron energy of 2.631 MeV. 
 
The parent 52Fe could be produced by a number of nuclear reactions in either cyclotrons or high-
current proton linear accelerators. Specifically, 52Fe could be prepared in a cyclotron by He-3 or 
He-4 bombardment of a chromium target [50Cr(He-3, n)52Fe; 50Cr(He-4, 2n)52Fe], proton 
bombardment of a manganese target [55Mn(p,4n)52Fe], or proton spallation reactions on a nickel 
target [58Ni(p,Li-7)52Fe], usually in a high-current proton linac. Using the processes 50Cr(He-3, 
n)52Fe or 50Cr(He-4, 2n)52Fe needs the enrichment of the target 50Cr(4.34%), whereas the target 
55Mn is 100% abundant naturally. But, the latter process requires high energy (>50 MeV) proton 
accelerator for the production of 52Fe compare to the former processes.  

 
 

5.1  50Cr(He-3, * ) reactions 
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Fig.5.1.1: Excitation function for the 50Cr(He-3, n)52Fe reaction 
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5.1.2 (He-3, 2n) reaction 
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Fig.5.1.2: Excitation function for the 50Cr(He-3, 2n)51Fe reaction 

 
 
 

5.2  50Cr(α , * ) reactions 
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Fig.5.2.1: Excitation function for the 50Cr(α, 2n)52Fe reaction 
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5.2.2 (α, pn) reaction 
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Fig.5.2.2: Excitation function for the 50Cr(α, n+p)52Mn reaction 
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Fig.5.2.3: Excitation function for the 50Cr(α, n+2p)51Cr reaction 
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5.2.4 (α, n) reaction 
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Fig.5.2.4: Excitation function for the 50Cr(α, n)53Fe reaction 
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Fig.5.2.5: Excitation function for the 50Cr(α, n+α)49Cr reaction 
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5.2.6 (α, x) reaction 
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Fig.5.2.6: Excitation function for the 50Cr(α, x)48V reaction 

 
 

5.3  55Mn(p, * ) reactions 
 
 
5.3.1 (p, 4n) reaction 
 

20 40 60 80 100
0.0

0.3

0.6

0.9

1.2

1.5

C
ro

ss
 se

ct
io

ns
 (m

b)

Proton energy (MeV)

 

 

 Steyn et al.,' 90
 Deptula et al.,' 90
 TALYS

55Mn(p, 4n)52Fe

 

Fig.5.3.1: Excitation function for the 55Mn(p, 4n)52Fe reaction 
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5.3.2 (p, np) reaction 

20 40 60 80 100
0

200

400

600

800

Proton energy (MeV)

C
ro

ss
 se

ct
io

ns
 (m

b)

 

 

55Mn(p, n+p)54Mn
 Michel and Brinkman' 80
 Gusakow et al.,' 61
 Levkovskij' 91
 Michel et al.,' 83
 Michel et al.,' 97
 TALYS

 
Fig.5.3.2: Excitation function for the 55Mn(p, n+p)54Mn reaction 
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Fig.5.3.3: Excitation function for the 55Mn(p, n)55Fe reaction 
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5.3.4 (p, 3n+2p) reaction 
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Fig.5.3.4: Excitation function for the 55Mn(p, 3n+2p)51Cr reaction 
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Fig.5.3.5: Excitation function for the 55Mn(p, 5n+3p)48V reaction 
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5.3.6 (p, 3n) reaction 
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Fig.5.3.6: Excitation function for the 55Mn(p, 3n)53Fe reaction 

 
 

5.3.7 (p, 3n+p) reaction 
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Fig.5.3.7: Excitation function for the 55Mn(p, 3n+p)52gMn reaction 
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Summary 
 
A lot of positron emitters having wide range of physiochemical characteristics are available in the 
field of radionuclides. In practice, the applicability of a radionuclide in the field of nuclear 
medicine depends on various criterions; energy, half-lives, production routes, amount of 
production, amount of impurity from simultaneously produced radionuclides, suitability of 
separation techniques, transportation time and distance, cost effectiveness, and so on.  In general, 
the longest-lived radionuclides can be transported and used up to day(s) after their production, 
although it must be remembered that the fraction of radioactive impurities and/or daughter 
nuclides may grow as the desired radionuclide decays. The positron emitting radionuclides studied 
in this review (55Co, 52Fe, 64Cu, 76Br, and 124I) leading to the clinical applications may give high 
radiation doses due to their long biological half-lives. In spite of some physical limitations, these 
alternative radionuclides have promising interest in specific research and clinical applications. 
 
 
 
 
References 
 
 
  Abbas, K., Kozempel, J., Bonardi, M., Groppi, F., Alfarano, A., Holzwarth, U., Simonelli, F., 

Hofman, H., Horstmann,W., Menapace, E., Leseticky, L., Gibson, N., 2006. Cyclotron 
production of 64Cu by deuteron irradiation of 64Zn. Appl. Radiat. Isotopes, 64, 1001. 

  Abbas, K., Birattari, C., Bonardi, M., Groppi, F., Menapace, E., Severgnini, M., Shaw, D., 
Stroosnijder,M., 2001. Cyclotron production of n.c.a. copper-64 from deuteron 
irradiation on zinc target. J. Label. Compd. Radiopharm. 44, 802. 

  Acerbi, E., Birattari, C., Castiglioni, M., Resmini, F., Villa, M., 1975. Production of 123-I for 
Medical Purposes at the Milan AVF Cyclotron. Applied Radiation and Isotopes, 26, 741. 

  Albert, R.D., 1959. (p,n) Cross Section and Proton Optical-Model Parameters in the 4 to 5.5 
MeV Energy Region. Physical Review, 115, 925. 

  Alfassi, Z.B., Weinreich, R., 1982. The production of positron emitters 75Br and 76Br: 
excitation functions and yield for the 3He and α-particle induced nuclear reactions on 
arsenic. Radiochim. Acta. 30, 67. 

  Antropov, A.E., Gusev, V.P., Zhuravlev, Yu.Yu., Zarubin, P.P., Kolozhvari, A.A., Smirnov, 
A.V., 1992. Total Cross Sections of (P,N) Reaction on the Nuclei of Isotopes Nickel and 
Zink at E/P=5-6 MeV. Izv. Rossiiskoi Akademii Nauk, Ser.Fiz. 56(11), 198. 

  Bailey, D.L., Young, H., Bloomfield, P.M., Meikle, S.R., Glass, D., Myers, M.J., Spinks, T.J., 
Watson, C.C., Luk, P., Peters, A.M., Jones, T., 1996. ECAT ART Ð a continuously 
rotating PET camera: performance characteristics, initial clinical studies, and installation 
considerations in a nuclear medicine department. Eur. J. Nucl. Med. 24, 6-15. 

  Bastian, Th., Coenen, H.H., Qaim, S.M., 2001. Excitation Function of 124-Te(D,XN)124,125-I 
Reaction from Threhold up to 14 MeV: Comparative Evaluation of Nuclear Route For 
the Production of 124-I. Applied Radiation and Isotopes, 55, 303. 

  Beshara, S., Lundqvist, H., Sundin, J., Lubberink, M., Tolmachev, V., Valind, S., Antoni, G., 
Langstrom, B., Danielson, B.G., 1999a. Kinetic analysis of 52Fe-labeled iron (III) 
hydroxide-sucrose complex following bolus administration using positron emission 
tomography. Brazilian J. Haematol. 104, 288. 

  Beshara, S., Lundqvist, H., Sundin, J., Lubberink, M., Tolmachev, V., Valind, S., Antoni, G., 
Langstrom, B., Danielson, B.G., 1999b. Kinetic analysis and red cell utilization of 



KAERI/TR-3602/2008 
 

 218 
 

52Fe/59Fe-labeled iron (III) hydroxide-sucrose complex following intravenous 
administration using positron emission tomography. Brazilian J. Haematol. 104, 296. 

  Bissem, H.H., Georgi, R., Scobel, W., Ernst, J., Kaba, M., RamaRao, J., Strohe, H., 1980. 
Entrance and Exit Channel Phenomena In D- and He3- Induced Pre-equilibrium Decay. 
Physical Review, Part C, Nucl. Phys. 22, 1468. 

  Blaser, J.-P., Boehm, F., Marmier, P., Peaslee, D.C., 1951. Fonctions D`Excitation De La 
Reaction (P,N) I. Helvetica Physica Acta, 24, 3. 

  Blessing, G., Weinreich, R., Qaim, S.M., Stöcklin, G., 1982. Production of 75Br and 77Br via 
the 75As(3He,3n)75Br and 75As(a,2n)77Br reactions using Cu3As-alloy as high-current 
target material. Int. J. Appl. Radiat. Isot. 33, 333. 

  Blosser, H.G., Handley, T.H., 1955. Survey of (P,N) Reactions at 12 MeV. Physical Review, 
100, 1340. 

  Brinkman, G.A., Helmer, J., Lindner, L., 1977. Nickel and copper fiols as monitors for 
cyclotron beam intensities. Radiochem. and Radioanal. Lett. 28, 9. 

  Brown, D.J., McKay, D.B., Coleman, J., Luthra, S.K., Brady, F., Waters, S.L., Pike, V.W., 
2000. A facility for the safe recovery of high activities of iodine-124 produced by the 
124Te(p, n)124I reaction. In: McCarthy, T.J. (Ed.), Proceedings of the Eighth 
International Workshop on Targetry and Target Chemistry, St. Louis, USA, June 1999, 
p. 134. 

  Boothe, T.E., Tavano, E., Munoz, J., Carrol, S., 1991. Coproduction of copper-64 and copper-
67 with gallium-67 using protons on zinc- 68. J. Label. Compd. Radiopharm. 30, 108. 

  Borgies, P., Ferrant, A., Leners, N., Michaux, J.L., Bol, A., Michel, C., Cogneau, M., Sokal, G., 
1990. Diagnosis of heterotopic bone marrow in the metastadium using 52Fe and 
positron emission tomography. Eur. J. Nucl. Med. 15, 761. 

  Chowdhury, D.P., Pal, S., Saha, S.K., Gangadharan, S., 1995. Determination of Cross Section 
of Alpha-Induced Nuclear Reaction on Natural Cr and Zr by Stacked Foil Activation for 
Thin Layer Activation Analysis. Nucl. Instrum. Methods in Physics Res. B 103, 261. 

  Cohen, B.L., Newman, E., 1955. (P,PN) and (P,2N) Cross Sections in Medium Weight 
Elements. Phys. Rev. 99, 718. 

  Coetzee, P.P., Peisach, M., 1972. Activation cross sections for deuteron-induced reactions on 
some elements of the first transition series, up to 5.5 MeV. Radiochimica Acta, 17, 1. 

  Deptula, C., Han, K.S., Knotek, O., Mikolajewski, S., Popinenkova, L.M., Rurarz, E., Zaitseva, 
N.G., 1990. Excitation Functions and Yields of Some Nuclear Reactions Induced by 100 
MeV Energy Protons in Mn and Co Targets-Production of Fe-52. Nukleonika, 35, 49. 

  Dell, G.F., Ploughe, W.D., Hausman, H.J., 1965. Total Reaction Cross Sections in the Mass 
Range 45 to 65. Nuclear Physics, 64, 513. 

  Devilliers, D., Nortier, M., Richter, W., 2002. Experimental and theoretical excitation functions 
for Br-nat (P,X) reactions. Applied Radiation and Isotopes, 57, 907. 

  Eschmann, S., Thelen, M.H., Dohmen, B.M., Reischl, G., Coenen, H.H., Machulla, H.-J., 
Bares, R., 2000. Untersuchungen zur Dosimetrie der Radioiodtherapie maligner 
Schilddr .usenerkrankungen mittels 124I-PET. Nuklearmedizin, 39, Abstract A93. 

  Eskola, K., 1967. A study of the production and properties of 53Fe(m). Annales Acad. Sci. 
Fennicae, Series A6: Physica Vol.261. 

  Ewart, H.A., Blann, M., 1964. Private communication Name.Ewart (Exfor # C1012002) 
  Ferrant, A., Cogneau, M., Leners, N., Jamar, F., Martiat, P., Michaux, J.L., 1993. 52Fe for 

additional marrow ablation before bone marrow transplantation. Blood, 81, 3435. 
  Firouzbakht, M.L., Schlyer, D.J., Finn, R.D., Languzzi, G., Wolf, A.P., 1993. Iodine-124 

production: excitation functions for the 124Te(d; 2n)124I and 124Te(d; 3n)123I 
reactions from 7 to 24 MeV. Nucl. Instr. Meth. B, 79, 909. 



KAERI/TR-3602/2008 
 

 219 
 

  Firouzbakht, M.L., Schlyer, D.J., Wolf, A.P., 1994. The yield of 124I from different target 
materials in the 124Te(d; 2n)124I reaction and an improved recovery method for 124Te. 
J. Lab. Compd. Radiopharm, 35, 257. 

  Fritze, K., 1964. The preparation of high specific activity copper-64. Radiochim. Acta, 3, 166. 
  Front, D., Israel, O., Iosilevsky, G., Even-Sapir, E., Frenkel, A., Peleg, H., Steiner, M., Kuten, 

A., Kolodny, G.M., 1987. Human lung tumors: SPECT quantitation of differences in 
Co-57 bleomycin uptake. Radiology, 165, 129.  

  Gadioli, E., GrassiStrini, A.M., LoBianco, G., Strini, G., Tagliaferri, G., 1974. Excitation 
Functions of V-51, Fe-56, Cu-65(P,N) Reactions Between 10 and 45 MeV. Nuovo 
Cimento A, 22, 547. 

  Gramsbergen, J.B.P., Veenma Duin, L., Loopuijt, L., Paans, A.M.J., Vaalburg, W., Korf, J., 
1988. Imaging of the degeneration of neurons and their processes in rat or cat brain by 
45CaCl2 autoradiography or 55CoCl2 positron emission tomography. J.  Neurochem. 50, 
1798. 

  Glaser, M., Aboagye, E., Carroll, V.A., Price, P., Brady, F., Luthra, S.K., 2002. Production 
ofiodine-124 and its use for labelling biomacromolecules as PET probes. COST B12 
Conference on Advances and Perspectives in Radiotracer Development, Dresden, 
Germany, March 2002, p. 11 (Abstract). 

  Gielow, P., 1990. Preparation of 64Cu-labelled diethyl-HIDA. Int. J. Radiat. Appl. Instrum. 
Part A, Appl. Radiat. Isotopes, 41(2), 237. 

  Gilly, J.L., Henriet, G.A., PreciosaAlves, M., Capron, P.C., 1963. Absolute cross sections and 
excitation functions for (d,p) and (d,2n) reactions on 55Mn, 63Cu, 65Cu, 66Zn, and 
68Zn between 3 and 11.6 MeV. Phys. Rev. 131(4), 1727. 

  Gusakow, M., Albouy, G., Poffe, N., Riehl, C., 1961. Reactions (p,pn) a moyenne energie. 
Journal de Physique, 22, 636. 

  Hassan, H.E., Qaim, S.M., Shubin, Yu., Azzam, A., Morsy, M., Coenen, H.H., 2004. 
Experimental studies and nuclear model calculations on proton-induced reactions on 
natSe, 76Se and 77Se with particular reference to the production of the medically 
interesting radionuclides 76Br and 77Br. Applied Radiation and Isotopes, 60, 899. 

  Hetherington, E.L., Sorby, P.J., Camakaris, J. 1986. The preparation of high specific activity 
copper-64 for medical diagnosis. Int. J. Radiat. Appl. Instrum. Part A, Appl. Radiat. 
Isotopes, 37(12), 1242. 

  Hermanne, A., 1997. Evaluated cross section and thick target yield data of Zn+P processes for 
practical applications, Private communication (Exfor # D4093009). 

  Hermanne, A., Szelecsenyi, F., Sonck, M., Takacs, S., Tarkanyi, F., VanDenWinkel, P., 1999. 
New Cross Section Data on 68Zn(p,2n)67Ga and natZn(p,xn)67Ga Nuclear Reactions 
for the Development of a Reference Data Base. J.of Radioanalytical and Nucl. Chem. 
240, 623. 

  Hermanne, A., Tarkanyi, F., Takacs, S., Kovalev, S.F., Ignatyuk, A., 2007. Activation cross 
sections of the 64Ni(d,2n) reaction for the production of the medical radionuclide 64Cu. 
Nucl. Instrum. Methods in Phys. B, 258, 308. 

  Hilgers, K., Stoll, T., Skakun, Y., Coenen, H.H., Qaim, S.M., 2003. Cross-section 
measurements of the nuclear reactions natZn(d, x) 64Cu, 66Zn(d, α)64Cu and 68Zn(p, 
αn)64Cu for production of 64Cu and technical development for small-scale production 
of 67Cu via the 70Zn(p,α)67Cu process. Appl. Radiat. Isotopes, 59, 343. 

  Hilgers, K., Qaim, S.M., Coenen, H.H., 2004. New cross section data for production of the 
therapeutic radionuclides Cu-64, Nd-140 and Ir-192, Conf.on Nucl.Data for Sci.and 
Techn., Santa Fe 2004 Vol. 2, p.1631. 

  Hille, M., Hille, P., Uhl, M.,.Weisz, W, 1972. Excitation Functions of (P,N) and (A,N) 
Reactions on Ni, Cu and Zn. Nuclear Physics, A 198, 625. 



KAERI/TR-3602/2008 
 

 220 
 

  Hohn, A., Nortier, F.M., Scholten, B., VanDerWalt, T.N., Coenen, H.H., Qaim, S.M., 2001. 
Excitation Functions of 125-Te(P,XN)-Reactions from Their Respective Thresholds Up 
to 100MeV with Special Reference to the Production of 124I. Applied Radiation and 
Isotopes, 55, 149. 

  Hornshoj, P., Hojsholt-Poulsen, L., Rud, N., 1977. The Gt Matrix Elements in the Decay of the 
Mirror Nuclei Cr-47, Fe-51 and Ni-55. Nucl. Phys. A 288, 429.  

  Howe, H.A., 1958. (P,N) Cross Sections of Copper and Zinc. Phys. Rev. 109, 2083. 
  Hupf, H.B., Eldridge, J.S., Beaver, J.E., 1968. Production of iodine-123 for medical 

applications. Int. J. Appl. Radiat. Isot. 19, 345. 
  Jansen, H.M.L., Willemsen, A.T.M., Sinnige, L.G.F., Paans, A.M.J., Hew, J.M., Franssen, 

E.J.F., Zorgdrager, A.M., Pruim, J., Minderhoud, J.M., Korf, J., 1995. Cobalt-55 
positron emission tomography in relapsing-progressive multiple sclerosis. J Neurol. Sci. 
132, 139. 

  Jansen, H.M.L., Pruim, J., Vliet, A.M., Paans, A.M.J., Hew, J.M., Franssen, E.J.F., de Jong, 
B.M., Kosterink, J.G.W., Haaxma, R., Korf, J., 1994. Visualisation of damaged brain 
tissue after ischemic stroke with cobalt-55 positron emitting tomography. J. Nucl. Med. 
35, 456. 

  Jenkins, I.L., Wain, A.G., 1970. Excitation Functions for the Bombardment of Fe-56 with 
Protons. Journal of Inorganic and Nuclear Chemistry, 32, 1419. 

  Johnson, C.H., Trail, C.C., Galonsky, A., 1964. Thresholds for (p,n) Reactions on 26 
Intermediate-Weight Nuclei. Physical Review, B, Condensed Matter, 136, 1719. 

  Joosten, A.A., Jansen, H.M.L., Piers, D.A., Minderhoud, J.M., Korf, J., 1995. Cobalt-57 SPET 
in relapsing-progressive multiple sclerosis: a pilot study. Nucl. Med. Commun. 16, 703. 

  Jurisson, S., Berning, D., Jia, W., Ma, D., 1993. Coordination compounds in nuclear medicine. 
Chem. Rev. 93, 1137–1156. 

  Kaufman, S., 1960. Reactions of Protons with Ni-58 and Ni-60. Phys. Rev. 117, 1532. 
  Kondo, K., Lambrecht, R.M., Wolf, A.P., 1977. Iodine-123 Production For 

Radiopharmaceuticals Excitation Functions of the Te-124(P,2N)I-123 and Te-
124(P,N)I-124 Reactions and the Effect of Target Enrichment on Radionuclidic Purity. 
Applied Radiation and Isotopes, 28, 395. 

  Kovacs, Z., Blessing, G., Qaim, S.M., Stöcklin, G., 1985. Production of 75Br via the 
76Se(p,2n)75Br reaction at a compact cyclotron. Int. J. Appl. Radiat. Isot. 36, 625. 

  Kozempel, B.J., Abbas, K., Simonelli, F., Zampese, M., Holzwarth, U., Gibson, N., Leseticky, 
L., 2007. A novel method for n.c.a. 64Cu production by the 64Zn(d, 2p)64Cu reaction 
and dual ion-exchange column chromatography. Radiochim. Acta, 95, 75. 

  Knust, E.J., Dutschka, K., Weinreich, R., 2000. Preparation of 124I solutions after 
thermodistillation of irradiated 124TeO2 targets. Appl. Radiat. Isot. 52, 181. 

  Lagunas-Solar, M. C., Jungermann, J. A., 1979. Cyclotron production of carrier-free cobalt-55, 
a new positron-emitting label for bleomycin. Int. J. Appl. Radiat. Isot. 30, 25. 

  Lambrecht, R.M., Sajjad, M., Qureshi, M.A., Al-Yanbawi, S.J., 1988. Production of 124I. J. 
Radioanal. Nucl. Chem. Lett. 127, 143. 

  Lambrecht, R.M., Sajjad, M., Qureshi, M.A., Al-Yanbawi, S.J., 1988. Production of iodine-124. 
J. Radioanal. Nucl. Chem, Lett. 127, 143. 

  Levkovskij, V.N., 1991. Activation Cross Section Nuclides of Average Masses (A=40-100) by 
Protons and alpha-Particles with average Energies (E=10-50 MEV), Moscow 1991, 
(Exfor # A0510075). 

  Little, E., Lagunas-Solar, C., 1983. Cyclotron Production Of 67Ga. Cross Sections and Thick-
Target Yields for the 67Zn(p,n) and 68Zn(p,2n) Reactions. Applied Radiation and 
Isotopes, 34, 631. 



KAERI/TR-3602/2008 
 

 221 
 

  Lundqvist, H., Malborg, P., Langstrom, B., NaChiengmai, S., 1979. Simple production of 
77Br- and 123I- and their use in the labelling of [77Br]BrUdR and [123I]IUdR. Applied 
Radiation and Isotopes, 30, 39. 

  Maziere, B., Stulzaft, O., Verret, J. M., Comar, D., Syrota, A., 1983. [55Co]- and 
[64Cu]DTPA: New radio-pharmaceuticals for quantitative tomocisternography. Int J. 
Appl. Radiat. Isot. 34, 595. 

  Maziere, B., Loc’h, C., Hantraye, P., Guillon, R., Duquesnoy, N., Soussaline, F., Naquet, R., 
Comar, D., Maziere, M., 1984. 76Br-bromospiroperidol: a new tool for quantitative in-
vivo imaging of neuroleptic receptors. Life Sci. 35, 1349. 

  Maziere, B., Loc’h, C., 1986. Radipharmaceuticals labelled with bromine isotopes. Int. J. Rad. 
Appl. Instrum. A. 37, 703. 

  McCarthy, D.W., Shefer, R.E., Klinkowstein, R.E., Bass, L.A., Margeneau,W.H., Cutler, C.S., 
Anderson, C.J., Welch,M. J., 1997. Efficient production of high specific activity 64Cu 
using a biomedical cyclotron. Nucl. Med. Biol. 24, 35. 

  McCarthy, T.J., Laforest, R., Downer, J.B., Lo, A.-R., Margenau, W.H., Hughey, B., Shefer, 
R.E., Klinkowskein, R.E., Welch., M.J., 2000. Investigation of I-124, Br-76 and Br-77 
production using a small biomedical cyclotron, Proceedings of the Eighth International 
Workshop on Targetry and Target Chemistry, St. Louis, USA, June 1999, p. 127. 

  Mcgee, T., Rao, C.L., Saha, G.B., Yaffe, L., 1970. Nuclear Interactions of Sc-45 and Zn-68 
with Protons of Medium Energy. Nuclear Physics, A 150, 11. 

  Michel, R., Weigel, H., Herr, W., 1978. Proton- induced reactions on nickel with energies 
between 12 and 45 MeV. Z. Physik A, 286, 393. 

  Michel, R., Brinkmann, G., 1980. On the Depth-Dependent Production of Radionuclides (`A` 
between 44 and 59) by Solar Protons in Extraterrestial Matter. J. Radioanalytical 
Chemistry, 59(2), 467. 

  Michel, R., Stueck, R., Peiffer, F., 1983. Proton-Induced Reaction on Ti, V, Mn, Fe, Co and Ni. 
Data taken from R. Stueck Thesis or dissertation. (Exfor # A0100005). 

  Michel, R., Bodemann, R., Busemann, H., Daunke, R., Gloris, M., Lange, H.-J., Klug, B.,  
Krins, A.,  Leya, I.,  Luepke, M., Neumann, S.,  Reinhardt, H., Schnatz-Buettgen, M., 
Herpers, U., Schiekel, Th., Sudbrock, F., Holmqvist, B., Conde, H.,  Malmborg, P.,  
Suter, M., Dittrich-Hannen, B., Kubik, P.W., 1997.  Cross-sections for the production of 
residual nuclides by low- and medium-energy protons from the target elements C, N, O, 
Mg, Al, Si, Ca, Ti, V, Mn, Fe, Co, Ni, Cu, Sr, Y, Zr, Nb, Ba and Au.  Nucl. Instr. Meth. 
B, 129, 153. 

  Morton, A.J., Scott, A.F., Tims, S.G., Hansper, V.Y., Sargood, D.G., 1994. The 50Cr(a,n)53Fe 
and 50Cr(a,p)53Mn cross sections. Nucl. Phys. A 573, 276. 

  Neirincks, R.D., 1977. Simultanious production of 67Cu, 64Cu and 67Ga and labelling of 
67Cu and 64Cu. Appl. Radiat. Isotopes, 28, 802. 

  Nieweg, O.E., Piers, D.A., Beekhuis, H., Paans, A.M.J., Welleweerd, J., Vaalburg, W., 
Woldring, M.G., 1981. Co-55-bleomycin in the detection of lung cancer and brain 
metastases. J. Nucl. Med. 22, P50. 

  Nozaki, T., Iwamoto, M., Itoh, Y., 1979. Production of 77-Br by Various Nuclear Reactions, 
Applied Radiation and Isotopes, 30, 79. 

  Paans, A.M.J., Welleweerd, J.,  Vaalburg, W.,  Reiffers, S., Woldring, M.G., 1980. Excitation 
Functions for the Production of Bromine-75. Applied Radiation and Isotopes, 31, 267. 

  Pagani, M., Elander, S.S., Larsson, S.A., 1997. Alternative positron emission tomography with 
non-conventional positron emitters: effects of their physical properties on image quality 
and potential clinical applications. Eur. J. Nucl. Med. 24, 1301. 



KAERI/TR-3602/2008 
 

 222 
 

  Pentlow, K.S., Graham, M.C., Lambrecht, R.M., Cheung, N.K.V., Larson, S.M., 1991. 
Quantitative imaging of I-124 using positron emission tomography with applications to 
radioimmunodiagnosis and radioimmunotherapy. Med. Phys. 18, 357. 

  Pentlow, K.S., Graham, M.C., Lambrecht, R.M., Daghighian, F., Bacharach, S.L., Bendriem, 
B., Finn, R.D., Jordan, K., Kalaigian, H., Karp, J.S., Robeson, W.R., Larson, S.M., 1996. 
Quantitative imaging of iodine-124 with PET. J. Nucl. Med. 37, 1557. 

  Qaim, S.M., 1986. Recent developments in the production of 18F, 75,76,77Br and 123I. Int. J. 
Rad. Appl. Instrum. A, 37, 803.  

  Qaim, S.M., Uhl, M., Rosch, F., Szelecsenyi, F., 1995. Excitation functions of (p,alpha) 
reactions on 64-Ni, 78-Kr and 86 Sr. Physical Review, Part C, Nucl. Phys. 52, 733.  

  Qaim, S.M., Blessing, G., Tarkanyi, F., Lavi, N., Br.autigam, W., Scholten, B., St. ocklin, G., 
1996. Production oflongerlived positron emitters 73Se; 82mRb and 124I: In: Cornell, 
J.C. (Ed.), Proceedings ofthe 14th International Conference on Cyclotrons and their 
Applications, Cape Town, South Africa, October 1995. World Scientific, Singapore, p. 
541. 

  Qaim, S.M., Hohn, A., Nortier, F.M., Blessing, G., Schroeder, I.W., Scholten, B., van der Walt, 
T.N., Coenen, H.H., 2000. Proceedings ofthe Eighth International Workshop on 
Targetry and Target Chemistry, St. Louis, USA, June 1999, p. 131. 

  Qaim, S.M., Bastian, Th., Coenen, H.H., 2001. Comparative evaluation ofproduction routes of 
124I: excitation functions of 124Te(d, xn)124,125I reactions. J. Label. Compd. 
Radiopharm. 44, S826. 

  Qaim, S.M.,  et al., 2003. Production of 124I at small and medium sized cyclotrons. In: 
McCarthy, T.J. (Ed.), Applied Radiation and Isotopes, 58, 69. 

  Reimer, P., Qaim, S.M., 1998. Excitation function of proton induced reactions on highly 
enriched Ni-58 with special relavance to the production of Co-55 and Co-57. 
Radiochimica Acta, 80, 113. 

  Roelcke, U., Leenders, K.L., Von Ammon, K., Radu, E.W., Vontobel, P., Gunther, I., Psylla, 
M., 1996. Brain tumor iron uptake measured with positron emission tomography and 
52Fe-citrate. J. Neurooncol. 29, 157. 

  Sakamoto, K., Dohniwa, M., Okada, K., 1985. Excitation functions for (p,xn) and (p,pxn) 
reactions on natural 79+81Br, 85+87Rb, 127I and 133Cs up to Ep=52 MeV.  Applied 
Radiation and Isotopes, 36(6), 481. 

  Scholten, B., Kovacs, Z., Tarkanyi, F., Qaim, S.M., 1995. Excitation functions of Te-
124(p,xn)I-123,124 reactions from 6 to 31 MeV with special reference to the production 
of I-124 at a small cyclotron. Applied Radiation and Isotopes, 46, 255. 

  Sevior, M.E., Mitchell, L.W., Anderson, M.R., Tingwell, C.W., Sargood, D.G., 1983. Absolute 
Cross Sections of Proton Induced Reactions on CU-65, NI-64,CU-63. Australian Journal 
of Physics, 36, 463. 

  Sharma, H.L., Zweit, J., Downey, S., Smith, A.M., Smith, A.G., 1988. Production of 124I for 
positron emission tomography. J. Label. Compd. Radiopharm. 26, 165. 

  Sharma, H., Zweit, J., Smith, A. M., Downey, S., 1986. Production of cobalt-55, a short-lived, 
positron emitting radiolabel for bleomycin. Appl. Radiat. Isot. 37, 105. 

  Sheh, Y., Koziorowski, J., Balatoni, J., Lom, C., Dahl, J.R., Finn, R.D., 2000. Low energy 
cyclotron production and chemical separation of no-carrier-added iodine-124 from a 
reusable, enriched tellurium-124 dioxide/aluminium oxide solid solution target. 
Radiochim. Acta, 88, 169. 

  Smith, S.V., Waters, D.J., Di Bartolo, N., 1996. Separation of 64Cu from 67Ga waste products 
using anion exchange and low acid aqueous/organic mixtures. Radiochim. Acta, 75, 65. 



KAERI/TR-3602/2008 
 

 223 
 

  Spahn, I., Coenen, H.H., Qaim, S.M., 2004. Enhanced production possibility of the therapeutic 
radionuclides 64Cu, 67Cu and 89Sr via (n, p) reactions induced by fast spectral neutrons. 
Radiochim. Acta, 92(3), 183. 

  Spellerberg, S., Reimer, P., Blessing, G., Coenen, H.H., Qaim, S.M., 1998. Production of 55Co 
and 57Co via proton induced reactions on highly enriched 58Ni. Appl. Radiat. Isot. 49, 
1519. 

  Srivastava, S.C., Mausner, L.F., Mease, R.C., Kolsky, K.L., Meinken, G.E., Joshi, V., Pyatt, B., 
Wolf, A.P., Schlyer, D.J., Levy, A.V., Fowler, J.S., 1993. Co-55-labeled monoclonal 
antibodies (MAbs) for tumor imaging with PET. J. Nucl. Med. 34, 237P. 

  Stevens, H., Knollema, S., Piers, D.A., Van De Wiele, C., Jansen, H.M.L., De Jager, A.E.J., De 
Reuck, J., Dierckx, R., Korf, J., 1998. Cobalt-57 as a SPET tracer in the visualization of 
ischemic brain damage in patients with middle cerebral artery stroke. Nucl. Med. 
Commun. 19, 573. 

  Steyn, G.F., Mills, S.J., Nortier, F.M., Simpson, B.R.S., Meyer, B.R., 1990. Production Of Fe-
52 via Proton-Induced Reactions on Manganese and Nickel. Applied Radiation and 
Isotopes, 41, 315. 

  Stoll, T., Kastleiner, S., Shubin, Yu.N., Coenen, H.H., Qaim, S.M., 2002. Excitation functions 
of proton induced reactions on 68-Zn from threshold up to 71 MeV, with specific 
reference to the production of 67-Cu. Radiochimica Acta, 90, 309. 

  Szelecs´enyi, F., Blessing, G., Qaim, S.M., 1993. Excitation functions of proton induced 
nuclear reactions on enriched 61Ni and 64Ni: possibility of production of n.c.a. 61Cu 
and 64Cu at a small cyclotron. Appl. Radiat. Isotopes, 44(3), 575. 

  Szelecsenyi, F., Boothe, T.E., Takacs, S., Tarkanyi, F., Tavano, E., 1998. Evaluated cross 
section and thick target yield data bases of Zn+p processes for practical applications. 
Applied Radiation and Isotopes, 49, 1005. 

  Szelecsenyi, F., Steyn, G.F., Kovacs, Z., Vermeulen, C., VanDerMeulen, N.P., Dolley, S.G., 
VanDerWalt, T.N., Suzuki, K., Mukai, K., 2005. Investigation of the Zn-66(p,n+2p)Cu-
64 and Zn-68(p,x)Cu-64 nuclear processes up to 100-MeV. Nucl. Instrum. Methods in 
Physics Res. B, 240, 625. 

  Takacs, S., Tarkanyi, F., Hermanne, A., 2005. Validation and Upgrade of the Recommended 
Cross Section Data of Charged Particle Reactions to produce Gamma Emitter 
Radioisotopes. Nucl. Instrum. Methods in Physics Res. B, 240, 790. 

  Tanaka, S., Furukawa, M., 1959. Excitation Functions for (P,N) Reactions with Titanium, 
Vanadium, Chromium, Iron and Nickel Up to 14 MeV. Journal of the Physical Society 
of Japan, 14, 1269. 

  Tanaka, S., Furukawa, M., Chiba, M., 1972. Nuclear reactions of nickel with protons up to 56 
MeV. J. Inorg. Nucl. Chem. 34, 2419. 

  Tarkanyi, F., Szelecsenyi, F., Kovacs, Z., Sudar, S., 1990. Excitation functions of proton 
induced nuclear reactions on enriched 66Zn, 67Zn and 68Zn. production of 67Ga and 
66Ga. Radiochimica Acta, 50, 19. 

  Tarkanyi, F., Szelecsenyi, F., Kopecky, P., 1991. Excitation functions of proton induced 
nuclear reactions on natural nickel for monitoring beam energy and intensity. Appl. 
Radiat. Isot. 42, 513. 

  Tolmachev, V., Bruskin, A., Lundqvist, H., Einarsson, L., Malmborg, P., 1994. Neutron 
deficient nuclides for positron emission tomography. XII. An improved method for 
bromine-76 separation from enriched selenide. Moscow: Institute of Theoretical and 
Experimental Physics, 84. 

  Vaalburg, W., Paans, A.M.J., Terpstra, J.W., Wiegman, T., Dekens, K., Rijskamp, A., 
Woldring, M.G., 1985. Fast recovery by dry distillation of 75Br induced in reusable 
metal selenide targets via the 76Se(p,2n)75Br reaction. Int. J. Appl. Radiat. Isot. 36, 961. 



KAERI/TR-3602/2008 
 

 224 
 

  Vlieks, A.E., Morgan, J.F., Blatt, S.L., 1974. Total cross sections for some (alpha,n) and 
(alpha,p) reactions in medium-weight nuclei. Nucl. Phys. A 224, 492. 

  Weinreich, R., Knust, E.J., 1996. Quality assurance of 124I produced via the nuclear reaction 
124Te(d, 2n)124I. J. Radioanal. Nucl. Chem. Lett. 213, 253. 

  Weinreich, R., Knieper, J., 1983.  Production of 77-Kr and 79-Kr for Medical Application via 
Proton Irradiation of Bromine - Excitation Functions, Yields and Separation Procedure. 
Applied Radiation and Isotopes, 34, 1335. 

  Wenrong, Z., Hanlin, L., Weixiang, Y., 1993. Measurement of cross sections by bombarding 
Fe with protons up to 19 MeV. Chinese J. Nucl. Phys. 15(4), 337.  

  Williams, D.C., Irvine Jr, J.W., 1963. Nuclear excitation functions and thick-target yields: 
Zn+d and Ar-40(d, alpha). Physical Review, 130(1), 265. 

  Zaman, M. R., Qaim, S. M., 1996. Excitation functions of (d, n) and (d,α) reactions on 54Fe: 
relevance to the production of high purity 55Co at a small cyclotron. Radiochim. Acta, 
75, 59.  

  Zaman, M.R., Spellerberg, S., Qaim, S.M., 2003. Production of Co55 via the Fe54(d,a)-process 
and excitation functions of 54Fe(d,t)53Fe and 54Fe(d,a)52mMn reactions from 
threshold up to 13.8 MeV. Radiochimica Acta, 91, 105.  

  Zweit, J., Smith, A.M., Downey, S., Sharma, H.L., 1991. Excitation functions for deuteron 
induced reactions in natural nickel: Production of no-carrier-added 64Cu from enriched 
64Ni targets for positron emission tomography. Appl. Radiat. Isotopes, 42, 193. 

  Zhuravlev, B.V., Grusha, O.V., Ivanova, S.P., Trykova, V.I., Shubin, Yu.N., 1984. Analysis of 
Neutron Spectre In 22-Mev Proton Interactions with Nuclei. Yadernaya Fizika, 39, 264. 

  Zhuravlev, Yu.Yu., Zarubin, P.P., Zeic, Yu.V., Kolozhvari, A.A., Chelgunov, I.V., 1995. 
Excitation Functions of (P,N) Reactions on Nuclei of Isotopes Zn from E(p)=5.6 to 6.8 
MeV. Izv. Rossiiskoi Akademii Nauk, Ser.Fiz. 59, 118. 

  Zhenlan, T., Fuying, Z., Huiyuan, Q., Gongoing, W., 1983. Excitation Function of Deuteron 
Induced Reactions on Natural Iron. Atomic Energy Science and Technology, 5, 506. 

  Zinn, K.R., Chaudhuri, T.R., Cheng, T.P., Morris, J.S., Meyer, W.A., 1994. Production of no-
carrier-added 64Cu from zinc metal irradiated under boron shielding. Cancer, 73, 774.



                        서   지   정  보  양   식     

 수행기 보고서번호  탁기 보고서번호   표 보고서번호   INIS 주제코드

  KAERI/TR-3602/2008   

     제목 / 부제 
  과학기술의 다양한 응용을 이끄는 핵반응 단면  측정  

평가

연구책임자  부서명

(AR,TR 등의 경우 주 자)
 Mayeen Uddin Khandaker (양자 학연구부)

연 구 자  부 서 명 이 욱, 조 식 (양자 학연구부)

출  지 발행기  한국원자력연구원 발행년 2008. 7

페 이 지     231 p.     도  표  있음( O ),    없음(   )  크  기  21x30 cm

참고사항  

공개여부  공개( O ), 비공개(  )
보고서종류   기술보고서

비 여부  외비(   ),  __ 비

연구 탁기  계약번호

록 (15-20 내외)

핵자료는 원자로, 핵연료, 방사성 폐기물 처분등과 같은 원자력 시설뿐만 아니라, 질병의 

진단과 치료의 목적으로 쓰이는 방사성 동위원소의 생산 등에 없어서는 안될 필수적인 자료이다. 

따라서 정확도가 높은 핵자료는 과학 기술 분야의 다양한 응용 및 결과의 신뢰도에 매우 

중요하다.  

핵자료 생산은 원자로 또는 가속기등과 같은 시설에서 얻은 실험 자료를 최신의 핵물리 

이론을 바탕으로 재생산하는 과정을 거친다. 따라서 정확도가 높은 핵자료의 가장 기본적인 

요소는 실험 자료의 신뢰도이다. 그러나 보고된 많은 실험 자료들은 같은 핵반응일지라도 실험한 

연구자에 따라서는 크게 수 배의 차이를 보이기도 한다. 이런 차이의 원인은 주로 실험조건, 측정 

기술, 기준이 되는 핵자료 등이다.  신뢰할 만한 정확한 핵자료의  생산은 최근의 기술을 이용하여 

같은 실험 조건아래에서 실행되는 것이 무엇보다 중요하다.   

실험의 일관성을 유지하여 신뢰도 높은 핵자료를 생산하기 위하여, "과학 기술에서 

다양한 실제 응용을 이끄는 핵반응 단면적에 대한 측정 및 평가"라는 제목으로 

한국원자력연구원과 경북대학교의 공동연구로 현재의 작업을 진행했다. 실험 측정은 

한국원자력의학원 (KIRAMS) 에서 수행되었으며 이론적 계산은 한국원자력연구원에서 핵반응 

모델 코드 Talys를 이용하여 수행하였다. 본 연구의 결과는 단면적 값들 사이에 존재하는 

불일치를 해결하고 믿을 만한 기본 자료를 제공하는데 도움을 줄 것이다.

결론적으로 현재 실험에서 수행된 하전 입자 유도 단면적 자료는 고 도 양성자 

가속기의 건설과 운전에 필수적인 자료가 될 뿐만 아니라, 다양한 실제 응용을 위해 유용한 

방사성 동위원소의 생산에 중요한 자료가 될 것이다.

주제명키워드

(10단어내외) 
핵자료 측정  평가, 방사성 동 원소, 반응 단면 , 하  입자 입사 반응 



BIBLIOGRAPHIC   INFORMATION  SHEET     

Performing Org.

Report No.

Sponsoring Org.

Report No.
Stamdard Report No.  INIS Subject Code

  KAERI/TR-3602/2008  

Title / Subtitle 

Measurements and Evaluation of Nuclear Reaction Cross Sections 

Leading to Various Practical Applications in Science and Technology

Project Manager 

and  Department

(or Main Author)

Mayeen Uddin Khandaker (Quantum Optics Dept.)

Researcher and 

Department
 Young-Ouk Lee, Young-Sik Cho ( Quantum Optics Dept.)

Publication

Place 
Publisher KAERI 

Publication   

Date
2008. 7

Page  231 p. Ill. & Tab. Yes( O ),  No (  )  Size     21x30 cm

Note  

Open Open( O ),  Closed(  )
Report Type   Technical Report

Classified Restricted( ), ___Class Document

Sponsoring Org. Contract No.

Abstract (15-20 Lines)

This report contains the measurements and evaluation of production cross sections of some 

medically and technologically important radionuclides over the energy range 1-40 MeV by 

using a conventional stacked-foil activation technique combined with high purity 
germanium (HPGe) -ray spectrometry. The irradiations were done by using the external 

beam line of the MC-50 cyclotron at the Korea Institute of Radiological and Medical 

Sciences (KIRAMS). The standard cross sections for monitor reactions were taken from 

IAEA web site. Integral yields for the investigated radionuclides were deduced using 

the measured cross-sections. Reported data were compared with the available 
literature data, theoretical calculations by the codes TALYS and ALICE-IPPE, and a 
good overall agreement among them was found. 

Subject Keywords

(About 10 words)

nuclear data measurements and evaluation, radioisotopes, cross 

section, charged-particle induced reaction


	표제지
	제출문
	요약문
	목   차
	1. Research paper(s):
	1.1 Excitation functions of proton induced nuclear reactions on natW up to 40 MeV: Nuclear Instruments and Methods in Physics Research B 266 (2008) 1021-1029 1
	1.2 Experimental Study of the Production Cross-Sections for 117m,113Sn   from Proton Irradiation on a natSn Target:  Journal of the Korean Physical Society, Vol. 53, No. 2, August 2008 21
	1.3 Production Cross-Sections for the Residual Radionuclides from the natCd(p, x) Nuclear Processes:  Accepted for publication at Nucl. Instru.and Meth. in Phys. Research B  32
	1.4 Experimental study of proton induced cross-sections on natural cadmium leading to the production of 111In radionuclide: Accepted for publication at Journal of Nuclear Science and Technology 63
	1.5 Production Cross-Sections of 186Re Radionuclide from the Proton Bombardment on Natural Tungsten: Accepted for publication at Journal of Nuclear Science and Technology 67
	1.6 Excitation functions of the proton induced nuclear reactions on natSn up to 40 MeV: Under review at Nuclear Instr. and Meth. in Phys. Res.B 71
	1.7  Excitationfunctions for the 27Al(p, x)22, 24Na nuclear reactions up to 40 MeV:   Under review at Applied Radiation and Isotopes   91
	1.8 Experimental determination of proton-induced cross-sections on natural zirconium:   Under review at Applied Radiation and Isotopes  100
	1.9 Production Cross-sections of Residual Radionuclides from Proton Irradiations on Natural Silver: To be submitted at Nuclear Instruments and Methods in Physics Research B 114
	1.10 Measurement of Activation Cross-sections for the natPd(p,x) processes upto 40 MeV: To be submitted at IEEE Transaction on Nuclear Science 130
	1.11 Investigations of the natTi(p, x)43,44m,44g,46,47,48Sc,48V nuclear processes up to 40 MeV: To be submitted at Nuclear Instruments and Methods in Physics Research B 144

	2. Proceeding(s)
	2.1 Excitation function for the 27Al(p, x)24Na monitor reaction: Transactions of the Korean Nuclear Society Spring Meeting, Gyeongju, Korea, May 29-30, 2008 163
	2.2 Cyclotron production of the 105Rh radionuclide from natural Palladium: Transactions of the Korean Nuclear Society Spring Meeting, Gyeongju, Korea,  May 29-30, 2008 166
	2.3 Production Cross-sections for the Residual Radionuclides from the  natPd(p,x) and natCd(p,x) Processes up to 40 MeV:   16th Pacific Basin  Nucl.  Conf. (16PBNC), Aomori, Japan, Oct. 13- 18, 2008, PaperIDP16P1279  169
	2.4 Excitation functions for the natSn(p,x)111In,117mSn and natZr(p,x)86Y,89gZr nuclear  reactions: Int’l. Conf. on the Phys. of Reactors "Nuclear Power: A Sustainable Resource" Casino-Kursaal Conference Center, Interlaken, Switzerland, September 14-19, 2008 175

	3. CRP work for IAEA
	3.1 Nuclear data evaluation for the production of non-standard positron emitters for medical applications 185

	서지정보양식



