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Abstract: Excitation functions for the formation of the 
radionuclides 56Co, 57Co, 58m+gCo and 54Mn via proton 
induced reactions on natural iron target were measured 
from their respective thresholds up to 16 MeV using the 
stacked-foil activation technique and HPGe detector 
γ-ray spectroscopy. In the threshold energy range, the 
low cross sections for 54Mn were measured radiochemi-
cally. All the measured values were compared with avail-
able experimental data and with theoretical calculations 
reproduced in TENDL-2015 nuclear data library. New data 
for the formation of 57Co, 58Co and 54Mn were obtained 
near their reaction thresholds. Other data obtained 
strengthen the database. Polynomial fittings of the data 
measured in this work as well as of all data sets (includ-
ing the present data) were performed. The present data 
appear to be closer to theoretical calculations than the 
literature data.

Keywords: natFe target, 16.7 MeV protons, stacked-foil acti-
vation technique, BC 1710 cyclotron, excitation function, 
radiochemical separation.

1  �Introduction
Activation cross sections of charged-particle induced 
reactions are important both for theoretical considera-
tions and practical applications [cf. 1–4]. In this work we 
measured data on iron which is used as structural mate-
rial in nuclear facilities. The cross sections for the forma-
tion of long-lived radioisotopes, e. g. 56Co, 57Co, 54Mn, etc. 
are needed in several areas, for example, waste disposal 
studies on activated accelerator components, thin layer 
activation analysis, preparation of calibration sources for 
Mössbauer spectrometry, γ-ray spectrometry and Single 
Photon Emission Tomography (SPECT), etc. Furthermore, 
several enriched isotopes of iron are used as target mate-
rials in production of non-standard positron emitters, 
e. g. 55Co, 57Ni, etc., for medical use. A few groups reported 
cross section data sets for several (p,x) reactions induced 
in the iron target, using both natural iron and a few highly 
enriched iron isotopes [5–23]. There are some discrepan-
cies in the reported data and the information available 
near the reaction thresholds is rather weak. Two meas-
urements using natFe and enriched 57Fe as targets were 
reported previously from the Forschungszentrum Jülich 
[19, 22]. In the first work the emphasis was on the funda-
mental analysis of reaction mechanisms whereas in the 
second paper more accurate data for applications were 
presented. Recently special attention has been devoted to 
lower energy region (<5 MeV), and the results for natNi and 
60Ni targets have been reported [3, 24]. Now we measured 
the data on natFe with particular emphasis on the energy 
range near the reaction threshold. For determining very 
low cross sections of 54Mn, radiochemical separation was 
performed. The data were compared with nuclear model 

*Corresponding author: Md. Shuza Uddin, Tandem Accelerator 
Facilities, Institute of Nuclear Science and Technology, Atomic 
Energy Research Establishment, Savar, Dhaka, Bangladesh; 
and Institut für Neurowissenschaften und Medizin, INM-5: 
Nuklearchemie, Forschungszentrum Jülich, D-52425 Jülich, 
Germany, E-mail: md.shuzauddin@yahoo.com
Animesh Kumer Chakraborty: Tandem Accelerator Facilities, 
Institute of Nuclear Science and Technology, Atomic Energy 
Research Establishment, Savar, Dhaka, Bangladesh; and 
Department of Physics, Chittagong University of Engineering and 
Technology, Chittagong, Bangladesh
Stefan Spellerberg, Ingo Spahn and Syed M. Qaim: Institut 
für Neurowissenschaften und Medizin, INM-5: Nuklearchemie, 
Forschungszentrum Jülich, D-52425 Jülich, Germany
Md. Asad Shariff: Tandem Accelerator Facilities, Institute of Nuclear 
Science and Technology, Atomic Energy Research Establishment, 
Savar, Dhaka, Bangladesh
Md. Abdur Rashid: Department of Physics, Chittagong University of 
Engineering and Technology, Chittagong, Bangladesh

Bereitgestellt von | Forschungszentrum Juelich
Angemeldet

Heruntergeladen am | 25.01.18 15:59

mailto:md.shuzauddin@yahoo.com


986      M. S. Uddin et al., Excitation functions of proton induced nuclear reactions

calculations to draw some information on the reaction 
mechanism.

2  �Experimental

2.1  �Samples and irradiations

The cross sections of the proton induced nuclear reactions 
on iron of natural isotopic composition were measured by 
the well-known stacked-foil activation technique. Each stack 
consisted of thin foils (10 and 25 μm) of iron target, copper 
monitor (25 μm) and aluminum absorber (50 μm). Several 
copper foils were inserted in a stack to follow the beam para-
meters along the stack. The 25 μm thick iron foils were placed 
in the front section of a stack and a number of 10 μm thin 
iron foils in the back part of the stack, where the energy of 
the proton beam was reduced to <10 MeV, to keep the energy 
spread in each foil to a minimum. Each foil was cut into a 
circular size of 13 mm diameter. Four stacks were prepared 
for irradiation. Three stacks were irradiated for 120 min and 
the fourth one for 60 min with protons of energy 16.7 MeV at 
the Baby Cyclotron BC1710 of the Forschungszentrum Jülich, 
Germany. The irradiation facility has been recently well char-
acterized [25]. During the irradiation the beam current was 
1 μA. Details related to sample preparation and irradiations 
have been recently described [cf. 24].

The energy of the extracted particle beam was given 
by the accelerator parameters. The primary energy of the 
protons incident on the first Cu foil was, however, deter-
mined by comparing the measured ratio of the 62Zn/65Zn 
activities [cf. 24–26] with that from the IAEA recommended 
excitation functions of the two relevant reactions, namely 
natCu(p,x)62Zn and natCu(p,x)65Zn [cf. 27].

The beam energy degradation along the stack was 
calculated using the computer program STACK which was 
written at the Forschungszentrum Jülich, based on the 
energy-range relation described by Williamson et al. [28]. 
The excitation functions of the monitor reactions were 
measured to check the beam parameters along the stack.

2.2  �Measurement of radioactivity

The radioactivity of a reaction product in the activated 
target or the monitor foil was generally measured nonde-
structively using HPGe detector γ-ray spectrometry. The 
activity measurement was started about 4 h after the end 
of irradiation to allow decay of short-lived radionuclides 
to suppress the disturbing background in the γ-ray spec-
trum. To keep the dead time below 3 %, samples were 
counted at a distance of 20  cm, 10  cm or 3  cm from the 
detector surface, depending on the level of the activity. 
Each sample was recounted 2–3 times by giving sufficient 
cooling interval to check the half-life of the activation 
product as well as to avoid disturbance by overlapping γ-
lines from undesired products. The 58Co activity was meas-
ured after proper waiting time to allow complete decay of 
the short-lived isomeric state.

The efficiency versus energy curve of the HPGe 
γ-ray detector was determined using the standard point 
sources 57Co, 60Co, 133Ba, 137Cs and 152Eu, traceable to PTB 
Braunschweig, Germany. The decay data of the investi-
gated radionuclides were generally taken from the LUND/
LBNL database [29]; they are given in Table 1. The thresh-
old energy given for each reaction does not include the 
Coulomb barrier. The experimental reaction threshold 
for each activation product deduced from the respective 
figure is also given in Table 1.

Table 1: Decay properties of the investigated radionuclidesa formed in the interactions of natFe with protons of energy  <  16 MeV.

Product radionuclide Half-life γ-ray energy (keV) Iγ(%) Contributing reaction Q-value (MeV) Threshold energy (MeV)b

56Co 77.27 d 846.8 100.0 56Fe(p,n)56Co −5.35 5.45
1037.8 13.9 57Fe(p,2n)56Co −13.00 13.23

57Co 271.79 d 122.0 85.6 56Fe(p,γ)57Co 6.03 0.00
136.5 10.7 57Fe(p,n)57Co −1.62 1.65

58Fe(p,2n)57Co −11.66 11.87
58Co 70.86 d 810.8 99.0 57Fe(p,γ)58Co 6.95 0.00

58Fe(p,n)58Co −3.10 3.14
54Mn 312.30 d 834.8 99.9 57Fe(p,α)54Mn 0.24 0.00

58Fe(p,αn)54Mn −9.83 10.00

aChu et al. [29].
bThe threshold energy given for each reaction does not include the Coulomb barrier. The experimental reaction thresholds deduced from 
Figures 2–5 for various activation products are: 56Co(5.5 MeV); 57Co(1.8 MeV); 58Co(2.3 MeV); 54Mn(4.8 MeV).
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2.3  �Radiochemical determination of 54Mn

In several samples irradiated with <8 MeV protons, 54Mn 
could not be detected due to very strong cobalt activities, 
especially 56Co. An independent radiochemical study was 
therefore carried out. Two separate stacks containing the 
above mentioned foils (i. e. Fe, Cu and Al) were irradiated, 
each for 120 min with 16.7 MeV protons at 1 μA at BC 1710 
in Jülich. The calculation of the effective energy for each 
foil as well as of the proton flux was done as described 
above.

After a decay period of about 6  months, radioman-
ganese was chemically separated using the method 
described by Zaman et al. [30]. Each Fe foil was dissolved 
in 4 mL of conc. HCl and 2 mL of H2O2. The solution was 
evaporated to dryness to remove H2O2, the residue was 
taken up in 5  mL of conc. HCl and Fe was removed by 
extraction with two 10 mL portions of diethyl ether satu-
rated with conc. HCl. The aqueous solution was evapo-
rated to dryness slowly to remove traces of ether. The 
residue was taken up in 10 mL of conc. HCl. It contained 
radiocobalt and radiomanganese at the no-carrier added 
level. It was then transferred to a small quartz column 
(φ = 2.0 cm, height = 10 cm) filled with the anion-exchange 
resin Dowex 1 × 8, chloride form, 100–200 mesh (FLUKA). 
The column was conditioned with 10  mL of conc. HCl, 
then eluted with 10 mL of 6 M HCl whereby radiomanga-
nese was eluted. The column was finally eluted with 1 M 
HCl to remove the remaining activities [cf. 31].

The collected radiomanganese fraction was concen-
trated by evaporation to a volume of about 0.5 mL. It was 
transferred to a plastic vial and counted directly on the 
surface of a HPGe detector. The γ-ray spectrum obtained 
showed a clear peak of 54Mn at 834.8 keV even in those 
samples which were obtained from natFe targets irradi-
ated with <8 MeV protons (where non-destructively no 
54Mn was seen). A section of the γ-ray spectrum without 
chemical separation as well as with chemical separa-
tion of radiomanganese is reproduced in Figure 1. The 
spectrum showed, besides 54Mn, also γ-lines of 56Co and 
58Co. It was estimated that the radiocobalt carried in the 
radiomanganese fraction was <0.1 % of its total amount 
in irradiated natFe. Thus a decontamination factor of 103 
was achieved. This meant that the background activity 
had considerably decreased but the chemical separation 
of 54Mn was not very clean. Nonetheless, it was possible 
to determine the area under the 834.8 keV peak of 54Mn 
accurately, i. e. without interference from the 810.8 and 
846.8 keV peaks of 58Co and 56Co, respectively. Each sepa-
rated sample was counted for at least 24 h to achieve good 
counting statistics.

For each separated sample, the 54Mn count rate obtained 
had to be corrected for two experimental parameters:
(a)	 Extended source effect. Two relatively strong samples 

were counted directly on the surface of the detector 
and at a distance of 10  cm. By a comparison of the 
count rates and considering the efficiencies at the two 
positions, a correction factor for the extended nature 
of the source was determined.

(b)	 Yield of chemical separation. While chemically pro-
cessing two irradiated Fe foils, a very small quantity 
of the radionuclide 52Mn (T1/2 = 5.6 d; Eγ = 1434 keV; 
Iγ = 100 %) was mixed as a radioactive tracer. This radi-
onuclide was produced in no-carrier- added form sep-
arately at the cyclotron BC 1710 via the 52Cr(p,n)52Mn 
reaction as described earlier [25, 32]. By a comparison 
of the 52Mn activity before and after the chemical sep-
aration, the yield of separation was determined. On 
average it amounted to 75 ± 3 %.

Counts decreased
by a factor of 450
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Figure 1: Part of the γ-ray spectrum, (a) of natural iron target irradi-
ated with protons, (b) of radiochemically separated radiomanga-
nese fraction.
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After the above mentioned two corrections, the count rate 
of 54Mn was treated the same way as for other reaction 
products obtained non-destructively.

2.4  �Proton flux measurement

The proton beam flux was measured by charge integration 
before reaching the target. The beam flux effective in the 
target was determined exactly via the monitor reactions 
natCu(p,x)62Zn and natCu(p,x)65Zn induced in the Cu-foil 
mounted in front of each stack. The standard cross section 
values for the above monitor reactions were taken from 
the IAEA recommended excitation functions [27]. The 
flux values from the above two monitor reactions agreed 
within 6 %. The average of the two values was used to cal-
culate the reaction cross section. This value was treated as 
constant over the stack.

2.5  �Calculation of cross section and estima-
tion of uncertainty

The count rate of each product radionuclide was converted 
to decay rate by applying the usual corrections, like the 
intensity of the γ-ray used, the efficiency of the detector, 
pile-up and coincidence loss, etc. and thereafter extrapo-
lated to the end of bombardment (EOB). From the decay 
rate at EOB and the proton flux determined via the monitor 
reaction, the radionuclide production cross section was 
calculated using the well-known activation equation. 
The overall uncertainty in the cross section was obtained 
by a quadratic summing of the individual uncertainties, 
namely counting statistics (0.1–7 %), spectrum analysis 
(0.5–5 %), efficiency of the detector (4 %), half-life of the 
product (0.1–1.6 %), γ-ray intensity (0.2–6 %), coincidence 
loss (<0.5 %) and monitor reaction cross section (6 %). 
The uncertainty in the number of target nuclei of <1 % was 
also included. For chemically separated samples a further 
uncertainty of 5 % in the separation yield was added. In 
general, the overall uncertainties associated with the 
measured cross sections were between 7 and 14 %.

3  �Results and discussion
The cross sections for the formation of the radionuclides 
56,57,58m+gCo and 54Mn via proton induced nuclear reac-
tions on natFe, measured non-destructively in this work 
from the respective threshold to 16 MeV, are summarized 
in Table  2. The estimated uncertainties in the measured 

cross sections and the energy spread in each foil are also 
presented. The data on the formation of 54Mn obtained 
radiochemically are given separately in Table 3. The exci-
tation functions of the investigated nuclear reactions are 
shown in Figures 2–5. Curve fitting to all the experimen-
tal data sets available in literature, including this work, 
was performed with high order polynomials. The present 
data were also fitted individually. The best fitting was 

Table 2: Cross sections for the formation of the radionuclides 
56,57,58m+gCo and 54Mn in interactions of protons with natFe, measured 
non-destructively via γ-ray spectrometry.

Proton 
energy 
(MeV)a

 
 

Cross section (mb)

56Co   57Co   58m+gCo   54Mn

15.7 ± 0.2  184 ± 13   4.8 ± 0.3   0.54 ± 0.05   1.11 ± 0.10
15.4 ± 0.2  200 ± 14   4.8 ± 0.3   0.56 ± 0.05   1.25 ± 0.12
15.0 ± 0.2  225 ± 16   5.4 ± 0.4   0.66 ± 0.06   1.11 ± 0.10
14.3 ± 0.2  288 ± 18   5.2 ± 0.4   1.06 ± 0.09  
13.8 ± 0.2  283 ± 20   5.7 ± 0.4   1.14 ± 0.08   1.13 ± 0.10
13.7 ± 0.2  312 ± 22   6.1 ± 0.4   1.23 ± 0.11   1.15 ± 0.11
12.9 ± 0.2  333 ± 23   7.6 ± 0.5   1.45 ± 0.13   0.90 ± 0.09
12.9 ± 0.2  334 ± 16   6.8 ± 0.5   1.25 ± 0.08  
12.0 ± 0.3  326 ± 23   8.5 ± 0.6   1.78 ± 0.13   0.86 ± 0.08
11.4 ± 0.3  343 ± 24   11.0 ± 0.8   2.04 ± 0.18   0.79 ± 0.07
11.2 ± 0.3  350 ± 22   9.7 ± 0.8   2.16 ± 0.16  
10.4 ± 0.3  331 ± 23   11.6 ± 0.8   1.99 ± 0.17   0.53 ± 0.05
10.0 ± 0.3  306 ± 21   11.6 ± 0.8   1.83 ± 0.14   0.61 ± 0.06
9.9 ± 0.3   318 ± 20   11.5 ± 0.8   2.02 ± 0.14  
8.7 ± 0.3   284 ± 20   11.4 ± 0.8   1.90 ± 0.18   0.49 ± 0.05
8.3 ± 0.3   269 ± 17   10.3 ± 0.8   1.80 ± 0.14  
7.9 ± 0.3   237 ± 17   10.8 ± 0.8   1.72 ± 0.13  
7.8 ± 0.3   236 ± 15   9.4 ± 0.7   1.45 ± 0.10  
7.7 ± 0.4   232 ± 16   10.7 ± 0.8   1.71 ± 0.16  
6.8 ± 0.4   175 ± 12   8.5 ± 0.6   1.45 ± 0.10  
6.4 ± 0.4   129 ± 9   8.2 ± 0.6   1.24 ± 0.10  
6.1 ± 0.4   117 ± 8   8.0 ± 0.6   1.28 ± 0.10  
5.8 ± 0.2   85 ± 6   7.5 ± 0.5   1.00 ± 0.10  
5.7 ± 0.2   57 ± 11   7.1 ± 0.5   0.78 ± 0.05  
5.1 ± 0.2   8.7 ± 0.6   6.6 ± 0.5   0.43 ± 0.03  
4.8 ± 0.2     6.0 ± 0.4   0.34 ± 0.03  
4.7 ± 0.2     5.9 ± 0.4   0.32 ± 0.03  
4.5 ± 0.2     5.0 ± 0.3   0.26 ± 0.02  
4.4 ± 0.2     4.8 ± 0.3   0.24 ± 0.02  
4.1 ± 0.3     4.0 ± 0.3   0.19 ± 0.02  
4.0 ± 0.3     3.8 ± 0.3   0.18 ± 0.02  
3.7 ± 0.3     3.0 ± 0.2   0.14 ± 0.01  
3.6 ± 0.3     2.7 ± 0.2   0.11 ± 0.01  
3.5 ± 0.3     2.2 ± 0.2   0.08 ± 0.01  
3.4 ± 0.3     1.7 ± 0.1   0.08 ± 0.01  
3.3 ± 0.3     1.4 ± 0.1   0.04 ± 0.004  
3.0 ± 0.3     1.0 ± 0.1   0.02 ± 0.003  
2.9 ± 0.3     1.0 ± 0.1   0.03 ± 0.004  
2.4 ± 0.3     0.5 ± 0.04   0.01 ± 0.002  

aThe deviation given here describes the energy spread within each foil.

Bereitgestellt von | Forschungszentrum Juelich
Angemeldet

Heruntergeladen am | 25.01.18 15:59



M. S. Uddin et al., Excitation functions of proton induced nuclear reactions      989

obtained with the polynomials from 3rd to 5th order. Both 
fitted curves are also shown in the figures. The theoreti-
cally calculated values were taken from the TENDL-2015 
library [33]. Those values are based on the TALYS code 
which takes into account the contributions of both com-
pound and precompound processes, besides considering 
the nuclear structure of the produced radionuclides.

3.1  �natFe(p,xn)56Co

Our measured cross sections for the formation of 56Co in 
the interaction of protons with iron of natural isotopic 

Table 3: Radiochemically measured cross sections of the 
natFe(p,x)54Mn process.

Proton energy (MeV)a   Cross section (mb)

14.3 ± 0.2   1.08 ± 0.12
12.9 ± 0.2   0.80 ± 0.10
11.2 ± 0.3   0.62 ± 0.08
9.9 ± 0.3   0.42 ± 0.06
8.3 ± 0.3   0.41 ± 0.06
7.8 ± 0.3   0.24 ± 0.03
6.4 ± 0.40   0.16 ± 0.02
5.8 ± 0.40   0.07 ± 0.01

aThe deviation given here describes the energy spread within  
each foil.
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Figure 5: Excitation function of the natFe(p,x)54Mn reaction.
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Figure 2: Excitation function of the natFe(p,xn)56Co reaction.
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composition are shown in Figure 2. The available experi-
mental data and theoretical values from the TENDL-2015 
library are also given. The contribution of the 57Fe(p,2n)56Co 
process (Ethr=13.23 MeV) should be negligible in our inves-
tigated energy range because of low abundance of 57Fe in 
natFe. Sudár and Qaim [19] reported the contribution of the 
above process as about 2 % up to 18 MeV proton energy. 
The major contribution to the formation of 56Co thus 
comes from the 56Fe(p,n)56Co reaction. The data sets for 
the 56Fe(p,n)56Co process, based on measurement on the 
enriched 56Fe target, could thus be converted to natural 
target over our investigated energy range. On this basis 
the data by Jenkins and Wain [7], Tanaka and Furukawa 
[5], Gadioli et al. [8] and Levkovskij [16] were normalized 
to natural target. In the latter case a reduction factor of 
0.82  was also applied as suggested by Qaim et  al. [34]. 
Our values are in agreement with many of the data sets 
within the experimental errors. A significant deviation 
was found only from the data of Tanaka and Furukawa [5], 
their values being 12–22 % higher around the peak of the 
excitation function than our values. The data by Kim et al. 
[23] and Schoen et al. [10] appear to be high in the higher 
energy range and those by Jenkins and Wain [7] and Lev-
kovskij [16] are low in the low energy region. In contrast, 
the data by Williams and Fulmer [6] are not comparable 
to this work because they show a large energy shift of 3–4 
MeV. In more detail, our data in the energy range of 7–9 
MeV are slightly higher than the other values and beyond 
the peak, i. e. between 13 and 15 MeV, somewhat lower 
than most of the literature values. Nonetheless, our data 
are in much better agreement with the theoretically cal-
culated TENDL-2015 curve than the fitted curve to all the 
available data. The database near the reaction threshold is 
strengthened, but a critical evaluation of all data appears 
necessary.

3.2  �natFe(p,x)57Co

The measured cross sections for the formation of 57Co are 
shown in Figure 3. The decay of 57Co is followed by the 
emission of 122 keV and 136 keV gamma rays. Both gamma 
rays lie in the energy range over which the efficiency curve 
of the HPGe detector is very sensitive; therefore, a reliable 
calibration of the detector was essential. A few groups 
[10, 13, 18, 19, 22, 23] reported data on the 57Co produc-
tion. Those data sets and the data compiled in the library 
TENDL-2015 are also shown in Figure 3. Our data are gen-
erally in good agreement with the other experimental 
data, except for a few data points which show deviation; 
for example, in the peak energy region the data by Sudár 

and Qaim [19] are slightly lower than the others, and just 
beyond the peak energy the data by Al-Abyad et  al. [22] 
and Kim et al. [23] are somewhat higher.

Three competing channels contribute to the produc-
tion of 57Co in our investigated energy range. From the 
report in TENDL-2015 library the (p,γ) process contributes 
to 57Co production up to about 80 % below 3 MeV. There-
after the contribution of the competing (p,n) channel 
rises sharply with the increasing energy and reaches a 
maximum value at around 9 MeV. At this energy the con-
tribution of the (p,γ) process is only 3 %. A visible contri-
bution of the (p,2n) process appears at about 13 MeV and 
at this energy the individual contributions of the (p,γ), 
(p,n) and (p,2n) processes to the production of 57Co from 
natFe are about 11 %, 82 % and 7 %, respectively. The low 
contribution of the (p,2n) process is due to its high thresh-
old as well as due to the low isotopic abundance (0.282 %) 
of the target isotope 58Fe in natural target.

Our results considerably strengthen the database up 
to 5 MeV and show good agreement with the theoretical 
calculations, except for the energy range between 5 and 8 
MeV where the theory predicts somewhat higher values, 
possibly due to an overestimation of the 56Fe(p,n)57Co reac-
tion cross section near its threshold.

3.3  �natFe(p,x)58m+gCo

The radionuclide 58Co has two isomeric states, a long-
lived ground state 58gCo (T1/2 = 70.86 d) and a metastable 
state 58mCo (T1/2 = 9.15  h). The metastable state decays by 
100 % isomeric transition to the ground state. The 810.8 
keV γ-ray emitted in the decay of 58gCo was measured after 
complete decay of 58mCo to the ground state. Thus the 
measured cross section describes the cumulative forma-
tion of 58gCo. The measured excitation function is shown in 
Figure 4 together with the available literature values and 
model calculation reported in the TENDL-2015 library. Two 
competing channels, namely (p,γ) and (p,n), contribute 
to the production of 58Co. The TENDL-2015 library shows 
the contribution of the former process to be low in com-
parison to the latter one. Sudár and Qaim [19] reported 
cross sections of the 58Fe(p,n)58m,gCo reaction based on 
measurements using natFe but normalized to the isotopic 
abundance of 58Fe. Those values were now renormalized 
to the natural target and the results are shown in Figure 4. 
Our data are in good agreement with most of the litera-
ture values within uncertainty limits, except for the data 
by Daum [21] which are consistently higher, presumably 
due to preliminary nature of those data. The agreement 
between the fitted curves obtained from all experimental 
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data (including this work) and that from only this work is 
excellent up to 12 MeV, although the TENDL-2015 values 
are rather high between 4 and 7 MeV. Thereafter, the fitted 
curve to present data becomes lower than the fit to all data. 
However, our data agree both in magnitude and shape 
with the TENDL-2015 curve in the upper energy region.

An important aspect of our measurements is the sig-
nificant strengthening of the database in the low energy 
region below 5 MeV.

3.4  �natFe(p,x)54Mn

The measured cross sections for the formation of the radio-
nuclide 54Mn (T1/2 = 312.3 d) in the interaction of protons 
with natFe target, obtained by both non-destructive γ-ray 
spectrometry and radiochemical analysis, are shown 
in Figure 5. The radionuclide 54Mn is possibly produced 
to a major extent via the 57Fe(p,α)54Mn channel on iron 
of natural isotopic composition, the contribution of the 
58Fe(p,αn)54Mn process being negligibly small due to low 
% of 58Fe and high threshold of the reaction. Due to low 
isotopic abundance of 57Fe (2.119 %) and long half-life of 
54Mn, the activity produced was very low and only a weak 
peak appeared in the γ-ray spectrum of samples irradiated 
with >8.5 MeV protons. Therefore, more uncertainties due 
to poor counting statistics and peak area analysis were 
added to the measured cross section values. In the lower 
energy range investigated by the radiochemical technique, 
however, even very low cross sections could be measured 
with reasonable accuracy. Al-Abyad et al. [22] determined 
the 54Mn formation cross sections from enriched 57Fe and 
also extrapolated the values from natFe taking into account 
the isotopic abundance of 57Fe in natural iron. Their values 
are shown in Figure 5 after normalization to natural target. 
Our values measured above 8.5 MeV are consistent with 
those values, except for some scatter in their data. Our data 
in the lower energy range are somewhat lower than those 
values but higher than the data by Daum [21] and Levkovs-
kij [16]. Comparing our results with other data we find that 
the values by Sudár and Qaim [19] are systematically lower 
by about 20 % and the data by Michel et al. [13] show large 
deviations. The data by Barchuk et al. [15] are so high that 
they are not comparable to our values as well as to other lit-
erature values. Daum [21] data in the energy region beyond 
15 MeV are also rather high. As regards TENDL-2015 library, 
the present data show good agreement with the theoretical 
curve over the investigated proton energy range.

Our radiochemical results, especially those below 8.3 
MeV, considerably strengthen the database and establish 
the reaction threshold at about 5.6 MeV.

4  �Conclusion
Excitation functions of the proton induced nuclear reac-
tions on iron leading to the formation of the radionu-
clides 56Co, 57Co, 58m+gCo and 54Mn were measured from 
threshold to 16 MeV. New detailed results near threshold 
energy have been obtained for all the four radionuclides. 
They allowed to deduce exact reaction thresholds of those 
long-lived activation products. The other data are of con-
firmatory nature and strengthen the database. The fitted 
curves to our data generally agree well with the theoreti-
cally calculated results given in TENDL-2015. The major 
contribution to each investigated reaction thus appears to 
be furnished by a combination of statistical and precom-
pound processes.
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