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Abstract 

The excitation functions of the 55Mn(p,x)51Cr, 54Mn reactions were measured up to 30-MeV 

proton energy. The experiment was performed at the RIKEN AVF cyclotron using the stacked-foil 

activation technique. High-purity germanium (HPGe) detectors were used for the gamma-ray 

spectrometry. Obtained results were compared with previous experimental data and the prediction 

of the TALYS nuclear reaction model code available in the TENDL-2021 library. Physical thick 

target yields of 51Cr and 54Mn were derived from the measured cross sections. 
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1.  Introduction 

Manganese has been widely used as an important chemical composition of ferritic steels used 

for reactor pressure vessels, and as mechanical properties of stainless steels used in nuclear facilities 

[1]. The manganese metal is also an important component to strengthen aluminum alloys, which are 

used in accelerator technology [2]. The alloys containing manganese work under irradiation and the 

reactions of manganese are worthy to be investigated. 

Manganese is a monoisotopic element, and composed of one stable isotope 55Mn. This 

facilitates the study of cross sections on the monoisotopic target 55Mn without isotope enrichment. 

The cross sections are of great significance for thin layer activation technology, radionuclide 

production, the development of nuclear reaction model codes and so on [3]. 

Proton-induced reactions on manganese can produce some radionuclides used for application. 

The radionuclide 51Cr produced from the reactions, with a half-life of T1/2 = 27.8 d, decays by an 

electron capture accompanied by the emission of gamma rays of 320 keV. Chromium is essential 

element in blood cells, thus the radioactive 51Cr was used for the labeling of red blood cells, which 

contributed to the measurement of the mass and volume of living systems [4, 5]. The 51Cr-labeled 

albumin can also be used for the detection of protein loss in the gastrointestinal tract [6, 7]. Another 



 

 

radionuclide produced in the reactions, 52gMn, with a half-life of T1/2 = 5.6 d, decays by electron 

capture and positron emission. It is also a medical radioisotope, which can be used in positron 

emission tomography (PET) [8, 9]. The radionuclide 54Mn with a rather long half-life of 312.3 d, 

decays by electron capture and emits a single gamma ray of 834.8 keV. This appropriate property 

makes 54Mn to be a standard test source for the calibration of the gamma-ray detectors [10]. 

In this work, we focused on proton-induced reactions on manganese. In the literature survey 

using the EXFOR library [11], we found several studies published earlier [12-19] below 30 MeV, 

where the peaks of the production cross sections of 51Cr and 54Mn are located. The experimental 

data of Levkovskii (1991) [11] were required to be normalized by a factor, for which 0.82 was 

adopted [20]. The comparison of the experimental data showed that the peak amplitudes of the 

experimental data were inconsistent. 

Therefore, in this research, we measured the activation cross sections of the proton-induced 

reaction on 55Mn. The results were compared with the former published experimental values, and 

also theoretical calculation values based on the TALYS code derived from the TENDL-2021 data 

library [21]. This study is expected to contribute to the production of radionuclides for applications 

and the development of theoretical model codes. 

 

2. Material and methods 

For the measurements of excitation functions of the proton-induced reactions on manganese 

targets up to 30 MeV, we adopted the well-known and established stacked-foil activation technique. 

The experiment was performed at the AVF cyclotron of the RIKEN RI Beam Factory, Wako, Japan.  

The stacked target consisted of thin foils of manganese alloy, pure titanium and aluminum. The 

manganese alloy consisted of copper, manganese, and nickel, which was expected to preserve 

uniformity in both thickness and elemental ratio. To take into account the influence of manganese 

alloy composition on the experimental results, we analyzed the elemental ratio of the manganese 

alloy foil before irradiation. A scanning electron microscopy with energy dispersive spectroscopy 

using a microscope (Hitachi TM4000 Plus II) was performed, and the mass ratio of the components 

in the manganese alloy was found to be Mn 12.5%, Cu 85.2% and Ni 2.2%. The natural titanium 

foil (99.6% purity, Nilaco Corp., Japan) was used for the natTi(p,x)48V monitor reaction to assess 

beam parameters and target thicknesses. The monoisotopic element 27Al foil (>99% purity, Nilaco 

Corp., Japan) was interleaved for energy degradation and collection of the recoiled products 

produced from the Ti foils adjacent at the upstream of the beam. The configuration of the stacked 

target was seventeen sets of Mn-Mn-Ti-Ti-Al foils. Only gamma spectra from second foils of 

manganese alloy and Ti were measured assuming compensation of recoiled products. The average 

thicknesses of the foils were derived before cutting to small foils, which were 24.6, 8.70, and 13.8 

mg/cm2 for manganese alloy, Ti, and Al foils, respectively. The foils were cut into a size of 8×8 

mm to fit a target holder. The target holder also served as a Faraday cup.  

The target was irradiated for 20 minutes with a proton beam collimated to a 3 mm diameter. 



 

 

The average beam intensity measured by the Faraday cup was 182 nA. The primary beam energy 

determined by the time-of-flight method [22] was 30.1±0.1 MeV. The attenuation of energy in each 

foil was calculated by stopping powers obtained from the SRIM code [23].  

The high-resolution gamma-ray spectrometry was performed using two HPGe detectors (two 

ORTEC GEM30P4-70) and the analysis software (SEIKO EG&G Gamma Studio). The efficiency 

of the detectors was calibrated using a gamma-ray point source consisting of 57,60Co, 85Sr, 88Y, 109Cd, 

113Sn, 137Cs, 139Ce, 203Hg, and 241Am (Eckert & Ziegler Isotope Products). The related gamma lines 

were shown in Table 1, which were retrieved from the online databases, NuDat 3.0 [24], LiveChart 

[25], Lund/LBNL Nuclear Data Search [26] and QCalc [27].  

We used the following well-known equation [28] to derive the cross sections: 

𝜎 =
𝑁𝜆

𝑛𝑇𝐼𝜀𝑑𝜀𝛾𝜀𝑡(1 − 𝑒−𝜆𝑇𝑏)𝑒−𝜆𝑇𝑐(1 − 𝑒−𝜆𝑇𝑚)
 

where σ is the cross section (cm2), N is the net count of the characteristic gamma-line, λ is the decay 

constant of the radioisotope (s−1), nT is the atomic number areal density of the target (cm−2), I is the 

deuteron-beam intensity (s−1), εd, εγ, and εt are the efficiency of the HPGe detector, gamma-line 

branching ratio, and dead time correction, respectively. Tb, Tc, and Tm are the irradiation, cooling, 

and measurement times (s), respectively. 

To assess the beam parameters and target thicknesses, the cross sections of the natTi(p,x)48V 

monitor reaction were derived. We used net counts of the gamma line at 983.5 keV (Iγ = 99.98%) 

emitted from second Ti foils to derive the cross sections. The derived cross sections were compared 

with the recommended data of IAEA [29, 30]. According to the comparison with the recommended 

values in 2007 [29], the peak position of our excitation function curve was shifted to higher energy. 

To fit the peak position, the foil thicknesses and the primary beam energy was corrected within 

uncertainties by +1% and -0.1 MeV, respectively. The corrected thicknesses and beam energy were 

24.8, 8.79, and 13.9 mg/cm2 for manganese alloy, Ti, and Al foils and 30 MeV, respectively. The 

measured beam intensity was adopted without any correction. The cross sections of the monitor 

reaction using the corrected parameters are compared with the recommended values in Fig. 1. 

Table 1. Reaction and decay data retrieved from online databases 

Nuclide Half-life Decay mode 

(%) 

Eγ 

(keV) 

Iγ 

(%) 

Contributing 

reaction 

Q-value 

(MeV) 

Threshold 

(MeV) 
51Cr 27.7 d EC: 100 320.08244 9.911 

55Mn(p,nα) 
55Mn(p,dt) 

55Mn(p,npt) 

-9.5 
-27.1 

-29.3 

9.6 
27.6 

29.8 
54Mn 312.20 d EC+β+: 100 

β-: 0.93×10-4 
834.848 99.976 

55Mn(p,d) 
55Mn(p,np) 

-8.0 
-10.2 

8.1 
10.4 

48V 15.97d EC+β+: 100 983.53 
511.0 

1312.106 

99.98 
99.8 

98.2 

47Ti(p,γ) 
48Ti(p,n) 

49Ti(p,2n) 
50Ti(p,3n) 

6.8 
-4.8 

-12.9 

-23.9 

0 
4.9 

13.2 

24.4 



 

 

 

Fig. 1. The cross sections of the monitor reaction compared with the recommended values of 

IAEA [29, 30] 

 

We performed four series of measurements of the second manganese alloy foils to determine the 

cross sections of different radionuclides with different half-lives. The information related to our 

measurement were shown in Table 2. The fourth measurement was performed long after irradiation 

for the long-lived radionuclide 54Mn. We compared the consistency of the cross sections among the 

four series, and the cross sections derived from one measurement series with the proper cooling 

time were given in the result part. 

 

Table 2. Measurement information 

Series 
Distance Cooling time Dead time 

Ser. 1 
15 cm 18.4-21.1 h 0.1-2.6% 

Ser. 2 
5-30 cm 22.8-31.3 h <3.6% 

Ser. 3 
5 cm 52.8-76.9 h 0.5-3.2% 

Ser. 4 
5 cm 120-121 d <0.1% 

 

The total relative uncertainties were calculated by the square root of the summed squares of 

each uncertainty, as the following equation [31] 

∆𝜎

𝜎
= √(

∆𝑛𝑇
𝑛𝑇

)
2

+ (
∆𝐼

𝐼
)
2

+ (
∆𝑝

𝑝
)
2

+ (
∆𝜀𝑑
𝜀𝑑

)
2

+ (
∆𝜀𝛾

𝜀𝛾
)

2

+ (
∆𝑁

𝑁
)
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where ∆nT, ∆I, ∆p, ∆εd, ∆εγ, and ∆N are the uncertainties coming from target thickness (1%), beam 

intensity (5%), mass ratio (3.3%), detector efficiency (5%), gamma-ray branching ratio (<0.9%), 



 

 

and counting statistics (0.5–44.8%), respectively. The estimated total uncertainties of cross sections 

are 7.9-45.5%. 

 

3. Results and discussion 

The production cross sections with total uncertainties are listed in Table 3 and displayed in Fig. 

2 and 3 with the previously published data [12-19] and theoretical prediction data retrieved from 

the TENDL-2021 library [21]. The experimental data of Levkovskii (1991) [11] were normalized 

by the factor of 0.82, because of the deviation of the natMo(p,x)96Tc monitor reaction [20]. 

Contributions from copper and nickel in the target material were considered using the theoretical 

values of TENDL-2021 [21]. 

 

 Table 1. Production cross sections (mb) in the 55Mn(p,x) reactions. 

Energy (MeV) 51Cr 54Mn 

29.6±0.1 76.5±6.5 370±27 
28.5±0.1 75.9±6.4 391±28 
27.5±0.1 81.2±6.8 436±32 
26.4±0.1 81.5±6.5 458±33 
25.2±0.1 75.0±6.0 491±36 
24.0±0.1 68.4±5.1 499±36 
22.8±0.2 58.7±5.1 494±36 
21.5±0.2 51.3±5.3 487±35 
20.2±0.2 41.0±4.3 451±33 
18.8±0.2 21.4±3.1 392±28 
17.3±0.2 7.96±2.57 320±23 
15.7±0.3  218±16 
14.0±0.3  92.6±6.9 
12.0±0.3  7.91±0.79 

 

3.1. Formation of the 51Cr radionuclide 

The spectra were measured after the cooling time of 52.8 hours. The cross sections of 51Cr 

production were derived using the gamma line at 320.0824 keV (Iγ = 9.91%). The 51Cr is mainly 

produced by the 55Mn(p,nα)51Cr reaction in our energy range due to its rather low threshold energy 

of 9.6 MeV. The other channels of the 55Mn(p,dt) 51Cr and 55Mn(p,npt) 51Cr reactions have threshold 

energies of 27.6 and 29.8 MeV, respectively. The copper in the target material never produces 51Cr 

nor its parent nuclide 51Mn according to the threshold energy. The other alloy component nickel has 

a reaction channel 58Ni(p,2α)51Mn with a low threshold energy of 9.7 MeV, but its cross sections 

reach 0.22 mb at 30 MeV according to TENDL-2021 and were negligible.  

The derived cross sections are shown in Fig. 2 in comparison with the former experiment data 

[12-17] and the theoretical prediction of TENDL-2021 [21]. The cross sections recommended by 

IAEA [32] using six selected experimental datasets [12-16, 33] are also included in Fig. 2, which 

are higher than our result above 22 MeV. The data of Michel et al. (1997) [14] and the normalized 

data of Levkovskii (1991) [11] above 22 MeV are consistent with our data. The other experimental 

data at around the peak are larger than ours. The TENDL-2021 underestimates the cross sections 

above 17 MeV. 



 

 

 

Fig. 2 Cross sections of the 55Mn(p,x)51Cr reaction with the previous data [12-17, 32] and the 

TENDL-2021 [21]. 

 

3.2. Formation of the 54Mn radionuclide 

We adopted a longer cooling time of 120 days to determine the cross sections of 54Mn. The 

photopeak area of the gamma line at 834.848 keV (Iγ = 99.976%) was counted. The 54Mn was 

produced by the 55Mn(p,d) and 55Mn(p,np) reactions with threshold energy of 8.1 and 10.4 MeV, 

respectively. The alloy component 63Cu could generate 54Mn through 63Cu(p,d2α) (Eth = 21.0 MeV) 

and 63Cu(p,np2α) reactions (Eth = 23.3 MeV), but the cross sections of the reactions are negligibly 

small below 30 MeV according to TENDL-2021 [21]. The contribution of the other alloy component 

nickel was also negligible according to the abundance and predicted cross sections in TENDL-2021. 

Our result is shown in Fig. 3 and compared with the formerly published data [12-19] and the 

theoretical prediction of TENDL-2021 [21]. The experimental data of Levkovskii (1991) [11] 

normalized by the factor 0.82 [20] and the prediction values of TENDL-2021 [21] are consistent 

with our result, while the most data of the other studies are higher than our data. 



 

 

 

Fig. 3 Cross sections of the 55Mn(p,x)54Mn reaction with the previous data [12-19] and the 

TENDL-2021 [21]. 

 

3.3. Formation of the 52gMn radionuclide and effect of iron contamination 

The ground state 52gMn has a half-life of 5.591 days and is produced by the 55Mn(p,nt)52gMn 

reaction above its threshold energy at 23.2 MeV. The photopeak area of the gamma line at 935.538 

keV (Iγ = 94.5%) was counted. We used the spectra measured after the cooling time of 52.8 hours 

to derive its production cross sections. The metastable state 52mMn (Jπ = 2+) with a short half-life of 

21.1 min decays to the ground state by the isomeric transition with a small branching ratio of 1.78%. 

The metastable state 52mMn decayed before measurements and the net counts contained the 

contribution of 52mMn decay. Copper, a component of the manganese alloy, cannot produce 

52g,52mMn in the energy region. 58Ni, the most abundant isotope of another component nickel, 

contributes negligibly small cross sections to produce 52g,52mMn according to TENDL-2021 [21].  

The derived cross sections of the 55Mn(p,x)52gMn reaction were compared with the formerly 

published data [12, 14, 16] and the theoretical prediction of TENDL-2021. Our results were much 

higher than the experimental and theoretical values. In addition, some data points existed below the 

threshold energy of the 55Mn(p,nt)52gMn reaction. This would be due to iron contamination that was 

unmeasurable in our elemental analysis. According to the comparison of the derived cross sections 

with experimental ones of proton bombardment on iron [34], we found that the shape of the 

excitation function was consistent and the possible iron contamination was 0.7% at maximum. 

Therefore, the cross sections of the 55Mn(p,nt)52gMn reaction could not be derived. The contaminant 

less affects the other cross sections for 54Mn and 51Cr production because of the low mass ratio 

(Fe/Mn < 0.056) and smaller cross sections below 30 MeV. 

 

3.4. Thick target yields of 51Cr and 54Mn 



 

 

We calculated thick target yields of 51Cr and 54Mn from the derived cross sections. The results 

are shown in Fig. 4 and Fig. 5 as a function of proton energy. The thick target yields of 51Cr reaches 

981.3 MBq/C at 29.6 MeV. Our result curve in good agreement with the former experimental results 

of Dmitriev et al. (1983) [35]. The yield calculated from the recommended cross sections of 

55Mn(p,x)51Cr could also be exported from the IAEA [32], and compared with our results. The 

recommended yields are higher than ours at energy higher than 24.2 MeV, and reach 1147 MBq/C 

at 30 MeV. 

The longer-lived 54Mn could be generated and its yields reach about 713.1 MBq/C at 29.6 MeV, 

although chemical separation is difficult for its application production. The thick target yields of 

54Mn derived from our data were little higher than the two former results of Krasnov(1966) [36] and 

Dmitriev(1983) [35]. 

 

Fig. 4. Thick target yields of 51Cr. 

 

 



 

 

Fig. 5. Thick target yields of 54Mn. 

 

4. Summary 

The excitation function measurement for the proton-induced reactions on 55Mn was performed 

up to 30 MeV at the RIKEN AVF cyclotron. The stacked-foil activation technique and high-

resolution gamma-ray spectrometry were used for this experiment. The production cross sections of 

51Cr and 54Mn were measured. The derived data were compared with the theoretical values of 

TENDL-2021 and the previously published data. The obtained results can contribute to applications 

and the development of nuclear reaction model codes. 
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