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Abstract: The isomeric yield ratios for the natFe(γ,xn1p)52m,gMn reactions have been measured 
by the activation and the γ-ray spectroscopic methods at 50-, 60-, 70-MeV, and 2.5-GeV 
bremsstrahlung energies. The high purity natural iron foils in disc shape were irradiated with 
uncollimated bremsstrahlung beams of the Pohang Accelerator Laboratory. The induced 
activities in the irradiated foils were measured by the high-resolution γ-ray spectrometry with a 
calibrated high-purity Germanium (HPGe) detector. In order to improve the accuracy of the 
experimental results the necessary corrections were made in the gamma activity measurements 
and data analysis. The obtained isomeric yield ratios for the natFe(γ,xn1p)52m,gMn reactions at 
50-, 60-, 70-MeV, and 2.5-GeV bremsstrahlung energies are 0.27 ± 0.03, 0.33 ± 0.04, 0.34 ± 
0.04, and 1.25 ± 0.15, respectively. The present results at 50-, 60-MeV, and 2.5-GeV 
bremsstrahlung energies are the first measurements. We found that the isomeric yield ratio of 
the natFe(γ,xn1p)52m,gMn reaction depends on the incident bremsstrahlung energy and the mass 
difference between the product and the target nucleus when we compared the present results 
with other experimental data at different energies.  

 

1. Introduction 
Isomeric yield ratios are of fundamental interest because they are useful for various studies 

related to nuclear reaction and nuclear structure such as transfer of angular momentum, spin 
dependence of nuclear level density, refinements in gamma transition theories and test of nuclear 
models [1-5]. However, there is not enough information on the formation of isomeric states and some 
discrepancies are observed among the literature values which might be attributed to variations in 
experimental methods and/or the nuclear constants used.  

Since many years, the isomeric yield ratios have been subjected to extensive studies for better 
understanding of the mechanism of such reactions leading to the residual nuclei with an isomeric state 
and unstable ground state. Most of the experiments have been done for the nuclear reactions induced 
by incident particles, especially with neutrons around 14 MeV [5-8]. The measurements with 
bremsstrahlung photons are rare and were carried out mainly for simple reactions at low energies [9]. 
This is due to the lack of intense photon sources and the inherent background problems at photon beams 
[10]. Although the bremsstrahlung photons carry relatively small momentum, it is a good tool for 
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investigating the dependences of isomeric yield ratios as a function of the incident photon energy and the 
mass difference (ΔA) between the product (Ap) and the target nucleus (At) [11]. 

In this work we have chosen the natFe(γ,xn1p)52m,gMn reaction for study. Iron and iron alloy are the 
most common materials in everyday life. Iron has important role in broad range of applications such 
as constructional material in different branches of industry, and in accelerator and reactor construction. 
In addition, the isomeric yield ratio for the natFe(γ,xnyp)52m,gMn reaction are very scanty. Kato and 
Oka [12] measured the isomeric yield ratio for the natFe(γ,xn1p)52m,gMn reaction by means of 
bremsstrahlung irradiation with maximum energies ranging from 30 to 72 MeV. Henry and Martin, Jr 
measured relative yields of 54Fe(γ,2n)52Fe : 54Fe(γ,pn)52Mn : 54Fe(γ,pn)52mMn by irradiating with 70-
MeV bremsstrahlung [13]. Walters and Hummel [14] also measured the isomeric yield ratio for the 
production of the 52Mn isomer from iron by irradiated with bremsstrahlung of maximum energy in the 
100- to 300-MeV range.  di Napoli et al., [15] also gave one average data measured in the energy 
region 300-1000 MeV. In the GeV energy region we have found only one data for the 
natFe(γ,xn1p)52m,gMn  reaction measured by activation method at 1.5 GeV bremsstrahlung energy by 
Kumbartzki and Kim [16]. Recently, we also measured the isomeric yield ratio for the 
natFe(γ,xn1p)52m,gMn reaction with 65-MeV bremsstrahlung [17].  

The aim of the present work is to extend our measurements to higher incident photon energy 
up to 2.5-GeV, and to understand the dependency of the incident bremsstrahlung energy and the mass 
difference (ΔA) between the product (Ap) and the target nucleus (At) [11]. The experiment was done 
at the electron linac of Pohang Neutron Facility (PNF) [18, 19] and 2.5-GeV electron linac of the 
Pohang Accelerator Laboratory (PAL) [20, 21].  

 

2. Experimental procedure 

2.1. Bremsstrahlung radiation sources 

The 50-, 60-, and 70-MeV bremsstrahlung beams were produced from the electron linac of PNF. 
The electron linac was designed for 100-MeV and can be operated from 40- to 70-MeV. The details 
of the electron linac and bremsstrahlung production are described elsewhere [18, 19]. The 
bremsstrahlung was produced when a pulsed electron beam hit a thin W target with a size of 100 mm 
× 100 mm and a thickness of 0.1 mm. The W target is located at 18 cm from the beam exit window. 

The experiment with 2.5-GeV bremsstrahlung was carried out at the 10o beam line of the main 
electron linac of the PAL [22]. The details of the 2.5-GeV electron linac and its applications were 
described elsewhere [20, 21]. The 2.5-GeV bremsstrahlung photons were produced when a pulsed 
electron beam hit a thin W target with a size of 50 mm × 50 mm and a thickness of 0.2 mm. The W 
target is located at 38.5 cm from the beam exit window. 

2.2. Sample irradiation  

A high-purity (99.559%) iron foil with a natural isotopic composition (54Fe-5.8%, 56Fe-91.72%, 
57Fe-2.2%, 58Fe-0.28%) made by Reactor Experiments Inc. (USA) was used for the irradiation. The 
diameter of all foils was 12.7 mm and thickness was 0.127 mm. The iron foils were placed in air and 
positioned perpendicular to the direction of the electron beam.  The iron foils were irradiated by the 
four different bremsstrahlung energies as follows: 4-h, 3-h, 3-h, and 4-h irradiations for 50-, 60-, 70-
MeV, and 2.5-GeV bremsstrahlung energies, respectively. During the irradiation, the electron linac of 
the PNF was operated with a repetition rate of 15 Hz and a pulse width of 2 μs, and the 2.5-GeV 
electron linac was operated with a repetition rate of 10 Hz and a pulse width of 1 ns. 
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2.3.  Activity measurements 
After an irradiation and an appropriate waiting time, the foils were taken off, and then the 

induced gamma activities of the irradiated foils were measured by using a γ-spectrometer, without any 
chemical purification. The γ-spectrometer used for the measurements was a coaxial CANBERRA 
high-purity germanium (HPGe) detector with a diameter of 60.5 mm and length of 31 mm. The HPGe 
detector was coupled to a computer-based multichannel analyzer card system, which could determine 
the photopeak-area of the γ-ray spectra by using the GENIE2000 (Canberra) computer program. The 
energy resolution of the detector was 1.80 keV full width at half maximum (FWHM) at the 1332.5 
keV peak of 60Co. The detection efficiency was 20% at 1332.5 keV relative to a 3” diameter × 3” 
length NaI(Tl) detector. The photopeak efficiency curve of the gamma spectrometer was calibrated 
with a set of standard gamma sources:  241Am (59.541 keV), 137Cs (661.657 keV), 54Mn (834.848 keV), 
60Co (1173.237 keV and 1332.501 keV), and 133Ba (80.997 keV, 276.398 keV, 302.853 keV, 356.017 
and 383.815 keV). The measured detection efficiencies were fitted by using the following function: 
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where ε is the detection efficiency, an represents the fitting parameters, and E is the energy of the 
photopeak, and E0 = 1 keV. The detection efficiencies as a function of the photon energy measured at 
different distances between the gamma source and the surface of the detector were illustrated in [17, 
23].  

The waiting and the measuring times were chosen based on the activity and the half-life of 
each radioactive isotope. In order to optimize the dead time and the coincidence summing effect we 
have also chosen the appropriate distance between the sample and the detector for each measurement. 
The activated foil was attached on a plastic sample holder and can be set at a distance from 5 mm to 
105 mm from the surface of the HPGe detector. Generally, the dead times were kept below 2% during 
the measurement and the statistical errors below 5%. Measured typical γ-ray spectra of the iron foil 
irradiated with 70-MeV and 2.5-GeV bremsstrahlung are given in Fig. 1.  

To measure the activities of the reaction products formed via the natFe(γ,xn1p)52m,gMn reaction 
we have chosen the γ-rays with high intensity and well separated. The activity of the irradiated foils is 
determined from the peak area of γ-ray and the detection efficiency at the peak energy. If the pulse 
nature of the irradiation sources is considered, the relation between the number of detected γ-rays, Nobs, 
and the reaction cross-section σ can be expressed as follows: 
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where N0  is the number of target nuclei, φ is the incident photon flux, ε is the detection efficiency for 
the measured γ-ray, Iγ is the branching ratio or intensity of the γ-ray, λ is the decay constant of the 
isotope of interest (λ= ln2/T1/2), τ is the pulse width, ti is the irradiation time, tw is the waiting time 
(the period between the end of irradiation and the start of counting), tc is the measuring time, and T is 
the cycle period.    
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(a) 

 
(b) 

Fig. 1. Typical γ-ray spectra from the natural Fe foil irradiated with (a) 70 MeV (ti = 3 h, tw = 44 min, 
tc = 30 min) and (b) 2.5 GeV (ti = 4 h , tw = 40 min, tc = 10 min) bremsstrahlung. 

3. Data analysis 

3.1. Basic equations for isomeric yield ratio 
 The cross-section for the formation of an isomeric-state relative to that of ground-state is 
called the isomeric cross-section ratio. In case of the bremsstrahlung photon irradiation, due to the 
continuity of the energy spectrum, the isomeric cross-section ratio can also be represented through the 
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yields of the two states instead of two cross-sections.  The yield of the isomeric- and the ground-state 
can be expressed as follows: 
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where i represents the isomeric-state (m) or the ground-state (g) of a isomeric pair product of interest, 
N0 is the number of target nuclei, σi(E)  is the  energy dependent reaction cross-section and φ (E) is the 
shape of the bremsstrahlung spectrum. Eγmax and Eth are the maximum end point energy of 
bremsstrahlung and the reaction threshold, respectively. 

By taking into account the fact that the ground-state radionuclide may be formed in two ways, 
directly from the target nuclide and/or indirectly through the decay of the isomeric nuclide, the 
production of a given isomeric pair and its decay during the activation time, ti, can be described by the 
following differential equations:    
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where Ni is the numbers of nuclei for i (= m, g) state, λm and λg are the decay constants of these states, 
and P is the branching ratio for the decay of the isomeric-state to the ground-state. 

By solving equations (4) and (5) in the three time intervals (the activation time ti, the waiting 
time tw, and the counting time tc) with consideration of the fact that the samples were irradiated by the 
pulsed bremsstrahlung beam, we can derive the isomeric ratio IR from the measured gamma activities 
as follows: 
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where Sm and Sg are the photopeak areas for the detected γ-rays of the isomeric-state and the ground-
state, εi is the detection efficiency for the γ-ray of interest, Iγ is the γ-ray intensity, λi is the decay 
constant of the i state (λ= ln2/T1/2 where T1/2 is the half-life of the radioactive isotope), and the other 
parameters are 
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with τ being the pulse width or the real irradiation time in the cycle period, ti the irradiation time, 
which is the time difference between the start and the stop of irradiation, tw the waiting time or the 
time between the end of irradiation and the start of counting, tc the counting or measuring time, and T 
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the cycle period. As we can see from Eq. (6), it is not necessary to measure the photon flux density 
because the isomeric pair was formed at the same reaction threshold. 

3.2. Determination of isomeric yield ratio 

The 52m,gMn isomeric pairs were identified based on their characteristic γ-ray energies and 
half-lives. The nuclear reactions and decay data of the 52m,gMn are taken from [24] and given in Table 
1. The simplified level and decay scheme of the 52m,gMn  is given in Fig. 2. The isomeric-state 52mMn 
(low-spin state, 2+) with a half-life of 21.1 min decays directly to the 1434.09 keV state of 52Cr (2+) by 
both β+ and electron-capture (EC) processes with a branching ratio of 98.0%. Meanwhile, only 1.75% 
of the isomeric-state decays to the unstable ground-state 52gMn (high-spin state, 6+) by emitting the 
377.74 keV γ-ray. The unstable ground-state 52gMn (6+) with a half-life of 5.591d decays to the 
3615.92 keV state of 52Cr (5+) by EC process with a branching ratio of 7.69%, and also to the 3113.86 
keV state of 52Cr (6+) by both a β+ and an EC process with a branching ratio of 91.4%. By considering 
the γ-ray intensity and energy as well as the possible interferences, the activity of the isomeric-state 
52mMn was determined based on the 1434.3 keV γ-peak. We did not use the 377.74 keV γ-ray for 
52mMn since its intensity is rather low (1.68%). In addition, the 377.74 keV γ-ray of 52mMn is also 
disturbed by the 377.75 keV (1.64%) γ-ray of 52Fe isotope formed via the natFe(γ,xn)52Fe reactions and 
by the 377.88 keV (42%) γ-ray of 53Fe isotope formed via the natFe(γ,x’n)53Fe reactions. The activity 
of the unstable ground-state 52gMn was determined by using the γ-ray of 744.23 keV.   

 

Table 1: Nuclear reactions investigated and decay data of reaction product, 52m,gMn [24]. 

Nuclear Reaction 
Threshold energy 

Eth [MeV] 

Half-life 

T1/2 

γ-ray energy 

Eγ [keV] 

γ-ray intensity 
Iγ  [%] 

natFe(γ,xn1p) 52mMn 40.70 21.1 min 377.75 

1434.07* 

 1727.53 

1.68 

98.29 

0.22 
natFe(γ,xn1p)52gMn 

 

40.32 5.591 d 

 

744.23*  

935.54  

1333.64  

1434.07 

90.64 

94.9 

5.07 

100 
* γ-rays used in calculations 
 

As we can see from the γ-ray spectra in Figs. 1 (a) and 1 (b) and decay scheme in Fig. 2, the 
744.23 keV photopeak is well separated, but the 1434.07 keV photopeak is a mixture of the 52mMn 
and the 52gMn radionuclide. In order to determine the activity of the 52mMn isotope by using the 
1434.07 keV photopeak, we have to subtract the contribution from the 52gMn. In the present work, the 
activity contribution from the 52gMn to the 52mMn was derived by measuring and analysing the decay 
curve of the 1434.07 keV photopeak. The analysis method was done by the same way as described in 
our previous work [25].  
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Fig. 2.  Simplified decay scheme of the isomeric pair 52m,gMn. The nuclear level energies are in 

keV. 
 
The main photonuclear reactions leading to the 52m,gMn isomeric pairs are as follows: 

54Fe(γ,np)52m,gMn, 56Fe(γ,p3n)52m,gMn, and 57Fe(γ,p4n)52m,gMn. In addition, the 52mMn can also be 
produced from the decay of 52Fe (T1/2 = 8.275 h) formed via the 54Fe(γ,2n), 56Fe(γ,4n), 57Fe(γ,5n), and 
58Fe(γ,6n) reactions with threshold energies of 24.07-, 44.58-, 52.23-, and 62.28-MeV, respectively. A 
52Fe decays to a 52mMn by positron emission and by electron capture with a branching ratio of 55.49% 
and 44.57%, respectively. This is followed by a γ-ray of 168.69 keV (99.2%) leading to 52mMn. 52mMn 
decays in two branches, with 98% goes to stable 52Cr and 1.75% goes to 52gMn. Therefore, the 
contribution from the 52Fe was corrected when we measured the activity of 52m,gMn.  

The isomeric pair 52m,gMn emits multiple γ-rays, and some of them are in cascade with the γ-
rays used in calculations, namely the 744.23 keV and 1434.07 keV. In order to obtain accurate results 
the true coincidence summing (also called cascade summing) factor was determined, and it was used 
for correcting the measured activity. The 744.23 keV γ-ray from the 52gMn is in coincidence with the 
935.54 keV and the 1434.07 keV γ-rays (triple cascade).  The 1434.07 keV γ-ray from the 52mMn is in 
coincidence with the 511 keV annihilation photons (from β + decay of the 52mMn). The true 
coincidence summing factors were calculated based on the measured total and absolute photopeak 
efficiencies and the formulae for complex decay schemes [26-28]. By neglecting the triple cascade 
summing effect, the true coincidence summing factors calculated at 2.5 cm distance from the sample 
to the HPGe detector were 1.107 and 1.081 for the 744.23 keV and 1434.07 keV γ-rays, respectively. 

After activity measurements and making necessary corrections, we calculated the isomeric 
yield ratio by using the equation (6).    
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4. Results and discussion 
The isomeric yield ratios for the 52m,gMn isomeric pair formed by the natFe(γ,xn1p)52m,gMn 

reaction induced by 50-, 60-, 70-MeV, and 2.5-GeV bremsstrahlung were determined from the 
measured activities of the high-spin state (52gMn: 6+) to that of the low-spin state (52mMn: 2+). The 
obtained isomeric yield ratios for the natFe(γ,xn1p)52m,gMn reaction measured at 50-, 60-, 70-MeV and 
2.5-GeV bremsstrahlung, together with the available data from other authors [12-17], are summarized 
in Table 2.  

 

Table 2: Isomeric yield ratios for the natFe(γ,xn1p)52m,gMn reaction induced by different photon energy. 

Nuclear reaction Photon energy 
[MeV] 

Isomeric yield ratio, R=Yhigh-spin/Ylow-spin 

Present work Existing Results 

natFe(γ,xn1p)52m,gMn  

30 
50 
60 
65 
70 

100 
150 
200 
250 

300-1000 
1500 
2500 

- 
0.27±0.03 
0.33±0.04 

- 
0.34±0.04 

- 
- 
- 
- 
- 
- 

1.25±0.15 

0.102   [12] 
- 
- 
0.28±0.04 [17] 
0.32±0.05 [13] 
0.39±0.03 [14] 
0.36±0.02 [14] 
0.35±0.02 [14] 
0.37±0.02 [14] 
1.3  ± 0.8 [15] 
0.87±0.1 [16] 
- 

 
The present results at 50- and 60-MeV as well as 2.5-GeV bremsstrahlung energies are the first 

measurements. The main sources of the errors are due to uncertainties in photopeak efficiency 
calibration (∼4%), intensities of the γ-rays (0.4-2%), photopeak area determination (2-4.2%), and 
coincidence summing effect (3-3.5%). The total uncertainties in the present results have been obtained 
by combining the sub-total uncertainties for the isomeric state (m) and the ground state (g) listed in 
Table 3. 

The present isomeric yield ratios for the natFe(γ,xn1p)52m,gMn reaction together with the 
available data from other experiments are plotted as a function of the energy of the incident 
bremsstrahlung, as shown in Fig. 3. The isomeric yield ratio of Kato and Oka [12] measured at 30-
MeV is lower than the present results measured in the energy region 50-70 MeV. The value measured 
by Kato and Oka [12] probably represents only for the 52m,gMn isomeric pair formed through the 
54Fe(γ,np) reaction because of the 30-MeV bremsstrahlung energy. In general, the 52m,gMn can be 
formed from 54Fe(γ,np), 56Fe(γ,3np), 57Fe(γ,4np) and 58Fe(γ,5np) with threshold energies of about 21-
MeV, 41-MeV, 49-MeV and 59-MeV, respectively. Walters et al. [29] measured the isomeric yield 
ratio for the 54Fe(γ,np) 52m,gMn reaction only at 250 MeV bremsstrahlung energy and showed that only 
17% of 52m,gMn is produced by the 54Fe(γ,np) reaction in a natural iron target. The present result 
measured at 70-MeV bremsstrahlung is consistent with that measured by Henry et al. [13] within the 
error. However, there are no data in literature for direct comparison with our results at 50-, 60-MeV, 
and 2.5-GeV bremsstrahlung energies.  
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Table 3: Uncertainty sources and their values in the isomeric yield ratio measurements for the 52m,gMn 
isomeric pairs at 50-, 60-, 70-MeV and 2.5-GeV bremsstrahlung energy. 

 Uncertainties (%) 
Source of uncertainty 50-MeV 60-MeV 70-MeV 2.5-GeV 

 m g m g m g m g 

Statistical error 

Detection efficiency 

Half-life 

Gamma intensity (%) 

Coincidence summing effect 

Net peak area fitting 

Gamma ray self-absorption 

Others  

Sub-total uncertainty 

2.0 

4.0 

1.0 

2.0 

3.5 

4.0 

0.5 

4.5 

8.6 

2.0 

4.0 

0.05

0.4 

3.0 

2.0 

1.0 

4.0 

7.1 

2.0 

4.0 

1.0 

2.0 

3.5 

4.0 

0.5 

5.5 

9.2 

2.0 

4.0 

0.05

0.4 

3.0 

2.5 

1.0 

5.0 

7.8 

2.0 

4.0 

1.0 

2.0 

3.5 

4.0 

0.5 

5.5 

9.2 

2.0 

4.0 

0.05 

0.4 

3.0 

2.0 

1.0 

5.0 

7.7 

2.0 

4.0 

1.0 

2.0 

3.5 

4.2 

0.5 

5.5 

9.2 

2.0 

4.0 

0.05

0.4 

3.0 

3.0 

1.0 

5.0 

8.0 

Total uncertainty 11.2 12.1 12.0 12.2 
 

As can be seen in Fig. 3, the isomeric yield ratios increase with the increasing bremsstrahlung 
energies from the threshold up to about 100 MeV. In the energy region from 100-MeV to 250-MeV 
the isomeric yield ratios seem to be saturated. Unfortunately, there are no data in literature in the 
region from 250-MeV to 1-GeV bremsstrahlung energy. At higher bremsstrahlung energy region, 1-
2.5 GeV, we can see that the isomeric yield ratio for the natFe(γ,np)52m,gMn reaction is slightly increase 
with the increasing bremsstrahlung energies.   

There are several isomeric yield ratios for the 52m,gMn isomeric pairs formed by different 
reaction channels at GeV-regions, such as 55Mn(γ,3n)52m,gMn [30], natFe(γ,xnp)52m,gMn [15,16], 
59Co(γ,5n2p)52m,gMn [15,33] and natCu(γ,xn4p)52m,gMn [31,34]. The isomeric yield ratios for the 
52m,gMn isomeric pairs formed by different reaction channels at GeV-regions are plotted as a function 
of the mass difference (ΔA) between the product and the target nucleus, as shown in Fig. 4. We can 
see that the isomeric yield ratio increases gradually with the increasing mass difference or with the 
number of nucleons emitted. It is seems that the isomeric yield ratios for the 52m,gMn isomeric pairs 
formed in different reaction channels in the GeV bremsstrahlung energy region increase gradually 
with the complexity of the (γ,xnyp) photonuclear reactions. The relation between the isomeric yield 
ratio and the mass difference (ΔA) for the 52m,gMn isomeric pairs formed in different reaction channels 
with bremsstrahlung in the energy range 1-4 GeV can be approximated by the same expression given 
in our previous report [22] for the 44m,gSc isomeric pairs as follows: ))exp(1( AkIR Δ×−−×= α , 
where k =0.012  and α=27.35.  
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Fig. 3: Dependence of the isomeric yield ratios on the incident bremsstrahlung energies for the  

natFe(γ,xnp)52m,gFe reaction. 
 

 
 
Fig. 4: Isomeric yield ratios of 52m,gMn formed in different targets: Mn, Fe, Co and Cu with 

bremsstrahlung in the energy range 1-5 GeV as a function of mass difference, ΔA. 
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5. Conclusion 
 We have measured the isomeric yield ratios for the natFe(γ,xnyp)52m,gMn reaction at 50-, 60-, 
70-MeV and 2.5-GeV bremsstrahlung energies. The present results at 50-, 60-MeV and 2.5-GeV are 
the first measurements. The present result measured at 70-MeV bremstrahlung is consistent with the 
value measured by Henry and Martin, Jr [13]. From the present results and the data existing in 
literature we observed that the isomeric yield ratio for the 52m,gMn isomeric pairs formed in multi-
particle photonuclear reactions depends on the incident bremsstrahlung energy, especially in the GeV-
energy region. 
 The isomeric yield ratios for the 52m,gMn isomeric pairs formed by different reaction channels 
55Mn(γ,3n)52m,gMn, natFe(γ,np)52m,gMn, 59Co(γ,5n2p)52m,gMn, and natCu(γ,xn4p)52m,gMn at GeV-energy 
region increase with an increase of the mass difference (ΔA). This can be explained as the momentum 
transfer, which is more probable for complex photonuclear reactions. 
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