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We measured isomeric ratios of 137m,gCe, 115m,gCd, 109m,gPd, and 81m,gSe  produced by 25 

MeV bremsstrahlung and thermal neutron induced reactions, namely from inverse (γ, n) and 
(n, γ) reactions. The bremsstrahlung and the neutron sources were constructed at the electron 
accelerator Microtron MT-25 of the FLNR, JINR, Dubna, Russia. The activation method 
combining with off-line gamma-ray spectroscopy was used in the experiment. To improve the 
accuracy of the isomeric ratio determination, data analysis and necessary corrections, such as 
the self-absorption and summing cascade effects, were made in gamma rays radioactivity 
measurements. The results were discussed and compared with those in the existing literature. 
The obtained results in the (γ, n) reactions were validated by comparison with the theoretical 
predictions using TALYS 1.95 code.  

 
1. Introduction 

 
The inverse nuclear reactions, when a projectile of one reaction is the ejectile of 

another reaction, have been subjects for many experimental and theoretical studies since 
1960s [1,2]. Inverse reactions including photonuclear and thermal neutron capture reactions 
play an important role in astrophysics and the study of nuclear structure and nuclear reaction 
mechanisms [2‒4]. So far, most investigations about photonuclear reaction and thermal 
neutron capture reactions have concentrated on the determination of reaction cross section or 
reaction yield, but the studies on isomeric ratio (IR) have been still limited. The isomeric 
ratio, the ratio of the probability for forming isomeric and ground states, provides diverse 
information about the nuclear structure and nuclear reaction mechanism [5‒8]. This ratio is 
connected with many problems of modern nuclear physics and can be used to test different 
models of nuclear reactions induced by various projectiles.  

The aim of this work was to investigate IR of 137m,gCe, 115m,gCd, 109m,gPd, and 81m,gSe   
produced in inverse (γ,n) and (n,γ) reactions by activation method, namely                   
138Ce(γ,n)137m,gCe, 136Ce(n,γ)137m,gCe, 116Cd(γ,n)115m,gCd, 114Cd(n,γ)115m,gCd,110Pd(γ,n)109m,gPd, 
108Pd(n,γ)109m,gPd, 82Se(γ,n)81m,gSe, and 80Se(n,γ)81m,gSe. The experimental results are expected 
to examine the role of the reaction channel effect, intake momentum and impulse effects on 
the IRs. Moreover, the obtained results in the (γ,n) reactions were compared with the 
theoretical predictions using TALYS 1.95 code. 

 
2. Experimental procedure 

The bremsstrahlung source is obtained by interaction of 25 MeV electron beam 
produced from MT-25 Microtron accelerator [9] and a 3 mm thickness W disk detailed in 

 
 



refs. [7,10]. The end-point energy of bremsstrahlung is 25 MeV. The bremsstrahlung spectra, 
which were simulated by GEANT4 toolkit [11], are shown on Fig.1.  

 

Fig 1. The bremsstrahlung spectra calculated by Geant4.10.06 version. 
 
The thermal neutron source was also created at MT-25 Microtron described in ref. [8]. 

The uranium-beryllium converter was placed within a graphite cube, which served as a main 
neutron moderator to thermal and epithermal neutrons. 

The high-purity natural Ce2O3, PdO, SeO2 and Cd samples with the mass and diameter 
of 0.8 g, 0.323 g, 0.2484 g, 0.7143 g and 1.6 cm, 1.0 cm, 1.0 cm, 1.0 cm, respectively were 
irradiated in the photon and neutron sources with the definite time, which was preliminarily 
estimated by the activation method so that the interested gamma rays have good count 
statistics. Afterwards, the gamma-ray activities were measured for proper time of cooling and 
measurement by using the high-resolution gamma-ray spectroscopy consisting of the high-
energy resolution HPGe detector (1.80 keV at γ- ray 1332 keV of 60Co), the PC based 8192 
channel analyzers for the data processing, the GENIE 2000 and Gamma Vision software used 
for the data acquisition and γ-ray spectra analysis [7,8]. 

 
3. Data analysis 

The selected gamma rays and spectroscopic characteristic data [12,13] used for the IR 
calculation were determined and shown in Table 1. The losses of the interested gamma ray 
count due to the self-absorption and summing coincidence effects, which contribute to the IR 
determination error were corrected as the formulas (1) and (2) in ref. [8]. 

The IR was calculated below as in refs. [7,8,10]: 

                                     (1) 

 
 



Where m and g- the isomeric and ground states; S, ε and I - the counts, the efficiencies 
and the intensities of the gamma rays of interest and Λi (i = 1 ~ 9) are expressions related to 
the irradiation, cooling and measurement time.  

 

Table 1. Selected gamma rays and spectroscopic characteristic data 

Nuclear         
Reaction 

Target Spin, 
Parity, [Jπ] 

Nuclear  
state 

Spin Parity     
[Jπ] 

Decay   
Mode [%] 

Half 
Life 

γ-ray Energy     
[keV] 

Intensity
[%] 

      138Ce(γ, n)137Ce 
 136Ce(n,γ)137Ce 

0+ 137mCe 11/2- IT: 99.2 
EC: 0.78 

34.4 h 254.3 99.2 

       138Ce(γ,n)137Ce 
  136Ce(n,γ)137Ce 

0+ 137gCe 3/2+ EC: 100 9.0 h 447.1 1.8 

116Cd(γ, n)115Cd 
114Cd(n, γ)115Cd 

0+ 115mCd 11/2- β- : 100 44.6 d 933.8 2.0 

116Cd(γ, n)115Cd 
114Cd(n, γ)115Cd 

0+ 115gCd 1/2+ β- : 100 2.23 d 336.2 
527.9 

45.9 
27.45 

  110Pd(γ,n)109,Pd 

  108Pd(n,γ)109Pd 
0+ 109mPd 11/2- IT: 100 4.69 m 189.0 55.9 

  110Pd(γ,n)109Pd 

  108Pd(n,γ)109Pd 
0+ 109gPd 5/2+ β- : 100 13.7 h 88.04 3.6 

   82Se(γ, n)81Se 

    82Se(n, γ)81Se 
0+ 81m,Se 7/2+ IT: 99.95 

β- : 0.05 
57.28 m 103.0 13.0 

   82Se(γ, n)81Se 

   80Se(n, γ)81Se 
0+ 81g,Se 1/2- β- : 100 18.45 m 276.0 

290.0 
0.7 
0.55 

 
4. Results and Discussion 
 

Table 2 presents the experimental results of this work together with the existing data, 
which were taken from refs. [7,14–23]. The product excitation energies were calcultate by 
using formula (5) in refs. [8]. The error of IRs came from two sources. The first included 
uncertainties related to the IR calculations using formula (1) and the second was from 
uncertainties related to systematics. The total error of the IR determination was estimated to 
be about 10.0%.  

The experimental results show that the IRs in inverse (γ, n) and (n, γ) reactions, which 
lead to the same isomeric pairs 137m,gCe, 115m,gCd, 109m,gPd, and 81m,gSe are different due to be 
reaction channel effect. The IRs in (γ, n) reactions are significantly higher than that in (n, γ) 
reactions. This trend can be explained by the intaken angular momentum and impulse, 
transferred to the target nuclei from the projectiles, namely the higher the intake angular 
momentum and impulse the higher the isomeric ratio.  

For the (γ, n) reactions, the IRs of this work and that of refs. [15,16,19,22] in the error 
limit are in good agreement. Likewise, for the (n, γ) reactions, our result and the data from the 
references are in an agreement except for 81m,gSe to be an agreement with refs. [14,23] and 
being considerably less than that from ref. [18]. 

 
 

 
 



Table 2. The isomeric ratio of the investigated (γ, n) and (n, γ) inverse reactions 

Nuclear Reaction 
and Product 

Type of 
Projectile 

Product Exc. 
Energy [MeV] 

            
Isomeric Ratio IR 

     

  138Ce(γ, n)137m,gCe   
       

 
25 MeV 

Bremsstrahlung 

 
5.5 

 
0.221(22) (This work) 

0.19(2) [16] 
    

   136Ce (n, γ)137m,gCe  
         

 
Thermal neutron 

 
7.4 

0.112(11)  (This work) 
0.109(10) [7] 
0.15(1) [17] 

0.088(6) [18] 
       

116Cd(γ, n)115m,gCd 
       

 
25 MeV 

Bremsstrahlung 

 
5.8 

 
0.165(16) (This work) 

0.168(20) [19] 
        

114Cd(n, γ)115m,gCd 
 

Thermal neutron 
 

6.1 
0.116(12) (This work) 

0.099(33) [20] 
        

110Pd(γ, n)109m,gPd 
 

25 MeV 
Bremsstrahlung 

 
6.3 

0.069(7) (This work) 
0.065(3) [15] 

 

  108Pd(n, γ)109m,gPd 
   

 
Thermal neutron 

 
6.1 

0.023(2) (This work) 
0.018(5) [21], 
0.028(5) [14] 

    

 82Se(γ, n)81m,gSe   
   

25 MeV 
Bremsstrahlung 

 
6.9 

0.556(55) (This work) 
0.56(2) [22] 

    

  80Se(n, γ)81m,gSe   
    
 

 
Thermal neutron 

 
6.7 

0.114 ± 0.014 (This work) 
0.204(24) [17] 

0.136(0.011) [14] 
0.096(9) [23] 

 
 

TALYS 1.95 code [24] and GEANT4 simulation tool were used for theoretical IR 
calculation of 137m,gCe, 115m,gCd, 109m,gPd, and 81m,gSe produced from (γ, n) reaction. TALYS 
code simulates nuclear reactions that involve neutrons, gamma-rays, protons, deuterons, 
tritons, helions, and alpha-particles in the 1 keV‒200 MeV energy range. In the thermal 
energy region of neutron, this code is completely unresolved. In case of bremsstrahlung 
induced nuclear reactions, the isomeric ratios could be analytically calculated by the 
expression below:  

𝐼𝐼𝐼𝐼 = 𝑌𝑌𝑚𝑚
𝑌𝑌𝑔𝑔

=
𝑁𝑁0 ∫ 𝜎𝜎𝑚𝑚(𝐸𝐸)𝜙𝜙(𝐸𝐸)𝑑𝑑𝐸𝐸

𝐸𝐸𝛾𝛾𝑚𝑚

𝐸𝐸𝑡𝑡ℎ
𝑚𝑚

𝑁𝑁0 ∫ 𝜎𝜎𝑔𝑔(𝐸𝐸)𝜙𝜙(𝐸𝐸)𝑑𝑑𝐸𝐸
𝐸𝐸𝛾𝛾𝑚𝑚

𝐸𝐸𝑡𝑡ℎ
𝑔𝑔

 .                                                    (2) 

Here 𝐸𝐸𝑔𝑔𝑚𝑚 - the bremsstrahlung end-point energy, 𝜙𝜙 (E) – the bremsstrahlung photon flux, 𝑁𝑁0 - 
the number of the target nuclei; 𝜎𝜎𝑚𝑚(𝐸𝐸) and 𝜎𝜎𝑔𝑔(𝐸𝐸) - the cross sections of the isomeric and 
ground states; 𝐸𝐸𝑡𝑡ℎ𝑚𝑚 and 𝐸𝐸𝑡𝑡ℎ

𝑔𝑔  -  the threshold reaction energies for the isomeric and ground state, 
respectively. 

 
 



By using the TALYS 1.95 code, 𝜎𝜎𝑚𝑚(𝐸𝐸) and 𝜎𝜎𝑔𝑔(𝐸𝐸) could be obtained. These data 
combining with the bremsstrahlung spectra simulated by GEANT4 (Fig. 1) could be caculated 
IR following the formula (2). The theoretical IR results were obtained by the calculation using 
six level density models of TALYS 1.95  as ldmodel 1: Constant temperature + Fermi gas 
model;  ldmodel 2: Back-shifted Fermi gas model; ldmodel 3: Generalised superfluid model; 
ldmodel 4: Microscopic level densities (Skyrme force) from Goriely’s tables;  ldmodel 5: 
Microscopic level densities (Skyrme force) from Hilaire’s combinatorial tables and ldmodel 
6: Microscopic level densities (temperature dependent HFB, Gogny force) from Hilaire’s 
combinatorial tables. The present experimental results are best suited to the predictions using 
the 6th level density model. The deviations between the experimental and calculated data 
using 6 level density models are less than 23% (see Fig. 2) except for 137m,gCe. The difference 
in the case of 137m,gCe requires the level density and strength function models to be more 
detailed. 

 
Fig. 2. Measured (IRexp.) and calculated (IRtheo.) isomeric ratios of 137m,gCe, 115m,gCd, 109m,gPd 

and 81m,gSe produced by (γ, n) reaction. 

 
5. Conclusions 

 
The IRs of 137m,gCe, 115m,gCd, 109m,gPd and 81m,gSe in inverse (γ, n) and (n, γ) reactions 

have been measured by the activation method. The experimental results show that the IRs in 
(γ, n) reaction are higher than that in (n, γ) reaction. This trend can be explained by the effects 
of reaction channel, intaken angular momentum and impulse in nuclear reation. 

 
 



The theoretical calculations for (γ, n) reactions based on TALYS 1.95 code are 
consistent with the experimental results, except in the case of 138Ce(γ, n)137m,gCe reaction. 

In order to reach a complete conclusion, it is needed more experiments to be 
performed as well as a nuclear reaction model, which includes detailed nuclear structure and 
nuclear reaction mechanisms as the compound, preequilibrium and direct. 
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