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Abstract. In order to understand atomic nuclei, photonuclear reaction is an important tool. Photons are used to 
induce the reactions. The use of bremsstrahlung photons generated from a medical linear accelerator is practical for 
performing these types of reactions. In this study, the 18 MeV endpoint energy bremsstrahlung photons have been 
used for activating a titanium target. By analyzing the gamma spectrum, the half-life of the 47Sc isotope has been 
determined to be 3.5626 days. The result is very close to the present literature values of 3.3492 days. 
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1. INTRODUCTION 

Photon-induced nuclear reactions are referred to 
as photonuclear reactions. These reactions have a 
great importance in nuclear physics [1-4]. After 
bombarding the target with high-energy photons, 
the excited target nucleus decays by emitting 
nucleons or photons. If the particle being emitted is 
a neutron (proton), the reaction is a photo-neutron 
(proton) reaction. Judging from the Q-value of the 
reaction, a two-neutron (proton) emission, alpha 
emission, the emission of more particles or the 
emission of combinations of particles is also 
possible. Experimental studies on these reactions 
began in 1934 [5]. The advantages of photonuclear 
reactions include simultaneous determination of 
multiple elements, no time-consuming chemical 
separation procedure, minimal (if any) destruction 
of the sample, and excellent penetrating power of 
the photons into the sample [6]. The photonuclear 
data can be used in nuclear physics for the 
determination of nucleon binding energy, 
identification of nuclear levels and nuclear 
deformations. These data are also important for 
dosimetry, calculation of the absorbed dose, 
radiation protection, designing radiation shielding, 
and activation analyses, including archaeological 
and forensic science, material analysis, medical 
science, environmental science, geological science, 
and meteoroid analysis [7-11]. Also, there are 
numerous examples of using photonuclear reactions 
to determine half-lives of certain isotopes [12-26]. 

2. EXPERIMENT 

Irradiation and residual activity measurement 
are the two steps in the experiment. The Elekta TM 
Synergy TM medical linear accelerator of Akdeniz 
University Research and Application Center in 
Turkey has been used for the activation of the 
titanium target. The primary electron beam 
generated by a gun with 50 keV energy is accelerated 
into a copper cavity by 3 GHz radio frequency with 
about 5MW peak power. The average electron 
current was about 30 µA at 18 MeV electron energy. 
The electrons in the beam hitting the tungsten target 
are stopped and bremsstrahlung photons are 
produced.  

The natural titanium target consists of a mixture 
of five stable isotopes 46Ti, 47Ti, 48Ti, 49Ti and 50Ti 
with 8.25%, 7.44%, 73.72%, 5.41% and 5.18% 
natural abundances, respectively (Table 1). The 
target was placed 58 cm away from the source. It 
was bombarded with bremsstrahlung photons with 
18 MeV endpoint energy. The irradiation time was 1 
hour. The neutron separation energies for 46Ti, 47Ti, 
48Ti, 49Ti and 50Ti isotopes are about 13.2, 8.9, 11.6, 
8.1 and 10.9 MeV, respectively. The proton 
separation energies are 10.3, 10.5, 11.5, 11.4 and 12.2 
MeV, respectively. Because of the sufficient 
activation energies from the photons, both the 
photoneutron reaction (γ,n) and the photoproton 
reaction (γ,p) are possible. Two-neutron or proton 
separation reactions are not possible since the 
energy values exceed the 18 MeV maximum energy.  
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Table 1. Abundance and separation energy information for 
Ti isotopes 

Isotope Natural 
abundance 

(%) 

Neutron 
separation 
energy 
(MeV) 

Proton 
separation 
energy 
(MeV) 

46Ti 8.25 13.2 10.3 

47Ti 7.44 8.9 10.5 

48Ti 73.72 11.6 11.5 

49Ti 5.41 8.1 11.4 

50Ti 5.18 10.9 12.2 
 

The total counting time was about 74.3 hours. An 
HPGe (AMATEK-ORTEC (GEM40P4-83)) p-type 
coaxial detector with electrical cooling system was 
used for the measurement. The relative efficiency of 
the detector was 40%. The FWHM values were 0.77 
keV for 122 keV of 57Co and 1.85 keV for 1332 keV of 
60Co. The detector system was connected to the bias 
supply, an amplifier, an ADC (analog-to-digital 
converter) and a computer. The detector was placed 
into a 10 cm thick lead shield. The inner surface of 
the shield was covered by a 2 mm thick copper foil 
in order to protect the detector from X-rays arising 
in lead. The standard calibration sources (Na-22, 
Mn-54, Ba-133, Cs-137, Co-57 and Co-60) were used 
for the energy calibration of the detector. The 
analyses were performed offline. The gamma-ray 
spectrum obtained after irradiation is shown in 
Fig.1. 

 

Figure 1. Gamma spectrum of photonuclear reaction 
performed on titanium target 

3. RESULTS AND DISCUSSION 

Analyses were done to determine the half-lives of 
the products by using the RadWare package [27]. 
After the activation of the target, the 47Sc isotope 
was generated by photoproton reaction shown as: 

 
48Ti + γ           47Sc + p 

47Sc           47Ti* + e + v                                                    (1) 

47Ti*          47Ti + γ 

The stable 48Ti isotopes in the target absorb 
bremsstrahlung photons and emit protons 
producing unstable 47Sc, which, in turn, beta decays 
into 47Ti. With the biggest probability (I=68.4%), 

47Sc nucleus goes to the first excited level (7/2-) of 
47Ti nucleus. 47Sc can also transition directly into the 
ground state (5/2-) of 47Ti with I=31.6%. The 159.4 
keV energy peak arising from 7/2- to 5/2- transition 
in 47Ti nucleus was analyzed. The peak net area was 
measured for 74.3 hours in order to extract the half-
life information of the parent nucleus. The standard 
exponential decay equation was used for fitting the 
experimental data (see Fig.2) and finding the half-
life of 47Sc: 

N(t)=N0 (1-e-λt)                               (2) 

Here, N0 is the limiting maximum number of 
counts achieved after a sufficiently long time, λ is the 
decay constant, t is time and N is the counts in the 
peak at a given time. The unknown parameter is λ to 
obtain half-life information. According to the fit 
results, N0 and λ values are obtained as 98157.2965 
(273.917) and 2.2519x10-6 (7.51x10-9) s-1 with errors 
in parenthesis, respectively. By using the formula 
T1/2=ln2/λ, the half-life value of 3.5626 (9) days 
was determined for 47Sc. The adopted literature 
value is 3.3492(6) days [28]. The change in the 159 
keV peak counts is shown in Fig.2.  

 

Figure 2. The growth curve obtained from 159 keV peak 

4. CONCLUSION 

The half-life of the 47Sc isotope was determined 
from the decay of the stable 47Ti isotope created 
after a photonuclear reaction with bremsstrahlung 
photons. The growth curve of 47Sc was fitted by 
using the standard exponential decay equation. The 
half-life of the 47Sc isotope has been determined as 
3.5626 days. The result is close to the present 
literature values of 3.3492 days. The aim was not 
only to obtain a more sensitive and accurate half-life 
value, but also to show the usefulness of the method 
and equipment in the determination of the half-lives 
of the isotopes. 
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