
Excitation functions of the proton-induced nuclear reactions on titanium 

Sinthia Binte Kholil1,2, M. Shuza Uddin1, Ingo Spahn3, M. Mehedi Hasan1, A. Kumer Chakroborty2, M. 
Asad Shariff1, M. Shamsuzzoha Basunia4, Syed M. Qaim3 

 

1 Tandem Accelerator Facilities, INST, Atomic Energy Research Establishment, Savar, Dhaka, Bangladesh 
2 Department of Physics, Chittagong University of Engineering and Technology, Chittagong, Bangladesh 

3 Institut für Neurowissenschaften und Medizin, INM-5: Nuklearchemie,                                         

Forschungszentrum Jülich, D-52425 Jülich, Germany 
4Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 

 

Abstract 

Excitation functions of proton-induced nuclear reactions on natural titanium were measured using 

stacked target activation from reaction thresholds up to 44.28 MeV. A wide energy range was 

achieved by irradiating several stacks with proton beams of energies 16.7 MeV, 27 MeV, and 44.5 

MeV. Cross-section data were obtained from 15 to 25 MeV at the Lawrence Berkeley National 

Laboratory (LBNL) and from 14 to 44.28 MeV and 8 to 17 MeV at Forschungszentrum Jülich 

(FZJ). Each set of measured data agrees well with each other in the overlapping energy regions. 

The cross sections were also calculated theoretically using the TALYS code, and the model 

calculations reproduced the experimental values well. Generally, the results obtained for proton-

induced reactions using the global set of parameters, as expressed in the TENDL-2021 data library, 

are not satisfactory. Our measurements are valuable for resolving discrepancies in the existing 

data, optimizing medical isotope production, and providing insights into reaction mechanisms. 

 

1. Introduction 

Medium-energy proton-induced nuclear reactions on titanium are of considerable significance in 

nuclear research: both fundamental investigations and application-oriented studies. It is an 

important element in nuclear technology and is as a target material in accelerator production of 

medical radioisotopes, namely 44Sc, 47Sc, etc. The natural composition consists of five stable 

isotopes, namely 46Ti (8.25%), 47Ti (7.44%), 48Ti (73.72%), 49Ti (5.41%) and 50Ti (5.18%). The 

theranostic approach entails a combination of diagnosis (molecular imaging) and internal 
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radionuclide therapy (molecular targeted treatment). It makes use of two radionuclides of the same 

element in the same chemical form, a positron emitter which allows quantitative diagnosis and a 

therapeutic nuclide. This methodology is occasionally termed as personalized medicine. 

Originally, the pair 44gSc/47Sc was developed [cf. 1], the radionuclide 44gSc is an interesting 

positron emitter (T1/2 = 3.93 h; E= 511keV, I= 188.68%; E+=1475.3keV, E+= 94.34%) where 

47Sc (T1/2= 3.35 d) emits a βˉ particle as well as a low-energy γ-ray, which could be utilized for 

SPECT measurement to deliver data for dosimetry. However, in this case the dosimetry is not 

quantitative. 

The cross sections of the natTi(p,x)48V and natTi(p,x)46Sc reactions are well established and 

currently used as beam monitors. Using several monitor reactions induced in a single foil is a good 

option for checking the incident particle energy via the activity ratio of the radionuclides [2]. 

Therefore, additional measurements and intercomparisons are necessary for a meaningful 

evaluation. The present status of data for other radionuclides produced via proton-induced 

activation on titanium is rather weak. Several groups have reported data over various proton energy 

ranges (Ep= 45→3 MeV) [cf. 3–14]; however, a arge discrepancies have been found among them. 

In most cases, a primary proton energy of around 45 MeV was used, expanded to the lowest energy 

of 3 MeV via the stacked targets technique, which introduces significant uncertainty in proton 

energy in the lower energy region. This is one of the reasons for the discrepancies. To resolve these 

discrepancies, this study undertakes detailed experimental measurements using proton beams with 

primary energies of 16.7, 27, and 44.5 MeV. Consequently, three data sets from reaction thresholds 

to 44.28 MeV were obtained. 

The model calculations were performed using TALYS-1.95 code and compared with our measured 

values. However, using global parameters from the TENDL file often results in unsatisfactory 

predictions. Therefore, we focused on selecting specific input parameters to better match the 

experimental results. 

 

 

 

 



2 Experimental 

2.1 Sample preparation and irradiations 

 Excitation functions of the proton-induced reactions on natural titanium were measured by the 

stacked-sample activation technique. The 25 m thick Ti foils of natural isotopic composition 

(supplied by Good Fellow; purity: >99.6 %) were cut in circular discs with a diameter of 13 mm. 

These foils were also used as beam monitors. Six natTi-containing stacks were irradiated with 

protons. One irradiation with 27±0.3 MeV primary energy protons was carried out for 30 min at a 

beam current of 100 nA at the 88-inch cyclotron, Lawrence Berkeley National Laboratory (LBNL), 

USA. Three stacks were irradiated individually for 30 min with 16.7±0.2 MeV primary energy 

protons using the BC 1710 cyclotron at FZJ, Germany, and the beam current was kept constant at 

about 200 nA. Other two stacks were irradiated with 44.5±0.2 MeV protons at JULIC at FZJ; one 

stack irradiated for 60 min with beam current of 200 nA and the other irradiation for 26 min while 

beam current was 115 nA. The details of sample preparation, irradiation and proton beam intensity 

determination have been reported elsewhere [15,16].  The 88-Inch Cyclotron at LBNL of USA 

and FZJ allowed Uddin during his short visit to irradiate additional foils of Al, Ti, Fe and Cu 

together with original experiment of Sr target. Radioactivities of product radionuclides were 

measured at LBNL and FZJ, respectively, and all the analysis was performed in Bangladesh. 

The computer program, STACK, written at FZJ and based on the energy-range relation [17], was 

utilized to determine the beam energy degradation along the stack. 

 

2.2 Radioactivity measurement and analysis 

The activities of the radionuclides formed in titanium target samples were measured by using a 

HPGe -ray detector associated with the necessary electronics and Maestro data acquisition 

software. The HPGe -ray spectroscopy facilities at FZJ, Germany, and LBNL, USA were utilized 

to measure radioactivity of reaction products. The energy resolutions (FWHM) at 1332.5 keV of 
60Co of the HPGe detectors used were 1.9 keV at FZJ and 2.5 keV at LBNL. The efficiency vs 

energy curve of the detector was determined using the standard point sources 54Mn,133Ba, 137Cs 

and 152Eu (supplied by Isotope Products Laboratories) at LBNL, and at FZJ  22Na, 54Mn, 57Co, 
60Co, 88Y, 137Cs, 152Eu, 226Ra and 241Am, supplied by Eckert & Ziegler, Berlin. The uncertainty in 



the activity of each source was specified as 3 %. The γ-ray spectra measured in this work were 

analyzed by both the GammaVision and FitzPeaks [18] software. The counting was done 

repeatedly in several time segments depending on the half-life of the radionuclide. Measurements 

were carried out at a distance of 10 cm, 20 cm and 30 cm from the surface of the detector to keep 

the detector dead time below 5%.  At these counting positions, the effect of extended sample-size 

on the efficiency, and the random and true coincidence losses were negligible. The decay data of 

the investigated radionuclides were taken from some recent references [19-22] compiled in 

ENSDF; they are collectively given in Table 1.  

Table I Decay data of the product radionuclides 
Radionuclide Spin/ 

Parity 
Decay 
Mode 
(%) 

Half life E 
(keV) 

I (%) Contributing  
reactions 

Q-
value 

(MeV) 
48V 4+ C=100 15.974 (3) d   983.53 

1312.11 
99.98(4) 
98.2 (3) 

 

47Ti(p,) 
48Ti(p,n) 
49Ti(p,2n) 
50Ti(p,3n) 

  6.83 
 -4.80 

-12.94 
-23.88 

43Sc 7/2 - C=100 3.891 (12) h  372.9 22.5 
 
 

46Ti(p,α) 
47Ti(p,nα) 
48Ti(p,2nα) 
49Ti(p,3nα) 

  -3.08 
-11.96 
-23.58 
-31.73 

44mSc 
 

6+ 
 

IT=98.77 
C=1.23 

58.61 (10) h 
 

  271.25 
 
 

87.8  
 
  
 

46Ti(p,n2p) 
47Ti(p,α) 
48Ti(p,nα) 
49Ti(p,2nα) 
50Ti(p,3nα) 

 -14.22 
  -2.53 
-14.54 
-22.29 
-33.24 

44gSc 2+ C=100 4.0420 (25) 
h 

1157.02 99.8867(30) 46Ti(p,n2p) 
47Ti(p,α) 
48Ti(p,nα) 
49Ti(p,2nα) 
50Ti(p,3nα) 

-13.94 
-2.26 

-13.88 
-22.03 
-32.96 

46Sc 4+  83.79 (4) d   889.28 
1120.55 

99.984 (1) 
99.987 (1) 

47Ti(p,2p) 
48Ti(p,3He) 
49Ti(p,α) 
50Ti(p,nα) 

-10.47 
-14.37 
  -1.94 
-12.88 

47Sc 7/2 -  3.3492 (6) d   159.38   68.3 (4) 48Ti(p,2p) 
49Ti(p,3He) 
50Ti(p,α) 

-11.45 
-11.87 
  -2.23 

48Sc 6+  43.71 (9) h  175.36 
1037.52 

   7.47(18)  
  97.5 (20) 

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

-11.35 
-14.57 

 

 



The radioactivity of the short-lived products, namely 43Sc (T1/2=3.891 h) and 44gSc (T1/2=4.042 h) 

was measured within 6 -12 h after the end of bombardment (EOB). Due to the weak peak and low 

intensity, peak at 372.76 keV for 43Sc was not appeared in the spectrum of a few titanium target. 

Thereafter, about 30 h after EOB was allowed to suppress the background and undesired short-

lived radionuclides, and comparatively long-lived products were measured for several hours to 

obtain good counting statistics. 

The ground state 44gSc (T1/2=4.042 h) is formed via direct interactions of protons with natural 

titanium. Its also produced by isomeric transition of the metastable state 44mSc (T1/2=58.61 h). A 

clear peak at energy of 1157.0 keV emitted in the decay of 44gSc was appeared in the spectrum. 

The radionuclide 44mSc was characterized with a clear peak at 271.241 keV in the spectrum. The 

total activity of 1157.0 keV gamma-ray energy resulted from the decay of the directly and 

indirectly-produced 44gSc radioactivities. Due to the long half-life of 44mSc, the daughter 44gSc 

activity grows to a maximum and then decreases at a constant rate which depends on the decay 

rate of the parent 44mSc [23,24], i.e., to reach the parent–daughter transient equilibrium, 44mSc – 
44gSc. Therefore, the specific counts under the peak at 1157.0 keV for 44gSc formed via IT of 44mSc 

could be estimated from the counts of the peak 271.24 keV, the intensity and detector efficiency 

of the two radionuclides by considering half-life of the parent in both cases. This value was 

subtracted from total counts under the 1157.0 keV peak and obtained the counts for the direct 

production of 44gSc. 

The beam current of each irradiation was measured by charge integration, which provided only an 

approximate value. As described in [15,16], the proton flux effective in the samples was also 

determined by activation of Cu and Ti monitors placed in front of a stack. From the measured 48V 

and 62,63,65Zn activities formed in the Cu and Ti targets, respectively and the IAEA recommended 

cross sections of the monitor reactions natCu(p,x)62,63,65Zn and natTi(p,x)48V [25], effective proton 

flux was determined and considered constant along the stack.  

The count rate of each product radionuclide was extrapolated to the end of bombardment (EOB) 

and thereafter converted to decay rate by introducing the necessary corrections for the efficiency 

of the detector and the intensity of the -ray. From the decay rate at EOB and the measured proton 

beam flux, the cross section for the formation of the radioactive product was calculated using the 

well-known activation equations. The uncertainty in the measured cross section value was 



determined from the uncertainties associated with measurements: peak area (0.2-8%), efficiency 

of the detector (4%), -ray intensities (0.0001-1.2%), half-life (0.02-0.3%) and proton flux (6 %). 

The overall uncertainty of measured cross sections amounted to 7-14% (1). Due to weak 

unsmooth peak at 372.76 keV emitted in the decay of 43Sc, a large uncertainty was associated in 

the peak area analysis particularly in lower energy region (<16 MeV) as well as with its measured 

cross section. 

3. Nuclear model calculation 

Theoretical calculations for the cross sections of radionuclide production resulting from proton-

titanium interactions were conducted using the TALYS-1.95 code [26], developed by Koning et 

al. [27]. This sophisticated code integrates various nuclear models to evaluate all significant 

nuclear reaction mechanisms over an energy range from 1 keV to 200 MeV. It incorporates typical 

precompound and compound nucleus processes to calculate cross sections for products formed in 

proton-induced reactions on titanium. Generally, the results obtained using a global set of 

parameters from the TENDL file [28] are inadequate for accurately predicting experimental 

outcomes. Consequently, special emphasis was placed on the careful selection of input parameters 

to better reproduce the experimental data. 

Some of the free parameters in the nuclear reaction models include optical model potential, level 

density formalism, spin distribution of the level density, and the γ-ray strength function. The values 

of the input parameter Pshiftadjust (adjustable pairing shift for adjustment of the Fermi Gas level 

density) were set to -0.1, -0.1, 1.5 and 0.25 were chosen for the 43Sc, 44Sc, 47Sc and 48Sc 

radionuclides, respectively. These values fall within the recommended limits [28]. The energy, 

spin, parity, and branching ratios for discrete levels were based on the RIPL-3 database [29]. The 

spin distribution of the level density was characterized by the ratio of the effective moment of 

inertia to the rigid-body moment of inertia (η = Θeff/Θrigid). For the best fitting of our 43Sc data 

η=0.98 was used; for 44Sc, η=0.98; for 47Sc, η=0.85; and for 48Sc, η=0.80. Those values were 

obtained from the systematics based on the evaluation by Sudár and Qaim [30].  

 

 

 



4. Results and discussion 

Table II provides the measured cross sections for the natTi(p,x) reactions, covering energy ranges 

from reaction thresholds up to 44.28 MeV, along with their associated uncertainties. At the 

Lawrence Berkeley National Laboratory (LBNL), data were measured from 15 to 25 MeV, while 

at Forschungszentrum Jülich (FZJ), measurements were taken in the energy ranges of 14-44.28 

MeV and 8-16.21 MeV. These data are shown as a function of proton energy in Figures 1 to 7. 

Table II Measured cross sections with uncertainty for the investigated product radionuclides. 

Proton energy 
(Mev) 

Cyclotron Cross section (mb) 
43Sc 

 

44mSc 
 

44gSc 
 

47Sc 
 

48Sc 
 

44.28 JULIC 16.93±1.50 12.62±0.88 26.00±2.35 17.63±1.57 1.59±0.143 
43.54  12.47±0.91  17.25±1.55 1.54±0.14 
41.99  13.67±1.01  17.04±1.53 1.38±0.15 
39.63  14.45±1.07  17.37±1.56 1.27±0.13 
39.20 10.59+0.94 13.33±0.99 24.58±2.16  1.11±0.099 
37.14  16.32±1.24  18.37±1.65 1.15±0.12 
34.14  17.11±1.25  19.74±1.78 0.95±0.11 
31.38  17.57±1.29  21.18±1.91 0.71±0.08 
29.94 2.65±0.25 14.84±1.10 44.87±3.95 20.34±1.84 0.60±0.054 
29.23  15.77±1.16  19.47±1.75 0.58±0.06 
23.89 2.95±0.28 6.81±0.53 23.41±2.06 11.43±1.01 0.23±0.058 
22.63  3.88±0.28   0.18±0.02 
19.16 2.67±0.25 1.11±0.14 2.69±0.24 3.80±0.37 0.10±0.011 
18.04 3.44±0.32 1.18±0.19 3.88±0.34 3.22±0.35 0.03±0.007 
15.93 3.33±0.30 1.10±0.15 3.66±0.32 1.36±0.17  
14.70 3.45±0.31 0.81±0.13 4.29±0.38 1.16±0.17  

       
24.91 88-Inch 2.88±0.27 7.88±0.57 24.49±2.15 12.43±1.09  
23.40 2.77±0.26 5.28±0.38 15.50±1.36 10.98±0.97  
21.41 2.56±0.24 2.14±0.16 4.99±0.44 8.06±0.71  
19.34 2.70±0.28 1.13±0.08 2.51±0.22 5.07±0.45  
16.57 3.41±0.41 1.09±0.08 3.66±0.33 1.83±0.16  
15.36 3.59±0.52 0.98±0.07 3.76±0.34 1.16±0.10  

       
16.21 BC1710 3.71±0.34     
15.97 3.61±0.69 1.22±0.122 4.24±0.55 1.58±0.15  
15.59  1.10±0.110  1.13±0.11  
14.73 3.49±0.74 0.93±0.093 4.12±0.64 1.16±0.12  
13.44 3.05±0.95 0.72±0.072 3.75±0.62 0.73±0.08  
12.03  0.41±0.045 2.87±0.79 0.58±0.08  
10.51 1.48±0.39 0.26±0.061 1.82±0.55 0.41±0.05  
9.66 1.19±0.12   0.29±0.04  
8.77  0.10±0.023 0.79±0.24 0.21±0.03  
8.73  0.03±0.008    



4.1 natTi(p,x)48V and  natTi(p,x)46Sc reactions: Validation of experimental techniques 

We measured the excitation function of the natTi(p,x)⁴⁸V and natTi(p,x)⁴⁶Sc reactions in all 

experiments to validate our experimental techniques. The measured values from the experiments 

performed agreed well in the overlapping region. We chose these reactions because the 

International Atomic Energy Agency (IAEA) has provided recommended data for them after 

critically evaluating numerous data sets from various groups worldwide [25]. Comparing our 

experimental values with the recommended ones allows us to assess the degree of agreement or 

deviation. The data obtained in this study and the IAEA-recommended values are presented in 

Figs. 1 and 2. The agreement between our data and the recommended curve across the entire 

investigated energy range is excellent, providing high confidence in our measurements. This 

agreement demonstrates the reliability of the various techniques used in this work at LBNL and 

FZJ, particularly the efficiency determination of the γ-ray counting system, and the energy and 

intensity measurement of the proton beam. 

 

Fig. 1 Comparison of the measured data of natTi(p,x)48V  with the IAEA recommended curve. 
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Fig. 2 Comparison of the measured data of natTi(p,x)46Sc  with the IAEA recommended curve. 

 

4.2 natTi(p,x)43Sc 

The measured cross sections for the production of 43Sc in interactions of protons with the titanium 

of natural isotopic composition are depicted in Fig.3 together with results of model calculations 

using the TALYS code. The radionuclide 43Sc was formed via two reactions 46Ti(p,)43Sc (Eth= 

3.14 MeV) and 47Ti(p,n)43Sc (Eth= 12.21 MeV) from the reaction threshold to 30 MeV. The 

model calculations using TALYS code reproduced well our measured data.  

The detailed model calculations, i.e. the results of the individual processes are shown in Fig. 3 

after convertion to natural titanium target. The excitation function for 43Sc exhibits a peak at around 16 

MeV, a valley from 19 to 30 MeV, and beyond this energy sharply raising, and these confirm various 

reactions contributing to the 43Sc production with the proton energy changes. The first peak at 15 

MeV is only due to the 46Ti(p,)43Sc reaction. In the broad valley from 19 to 30 MeV, the 47Ti(p,n)43Sc 

reaction dominates the formation of 43Sc. Noted that  particle showing a single particle character, 

here multi nucleon emission has not occurred. 
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Fig. 3 Comparison of experimental data with results of model calculations using the TALYS 
code. This figure showing the individual contributions to the formation of 43Sc in protons on 
natTi; the results of calculations for the 46Ti(p,)43Sc  and 47Ti(p,n)43Sc reactions converted to 
natural titanium target.  

 

4.3  natTi(p,x)44mSc 

The 44Sc radionuclide has two isomeric state; ground state 44gSc (T1/2=4.042 h) and metastable 

state 44mSc (T1/2=58.61 h). The metastable state decays by 98.77% isomeric transition and 1.23 % 

EC. The metastable state 44mSc was formed in the interaction of protons with stable isotopes, 46Ti 

(8.25%), 47Ti (7.44%), 48Ti (73.72%), 49Ti (5.41%) and 50Ti (5.18%) in natural target. The 

measured data are the sum of the cross sections of the processes, 46Ti(p,n2p), 47Ti(p,), 48Ti(p,n), 

49Ti(p,2n) and 50Ti(p,3n) depending on their reaction thresholds. In the higher energy region, a 

significant contribution of multinucleon emission in place of a single -particle emission is also 

expected. The measured cross sections for the production of 44mSc are shown in Fig. 4 together 

with other experimental data and the results of model calculations using the TALYS code. 
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Fig. 4 Comparison of experimental data of natTi(p,x)44mSc  with results of model calculations using 

the TALYS code. 

The model calculations reproduced well our measured data both in shape and magnitude. As seen 

in Fig. 4, the peak at around 18 MeV is due to the 47T(p,)44mSc reaction, it raises sharply with the 

increase of energy and reach to the another peak at around 32 MeV where the 48Ti(p,n) reaction 

pricipally dominated the production of 44mSc. Beyond this energy many channels open to 

contribute on the 44mSc production. The measured values are in good agreement with other reported 

data accept below 10 MeV. Červenák and Lebeda [5] reported data from 7 to 36 MeV and those 

values supported well our experimental results as well as model calculations. Bellow 10 MeV the 

data reported by Khandaker et al.[11] and Shahid et al.[6] are not comparable, and thus deviation 

can be described by i) a big energy span from 3.9 to 37.8 MeV and 4.4 to 43.2 MeV in a single 

irradiation, and ii) a large uncertainty associated with the analysis of weak unsmooth peak in the 

lower energy region. In this work, three sets of experimental data were obtained from irradiations 

with primary proton beam energyies of 16.7 MeV, 27 MeV and 44.5 MeV and each data set is 

consistent with others in the overlapping energy region. Similarly Červenák and Lebeda reported 
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data from 7 to 36 MeV obtained from the irradiations of two stacks with proton beam of 21.35 

MeV and 36 MeV, and those values supported well our experimental results as well as model 

calculations. The data of Zarie et al.[8] are seemed to be shifted downward and no reason was 

found for their unexpected data below 25 MeV. 

4.4 natTi(p,x)44gSc 

The 44gSc radionuclide was formed in direct interaction of protons with titanium and in IT decay 

of metastable state 44mSc. The half-life of 44mSc (T1/2=58.61 h) is long comparing to the ground 

state 44gSc (T1/2=4.042 h) and its decay to ground state was not homogeneous for all samples 

because of their different cooling time and counting time. Therefore, the 44gSc activity with respect 

to the decay of 44mSc was subtracted from the total measured activity. Our measured cross-section 

values are only for the formation of 44gSc through direct processes. We have three sets of the 

measured data and each set is consistent with other in the overlapping energy region.  The 

experimental cross sections for the 44gSc production via the direct proton-induced reactions on 

natural titanium are depicted in Fig.5 together with results of model calculations using the TALYS 

code. In interaction of protons in the natural titanium target irradiation, 44gSc can be formed via 

many channels and it is difficult to analyse individually all contributing processes. However, the 

contributions of all posibble processes are included in the measured values, and same was done in 

calculations. The model calculations reproduced well experimental values. The detailed model 

calculations, i.e. the results of calculations for the individual processes 46Ti(p,n2p)44gSc,  

47Ti(p,)44gSc, 47Ti(p,2n2p)44gSc, 47Ti(p,npd)44gSc, 47Ti(p,n3He)44gSc, 48Ti(p,n)44gSc, 

49Ti(p,2n)44gSc and 50Ti(p,3n)44gSc are shown in Fig. 5 after convertion to natural titanium 

target.  



 

Fig. 5 Comparison of experimental data with results of model calculations using the TALYS 
code. This figure showing the individual contributions to the formation of 44gSc in protons on 
natTi. Detailed results of model calculations using the TALYS code for the natTi(p,x)44gSc 
process; the results of calculations for the 46Ti(p,n2p)44gSc,  47Ti(p,)44gSc, 47Ti(p,2n2p)44gSc, 
47Ti(p,npd)44gSc, 47Ti(p,n3He)44gSc, 48Ti(p,n)44gSc, 49Ti(p,2n)44gSc and 50Ti(p,3n)44gSc 
reactions were converted to natural titanium target.  

 

The peak at around 16 MeV is due to sole contribution of the process 47Ti(p,)44gSc. As depicted in Fig. 

5, from reaction threshold to 20 MeV the radionuclide 44gSc was formed only by the channel 

47Ti(p,). Above 20 MeV its production cross section sharply rises due to openning a new channel 

48Ti(p,n), reach  a maxima at around the second peak at 30 MeV and it dominates up to 39 MeV due 

to the highest abundance (73.72%) of the 48Ti isotope in natural target. Beyond this energy a sigificant 

formation of 44gSc was due to the contribution to multinucleon emission, which is larger 

compairing to the single particle emission.  

Khadaker et al.[11] reported cross sections of the natTi(p,x)44gSc process from 6.7 to 37.8 MeV. 

Some reported values are consistent with other experimental data, few values particularly from 28 
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to 37.8 MeV are significantly higher and this can be described with the incorrect decay data, e.g. 

half-life 3.93 h used in place of the latest value 4.042 h and the decay of metastable state 44mSc to 

the ground state 44gSc was not corrected and its effect was not homogenous in measurements for 

all targets. Similar trend was followed by Voyles et al.[12] and Michel et al.[10] from 28 to 40 

MeV, where all experimental data are divided into two groups. The data of other groups of Shahid 

et al.[6], Zarie et al.[8] and Červenák and Lebeda [5] supported our data and model calculations 

and it confirms that the contribution of the IT decay of 44mSc was properly subtracted and their 

data represent the direct processes.  

4.5 natTi(p,x)47Sc 

The measured cross sections for the production of 47Sc in proton induced activation on natural 

titanium are shown in Fig. 6. The available other experimental data and the results of model 

calculations using the code TALYS are also shown in figure. Since natural titanium was used as 

target, many channels were opened to contribute in production of 47Sc. The measured values 

include all the possible processes. The individual feeding of those processes was calculated 

theoretically with the code TALYS and the results of the individual processes 48Ti(p,2p)47Sc, 

49Ti(p,n2p)47Sc  50Ti(p,)47Sc, 50Ti(p,2n2p)47Sc, 50Ti(p,npd)47Sc and 50Ti(p,n3He)47Sc are shown 

in Fig. 6 after convertion to natural titanium target. Thus helped us to describe the excitation 

function in detail. The model calculations reproduced well our measured data. As sheen in Fig.6, 

no clear peak at around 19 MeV for the (p,) process is appeared in the down stream of the 

measured excitation function because of the big contribution of the (p,2p) process in the expected 

peak region. On the other hand in the peak region at around 32 MeV the 48Ti(p,2p) reaction 

dominated the 47Sc production. Noted that above 40 MeV the contribution of mutlinucleon 

emission is larger compairing to a single particle emission. 

Our measured data are consistent with other reported values within the uncertainty limit. As seen 

before for other radionuclides, below 7 MeV the data reported by Khandaker et al. Azzam et al. 

and Shahid et al. are shifted downward and it may be described uncorrect effective proton beam 

energy because of a large uncertainty added on the lowest energy of big span obtained through 

stacked activation using the high energy of priliminary incident beam, i.e. Khanader et al. reported 

data in the energy region of 4–38 MeV  via a single irradiation of stacked-foils with proton beam of 42.1 

MeV and the similar was found to Azzam et al. and Shahid et al. 



 

  

Fig. 6 Comparison of experimental data with results of model calculations using the TALYS 
code. This figure showing the individual contributions to the formation of 47Sc in protons on 
natTi. Detailed results of model calculations using the TALYS code for the natTi(p,x)47Sc process; 
the results of calculations for the 48Ti(p,2p)47Sc, 49Ti(p,n2p)47Sc  50Ti(p,)47Sc, 50Ti(p,2n2p)47Sc, 
50Ti(p,npd)47Sc and 50Ti(p,n3He)47Sc reactions were converted to natural titanium target.  

 

4.6 natTi(p,x)48Sc 

The study presents measured cross sections for the formation of 48Sc through the interaction of 

protons with 49Ti and 50Ti in natural titanium. These measurements are displayed in Fig. 7 

alongside other experimental data and model calculations. The cross sections were determined 

from the peak areas of two gamma rays, at 175.36 keV and 1037.52 keV, emitted during the decay 

of 48Sc. The average of the two individual values for each sample was calculated. The measured 

data show an increase with rising proton energy within the investigated energy range. The results 

of this study are consisntent with previously reported experimental data within the uncertainty 
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limits. The model calculations accurately reproduced the experimental data in both shape and 

magnitude. 

 

Fig. 7 Comparison of experimental data of natTi(p,x)48Sc  with results of model calculations using 

the TALYS code. 

 

5. Conclusion 

In this study, we have successfully obtained new cross-section data for the natTi(p,x)⁴³,⁴⁴ᵐ,⁴⁴ᵍ,⁴⁷,⁴⁸Sc 

reactions from their respective thresholds up to 44.28 MeV using natural titanium targets. The 

experimental results were found to align well with theoretical predictions made by the TALYS 

code after the proper choice of input parameters. This alignment confirms the accuracy and 

reliability of our data, effectively addressing and resolving the discrepancies present in previous 

datasets. Consequently, the nuclear data library for proton-induced reactions on titanium has been 

significantly strengthened, extending its coverage up to 44.28 MeV. 

The study employed proton beam irradiations at multiple energies 16.5 MeV, 27 MeV, and 44.5 

MeV, enabling us to achieve precise cross-section data in the ranges of 15 to 25 MeV at LBNL, 
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and 14 to 44.28 MeV and 8 to 17 MeV at FZJ. This approach has also helped in reducing 

uncertainties, particularly for the lower energy of stack measurements. Our data demonstrates 

excellent agreement in overlapping energy regions, further validating the quality of our findings. 

Typically, results derived from the use of a global set of parameters, as outlined in the TENDL 

file, are inadequate for accurately predicting experimental outcomes. However, better match of the 

experimental data with the model calculations using the TALYS code after carefully selected 

specific input parameters. 

These new measurements provide valuable contributions not only for resolving existing data 

inconsistencies but also for optimizing the production of medical isotopes and offering insights 

into reaction mechanisms. The enhanced database can serve as a reliable reference for future 

research and practical applications in nuclear medicine and industry. 
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