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Neutron activation cross sections for Bi and Co at 386 MeV were measured by activation. Quasi-monoenergetic neutron 
were produced using the 7Li(p,n) reaction. The energy spectrum of these neutrons has a high-energy peak (386 MeV) and 
a low-energy tail. Two neutron beams, 0˚ and 25˚ from the proton beam axis, were used for sample irradiation, enabling 
a correction for the contribution of the low-energy neutrons. The neutron activation cross sections were estimated by 
subtracting the reaction rates of irradiated samples for 25˚ degree irradiation from those of 0˚ irradiation. The measured 
cross sections were compared with the findings of other studies, evaluated in relation to nuclear data files and the 
calculated data by PHITS code. 

INTRODUCTION 
Countless experiments undertaken in the last 50 years 
at nuclear facilities provide nuclear database that serves 
as an archive of information used routinely by 
scientists and engineers. Among these data are 
activation cross sections for high-energy neutrons; data 
needed for estimation of residual radioactivities in 
accelerator facilities, delineating cosmic-ray irradiation 
histories of extraterrestrial matter, and neutron 
dosimetry of high energy neutron fields. While there 
are numerous measurements of activation cross 
sections for neutrons having energy below 20 MeV, 
comparable measurements for energies above 20 MeV 
are scarce(1-5); there are no measurements above 200 
MeV. In lieu of measurements, neutron-activation cross 
sections are evaluated on the assumption that neutron-
induced cross sections above 100 MeV are 
approximately equal to proton-induced cross sections 
of the same energy or by theoretical model calculation. 
The cross section data of 209Bi(n, xn) and 59Co(n, xn) 
reactions, in particular, were reported for energies up to 
150 MeV(1,2), and these have been applied to high 
energy neutron spectrometry(6-8). But calculation of the 
neutron-induced activation above 150 MeV is 
problematic due to absence of experimental data. 
We have undertaken a systematic measurement of 
activation cross sections for high-energy neutrons(9-12). 
In this measurement, a neutron beam is produced via 
the 7Li(p,n) reaction. While this reaction produces a 

quasi-monoenergetic neutron beam it does have a small 
low-energy tail. Our methodology makes a correction 
for this low-energy tail and is based on measuring these 
activation cross sections using two different irradiation 
geometries, one is which the target is placed at a 
location 0˚ offset from the axis of the proton beam and 
the other is offset at 25˚ for proton beam axis to correct 
for low-energy neutron production(5). We report in this 
work the neutron activation cross sections of Bi and Co 
for 386 MeV neutrons. Bi and Co were chosen because 
of their application to high energy neutron 
spectrometry as described above and following reason: 
(a) 209Bi and 59Co are 100% abundance of each element 
so that easy to study nuclear systematic. (b) Bi is a 
good target for both spallation and fragmentation 
reactions. (c) Co is a good target for middle mass (near 
Fe). The measured experimental results are compared 
with other experimental data (neutron-induced and 
proton-induced), calculated data using the Particle and 
Heavy Ion Transport code System(13,14) (PHITS), and 
archived evaluated nuclear data. 
 
EXPERIMENT 
Protons for the 7Li(p,n) reaction were provided by a 
ring-cyclotron at the Research Center for Nuclear 
Physics (RCNP), Osaka University. The quasi-
monoenergetic neutrons were emitted from a 1-cm-
thick natLi target, bombarded with 389 MeV protons. 
The neutrons emitted in the forward direction traveled 
into the time-of-flight (TOF) room through an iron 
collimator (12×10 cm2 aperture) that was embedded 

*Corresponding author: yashima@rri.kyoto-u.ac.jp 



SAMPLE ET AL 

2 

inside a 150-cm-thick concrete wall. Charged particles 
such as secondary proton produced from Li target and 
accelerator component are deflected and stopped in the 
collimator with the aid of a bending magnet placed 
within the collimator.    
The neutron spectra were measured using TOF. A 
NE213 liquid scintillation detector was placed at the 0˚ 
position, then later at the 25˚ directions. A schematic 
view of the experimental set up is shown in Fig. 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Schematic view of the experimental set up. 
(upper panel:0˚ irradiation, lower panel:25˚ irradiation) 
 
The neutron flight time was measured as the temporal 
difference between the timing signal from the 
accelerator and the neutron detector signal. The neutron 
spectra were obtained after corrections for detector 
solid angle, proton beam current and detection 
efficiency (calculated using SCINFUL-QMD(15,16)). 
The measured neutron spectra are shown in Fig. 2. Two 
types of irradiation were performed in this study. The 
Bi (3cm x 3cm x 2mm) and Co (3cm x 3cm x 1mm) 
samples were placed at an angle of 0˚ to the proton 
beam to measure activities induced by the quasi-
monoenergetic high-energy neutrons, comprising the 
peak, and the low energy neutrons, comprising a low-
energy tail. Bi and Co placed at the 25˚ offset position 
undergo reactions induced by only the low energy 
neutrons, that is those that form a tail that closely 

mimics the tail of the 0˚ line(17). The distances between 
the Li target and the samples for the 0˚ and 25˚ 
positions were 8.05 m and 7.19 m, respectively. The 
durations of the irradiations for the 0˚ and 25˚ positions 
were 31.6 hours and 23.3 hours, respectively. The 
average proton beam intensity was ~1 μA. The proton 
current at the beam dump was recorded with a digital 
current integrator, connected to a multi-channel scaler 
(MCS) to monitor the fluctuations of the proton beam. 
After irradiation, gamma rays emitted from the samples 
were measured with a high-purity germanium (HPGe) 
detector. The samples were measured repeatedly to aid 
identification of radioactive species by their half-lives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Neutron energy spectra generated by the 
7Li(p,n) reaction and corrected spectra obtained by 
subtracting the normalized 25˚ spectra from the 0˚ 
spectra. 
 
DATA ANALYSIS 
The physical properties of the radioactive nuclides 
measured in this study are listed in Table 1(18). 
The reaction rates of the radioactive nuclides produced 
in the samples were determined from the gamma-ray 
spectra and the decay curves. Corrections to the data 
were made for beam current fluctuations using the 
digitized proton current and the peak efficiency of the 
HPGe detector using the EGS4 code(19).  
The measured neutron spectrum at the 0˚ position 
shows a high-energy peak and a low-energy tail (Fig. 
2); the high-energy peak prominent at 0˚ is absent from 
the 25˚ position. The energies of the peak neutrons are 
in the range 300-400 MeV; the energy ranges of the 
low-energy neutron are 3-300 MeV. The mean neutron 
energy for the high-energy peak is 386 MeV; the 
uncertainties in this peak energy of the corrected 
spectrum evaluated from the FWHM of high-energy 
peak, is 1 MeV. To correct for the nuclides produced 
by the low-energy neutrons, the 25˚ spectrum is first 
normalized (using neutron fluence of low-energy tail) 
to the one measured at 0˚, and then subtracting the 
activity produced by the normalized 25˚ spectrum (Fig. 
2) from the one produced by the 0˚ spectrum, leaving 
only the activity produced by neutrons comprising the 
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high-energy peak. The cross section for the peak 
neutron energy, σ, is given by: 

 
(1) 

 
where R0 and R25 are the reaction rates(1/atom/μC) for 
0˚ and 25˚ irradiation, respectively, f1 is the 
normalization factor to equalize the neutron fluence in 
the low energy range, 0.84, f2 is the correction factor 
for the distances between the Li target and the samples, 
0.80 and Фpeak is the high-energy peak neutron fluence 
of corrected spectra, 2.16×104 n/cm2/μC. Contributing 
to the estimation of uncertainty in the cross section 
measurements are the counting statistics (<30%), 
detector efficiency (Ge detector (10%), NE213 detector 
(15%)), beam current monitoring (5%) and correction 
for contribution of low energy tail (10%). 
 
RESULTS AND DISCUSSION 
The cross sections obtained for 209Bi(n,xn) 201, 202, 203, 204, 

205, 206Bi, 209Bi(n,x)183gOs, 209Bi(n,x)200, 201Pb, 
59Co(n,xn)56,57,58Co, 59Co(n,x)52,54Mn reactions are 
tabulated in Table 2.  The cross sections obtained for 
209Bi(n,xn) 201, 206Bi, 209Bi(n,x)183gOs, 209Bi(n,x)200Pb, 
59Co(n,xn)56,57,58Co, 59Co(n,x)54Mn reactions are shown 
in Figs. 3(a)-(d) and Figs. 4(a)-(d), respectively. The 
shaded square symbols are the results of this work, the 
open square symbols are our previous results(11), and 
the other open symbols are literature data from Kim et 
al.(1,2), Michel et al.(20) and Schiekel et al.(21). We 
compare our results to the proton-induced reaction 
determined by Michel et al.(20) and Schiekel et al.(21) 
since there are few neutron activation data above 200 
MeV. The curves shown in Figs. 3 and 4 are derived 
from Japanese Evaluated Nuclear Data Library High 
Energy File(22,23) (JENDL-HE). In JENDL-HE data, 
there is a gap around 250 MeV, because two different 
calculation models were used for JENDL-HE 
evaluation(22,23).  The open inverted triangle symbols 
are results from PHITS(ver.2.52) calculations(13,14). 
For those excitation functions shown in Figs.3(a-d), 
209Bi, we conclude: (1) the latest measurement agrees 
with our previous results(11) and those of Michel(20); (2) 
JENDL-HE(22,23) cross sections are generally lower than 
our measurements, 183gOs are the exceptions; and (3) 
PHITS calculations produce cross sections lower than 
our measurements. 
For those excitation functions shown in Figs.4(a-d), 
59Co, we conclude:  (1) the latest measurement agrees 
with those of Schiekel(21) except for 56Co, in Figs.4 (a-
c), the difference between p-induced and n-induced 
cross sections of 59Co(n,xn) reaction is smaller for 
smaller x; and (2) cross sections based on JENDL-
HE(22,23)data and PHITS calculations(13,14) agree with 
our measurements, except for 54Mn. The JENDL-HE 
data and PHITS calculations do not always agree with 

our measurements, providing further impetus for more 
direct measurements of neutron-induced activation 
cross sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3(a).  Excitation function for 209Bi(n,9n) 201Bi 
reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3(b).  Excitation function for 209Bi(n,4n) 206Bi 
reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3(c).  Excitation function for 209Bi(n,x) 183gOs 
reaction 
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Figure 3(d).  Excitation function for 209Bi(n,x) 200Pb 
reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4(a).  Excitation function for 59Co(n,4n)56Co 
reaction 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4(b).  Excitation function for 59Co(n,3n)57Co 
reaction 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4(c).  Excitation function for 59Co(n,2n)58Co 
reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4(d).  Excitation function for 59Co(n,x)54Mn 
reaction 
 
SUMMARY 
The cross sections for the production of short-lived 
radionulides from neutron activation of Bi and Co at 
386 MeV were directly measured by nuclear decay 
counting methods. A quasi-monoenergetic neutron 
beam was produced using the 7Li(p,n) reaction. These 
experimental results are useful both as benchmark data 
for evaluating nuclear data and for validating the 
accuracy of codes used to calculate neutron cross 
sections. 
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Table 1. The physical properties of radioactive nuclides. 

target product half-life Gamma-ray 
Energy[keV] 

Branching  
ratio[%] 

209Bi 201Bi 1.7h 629.1 26 
209Bi 202Bi 1.72h 422.1 83.7 
209Bi 203Bi 11.76h 820.2 29.6 
209Bi 204Bi 11.22h 374.8 81.8 
209Bi 205Bi 15.31d 703.5 31.1 
209Bi 206Bi 6.243d 803.1 98.9 
209Bi 183gOs 13h 381.8 89.6 
209Bi 200Pb 21.5h 147.7 38.2 
209Bi 201Pb 9.33h 331.2 76.9 
59Co 56Co 77.27d 846.8 99.9 
59Co 57Co 271.8d 122.1 85.6 
59Co 58Co 70.82d 810.8 99.4 
59Co 52Mn 5.591d 744.2 90.6 
59Co 54Mn 312.3d 834.8 100 

 
 
 
 
 
 
Table 2. Reaction cross section of nuclides induced by 386 
MeV neutrons. 

target product cross section[mb] 
209Bi 201Bi 38  ± 13  
209Bi 202Bi 54  ± 18  
209Bi 203Bi 63  ± 18  
209Bi 204Bi 57  ± 18  
209Bi 205Bi 76  ± 26  
209Bi 206Bi 71  ± 25  
209Bi 183gOs 7.4  ± 2.4  
209Bi 200Pb 74  ± 21  
209Bi 201Pb 100  ± 28  
59Co 56Co 8.0  ± 2.5  
59Co 57Co 36  ± 11  
59Co 58Co 65  ± 21  
59Co 52Mn 9.4  ± 3.3  
59Co 54Mn 44  ± 12  

 
 


