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The cross section of the Pr(n,γ) reaction has been measured in the energy region from 
0.003 eV to 140 keV by the neutron time-of-flight (TOF) method with a 46-MeV electron linear 
accelerator (linac) of the Research Reactor Institute, Kyoto University (KURRI). An assembly 
of Bi4Ge3O12 (BGO) scintillators was employed as a total energy absorption detector for the 
prompt capture γ-ray measurement from the sample. In order to determine the neutron flux 
impinging on the capture sample, a plug of 10B powder sample was used. The measured result 
was compared with the previous experimental and the evaluated data.  

 
1. Introduction 

Praseodymium-141 (141Pr) is a kind of fission products (FPs) which are produced in Light Water 
Reactors (LWRs) and Liquid-Metal-Cooled Fast Breeders Reactors (LMFBRs). The cumulative fission 
yields of the thermal neutron-induced fission of 235U is 5.8 %[1]. The yield value is pretty large in the 
fission products and 141Pr may be apt to accumulate in the spent-fuels. Therefore, accurate measurement of 
the nuclear data, especially the neutron capture cross section, is necessary for the assessment of reactor 
safety and for the investigation of high-burn-up core characteristics[2,3]. According to the evaluated data in 
ENDF/B-VI[4], the capture cross sections in the thermal and the keV energy regions are 11.5 and about 0.1 
b, respectively. Since the 141Pr nuclide has the neutron magic number (N=82) and excess proton on the 2d5/2 

sub-shell, the capture cross section may not be so large as expected. However, the accurate nuclear data of 
141Pr is thought to be needed for evaluating the nuclear-transmutation performance in reactors. In the keV 
energy region, moreover, the capture cross section is also important for the study on the s-process for 
nucleosynthesis in stars.[5,6,7] 

Although the energy dependent cross section for the 141Pr(n,γ) reaction has been measured before, no 
data has been experimentally obtained below 22 eV, except for the thermal neutron capture cross section. 
Konks et al.[8] measured the cross section at energies from 22 eV to 40 keV with a lead slowing-down 
spectrometer, which gave poor energy resolution of about 30 to 35 % at full-width at half-maximum 
(FWHM). Gibbons et al.[9] obtained the data in the energy range of 7 to 170 keV using a Van de Graaff 
accelerator and a liquid scintillation tank detector. Taylor et al.[10] measured the cross section between 3 
and 200 keV by the neutron time-of-flight (TOF) method using an electron linear accelerator (linac) and a 
pair of non-hydrogenous liquid scintillators. Very recently, the experimental group of Igashira et al.[11] 
measured the capture cross sections at energies of 10 to 100 keV making use of a 3-MV Pelletron 
accelerator and a large anti-Compton NaI(Tl) γ–ray spectrometer. The capture cross section has been 
compiled in JENDL-3.2[12], ENDF/B-VI[4], and JEF-2.2[13]. 

As mentioned above, the current situation of the experimental data is not always satisfied in quality and 
quantity. In the current study, the relative energy dependent cross section of the 141Pr(n,γ) reaction has been 
measured by the neutron time-of-flight (TOF) method with a 46-MeV electron linear accelerator (linac) of 
the Research Reactor Institute, Kyoto University (KURRI). Twelve pieces of Bi4Ge3O12 (BGO) scintillators 
were employed to measure capture gamma-rays from the sample as a total energy absorption detector[14]. 
The energy dependent neutron flux was obtained with the boron-10 (10B) sample and the 10B(n,αγ) standard 
cross section. The result has been normalized to the thermal neutron capture cross section value of 
ENDF/B-VI data, and the result has been compared with the previous experimental data and the evaluated 

 
 



cross sections in JENDL-3.2, ENDF/B-VI, and JEF-2.2.  
 

2. Experimental procedure 
The experimental arrangement is shown in Fig. 1. Bursts of fast neutrons were produced from the 

water-cooled photoneutron target, which was made of twelve sheets of Ta plate, 5 cm in diameter and the 
effective thickness is ~3 cm[15]. This target was set at the center of a water tank, 30 cm in diameter and 35 
cm high with wall thickness of 0.8 cm, to moderate the pulsed fast neutrons. A Pb block, 5 cm × 5 cm and 
10 cm long, was placed in front of the Ta target to reduce the γ-flash generated by the electron burst from 
the target. The capture sample was placed at a distance of 12.7±0.02 m from the Ta target. The neutron and 
γ-ray collimation system was mainly composed of B4C, Pb, Li2CO3 and borated paraffin, and tapered from 
~12 cm in diameter at the entrance of the flight tube to 1.8 cm at the BGO assembly. In the experiment 
above 1 eV, a Cd sheet of 0.5 
mm in thickness has placed in 
the neutron beam to suppress 
overlap of thermal neutrons 
from the previous pulses due 
to the high frequency 
operation.  

In the background 
measurement, we measured 
the γ-ray from the blank 
sample (without Pr sample). 
The neutron beam intensity 
during the measurement was 
monitored with a BF3 counter 
inserted into the neutron beam. 
The linac was operated with 
two different modes; One is for that below 20 eV with the repetition rate of 50 Hz, the pulse width of 3.0 µs, 
the peak current of 0.5 A, and the electron energy of ∼30 MeV. The other is for that above 1 eV with the 
repetition rate of 300 Hz, the pulse width of 0.010 µs, the peak current of 6 A, and the electron energy of 
∼30 MeV, respectively. 
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Fig. 1. Experimental arrangement for the capture cross section measurement.

 

In the measurement, we have employed three kinds of sample, as shown in Table 1. We have paid 
attention to the sample thickness of Pr not to be so large for the multiple-scattering and self-shielding 
corrections in the sample. The 10B sample in the form of powder packed in a thin aluminum case was used 
to measure the relative neutron flux. The graphite sample was also utilized for the experimental 
investigation of background due to neutrons scattered by the Pr sample. Because although the inside of the 
through-hole in the BGO assembly was covered with 6LiF tiles of 3 mm in thickness to absorb neutrons 
scattered by the capture sample, the tiles were not always enough to shield against higher energy neutrons 
above 10 eV[14]. The background to the scattered neutrons were corrected by considering the graphite 
thickness equivalent to the scattering cross section of the capture sample. 

The BGO assembly, which is used for the capture γ-ray spectrometer, consists of twelve scintillation 
bricks of 5 × 5 × 7.5 cm3, and the total volume of the BGO scintillators is 2.25 liters[14]. Each BGO 
scintillators is equipped with a photo-multiplier tube of 3.8 cm in diameter. A through-hole of 1.8 × 1.8 cm2 
in section is made in the BGO assembly. A collimated neutron beam is led through the hole to the capture 
sample that is placed at the center of the BGO assembly. Moreover, the BGO assembly installed in a house 
made of lead bricks of 5 to 10 cm in thickness to shield against background radiation from the 
surroundings. 

Two kinds of signals were stored in the FAST ComTec’s MPA/PC-multi-parameter system linked to a 

 
 



personal computer. One is for the capture event measurement from the BGO detection system, and the 
other is for the BF3 counter to monitor the neutron beam intensity among the experimental runs. Output 
signals from the BGO detection system were fed into the time digitizer, which was initiated by the electron 
burst through the fast amplifier and the discriminator, and were stored in the multi-channel analyzer. The 
signals from the BF3 counter were also fed into the time digitizer through the linear amplifier and the 
timing-single channel analyzer. The data obtained were all stored in the multi-parameter system. 
 

Table 1. Physical parameters of the samples used in the current measurements. 
 

Thickness Size Sample 
 

Physical 
form 

Purity 
(%) 

Isotopic 
Composition (%) (g/cm2) (mm)  

141Pr Foil 99.9 100 1.609 3.0 1.27 cm in diam.
10B†1 10B 

Powder 
99.999 10B: 96.98 

11B: 3.02 
0.872 8.0 1.8 × 1.8 cm2 

Graphite Plate 99.99 100 1.892 10.0 1.8 × 1.8 cm2 
†1 Each sample (powder) was packed into a thin aluminum case (0.1 mm in thickness). 

 
3. Data processing 
3.1. Derivation of the neutron capture cross section 
 

A 10B sample was used to determine the incident neutron flux on the sample. Since the thermal neutron 
cross section of the 10B(n,αγ) reaction is 3837±9 b[16], the 10B sample (0.872 g/cm2) is black for neutrons 
below several hundreds of keV as well as thermal neutrons. In addition, the energy dependent cross section 
ratio { }) n,(B) n,(B) n,(B 101010 ααγαγ +  is almost constant in the relevant energy region[17]. Then, the capture 
counting rate of the 10B sample at energy E, , is given by the following relation:  )(ECB
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where the subscript “B” means 10B.  is the capture yield and unity in the relevant energy, because 
the 

)(EYB
10B sample can be black. Bε  is the detection efficiency for the 10B(n, αγ) reaction. The neutron flux 
)(Eφ  at a certain energy E can be obtained from the following relation: 
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The capture counting rate for the 141Pr sample at energy E, , can be obtained from the following 
relation : 

)(ECPr
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where the subscript “Pr” means the sample of 141Pr. Since the BGO detection system is a total energy 
absorption detector, the detection efficiency Prε  may be independent of neutron energy E. Finally, the 
capture yield  can be obtained using Eqs. (2) and (3) as )(EYPr
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where ε  is a relative detection efficiency obtained from PrB εε . In the case of the 10B sample used in 
the current measurement, the capture yield  is unity in the relevant energy region, as mentioned 
above. 
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4. Corrections and uncertainties 

The capture yield, Y  is a primary value to be determined from the number of capture events 
occurring in the sample. The neutron capture yield for the sample is given by[18] 
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where N is the atomic density of the sample, )(Etσ  is the neutron total cross section, t is the sample 
thickness, )(ECσ  is the neutron capture cross section, and  is the correction function for the 
neutron scattering and/or self-shielding in the sample. Instead of the calculation with Eq. (5), we have 
employed the Monte Carlo code MCNP[19] and the cross sections in JENDL-3.2 to perform the detailed 
calculations considering the neutron transport in the sample. In the calculation, we have assumed that the 
capture sample is irradiated by the collimated parallel neutron beam. The random history number of the 
Monte Carlo calculation was 5,000,000. The correction function for the 

)(EfC

10B sample has been calculated by 
using Eq. (5), because the 10B(n,αγ) cross section has no resonance structure in the relevant energy region. 
After the neutron scattering and/or self-shielding correction, the capture cross section was derived in the 
low energy region of 0.003 to 20 eV. The result obtained was normalized to the reference thermal neutron 
cross section value at 0.0253 eV. For the high energy experiment in the energy range of 0.7 eV to 140 keV, 
the cross section was normalized to that in the low energy region by integrating the respective data in the 
overlapped energy region from 0.7 to 3 eV, after the correction.  

The experimental uncertainties for the current measurement are 4.3 to 220 %, which are mainly due to 
the statistical errors (1.1 ∼ 220 %) and uncertainties in the deviation of the 10B(n,αγ) cross section curve 
(2.4 %) and the reference cross section value (3.0 %). We had poor counting statistics in the cross section 
minimum energy region between the resonance peaks. The uncertainty of the γ-ray detection efficiency for 
the BGO assembly is about 0.45 %[20]. In addition, we have considered the uncertainties due to the 
background subtraction of about 1 % and the corrections for neutron self-shielding and/or neutron 
scattering effects of 1.3 %.  

 
5. Results 

The neutron capture cross section of 141Pr has been measured from 0.003 eV to 140 keV by the linac 
TOF method and the result has been normalized at 0.0253 eV to the reference value (11.6±0.35 b), which 
was obtained very recently by Yoon et al[21]. 

The previous measurements and the evaluated data of JENDL-3.2[12], ENDF/B-VI[4] and JEF-2.2[13] 
are shown in Fig. 2. Most of the cross sections have been measured at energies more than keV. In the lower 
energy range, no experimental data has been reported before except for the thermal neutron cross sections 
and the data obtained by Konks et al.[8]. The data of Konks et al. are energy-broadened by the lead 
slowing-down spectrometer at the major resonance peak region. The data by Konks et al. are lower by 
about 18 % in average at energies from 1 to 40 keV, although their data tend to be in agreement with the 
current measurement from 5 to 40 keV within the experimental error. The data obtained by Taylor et al.[10] 
are in good agreement with the current measurement within the uncertainty. Very recently, the data by 
Harnood et al.[11] are in better agreement with the current result in the energy region from 12 to 70 keV. 
The data by Gibbons et al.[9] are in good agreement with the measurement and higher by 3.5 % in the 
energy region from 11.5 to 140 keV than the current measurement. We have observed a small resonance 
peak at about 5 eV. The peak structure has been also found in the neutron total cross section 

 
 



measurements[22,23]. Their results may support that there exists the small peak which we have observed at 
about 5 eV for the first time in the capture cross section measurement. 

The evaluated data of JENDL-3.2, ENDF/B-VI and JEF-2.2 show general agreement with the current 
measurement in the relevant energy region. However, in the cross section minimum region of about 10 to 
500 eV, the evaluated data of JENDL-3.2 and JEF-2.2 are considerably lower than the measurement, 
although the ENDF/B-VI is in good agreement within the error.  
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Fig. 2. Comparison of the previous experimental data and the evaluated cross sections with the present measurement 
for the Pr(n,γ) reaction. 

 
6. Conclusion 

The relative measurement of the 141Pr(n,γ) cross section has been performed from 0.003 eV to 140 keV, 
and the result has been normalized at 0.0253 eV to the reference value (11.6±0.35 b), which was obtained 
very recently by Yoon et al[21]. The previous measurements and the evaluated data from ENDF/B-VI, 
JENDL-3.2 and JEF-2.2 are compared with the current measurement in Fig. 2. No experimental data have 
been reported before below 22 eV except for the thermal neutron cross section. As can be seen in Fig. 2, we 
have observed a small resonance peak at about 5 eV, whose peak structure has been found in the neutron 
total cross section measurements[22,23]. This fact may support the existence of the small resonance peak in 
the capture cross section curve. The data by Konks et al. have been measured with the lead slowing-down 
spectrometer[8]. In the non-resolved region from 5 to 40 keV, their data are close to the current 
measurement. The data by Gibbons et al.[9] and Taylor et al.[10] are in good agreement with the 
measurement. Very recently Harnood et al.[11] measured the cross section, which agreed well with the 
measurement at energies from 12 to 70 keV. The evaluated data from ENDF/B-VI, JENDL-3.2 and JEF-2.2 
show good agreement with the current measurement in the relevant energy region, although the JENDL-3.2 
and the JEF-2.2 data are considerably lower than the measurement and the ENDF/B-VI data in the cross 
section minimum region from 10 to 500 eV. 
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