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simulated spectra are reasonable agreement with the measured spectra. The full-energy peak area of 

the simulated spectrum is normalized by one of the measured spectrum and the spectrum is degraded 

by the gauss function. 

In the similar way, the measured spectrum of the 
35

C (n, ) reaction in the neutron energy 

region of 0.01-16 eV is plotted in Fig. 5. In Fig. 5, the background is subtracted with the measured 

spectrum for the 
208

Pb(n, ) reaction (see Fig. 2). However the residual component due to pile-up is 

shown above 8.7 MeV. For the spectrum of the 
35
Cl(n, ) reaction, the simulation is needed to reflect on 

a counting rate. Further fitting for simulation parameters are in progress including the data are 

measured with BGO anti-coincidence. 

 

4. Full-energy peak efficiencies 

 The -rays of the standard sources (
60
Co, 

133
Ba, 

137
Cs, and 

152
Eu) and the prompt -ray from the 

35
Cl(n, ) reaction are used to determine the full-energy peak efficiencies. In the data analysis to obtain 

the area of the full-energy peak, Eq. (1) is replaced as 

P’ = N
3 
– 2(N

1 
+ N

4
),                                    (3) 

because it is not easy to apply Eq. (1) to neighboring peaks, where N
3
 and N

4 
are the numbers of counts 

in the spectrum from E
m
-W to E

m
+W and from E

m
+W to E

m
+1.5W, respectively. Although this procedure 

underestimates P’ due to the tail of the full-energy peak, the systematic uncertainty in P’ is estimated to 

less than 3% based on P’/P for the 662, 1173, and 1333-keV -rays. 

The efficiencies for the measurements with the cluster1 and cluster2 detectors are shown in 

Fig. 6(a) and (b), respectively. The data of the 
60
Co, 

133
Ba, 

137
Cs, and 

152
Eu source are shown as the 

square, triangle, diamond, and circle, respectively. The plotted error bar has the following sources in 

quadrature; the statistical uncertainty in P’, the uncertainty of emitted -ray intensity, and the 

uncertainty of standard source activity. The data of the 
35
Cl(n, ) reaction (inverted triangle) are 

normalized to the data of the standard sources, where the -ray pulse-height spectrum for the 
35
Cl(n, ) 

reaction gated in the neutron energy region 0.01-16 eV were used. The simulated result (gray line) is 

normalized to the datum of 
137

Cs source. As shown in Fig. 6, the energy dependence of the simulated 

efficiencies reproduces the measurement results.  

 

5. Conclusion 

To obtain the responses, the -rays from the standard sources (
60
Co, 

133
Ba, 

137
Cs, and 

152
Eu) 

and the prompt -ray from the 
35
Cl(n, ) reaction were measured with the cluster Ge detector system at 

ANNRI in J-PARC/MLF. The -ray pulse-height spectra, peak efficiencies, and peak-to-total ratio were 

compared with the simulations using the EGS5 code. The simulations are in reasonable agreement with 

the experimental results without BGO anti-coincidence. Further fitting for simulation parameters are 

currently in progress including the data measured with BGO anti-coincidence. 
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Figure 6: Full-energy peak efficiencies for the -rays from the standard sources (
60
Co, 

133
Ba, 

137
Cs, and 

152
Eu) and the prompt -rays from the 

35
Cl(n, ) reaction. The data points are measured with the cluster1 

(a) and cluster2 detectors (b), respectively. The lines are the simulations. 
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At present, measurement of energy spectrum for thermal and epi-thermal neutrons becomes crucial to apply to 

the medical, as well as physical applications. We have been carrying out the series of studies concerning the 

thermal/ep-ithermal spectrometer especially for BNCT. In the present paper, we described the preliminary result 

of ongoing development of a new thermal and epi-thermal neutron spectrometer using the detection depth 

information measured by a commercially available 
3
He position sensitive proportional counter. From the 

measurement, the detection position distribution were obtained as a two dimensional spectrum. And the detector 

was confirmed to detect coincident signals appropriately at Z=6~34cm. It means in other words that the 

measurable energy range was thus from around 0.005eV to 1keV.  

In the next phase, we will carry out the real detection depth distribution measurement and confirming 

reproduction of the neutron spectrum in thermal / epi-thermal neutron fields by using the present spectrometer. 

1. Introduction

Boron neutron capture therapy (BNCT) is a new radiation cancer therapy which can destroy selectively tumor 

cells, simultaneously suppress influence against healthy cells. In BNCT, only the case using a nuclear reactor is 

reported now because of requiring strong low-energy neutron sources. Nowadays, Neutron sources based on 

accelerators which can be constructed in medical facilities such as hospitals have being developed, which supply 

an effective remedy and reduce a patient’s burden. However, patients should be positioned very close to the 

accelerator target because the source strength is quite weak. This leads to a problem that the spectrum is distorted 

and becomes different from the standard field. And it means accordingly that the shape of the spectrum varies 

depending on kind of accelerator. Therefore we should measure accurately the neutron field for each accelerator 

equipped with a different moderator system. Development of low-energy neutron spectrometers is thus required 

now.  

In the author’s laboratory, the 
3
He position sensitive proportional counter was developed to estimate the 

detection depth distribution which was derived from the measured detection position information. Until now 

reproduction of thermal neutron(Maxwellian distribution) have been already confirmed. We have been 

progressing to test measuring of epi-thermal neutron spectrum. However, due to so-called 
3
He crisis, we could 
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Fig.1 Response function of detector: R(E,r)  
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not refill 
3
He gas to the detector and decided to use a commercially available position sensitive 

3
He proportional 

counter instead as an alternative spectrometer, because it is cheaper and more stable though it is a little thin. The 

objectives of the present study are to develop a low energy neutron spectrometer based on a commercially 

available 
3
He position sensitive proportional counter to measure neutrons from thermal (0.01eV) to 10 keV by 

one detector. 

2. Measuring Technique and Equipments

2.1 Principles 

There is no direct method to measure the low energy neutron spectrum, because generally neutron energy is so 

smaller than the Q value of reaction used to detect neutrons. The important point is to find a certain and large 

difference of physical quantity to expand and view small energy difference in the low-energy region. The 

difference should make neutrons to be identified via one-to-one correspondence. Practically in the present 

method it is based on the fact that some nuclides have a feature that lower energy neutrons have a larger reaction 

cross section value and high energy neutrons have a smaller one. And in addition, there is clear one-to-one 

correspondence between energy and cross section value in the nuclides. The reaction cross section difference is 

exhibited as the detection  position (depth) changes, i.e., low energy neutrons can transmit to deeper places until 

captured. We measure reaction depth distribution possessing the energy information. The neutron spectrum could 

be reproduced from the measured reaction depth distribution with the response function, that is, the reaction 

depth distribution  for energy. The response matrix 

R(E,r)dr can theoretically be deduced as �(E)exp(-�(E)

r) dr, where �(E)[1/cm] is the macroscopic cross section 

and E is the neutron energy. Measured detection depth 

distribution y(r) and neutron energy spectrum x(E) are 

related by the next equation, y(r)= R(E,r) x(E). Thus, the 

measured reaction position distribution could be unfolded 

with an appropriate unfolding code in order to estimate the 

neutron energy spectrum. For the unfolding process, we 

adopted the Bayes theorem[2][3].  

2.2 Detector 

We used a commercially available position sensitive 
3
He proportional counter shown in Fig.2. The length and 

diameter of the detector are 40cm and 2.5cm, respectively. The 
3
He gas pressure is 0.5 MPa. 

The practical technique to measure the detection position (depth) distribution of an incident low-energy neutron 

is in the following manner: The position sensitive proportional counter has two output BNC connectors at both 

ends to identify where the incident neutron reacts with inner gaseous material. The induced charge in the counter 

is conveyed to two directions according to the ratio of distances to both side edges of the detector. Two output 
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signals are amplified adequately by two pairs of pre- and main-amplifiers, and fed to a multi-parameter system 

(MPS-1600 (Laboratory Equipment Corporation)) to obtain a two dimensional spectrum for coincident two 

signals. Figure 3 shows the block diagram of the measurement circuit.  

  

2.3 Calculation and Setting 

Experiments were carried out at OKTAVIAN facility of Osaka University, Japan. For measurement of 

thermal/epithermal neutrons, we designed a graphite thermal column with an AmBe source by MCNP5 

calculations. The calculation model is shown in Fig.4. Using graphite as neutron moderator, a rectangular shape 

(100 x 100 x 100 cm) graphite thermal column was constructed. The AmBe neutron source was located at 

several distances, D [cm], from the thermal column surface. The neutron spectrum at the 
3
He proportional 

counter positioned at 100cm from the thermal column was calculated and the most reasonable setting was 

examined from the calculation results. The key point is that the 
3
He proportional counter was arranged vertically 

against the beam direction in the measurement so that we can ascertain the detection position of neutron in the 

detector using an appropriate neutron absorber and to confirm detection position dependence of the detection 

efficiency. But in a real application, the incident neutron direction must be parallel to the detector axis. Therefore, 

we have calculated both of these cases. Figure 5 shows one of the MCNP calculation results in distances, D; 

20cm,40cm,60cm,80cm and 100cm. From the results, we set the moderator thickness D to 50cm. At the distance 

of 50cm, the ratio between Thermal/MeV is enough high and the neutron number density is not so low. The 

calculated spectrum will be used to verify the unfolded result obtained from a parallel incidence experiment. 

Fig.2  
3
He position sensitive proportional counter 

����

�����

HV PA PA

Multi Parameter MCA 

PA: Preamplifier (703-1C, OKEN) 

HV: High voltage power supply (714-1E, OKEN) 

MP: Amplifier (571, ORTEC)

MA MA

Fig.3 Schematic block diagram of measuring system
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3. Experiments and results 

3.1 Two-dimensional spectrum 

A two-dimensional spectrum measured by the 
3
He position 

sensitive proportional counter is shown in Fig.6. In the figure, 

the horizontal axis shows one of the two signals and the vertical 

axis shows the other. It was confirmed that the detection 

position information could successfully be extracted. In this 

measurement, no cadmium collimators were used. It means that 

neutrons enter the detector from the side surface uniformly. Now, 

we have to connect between the two-dimensional spectrum and 

the detection depth spectrum. It means that it is necessary to 

make one-to-one correspondence between the position 

(coordinates) in Fig.6 and the real detection position in the 

detector. And also it is quite important to fix the detectable 

reaction depth to define the measurable neutron energy range. 

For these requirements, in the next step, we carried out 

measurements with a cadmium collimator put around the 

detector.   

3.2 Detection position identification 

As a collimator we used a cadmium sheet because cadmium has a large (n,�) reaction cross section for thermal 

neutrons. Incident thermal neutrons are mostly blocked by the collimator and detected only from an open 

window of 1cm in width. The schematic view for the measurement is shown in the upper figure in Fig.7. To 

establish the one-to-one correspondence between the real detection position and the coordinates of the measured 

two-dimensional spectrum, we have measured several times by moving the open window from the one edge to 

the other by 1cm. As in the upper figure, several cadmium collimators were rolled around the detector to fix the 

open position . The center positions of two open windows (A and B in the figure) were 9.5cm, 29.5cm from the 

one side edge (X), at which each spectrum was expected to be observed. For spectra in the two open positions, 

the signals from X and Y are proportional with each other. We thus projected the counts of the two-dimensional 

Fig.4 Calculation model 
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spectrum along a line starting from the origin as a function of angle to x-axis as shown in Fig.7. We could 

successfully obtain the projected spectrum shown in Fig. 8, which shows two peaks corresponding to the 

positions where no Cd covers exist. By repeating this experiment, we could assign the detection position from 0 

cm to 40 cm in the detector and normalize the detection depth in the measured depth distribution. From the result 

s, it was found that the detectable position is at Z=6cm~34cm.

3.3 M ea sura ble  neut ro n energ y  ra ng e  

Limit of measureable detection depth can affect the measurable neutron energy range. The measurable energy 

range was examined by the experimental results described in Sec. 3.2 and the response matrix of the detector. At 

the depth of 6cm, there exists an enough large value in the response matrix for neutrons with energy of over 

0.005eV. And over 1keV, the response difference for neutron energy is getting too small to discriminate the 

energy. Consequently, this detector can be expected to measure neutrons of 0.005eV~1keV, which mostly cover 

energy region from thermal to epi-thermal. For the BNCT facilities these neutrons will be used and this 

spectrometer can obtain the crucial information of the neutrons.  

4. Future works

In the present study, we made it appear that the detection position could be distinguished in the test 

measurement using a commercially available position sensitive 
3
He proportional counter. In the next phase, 

the incident direction of neutrons is changed to be parallel to the detector axis, as shown in Fig. 9, in order 

to check how well the neutron spectrum could be reproduced from the measured detection depth 

distribution. For this purpose, several neutron sources having different neutron spectra are to be utilized, 

i.e., mono-energetic thermal neutrons at JRR-3M of JAEA, thermal/epi-thermal neutrons at OKTAVIAN 

and 8 keV neutrons at FRS facility of JAEA. We will use them to check one-to-one correspondence 

between the direction depth distribution and the incident neutron energy through measuring the response 

35 40 45 50

Degree[ ]

C
o

u
n

t[
a

.u
.]

0.5

1

Fig.7 Position detection by the Cd collimator 

One of the two output signals 

Fig.8 numerical result 

	� 
�

�

�

�

	

�
T
h

e 
o

th
er

 s
ig

n
a

l 




�

JAEA-Conf 2013-002

- 171 -



function. Finally we will confirm whether the thermal / epi-thermal neutron energy spectrum will be 

reproduced by unfolding the detection depth distribution with the response matrix using the Bayes theorem. 

5. Conclusion

We have been carrying out the series studies concerning the thermal/epithermal spectrometer especially for 

BNCT. In the present study, we tested a commercially available position sensitive 
3
He proportional counter as a 

thermal/epithermal neutron spectrometer. For this purpose, the measurement system with a multi parameter 

MCA was designed and developed for the measurement. Also, a thermal neutron field was designed by MCNP5 

calculation and constructed for the detector test measurement. From the measurement, the detection position 

distribution could be obtained as a two dimensional spectrum. And the detector was confirmed to detect 

coincident signals appropriately at Z=6~34cm. It means in other words that the measurable energy range was 

thus from 0.005eV to 1keV.  

In the next phase, we will carry out the real detection depth distribution measurement with incident neutrons 

being incident parallel to the detector axis. For this purpose, several neutron sources are taken into consideration 

to be utilized for confirming one-to-one correspondence between the detection depth distribution and the neutron 

energy by measuring the response of the detector, and for confirming reproduction of the neutron spectrum in 

thermal / epi-thermal neutron fields by using the present spectrometer. 
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Abstract 

A cross section measurement for Sn( , ) was performed using the ANNRI-NaI(Tl) spectrometer 

at J-PARC/MLF. The relative cross section was normalized to JENDL-4.0 at the first resonance. All 

wave resonances below 1.5 keV listed in JENDL-4.0 were observed. This report shows a data 

analysis and a preliminary result of the measurement in a neutron energy region of about 1 eV to 2 

keV.  

 

 

1. Introduction  

To evaluate the feasibility of development of nuclear transmutation technology and advanced 

nuclear system, precise nuclear data of neutron-induced reactions for minor actinides (MAs) and 

long-lived fission products (LLFPs) are indispensable. Precise nuclear data for stable isotopes of LLFPs 

are also needed as well as those for LLFPs themselves, because there are sizable yields for stable 

isotopes in U( , ) . For example, tin isotopes produced in U( , )  amount to 20-30% for 

Sn
,  and about 50% for Sn as compared to Sn which is one of the LLFPs. In the present 

study, the cross section measurement has been performed for Sn( , ) using the ANNRI-NaI(Tl) 

spectrometer at J-PARC/MLF. 

 

2. Experiment 

The experiment was performed using the ANNRI-NaI(Tl) spectrometer of the Beam Line 04 at 

J-PARC/MLF. Neutron energy was determined by the TOF method.  
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Neutrons were produced by spallation reaction of mercury irradiated with 3-GeV pulsed proton 

beam which was accelerated by LINAC and Rapid Cycling Synchrotron (RCS). The beam power and 

repetition were 200 kW and 25 Hz, respectively. The proton pulses from RCS were transported to MLF 

and/or another synchrotron called MR for high energy physics experiments. In the present experiment, 

58 proton pulses were transported to MLF and remained 6 pulses were transported to MR for every 64 

pulses. To keep the proton intensity as high as possible, a double-bunch operation is used at J-PARC. 

In the double-bunch operation, a proton pulse consists of two bunches separated 600-ns interval. This 

causes a split of resonance structure in the TOF spectrum as described later. 

Prompt  rays emitted in capture reactions were detected using the ANNRI-NaI(Tl) spectrometer. 

The spectrometer was located at 28-m flight length and consists of two sets of an NaI(Tl) and plastic 

scintillators. The plastic scintillators are annular shaped and surrounding the NaI(Tl) scintillators. 

These plastic scintillators are used as veto counters for cosmic-ray events. The two sets of NaI(Tl) and 

plastic scintillators are located at the angles of 90° and 125°with respect to the neutron beam line. In 

the present experiment, only the NaI(Tl) and the plastic scintillators located at 90° were used.  The 

size of the NaI(Tl) was 30.3 cm diam.× 20.3 cm. 

The sample used in the present experiment was enriched by 87% in Sn. The impurities of Sn 

and Sn were 9.3% and 3%, respectively. Tin powder of 88.9 mg was pressed into pellet shape with 

diameter of 5 mm. 

Dynode signals from three photo-multiplier tubes attached to the NaI(Tl) scintillator were used for 

pulse height measurement. The sum of these signals was amplified (ORTEC113 and ORTEC572A) and 

input to a 7072 Dual ADC module (Fast ComTec). The sum of the anode signals was amplified 

(ORTEC472), discriminated (ORTEC584) and input to a multi-stop TDC (Daiei Musen Denki). The 

digitized data of ADC and TDC were handled by a data acquisition system of MPA-3 (Fast ComTec). 

 

3. Data analysis 

A fixed dead time of 3.00 s is imposed to the DAQ system for each accepted signal. Signals arriving 

during dead time which is imposed by the prior 

accepted signal are not accepted and do not 

impose dead time to the DAQ system. In other 

words, the non-extended dead time model is 

applied to the DAQ system. In the 

non-extended dead time model, the true 

counting rate is expressed by 

( ) =
( )

1 ( )
  , (1) 

where ( ) is the measured counting rate at 

TOF . The spectrum shown by a gray line in 
Figure 1 The spectrum shown by a gray line is corrected 

to that shown by a black line. 
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Fig.1 is the TOF spectrum for the Sn sample before the dead time correction. The dips just below 

the strong resonances are because of dead time (see arrows in the figure). After the dead time 

correction by Eq.(1), these dips disappear as shown by a black line. 

 

In the present analysis, we consider three backgrounds; frame overlap, blank and scattering 

neutrons. Slow neutrons produced by a proton pulse reach the sample position after fast neutrons 

produced by the next proton pulse. The energy of these slow neutrons cannot be determined because 

the start signal of TOF is updated for the neutrons produced by the next proton pulse. The events due 

to these slow neutrons are the frame-overlap background. This background was estimated in the same 

manner as described in Ref.[1].  

The second background is blank, i.e., events observed even without any sample. This background can 

be obtained by a measurement for no sample. The third background is events due to scattered 

neutrons. Some scattered neutrons from the sample are captured by materials around the sample and 

subsequently produce capture  rays. These undesirable rays make background events. This 

background was estimated by an auxiliary measurement of carbon sample. The neutron capture cross 

section of C is much smaller than that of the elastic scattering. Hence the carbon can be used as a 

scatterer. Letting ( ) be a count rate at TOF  after the background subtraction for frame-overlap 

background, the background subtraction is expressed as 

( ) = ( ) ( )
{ ( ) }

{ ( ) }
( ) ( )                        

                                = ( ) ( ) + (1 ) ( )         ( )
{ ( ) }

{ ( ) }
 ,       (2) 

where  is the counting rate due only to the capture reaction on Sn. The factor  is needed to 

normalize the background of scattered neutrons estimated using C  to that for Sn . The 

background subtraction is shown in Fig.2, where the counting rate observed in the measurement of 

Sn, ( ), is depicted by a black line and the background spectrum, the second term in Eq.(2), is 

depicted by a gray line. 

 Figure 3  Cross section normalization Figure 2 Background subtraction 
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4. Results and discussion 

The relative cross section value, i.e. the neutron energy dependence of the cross section, was obtained 

from  in Eq.(2) divided by the neutron spectrum. The neutron spectrum is well expressed by 

(  is neutron energy) [2]. In the neutron energy range above 1 eV, the parameter is obtained as 

1. The obtained relative cross section was normalized to the evaluated value of ENDF/B-VII.1 at 

the first resonance. Figure 3 shows the cross section normalization. The gray plots are the relative 

cross section. The sums of every 32 points are shown by the black plots. The white solid curve is 

JENDL-4.0 [3].  

The evaluation is broadened by the resolution 

function of the neutron beam. The broadening 

result is shown in Fig.4. The thin black line is 

the original data of JENDL-4.0 at = 300 K. 

The thick black line is JENDL-4.0 broadened 

according to the resolution function and the 

double-bunch structure of the proton pulse. 

Therefore, each resonance splits into two peaks 

with a certain energy interval corresponding to 

600 ns in TOF. 

  The cross section in higher energy region is 

shown in Fig.5 and Fig.6. The gray plots are the 

result of this work without error bars for easy-viewing. The solid and dashed curves are broadened 

JENDL-4.0 and ENDF/B-VII.1 [4]. It should be noted that the result of this work has been obtained 

without any correction for the self-shielding effect. Hence, at this moment, the evaluations shown in 

Fig.5 and Fig.6 are decreased by a self-shielding factor instead. The self-shielded cross section   is 

given by 

( ) =
1 exp { ( ) }

 ,                                 (3) 

where  and  are the number density of the Sn nucleus and the sample thickness, respectively. 

Resonances indicated by black stars and an gray star in Fig.5 and Fig.6 are supposed to be 

backgrounds from Sn and Sn. The resonances at around 581, 996 and 1359 eV are clearly seen in 

the present result, which are also seen in JENDL-4.0 whereas the ENDF/B-VII.1 does not include 

these resonances. Difference between these two evaluations seems to be whether the experimental 

data obtained by Smith et al. [5] was considered or not. In the experiment of Smith, enrichment of the 

Sn sample was 87.6% which is nearly same as that used in the present experiment (87%), and not 

so highly enriched. In order to confirm whether these resonances are belong to the Sn( , ) reaction 

or not, a measurement is needed for Sn( , )
,  which are included in the Sn sample. 

 

Figure 4 JENDL-4.0 evaluation (thin black line) is 

broadened into the thick black line considering the 

neutron resolution function and the double-bunch 

structure of the proton pulse. 
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Figure 5  [PRELIMINARY RESULT ] The result of this work shown by gray plots is compared to evaluations. The 

solid and dashed curves are JENDL-4.0 and ENDF/B-VII.1 which are broadened by the neutron resolution 

function and double-bunch structure of the proton pulse. 

 

 

Figure 6  [PRELIMINARY RESULT ] (same as Fig.5) 

 

5. Summary 

The cross section measurement for Sn( , )  was performed using the ANNRI-NaI(Tl) 

spectrometer at J-PARC/MLF. The obtained relative cross section was normalized to JENDL-4.0 at the 

first resonance. It should be noted that, up to now, the correction of the self-shielding effect and the 

pulse-height weighting technique have not been applied yet. The result of this work is compared to 

Neutr on ener gy ( eV )

C
r
o

s
s
 s

e
c

ti
o

n
 (

b
)

This work
JENDL-4.0
ENDF/B-VII.1

Neutr on ener gy ( eV )

C
r
o
s

s
 s

e
c
ti

o
n

 (
b

)

JAEA-Conf 2013-002

- 177 -



JENDL-4.0 and ENDF/B-VII.1 which are broadened by the neutron resolution function and the 

double-bunch structure of the proton beam. JENDL-4.0 reproduces the present data better than 

ENDF/B-VII.1, especially at the resonance around 581, 996 and 1359 eV. These resonances, however, 

should be confirmed by another measurement for Sn
, . For the final result, further analysis is 

needed such as the self-shielding correction, pulse-height weighting technique and uncertainty 

evaluation. We are planning to measure the other tin isotopes including Sn
, . 
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 A quantification method of reaction rates in multiplication systems by  ray spectrum 

measurements is studied. Light water moderated subcritical cores are mocked up with uranium (U) - 

aluminum (Al) alloy fuels in KUCA and high energy (>3MeV)  rays are measured with a BGO scintillator. 

The response functions and the detection efficiencies are calculated for  rays from 
235

U(n,fis), Al(n, ), and 

SUS(n, ) reactions. With calculated ones and the measured pulse height spectra, the reaction rates are 

unfolded. For the Al(n, ) reaction, the deduced reaction rates agree with those deduced by neutronics 

calculations. 

 

I. Introduction 

 When nuclear fuel is stored in a dense transport cask or a storage rack taking the burn-up credit 

(BUC), it is required to certify whether the nuclide composition of the fuel is conservatively evaluated from 

a criticality safety viewpoint
1)

. To take the burn-up credit for the transport and the storage of an intact fuel 

assembly, the burn-up of the assembly has been evaluated based on the passive measurements of neutrons 

and  rays from the assembly with FORK, PYTHON, and BUM detectors, etc
2)

. The neutron induced 

reaction rates of the burnt fuel assemblies have not yet been measured directly. 

 In many cases, neutron absorption reactions are associated with emission of  rays. The emission 

spectrum of the  rays is intrinsic to the reaction. By a spectrum measurement of the  rays, the absorption 

rate could be quantified. The quantified absorption rates would be useful to know the subcriticality margin 

by the absorption. Focusing on it, Nauchi et al. have proposed the “capture credit” (CapC)
3)

. To take CapC 

means to enable increment of the storage density of the fuel in the range of the negative reactivity of the 

capture reactions confirmed by the  ray measurements. CapC would enhance the range of BUC. Besides, it 

could be useful to quantify the negative reactivity effect of stainless steels (SUS) mixed with the melted 

fuels after severe accidents of LWRs. 

 In the present work, the concept of CapC is described
4)

. Then the quantification of the capture 

reactions is demonstrated by subcritical experiments in Kyoto University Critical Assembly facility 

(KUCA) and by processing of the obtained data. The current status of the nuclear data used for the 

processing is also discussed. 

 

II. Capture Credit 

 The concept of the CapC is shown in Fig. 1. The target fuel is irradiated by neutrons then the  

rays are radiated. Those  rays are measured with a spectrometer such as a BGO scintillator or a HP-Ge 
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detector. The obtained pulse height spectrum consists of the  ray components from the fission and the 

capture reactions. Assuming kinds of reaction and their spatial distributions in the fuel, the pulse height 

response of the reactions and the detection efficiencies of them are simulated by the photon-electron 

coupled transport calculations. By using the responses, the efficiencies and the measured pulse height 

spectrum, the reaction rates are unfolded.  

 Suppose we do not know any information of a fuel assembly but its initial nuclide composition. 

Then the infinite multiplication factor is conservatively evaluated as  

=   .         (1) 

Here the brackets mean the integration over the position, the flying direction, and the energy of neutrons. t 

is the total neutron yield per fission.  is the angular neutron flux. c and f are the capture and the fission 

cross sections of the fresh fuel in the water, respectively. By quantifying the ratio of a capture reaction i to 
235

U fission, < c,i >/< f >, the multiplication factor can be evaluated as 

, =
,

 .         (2) 

Where  is a kind of engineering parameter which satisfies 

0 < < 1            (3) 

The difference of the two kinds of the infinite multiplication factor is the confirmed subcriticality margin

by the capture reaction. 

  

 

  

  

  

   

  

 

 

Fig. 1 Procedure of estimation of reaction rate in fuel 

 

III. Experiment 

 A demonstration measurement was performed in the C-core of KUCA. Fuel plates of U – Al alloy 

covered by Al cladding were used. The 
235

U enrichment of the fuel is 93wt-%. Fuel plates were inserted in 

frames and the frames were loaded onto the bottom grid made of SUS as shown in Fig. 2. The reactivity 

was inserted by feeding the water moderator from the bottom of the core tank. However, the amount of 

fuels loaded for the present work was less than the minimum number of plates to attain the criticality. The 

core was driven subcritically by a 
252

Cf neutron source. The  rays radiated from absorption reactions of 

hydrogen, Al, 
235

U, and SUS were measured with a BGO scintillator which is located 40cm from the outer 

surface of the core. The BGO scintillator is covered with a water-tight tube made of Al-alloy.  rays were 

measured for 3 cores varying the number of fuel plates. The duration time for the measurements are 2 ~ 4h 

for each core. A slight increment of count rate (<2%) was observed as the detection duration time increases 

due to decay of short lived fission products (FP). Background  rays from long-lived FP accumulated in the 

fuel plates by other experiments and from the experimental room were quantified by measurements without 

(1) ray measurement

(2) ray transport simulation 

(3) Unfolding (4) Division 

Fundamental data of  ray yield & spectrum 

Response Efficiency Pulse Height Spectrum 

Spectrometer 
n-source fuel 

neutron  ray 

Count rate of reaction i 

Reaction rate of j 
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the 
252

Cf source. By the 
252

Cf source in / out measurements, the net pulse height spectra originated in the 
252

Cf source were obtained. The thermal neutron flux distributions inside the cores were measured 

vertically by the activation method with 
115

In wire.  

 To determine the intensity of the 
252

Cf neutron source and its activity, 2.223 MeV  rays were 

measured for geometries in which any fuel plate was discharged and the only the source was set in the 

water moderator. In a similar geometry, only an Am-Be neutron source was set and the radiated  rays of 

4.437 MeV were measured for the pulse height calibration and for an evaluation of the resolution of the 

BGO scintillator (see Fig. 3). 

          

       Fig. 3  ray spectrum measured for  

 Fig. 2 Experimental geometry    Am-Be source in water 

      

IV. Data Processing 

 The net spectrum obtained for a core is shown in Fig. 4. It consists of a 2.223MeV peak, a 

continuum part (3 - 6 MeV) and peak structures in 7~8MeV energy region. The background components 

were not observed for the energy region above 3MeV. In the present work, the authors focused on the 

energy region above 3MeV. 

 The authors assumed that the  ray pulse height spectra consist of the 4 components: 1) the 

spontaneous fission of 
252

Cf and the decay of its FP, 2) the fission of 
235

U and the decay of its FP, 3) (n, ) 

reactions of Al, 4) (n, ) reactions of SUS. The authors assumed that the measured  rays were radiated by 

reactions induced by the thermal neutrons and surveyed evaluations of the  ray spectrum and of the 

number of  ray emission per reaction for each reaction. For the prompt  ray emission by the spontaneous 

fission of 
252

Cf and by the fission of 
235

U, an evaluation by Verbeck
5)

 is adopted. In his evaluation, the 

relative spectrum is identical for the two reactions although the number of  ray emission per reaction is 

different. The FP decay  ray was evaluated with the FPGS-90
6)

 code with the JNDC-2000 decay chain data 

file
7)

. For the 
235

U fission, the average intensity of the FP decay  ray emission was calculated taking the 

duration time for the measurement into account. For the capture reactions,  ray emission data presented in 

the CapGam database
8)

 were adopted. Capture reactions of 
27

Al, 
55

Mn, 
56

Fe and 
58

Ni were considered. That 

of 
235

U was neglected since the number of higher energy (>3MeV)  ray emission per capture listed in 

CapGam is small. 
52 and 53

Cr are also major nuclides in SUS, but the numbers of the absolute values of  ray 

emission per capture are unknown. For the reason, they were neglected. For SUS,  ray emission data for 
55

Mn, 
56

Fe and 
58

Ni were averaged after weighted by their number densities and the thermal cross sections. 

 With the  ray emission spectra, the pulse height response and the efficiency for the reactions 

were calculated. The vertical distributions of those reactions were assumed similar to the measured 

neutron 

252Cf 

U-Al Al Cladding Frame 

BGO 3”diam.x 3” 

Grid plate 

Water moderator 

Water Surface 

 ray 

fission 

capture 

capture 
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115
In(n, ) reaction rates. The horizontal one is assumed a cosine shape function. The responses were 

calculated in three steps with the MCNP-5 code. At first, photon transport calculations were performed and 

the inner current of photons on the surface of the water-tight tube covering the BGO scintillator was 

calculated with the cutoff energy of 1.0 MeV. Then the photon-electron coupled transport calculations were 

done inside the tube with cutoff energy of 0.1MeV. Those energies are carefully determined to predict the 

ratio of the single escape events to the photo peak ones. By the procedure, pulse height responses were 

tallied. The responses rs were smeared taking the measured resolution into account. Then detection 

efficiencies s were also obtained. 

 With the calculated response and the efficiency for the case where only 
252

Cf was loaded in water, 

the intensity of the source was determined. Then, the pulse height spectrum components of the direct  rays 

from 
252

Cf were quantified for the subcritical systems where the fuel plates were loaded. The spectra Cis 

were obtained by subtracting the direct components from the net pulse height spectra. The reaction rates of 

the fission of 
235

U, Al(n, ), and SUS(n, ), ps were unfolded from Ci by inversely solving the following 

equation. 

C = r r ( , ) r ( , )

0 0

0 ( , ) 0

0 0 ( , )

p

p ( , )

p ( , )

  (4) 

For the unfolding, the spectrum type Bayesian unfolding method proposed by Iwasaki
9)

 is adopted. 

 The unfolded pulse height components are shown in Fig. 4. The summation of the unfolded 

components well predicts the measured data. In the energy region above 8MeV, only the SUS(n, ) 

component exists. The prominent peak structure in 6.5-8MeV is mainly dominated by the Al(n, ) reactions. 

A major component in 3-5MeV region is fission of 
235

U.  

 The unfolded reaction rates are listed in the Table 1 and compared to those deduced by 

neutronics calculations using the MCNP-5 code with the FSXLIB-J4 library 
10)

. For the Al(n, ) reaction, 

the deduced reaction rates by the  ray measurements agree with the calculated values within 7% accuracy. 

However, the fission reactions rates by the  ray measurements are larger than the calculated values by 

50~58% by the present method.  

 

Fig. 4 Measured pulse height spectrum and unfolded components 

                                                   
† FSXLIB-J4 is not based on JENDL-4u but JENDL-4 published in 2010. 

Reaction Geom.  Measured(E)  Calc.(C)  

Al(n, ) 2x2  1.43E+05 1.42E+05 

 
3x2  2.59E+05 2.65E+05 

 4x2  4.28E+05 4.55E+05 

235U fis 2x2  1.54E+06 1.02E+06 

 
3x2  2.95E+06 1.94E+06 

 4x2  5.27E+06 3.33E+06 

Table 1 Reaction rate based on the  ray 

measurements (E) and the neutronics 

calculations (C) 
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V. Discussion 

 The  ray emission data used in section IV are compared to those listed in JENDL-4 
10)

.  

 Absolute  ray emission data for the thermal fission of 
235

U are shown in Fig. 5. In JENDL-4, the 

prompt  ray spectrum is evaluated in coarse energy meshes so it is difficult to apply it for CapC. The 

spectrum of JENDL-4 is flat from 6.3 to 10.3MeV and differs from the Verbeke’s evaluation. It should be 

investigated whether the flat spectrum is adequate or not against the experimental data. 

 In Fig. 6,  ray data of 
235

U(n, ) reactions for thermal neutrons are compared to CapGam data. 

The yield data are given for the discrete energy  rays in CapGam and in a part of JENDL-4. However, the 

data in the other part of JENDL-4 are given as the continuous energy distribution. The yield data for the 

discrete energy gamma rays were divided by the energy width of the mesh used for the evaluation of the 

continuous energy distribution in JENDL-4. Then the data were compared. It is noteworthy that significant 

amount of  rays are radiated in 3-4.5MeV region in the JENDL-4. The amount is comparable for the 

prompt  rays per fission (see Fig. 5). In CapGam, yields of experimentally observed  rays are listed. In 

contrast, calculated values by the CCONE code
11)

 is used in JENDL-4. Although discrete gamma ray yields 

have not been observed, the spectra are evaluated continuously in the energy region 3-4.5MeV in JENDL-4. 

If the data in JENDL-4 are accurately evaluated, the neglect of the capture reactions of 
235

U might cause the 

overestimation of the fission of 
235

U in the unfolding from the measured pulse height spectra in section IV.

 

Fig.5 Evaluations of prompt  ray spectra of 
235

U 

fission for thermal neutron
5),10)

   

 

Fig. 6 Evaluations of  ray spectra of 
235

U capture 

reaction for thermal neutron 
8),10)

 

 

VI. Summary and Future Work 

 

 In order to determine the subcriticality margin of capture reactions in a sub-critical system, the 

gamma ray measurements and the numerical analyses have been conducted. For the 3 subcritical 

assemblies mocked up in the C-core tank of KUCA, the higher energy  ray spectra (> 3MeV) were 

observed with a BGO scintillator. The authors assumed the spectra consist of  rays from capture reactions 

of Al and SUS and fission of 
235

U. By using the fission spectrum by Verbeke and the capture  ray spectra 

by CapGam, those reaction rates were unfolded. The unfolded Al(n, ) reaction rates agree with neutronics 
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calculations. This result demonstrates the possibility of CapC. However, the fission rate of 
235

U was 

overestimated. By the comparison of the  ray data from the capture of 
235

U in CapGam with those in 

JENDL-4, the former gives smaller yields since CapGam presents only discrete energy  rays 

experimentally observed. Accordingly, the neglect of 
235

U capture in the unfolding might cause the 

overestimation of fission of 
235

U. 

 In order to develop the CapC technique, revisions of the  ray spectra and the yields are essential. 

For the purpose, the integral type experiments with various kinds of fuel and structural materials shall be 

done as well as the differential type experiments. 
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 Double differential cross section (DDX) data of light mass fragment (LMF) production for 6 

MeV/n carbon induced reaction have been measured for light to medium mass targets for evaluation of 

LMF production model at tens of MeV energy region. The data are useful not only to understand 

contribution of nuclear reactions during slowing down process of incident energetic ions in a matter, 

but also to study cluster like behavior of nucleus that was observed for proton induced LMF 

production around reaction threshold energy. The experiments were carried out at cyclotron facility of 

national institute of radiological sciences. Bragg curve counters at 30, 60 and 90 degrees were 

employed as fragment detector. DDXs for Li, Be, B, C, N, O production were measured for Be, C, Al, 

Ti and Cu targets. From the obtained DDXs, several features on DDX become obvious for description 

of LMF production in this energy range.  

 

 

1. Introduction 

 Double differential cross section (DDX) is key parameter to describe secondary particle 

production and transportation. Regarding recent progress of high-energy ion beam application for 

tumor therapy, precise calculation and measurement are required for energy deposition distribution due 

to ionization by primary particle as well as secondary particles. For this purpose, several Monte-Carlo 

codes have been developed and utilized with fine particle tracking under actual three-dimensional 

structure and material. The codes use nuclear reaction models to describe secondary particle 

generation. The models are originally developed for nuclear reaction with several hundred of MeV/n 

projectiles. Because of the energy, the model calculates reaction products based on nucleon-nucleon 

reaction cross section. From application point of view, a primary ion impinging in a matter slowdowns 

continuously, which means reaction models are required for not only several hundred of MeV/n but 

also down to few MeV/n with considering nucleon binding energy. One idea is simply use the reaction 

model based on nucleon-nucleon reaction cross section for low energy ion reaction, however the 

applicability of this model must be carefully assessed though comparison with experimental data. 
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Especially, for several MeV/n energy region, experimental data are not available for not only LMF 

production DDX but also total reaction cross section that is indispensable parameter to determine 

absolute value of reaction products. Therefore, experimental data for LMF production DDX are 

requested for low energy range.  

 Experimental data of LMF production DDX for low energy range are generally not sufficient. 

Until now, several data have been taken for special reaction channel or much higher energy, thus 

systematic data have not been available covering wide target mass, entire fragment types, energy and 

emission angles, which allow us to assess applicability of calculation model with regarding this energy 

range.  

 From this standpoint, experimental data for carbon induced reaction on carbon target for 6 

MeV/n and 12 MeV/n impinging energy were measured using Bragg Curve Counter [1]. The 

experimental data were in fairly agreement with calculation results with QMD model, except for 

fragments belonging to the low-lying levels of the residual nuclei, however it is still not clear about the 

applicability for another target nuclei. In this study, fragment DDXs were measured for several target 

nuclei to study target dependency on fragment production. The target nuclei were Be, C, Al, Ti and Cu, 

to cover light to medium nuclei. Results of fragment DDX as well as outline of data taking procedure 

are presented in the following sections. 

 

2. Experiment 

 Details of experimental 

apparatus and procedure were 

same as one for proton induced 

reaction measurement described 

in references [1-8]. The 

experiments were performed 

using the NIRS 930 cyclotron in 

National Institute of Radiological 

Science (NIRS). Figure 1 shows a 

picture of the experimental setup.  

Carbon beam of 6 

MeV/n was focused to 5 mm in 

diameter spot size on the target 

foil that was mounted on a target 

changer. The target changer 

mounts blank, ZnS viewer as well 

as less than 1 m in thickness C, Al, Ti, Cu and Ta targets. Fragments from the target were measured 

by the BCCs mounted on the 30, 60 and 90 ports of the scattering chamber.  

 

Fig. 1 Experimental setup 
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 The BCC is a parallel 

plate ionization chamber with a 

grid. The details of BCC, 

operation parameters and 

readout electronics are already 

described in reference [1]. 

Figure 2 shows Two 

dimensional spectrum of 

Bragg Peak vs Energy at 30 

degree laboratory angle for 6 

MeV/n carbon on beryllium 

target. As shown in this figure, 

very clear separation was 

derived for He to O fragments. 

In addition, the low energy 

events shown in this figure as 

(i), which were too low energy 

to form Bragg peak, were also 

separated using range-energy plot that can be derived from time-difference between signals from 

cathode and anode [1]. The events shown in this figure as (ii), which were too high energy to stop 

within BCC length, were used as data points with compensating missing energy by calculation [2]. It 

should be stressed that these two techniques are essential to cover required energy range for fragment 

measurement in this energy range. 

 After particle identification according to Bragg peak vs energy plot, pulse height spectra 

were converted to energy spectra for each fragment. The energy spectra were normalized by number of 

incident carbons and solid angle. The number of carbon was obtained from Faraday cup measurement 

during each run. Solid angle was deduced analytically and confirmed through -particle counting from 

241
Am check source placed instead of the target. 

 

3. Result and discussion 

 Figures 3-8 show experimental results of DDX for lithium, beryllium, boron, carbon 

nitrogen and oxygen emission at 30 degree, 6 MeV/n carbon on various targets. The experimental data 

covers energy ranges up to 30 MeV for lithium, 45 MeV for beryllium, 60 MeV for boron and more 

than 70 MeV for carbon, nitrogen and oxygen spectra. Therefore, part of energy spectrum was covered 

for lithium and beryllium emission. The missed energy range for lithium and beryllium could be 

covered by using a silicon surface barrier detector just behind the BCC. 

 As shown in these figures, the highest of DDXs are given for the carbon emission, Fig. 6, 

 

Figure 2 Two dimensional spectrum of Bragg Peak vs Energy at 

30 degree laboratory angle for 6 MeV/n carbon on Beryllium 

JAEA-Conf 2013-002

- 187 -



which means most of projectile carbons are scattered from target nuclei with keeping their structure. 

The comparison between boron (Fig.5) and nitrogen (Fig.7) emission DDXs tells difference between 

proton stripping and attachment probabilities of projectile carbon on various targets. The same 

comparison can be done for alpha-particle stripping and attachment using beryllium (Fig.4) and 

oxygen (Fig.8) emission DDXs. For proton stripping/attachment, similar spectra are obtained for 

boron and nitrogen emission for carbon and aluminum target except for low energy side of boron 

emission from carbon. For the other targets, Be, Ti and Cu, boron emission spectra show one order of 

magnitude higher than nitrogen emission. For alpha stripping/attachment, only aluminum shows 

similarity in comparison between beryllium and oxygen spectra. In the comparison between 

proton/alpha attachment, i.e, Fig. 7 and 8, almost same spectra are given each other, which means that 

the attachment probability of proton and alpha -particle is almost same for all the target nuclei. These 

features should be considered to describe reaction models in this energy range. 
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Figure 3 DDXs of lithium emission at 30 degree for various samples 

Figure 4 DDXs of beryllium emission at 30 degree for various samples 

Figure 5 DDXs of boron emission at 30 degree for various samples 
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Figure 6 DDXs of carbon emission at 30 degree for various samples 

Figure 7 DDXs of nitrogen emission at 30 degree for various samples 

Figure 8 DDXs of oxygen emission at 30 degree for various samples 
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Reaction cross sections for Tb induced by neutrons at 197 and 386 MeV were measured by using 
7
Li(p,n) 

reaction at N0 beam line in the Research Center for Nuclear Physics (RCNP), Osaka University. To estimate 

quasi-monoenergetic neutron cross sections, Tb samples were irradiated on the two angles of 0°and 25° for the 

axis of the primary proton beam. The measured cross section data in the 
159

Tb(n,x) reactions are compared with 

values calculated by using the particles and heavy ion transport code system (PHITS). The proton cross sections 

for Tb at 400 MeV were also measured, and then neutron cross sections obtained are compared to the proton 

ones.  

1. Introduction

Neutron cross sections are important as basic nuclear data for the estimation of residual radioactivities in 

the accelerator facility and even for cosmochemistry [1-2]. Although the high-energy neutron cross sections from 

C, Cu, Pb and Bi have already been published [3-4], neutron cross sections in the energy range above 100 MeV 

have scarcely been measured experimentally. Therefore, those evaluated from calculation codes are utilized and 

proton cross section data are also utilized on the basis of the assumption that neutron cross sections in higher 

energies than 100 MeV approximately equal to proton ones in the same energy range. Recently, cross section 

measurements for quasi-monoenergetic neutron induced reactions for the basic nuclear data as well as the 

cosmochemical application have been commenced by our group [2,5-8].

In this work, we measured reaction cross sections of radionuclides produced through nuclear spallation 

reaction of Tb, induced by neutrons at 197 and 386 MeV, which have never been reported. Furthermore, proton 

cross sections for Tb at Ep = 400 MeV were also measured to compare with the neutron ones. 
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2. Experimental procedure 

2.1. Neutron irradiation 

The irradiations were carried out using neutrons 

produced through 
7
Li(p,n) reaction at N0 beam line 

in the Research Center for Nuclear Physics (RCNP), 

Osaka University. To estimate quasi-monoenergetic 

neutron cross sections, the sample stack of Tb was 

irradiated on the two angles of 0° and 25° for the axis 

of the primary proton beam. The schematic view of 

these irradiation configurations is shown in Fig. 1. 

This irradiation method referred to the method 

by Sisterson et al. [9]. Since peak energy neutrons 

produced by 
7
Li(p,n) reaction are tend to be emitted 

in the forward direction and low energy neutrons 

isotropically, the irradiation on the angle of 0° was

performed by peak and low energy neutrons, whereas the irradiation on 25° by low energy ones only. Therefore, 

neutron cross sections were able to be estimated by subtracting the activities produced in the samples placed on 

25° from those on 0° to correct the contribution of the low energy tail in the neutron spectrum.  

The neutron energy spectra were measured by the time-of-flight method using a NE213 liquid scintillation 

detector. The neutron spectra obtained in the irradiations on the angle of 0° and 25° are shown in Fig. 2(a). The 

quasi-monoenergetic neutron spectrum obtained by subtracting the spectrum on 25° from the one on 0° is shown 

in Fig. 2(b). The samples were placed at 8.05 or 7.20 m from the Li-target in the forward direction at 0° or 25° 

for the axis of the primary proton 

beam, respectively (shown in Fig. 

1). The samples induced by 386 

MeV neutron on the angle of 0° 

and 25° were irradiated for 31.6

and 23.0 h, respectively and the 

samples by 197 MeV on 0° and 

25° were for 52.7 and 41.3 h,

respectively. 

2.2. Proton irradiation 

Terbium foil with a thickness of 21 mg cm
-2

 was mounted in the holder where the Li target was mounted in 

the neutron irradiation. The Tb foil was irradiated with protons having a mean current of approximately 100 nA 

for 183.8 s. The average beam current in this irradiation was 101.5 4.5 nA, which was determined by the 

27
Al(p,3pn)

24
Na monitor reaction. The Tb foil was sandwiched by guard foils of identical material to monitor 

Figure 1. Schematic view of irradiation 

configurations; (a) 0° and (b) 25°. 
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Figure 2. (a) Neutron spectra of the 0° and 25° irradiations measured

with the TOF method, (b) Quasi–monoenergetic neutron spectra

obtained from the spectra of the 0° and 25° irradiations.
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recoil losses and to prevent cross contamination between the samples. 

2.3. Gamma-ray spectrometry 

After the irradiation, gamma-rays emitted 

from the irradiated samples were measured 

with a high-purity germanium (HPGe) detector. 

The neutron-irradiated samples were counted 

for 1000 610000 seconds more than ten times, 

and the proton-irradiated ones for 2000

1700000 seconds several times. The measured 

nuclides in the neutron- and proton- irradiated 

samples are listed in Table 1 with their nuclear 

properties.

3. Data analysis 

3.1. Reaction rate in neutron-irradiated sample 

Activation reaction rates were estimated by considering the peak counts of gamma-ray spectra measured 

with the HPGe detector, the peak efficiency of the HPGe detector calculated by the EGS4 code [10], the 

self-absorption of gamma-rays in the samples also corrected by the EGS4 code and the beam current fluctuation 

during the irradiation. 

The reaction rates (R) per beam current, corrected for the above-mentioned effects, are given as follows: 

         (1) 

where λ is a decay constant (s
-1

), C is a total counts of gamma-ray peak area, ε is a peak efficiency, N is a number 

of atoms in the target (atom), tc is a cooling time (s),γ is a branching ratio of gamma rays, tm is a measurement 

time (s), and Qi is a beam current for irradiation time interval Δt. 

3.2. Cross section estimation in neutron-irradiated sample 

The activation cross section (σ) can be determined in principle as follows: 

                                                    (2) 

where φ is a neutron fluence rate per beam current. 

Since neutron cross sections were estimated by subtracting the reaction rate in the irradiation on the angle of 25° 

from that in 0°. In this work, the cross sections were estimated as follows:

                                          (3) 

where R0 and R25 are the reaction rate in the irradiation on the angles of 0° and 25°, respectively and f is a factor 

for the correction in subtraction of neutron spectrum, and the one due to the variation from 8.05 to 7.20 m in the 

distance between the Li-target and the samples. 

Target Measured Gamma-ray Branching

nuclides nuclides energy [keV] ratio [%]

159
Tb (p,x), (n,4n) 156

Tb ( I  ) 5.35 d 534 67

159
Tb (p,x), (n,5n) 155

Tb ( I  ) 5.32 d 106 25

159
Tb (p,x), (n,7n) 153

Tb ( I  ) 2.34 d 212 31

159
Tb (p,x), (n,8n) 152

Tb ( I  ) 17.5 h 345 65

159
Tb (p,x), (n,9n) 151

Tb ( I  ) 17.6 h 288 28

159
Tb (p,x), (n,x) 149

Gd ( C ) 9.3 d 150 48

159
Tb (p,x), (n,x) 147

Gd ( C ) 38.1 h 230 63

159
Tb (p,x), (n,x) 146

Gd ( C ) 48.3 d 155 47

159
Tb (p,x), (n,x) 148

Eu ( I  ) 54.5 d 550 99

159
Tb (p,x), (n,x) 145

Eu ( C ) 5.93 d 1659 15

Reaction Half-life

Table 1. Relevant nuclear properties of measured nuclides.

Each nuclide is either independent ( I ) or cumulative (C ).
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3.3. Cross section estimation in proton-irradiated sample 

The proton cross sections were able to be estimated as follows: 

                                                   (4)

where I is a mean beam intensity during the proton irradiation (s
-1

), Nd is an atomic density in the irradiated 

samples (atom cm
-3

), x is a thickness of the irradiated samples (cm), ti is an irradiation time (s), λ is a decay 

constant (s
-1

), A is an activity produced in the on-beam sample (Bq). Those activities were estimated as follows:

                                (5)

where symbols used in the Eq. (5) denote the same physical quantities as those used in the Eq. (1). 

 

4. Results and discussion 

4.1. Neutron cross sections in Terbium 

The cross sections obtained for 
159

Tb(n,4n)
156

Tb,
159

Tb(n,9n)
151

Tb,
159

Tb(n,x)
149

Gd, and 
159

Tb(n,x)
145

Eu

reactions are shown in Fig. 3(a-d), respectively. Since neutron cross section data in this energy range have never 

been reported, the obtained values are compared with neutron cross sections at 197, 287 and 385 MeV, which 

were calculated with the Monte-Calro simulation of PHITS code [11]. It is apparent from Fig.3 that the 
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Figure 3. Excitation functions for (a)
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experimental values in this work tend to be higher than calculated values by PHITS code. It is also found that the 

similar trend that the cross section values decrease or increase with higher neutron energy can be seen between 

experimental values and calculated values. Such tendencies as described above are also the case for not only the 

four reactions shown in Fig. 3 but also the all reactions interested in this work (shown in Table 1).   

4.2. Comparison of neutron cross sections with proton ones 

The cross sections of 
159

Tb(n,x) and 
159

Tb(p,x) reactions 

(En=386 MeV, Ep=400 MeV) shown in Table 1 are illustrated in 

Fig. 4. The measured neutron cross sections agree well with the 

measured proton ones in the neutron- and proton-induced 

reactions whose products are 
155

Tb,
153

Tb,
152

Tb,
 149

Gd,
146

Gd and 

145
Eu. On the other hand, the neutron cross sections are higher 

than proton ones in those reactions whose products are
 156

Tb and

148
Eu, and the neutron ones are lower than proton ones in those 

reactions whose products are
 151

Tb and
 147

Gd. To evaluate those 

experimental neutron data in detail, further studies along this line 

are in progress. 

5. Conclusion 

Reaction cross sections for Tb induced by quasi-monoenergetic 197 and 386 MeV neutrons and 400 MeV 

protons were measured. The measured neutron cross sections at 386 MeV are compared with the measured 

proton cross sections at 400 MeV. 

The measured cross sections for the 
159

Tb (n,x) reactions in this work tend to be higher than the cross 

sections calculated by PHITS code. The similar trend of increasing or decreasing cross section with increasing 

neutron energy can be seen between experimental values and calculated values.

Acknowledgments 

The authors express their gratitude to the accelerator staff of RCNP for their generous supports in this 

experiment (RCNP-E298 and E361). This work was supported by embryonic research project support in Kyoto 

University Global COE Program "International Center for integrated Research and Advanced Education in 

Materials Science", Kansai Research Foundation for technology promotion for SS, and National Science 

Foundation for KN and MWC. 

References 

[1] H. Yashima, K. Terunuma, T. Nakamura, M. Hagiwara, N. Kawata and M. Baba, Mesurements of neutron 

activation cross sections for major elements of water, air and soil between 30 and 70 MeV, J. Nucl. Sci. 

Technol. Suppl. 4 (2004), pp. 70-73. 

[2] K. Nishiizumi, K.C. Welten, H. Matsumura, M.W. Caffee, K. Ninomiya, T. Omoto, R. Nakagaki, T. 

145 150 155
100

101

102

159
Tb(n,x) En=386 MeV

159
Tb(p,x) Ep=400 MeV

Product mass

C
ro

ss
 s

e
c
ti

o
n
 (

m
b
)

Figure 4. Cross sections obtained for 
159

Tb (n,x) and 
159

Tb(p,x) reactions.

 

JAEA-Conf 2013-002

- 201 -



Shima, N. Takahashi, S. Sekimoto, H. Yashima, S. Shibata, K. Bajo, K. Nagao, N. Kinoshita, M. 

Imamura, J. Sisterson and A. Shinohara, Measurements of high-energy neutron cross sections for 

accurate cosmogenic nuclide production rates, Geochim. Cosmochim. Acta 73 (2009), pp. A945.

[3] E. J. Kim, T. Nakamura, A. Konno, Y. Uwamino, N. Nakanishi, M. Imamura, N. Nakao, S. Shibata and S. 

Tanaka, Measurements of neutron spallation cross sections of 
12

C and 
209

Bi in the 20- to 150-MeV energy 

range, Nucl. Sci. Eng. 129, (1998), pp. 209-223.  

[4] E. J. Kim, T. Nakamura, Y. Uwamino, N. Nakanishi, M. Imamura, N. Nakao, S. Shibata and S. Tanaka, 

Measurements of activation cross sections on spallation reactions for 
59

Co and 
nat

Cu at incident neutron 

energies of 40 to 120 MeV, J. Nucl. Sci. Technol. 36 (1999), pp. 29-40.  

[5] S. Sekimoto, T. Utsunomiya, H. Yashima, K. Ninomiya, T. Omoto, R. Nakagaki, T. Shima, N.

Takahashi, A. Shinohara, N. Kinoshita, H. Matsumura, D. Satoh, Y. Iwamoto, M. Hagiwara, K.

Nishiizumi and S. Shibata, Measurement of Neutron Cross Sections for Yttrium and Terbium at 287

MeV, Prog. Nucl. Sci. Technol. 1 (2011), pp. 89-93.

[6] K. Ninomiya, T. Omoto, R. Nakagaki, N. Takahashi, A. Shinohara, S. Sekimoto, T. Utsunomiya, H. 

Yashima, S. Shibata, T. Shima, N. Kinoshita, H. Matsumura, M. Hagiwara, Y. Iwamoto, D. Satoh, M. 

W. Caffee, K. C. Welten, M. Imamura and K. Nishiizumi, Cross sections of 
7
Be, 

22
Na and 

24
Na for 

geochemical and cosmochemical important elements by monoenergetic 287 and 370 MeV neutrons,

Proc. Radiochim. Acta 1 (2011), pp. 123-126.

[7] H. Yashima, S. Sekimoto, T. Utsunomiya, K. Ninomiya, T. Omoto, R. Nakagaki, T. Shima, N. 

Takahashi, A. Shinohara, H. Matsumura, D. Satoh, Y. Iwamoto, M. Hagiwara, K. Nisiizumi and S. 

Shibata, Measurements of the neutron activation cross sections for Bi at 287 and 370 MeV, Proc. 

Radiochim. Acta 1 (2011), pp. 135-139.

[8] J. M. Sisterson, F. D. Brooks, A. Buffler, M. S. Allie, D.T. L. Jones and M. B. Chadwick, Cross-section 

measurements for neutron-induced reactions in copper at neutron energies of 70.7 and 110.8 MeV, Nucl. 

Instrum. Methods Phys. Res. B 240 (2005), pp. 617-624.

[9] S. Sekimoto, T. Utsunomiya, H. Yashima, H. Joto, S. Shibata, K. Ninomiya, D. Satoh, Y. Iwamoto, T.

Omoto, R. Nakagaki, N. Takahashi, A. Shinohara, T. Shima, M. Hagiwara, H. Matsumura, K.

Nishiizumi, Y. Matsushi and H. Matsuzaki, Measurement of High Energy Neutron Induced Cross 

Sections for Chromium, J. Korean Phys. Soc. 59 (2011), pp. 1916-1919.

[10] W. R. Nelson, H. Hirayama and D. W. O. Rogers, “The EGS4 code system” , SLAC-265, Stanford linear 

Accelerator Center, Stanford University, (1985). 

[11] K. Niita, N. Matsuda, Y. Iwamoto, H. Iwase, T. Sato, H. Nakashima, Y. Sakamoto and L. Sihver, PHITS: 

Particle and Heavy Ion Transport code System, Version 2.23, JAEA-Data/Code 2010-022, Japan Atomic 

Energy Agency, (2010).

 

JAEA-Conf 2013-002

- 202 -



国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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