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OBJECTIVE and RESEARCH SUBJECTS: 
The main objective of this research project is to improve 
the accuracy of nuclear data (cross sections) for the de-
sign of innovative reactors through the experimental re-
search for the MA and LLFP nuclides.  This project 
consists of six research subjects from five institutions, as 
follows. 
 
20P2-1: A Study on Neutron-Capture Reactions by 
High-Energy Gamma-ray Spectroscopy (H. Harada et al., 
JAEA) 
20P2-2: Study on Neutron Capture Cross Sections of MA 
and LLFP Nuclei using Various Detectors (J. Hori et al., 
Kyoto Univ. ) 
20P2-3: MLPPAC(Multi-Layer Parallel Plate Avalanche 
Counter) for Measurements of Fission Cross-sections of 
Minor Actinides (T. Ohtsuki et al., Tohoku Univ.) 
20P2-4: Fractionation of Stable Strontium Isotopes in a 
Precipitation Reaction (T. Fujii et al., Kyoto Univ.) 
20P2-5: Study on Nondestructive Analysis and Neutron 
Behavior Using Photonuclear Reaction (K. Ishibashi, et 
al., Kyushu Univ.) 
20P2-6: Study on Neutron Energy Spectrum Measure-
ments for Pulsed Neutron Source (K. Nakajima et al., 
Kyoto Univ.)  
 
MAIN RESULTS and CONTENTS of this REPORT: 
H. Harada et al. (20P2-1) have studied the neutron cap-
ture prompt gamma-rays of 238U by using a 4πGe spec-
trometer system consisting of 20 Ge crystals surrounded 
with large BGO detectors at the KURRI electron linac 
facility.  The neutron resonance dependence of the 
prompt gamma-ray spectrum was quantitatively deduced 
for the energy region from thermal to 37 eV.  The data 
shows significant changes of prominent prompt gam-
ma-ray yields among the resonances in the investigated 
energy region.  The obtained information on quantita-
tive decay properties will be used to study the accuracy 
of data analysis method on neutron capture cross sec-
tions.  
 
J. Hori et al. (20P2-2) have measured capture gamma 
rays from the 110-eV resonance of 93Zr and the 301-eV 
resonance of 96Zr with a 4πGe spectrometer to check the 

capability of discriminating the capture events caused by 
different isotopes. Through the analysis of the data, it is 
expected that the backgrounds due to impurities in the 
samples can be eliminated by applying the gates on the 
919-keV ground-state transition for 93Zr and three pri-
mary transitions for 96Zr, respectively.  
 
T. Ohtsuki et al. (20P2-3) have rebuilt MLPPAC without 
light elements and tested it using the lead slowing-down 
spectrometer at KURRI.  In the measurements, 241Am 
was used as a target sample and 235U was used as a ref-
erence one.  The results show a good agreement with 
the other experimental data and the evaluated values of 
JENDL-3.3, which suggests the successful use of the 
detector.   
 
T. Fujii et al. (20P2-4) have studied quantum chemical 
calculations of hydrated Sr(II) complexes. Equilibrium 
geometry and hydration enthalpy of Sr(H2O)8

2+ were 
studied.  The calculation results agreed with the litera-
ture values.  The reduced partition function ratios of 
Sr(II) species were also calculated in order to know the 
magnitude of isotope fractionation of Sr. 
 
K. Ishibashi et al. (20P2-5) examined the feasibility of 
nondestructive analysis of "difficult to measure" nuclei, 
such as 238U, in a nuclear waste using an electron linac. 
They have measured the average photonuclear reaction 
cross sections for 238U and 93Nb at 26 and 32 MeV of 
photon energies. As a result, the existing data at SAC-
LAY and Lawrence Livermore have same tendencies but 
40 - 60 % larger values than those of this experiment. 
 
K. Nakajima et al. (20P2-6) have investigated the tech-
niques to measure the neutron energy spectrum of the 
pulsed neutron source such as a source using the electron 
linear accelerator.  The following three techniques were 
investigated in this study: (1) Multi-foil activation 
method, (2) Time-of-Flight (TOF) method, and (3) Neu-
tron counter measurement. Those three techniques have 
some drawback and advantage, respectively, for the ap-
plication to the pulsed neutron.  For the fast energy re-
gion, the neutron counter measurement, using the proton 
recoil proportional counter would be suitable.  For the 
thermal to epithermal range, the TOF method would give 
the good results.  For the intermediate energy range, 
multi-foil activation method would be available, if the 
proper foils are used. 
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INTRODUCTION:  Accurate neutron capture cross 
sections of minor actinides and fission products are re-
quired for the study of an innovative nuclear system.  
To satisfy the demand, a 4π Ge spectrometer has been 
developed, and utilized for the neutron capture cross sec-
tion measurements using the time-of-flight (TOF) tech-
nique.  In the process of deducing the capture cross sec-
tions, the knowledge of neutron resonance dependence of 
γ-ray spectrum is required.  To study the dependence, 
we have utilized the spectrometer in the measurement of 
the neutron capture cross section of 238U.   
EXPERIMENTS and RESULTS:  The 4π Ge spec-
trometer system consisting of two cluster type Ge detec-
tors (7 Ge crystals each) surrounded by BGO 
anti-coincidence shields and of 6 coaxial Ge detectors 
was set at the 10 m neutron flight path of the electron 
linear accelerator of KURRI. A natural Uranium sample 
(11.05g) was set in the center of the spectrometer system. 
The linac was operated with electron energy of 30MeV, 
an average beam current of 64μA, a repetition rate of 
50Hz and a pulse width of 3.0μs. 
 Fig.1 shows a TOF spectrum for the U sample measured 
by the spectrometer, and γ ray spectra gated by the neu-
tron resonances at 6.67, 20.87 and 36.68eV are shown in 
fig.2. 
Fig.3 shows ratios of γ yields gated by the resonances at 
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6.67, 20.87, 36.68eV and a thermal energy region, which 
are represented by 
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where i is peak symbol in fig.2 and Y is the yield of 
γ peak. 
The neutron resonance dependence of γ ray spectrum 

for 238U is shown clearly. Using the deduced information, 
the neutron capture cross sections will be improved. 
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Present study is the result of “Study on nuclear data by 
using a high intensity pulsed neutron source for advanced 
nuclear system” entrusted to Hokkaido University by the 
Ministry of Education, Culture, Sports, Science and 
Technology of Japan (MEXT). 

Fig. 3.  Ratios of emitted γ rays for each neutron reso-
nance, where the Peak IDs correspond to the symbols of 
γ ray peaks in fig.2. The values of Library (Thermal) are 
referred to database of National Nuclear Data Center in 
Brookhaven National Laboratory. 

Fig. 1.  The TOF spectrum measured by the 4π Ge 
spectrometer for a U sample 

Fig. 2  The γ ray spectra measured by the 4π Ge spec-
trometer for a 238U sample gated by low energy reso-
nances. The energies of each γ peak with symbols are 
a:4060.3keV, b:3982.6keV, c:3583.0keV,  d:3567keV, 
e:3541.3keV, f:3481.7keV and g:3197.2keV, respec-
tively. 

,                     (1)
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PR2-2  Study on Neutron Capture Cross Secitons of  
  MA and LLFP Nuclei using Various Detectors 
  
J. Hori, H. Yashima, M. Oshima1, H. Harada1, M. Koizumi1, 
K. Furutaka1, S. Nakamura1, F. Kitatani1, Y. Toh1, A. Kimura1, 
T. Kin1, S. Goko1, M. Igashira2, M. Mizumoto2, T. Katabuchi2, 
K. Kino3 and Y. Kiyanagi3

 
Research Reactor Institute, Kyoto University 
1Nuclear Science and Engineering Directorate, Japan 
Atomic Energy Agency 
2Research Laboratory for Nuclear Reactors, Tokyo Insti-
tute of Technology 
3Graduate School of Engineering, Hokkaido University 
 
 
INTRODUCTION:  Accurate neutron capture cross 
section data of minor actinide (MA) and long-lived fis-
sion products (LLFPs) are required for the study of 
transmutation system. However, the present accuracy of 
experimental data is insufficient. In the case of LLFPs 
such as 93Zr and 107Pd, this is because capture samples 
are ordinarily prepared through chemical process of fis-
sion products and contains their stable isotopes which 
have large effects on measurement. A promising way to 
eliminate backgrounds due to impurities is to measure 
discrete capture γ rays using Ge detectors with a high 
energy resolution. In the present study, we have meas-
ured capture γ rays from enriched 93Zr and 96Zr samples 
with a 4πGe spectrometer.  
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EXPERIMENTS and RESULTS:  The measurements 
have been performed by the neutron TOF method using 
an electron linear accelerator (linac) at the KURRI. The 
4πGe spectrometer was made up with 2 sets of so called 
cluster-type Ge detectors consisting of 7 Ge crystals and 
6 sets of coaxial Ge detectors. The cluster-type Ge de-
tectors were surrounded with large BGO detectors for 
Compton suppression. The events from 20 Ge detectors 
were stored in the list mode. 
The sample of 93Zr, which was made of oxide powder 

(93ZrO2) of 3.31 g, was purchased from Oak Ridge Na-
tional Laboratory. The sample is packed in an aluminum 
disk container. The isotopic purity of 93Zr is about 19 %, 
and the stable isotopes of 90, 91, 96Zr as well as the radio-
active impurity of 125Sb are also contained. Therefore, a 
15 mm thick lead was set on the surface of each detector 
and the discrimination level was set at about 700 keV not 
to store the events of strong decay γ-rays from 125Sb. The 
sample of 96Zr, which was made of oxide powder 
(96ZrO2) of 1.23 g, was packed in an aluminum disk con-
tainer. The isotopic purity of 96Zr is about 58 % and the 
stable isotopes of 90, 91, 92, 94Zr are also contained. In the 
case of 96Zr sample, the discrimination level was set at 

about 100 keV. 
The linac was operated with electron energy of 30 MeV, 

a repetition rate of 100 Hz, an average beam current of 
30 μA and pulse width of 100 ns. 
 The neutron capture γ-ray pulse-height (PH) spectra 
corresponding to the 110-eV resonance of 93Zr and the 
301-eV resonance of 96Zr were obtained for the first time 
as shown in Figs. 1 and 2. In the case of 93Zr, the strong 
transition from the 919-keV to the ground state and two 
cascade transitions to the 919-keV state were observed. 
In the case of 96Zr, the strong primary transitions from 
the capture state to the 1103-keV, 3550-keV, and ground 
states were observed. It is expected that backgrounds due 
to impurities in the sample can be eliminated by applying 
gates on the 919-keV ground-state transition for 93Zr and 
three primary transitions for 96Zr, respectively. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Observed capture γ-ray PH spectrum corre-

sponding to the 110-eV resonance region of 93Zr. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Observed capture γ-ray PH spectra correspond-

ing to the 301-eV and off resonance regions of 96Zr. 
 
 
Present study is the result of“Study on nuclear data by 

using a high intensity pulsed neutron source for advanced 
nuclear system” entrusted to Hokkaido University by the 
Ministry of Education, Culture, Sports, Science and 
Technology of Japan (MEXT). 
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INTRODUCTION:  In order to measure the neu-
tron-induced fission cross sections for minor actinides, a 
multi-layered parallel plate avalanche counter (MLPPAC) 
was developed. The MLPPAC has two sets of four elec-
trodes, two anodes and two cathodes, and a back-to-back 
sample holder between the sets of the electrodes. 
In the recent experiment, MLPPAC was tested using 

KULS. Then, it was found that the neutron spectrum was 
distorted by hydrogen-compound materials in MLPPAC. 
Therefore, MLPPAC was rebuilt without the light ele-
ments and tested by the measurement of the cross section 
for the 241Am(n,f) reaction. In this report, we show that 
for 241Am(n,f). 

採択課題番号 20P2-3 マイナーアクチノイド核の中性子誘起核分裂の研究 プロジェクト 
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EXPERIMENTS:  The sample of 241Am and the refer-
ence of 235U were prepared by the filtration method[1] 
where the hydroxide precipitation of the sample was fil-
tered on an alumina membrane filter. The numbers of 
atoms in each sample was measured by the 
α-spectrometry, and estimated to be (1.38±0.01)×1016 
for 241Am and (1.18±0.02)×1016 for 235U. 

Figure1 shows a two-dimensional plot of the pulse 
height spectra of the first and second anodes taken with 
the fission of 241Am sample. Projections onto x and y axis 
are also shown by the red lines. The black lines represent 
the pulse height spectra for all events including the single 
events. By taking a coincidence between the first and 
second anodes, much clearer discrimination between fis-
sion fragments and α particles are achieved in this sys-
tem. 
 
RESULTS:  The 235U(n,f) reaction is not appropriate for 
the measurement of the excitation function due to its 
resonance peaks. Therefore, the excitation function of the 
241Am(n,f) reaction was relatively obtained to that of 
10B(n,α) reaction. The relative cross section was normal-
ized to its absolute value measured with 235U(n,f). 
The cross section for the 241Am(n,f) reaction is shown in 

Fig.2. The solid line is the evaluation of JENDL-3.3 that 
is broadened according to the energy resolution of KULS. 
The result of Ref.[2] is also shown for comparison. Our 
data are in good agreement with the previous result and 
the JENDL evaluation. It suggests the successful use of 
MLPPAC. 

 
 

 
Fig. 1.  Two-dimensional plot of the pulse height 
spectra for the first and second anodes. Thick lines 
are the projections onto x and y axis, respectively. 
Thin lines are the pulse height spectra for all events. 

 
 
 

 
 Fig. 2.  The cross section for the 241Am(n,f) reac-

tion. Previously obtained data and the JENDL-3.3 
evaluation are also shown. The result of the present 
work shows a good agreement with them. 

 
 
 
 
 Present study is the result of "Study on nuclear data by 
using a high intensity pulsed neutron source for advanced 
nuclear system" entrusted to Hokkaido University by the 
Ministry of Education, Culture, Sports, Science and 
Technology of Japan (MEXT). 
 
REFERENCE: 
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PR2-4 Ab Initio Calculations of Hydrated Ions of Sr(II) 
  
T. Fujii, S. Fukutani, T. Kubota, H. Yashima and J. Hori 
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INTRODUCTION:  Strontium 90 (90Sr) is known as 
one of fission products, and it has a large fission yield.  
In order to know the chemical behavior of Sr complexes, 
we study the highly precise isotopic analysis of Sr [1].  
The analytical technique will be helpful to understand the 
fractionation mechanism of Sr isotopes in environmental 
samples and so on.  In parallel with the analytical stud-
ies, quantum chemical calculations are performed to 
check the validity of analytical results.  The equilibrium 
constant of the isotope exchange reaction can be theo-
retically obtained as the reduced partition function ratio 
(RPFR) of isotopologs.  The RPFR value is usually cal-
culated through harmonic vibration analysis.  In this 
study, we report some ab initio calculations of hydrated 
Sr2+ complexes. 
COMPUTATIONAL DATAILS: The orbital geometries 
and vibrational frequencies of hydrated Sr(II) complexes 
were calculated by using the conventional Hartree-Fock 
(HF) approximation and the density functional theory 
(DFT) as implemented by the Gaussian03 code [2].  The 
DFT method employed here is a hybrid density func-
tional consisting of Becke’s three-parameter non-local 
hybrid exchange potential (B3) with Lee-Yang-and Parr 
(LYP) non-local functionals (B3LYP).  The 6-31++G** 
basis set was chosen for H and O, and LanL2DZ was 
chosen for Sr.  The former is an all-electron basis, while 
the latter is an effective core potential (ECP) basis. 
RESULTS:  The hydrated Sr2+ species is generally 
thought to be present as eight-coordinated Sr(H2O)8

2+.  
The optimized geometry is shown in Fig. 1, the structure 
was converged to be the square antiprism with 2.69 Å 
Sr-O bond length.  A structural study on hydrated stron-
tium has been performed by a combination of the ex-
tended X-ray absorption fine structure (EXAFS) spec-
trometry and molecular dynamics (MD).[3] Our result 
was similar to the reported value, 2.63Å. 

 

採択課題番号 20P2-4 核データの信頼性向上にむけた放射化学的サンプル調整法 プロジェクト 
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Fig. 1.  Equilibrium geometry of [Sr(H2O)8]2+. 

Then, we examined the hydration enthalpy of Sr(H2O)8
2+.  

−ΔH°hyd = −ΔEb + ΔEsol + nΔHvap + ΔnRT − ΔE(Cp) 
       − ΔEzp + ΔErel + ΔEgeom    (1) 

In order to relate the calculated quantities to the experi-
mental hydration enthalpy (ΔH°hyd) at 298 K, correction 
terms were considered in the same way of a report [4]. 
The ΔH°hyd value obtained is shown in Fig.2.  The hy-
dration enthalpy of metal cations has been determined by 
thermochemical methods and these literature values are 
shown together for comparison.  The ΔH°hyd value ob-
tained agreed well with the literature value. 
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Fig. 2.  Hydration enthalpy of Sr(H2O)8

2+.  X-axis 
showed some molecular cavity calculation codes [2]. 

 
The isotope enrichment factor due to this effect can be 
evaluated from the logarithm of reduced partition func-
tion ratio, ln(s/s’)f.[5] The ln(s/s’)f values of hydrated 
Sr(II) species were estimated by quantum chemical cal-
culations (Table 1).  These values are useful to estimate 
the degree of isotope fractionation. 
 
Table 1.  ln(s/s’)f  (‰) of hydrated Sr2+ species for an 
isotope pair, 86Sr-88Sr.  

 HF B3LYP 
[Sr(H2O)8]2+ 1.424 1.416 

[Sr(OH)(H2O)7]+ 1.540 1.420 
[Sr(OH)2(H2O)6] 1.593 1.508 

 
 
REFERENCES: 
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[3] L. X. Dang et al., J. Phys. Chem., 107 (2003) 
14119-14123. 
[4] J. Li et al., Inorg. Chem., 35 (1996) 4694-4702. 
[5] J. Bigeleisen and M. G. Mayer, J. Chem. Phys., 15 
(1947) 261-267. 
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Fig. 1.  Experimental setup. 
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INTRODUCTION:  The activity density evaluation is 
essential to dispose the radiological waste including the 
transuranium and fission products. Indirect methods like 
the scaling factor method have been applied for quantita-
tive evaluation of “difficult to measure” nucleus. The 
methods, however, require the destructive analysis of 
many samples. Measurements of gamma rays generated 
by photonuclear reactions to a “difficult to measure” nu-
cleus is proposed to evaluate activity densities by “non-
destructive analysis”. The photon-induced cross section 
data for some nuclei were measured at SACLAY [1], 
Lawrence Livermore [2] and evaluated by IAEA [3]. The 
238U is one of nuclear fuel elements. The average (γ, n) 
cross section for radioactive isotopes 238U were measured 
and compared with the evaluated data. The same kind of  
(γ, n) cross sections for stable isotopes 93Nb were also 
measured. 

Fig. 2.  Electron beam intensity. 

EXPERIMENTS:  The experiment was performed at 
the electron linear accelerator facility in Kyoto University 
Research Reactor Institute. Figure 1 stands for the ex-
perimental arrangement. A plate of 238U was adopted as 
radioactive isotope samples. A foil of 93Nb was used as 
stable isotope sample. Bare gold foils were also set in 
front and back of each sample to obtain the neutron flux 
in front and back of the iodine sample. All samples were 
irradiated with high energy bremsstrahlung X ray beam 
for 30 minutes. The X ray beam was generated by bom-
barding a thin Pt target with 26 and 32 MeV electrons. 
The electron beam had the energy distributions as plotted 
in Fig. 2. The gamma rays from each sample were meas-
ured for 5 minutes by a Ge detector after the irradiation 
and cooling. 

Fig. 3.  The (γ, n) average cross sections for 238U 
and 93Nb. 

RESULTS:  The photon flux and energy distribution is 
essential to know the amplitude of (γ, n) reaction cross 
section. The photon flux and energy distribution at the 
sample position were calculated with the EGS 5 code [4] 
using the electron energy distributions and normalized by 
the activity of 196Au produced by the 197Au(γ, n)196Au 
reaction.  

The yields of photonuclear reaction products were 
obtained by counting the gamma-rays from the products. 
The average photonuclear reaction cross section results 
are shown in Fig. 3. The figure shows that the existing 
cross section data are 40 - 60 % larger than our experi-
mental values for both 238U and 93Nb samples at both 
electron energies. 

REFERENCES: 
[1] A. Lepretre, et al., Nucl. Phys., A175 (1971) 609 and 

A219 (1974) 39, A. Veyssière, et al., Nucl. Phys., 
A199 (1973) 45. 

[2] B.L. Berman and S.C. Fultz, Rev. Mod. Phys. 47 
(1975) 713. 

[3] IAEA-TECDOC-1178 (2000). 
[4] H. Hirayama, et al., SLAC-R-730 (2005). 
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INTRODUCTION:  The pulsed neutron source using 
the electron linear accelerator at Research Reactor Insti-
tute of Kyoto University is widely used for nuclear sci-
ence researches including nuclear data (neutron reaction 
cross sections) measurements.  It is important to under-
stand the characteristics of the pulsed source, such as 
neutron spectra, for the proper use of the source.  We 
have investigated the techniques to measure the neutron 
spectra in this study, and evaluated their applicability to 
the measurement of neutron spectra of pulsed neutron 
sources.  The following three techniques were studied: 
(1) Multi-foil activation method, (2) Time-of-Flight 

F) method, and (3) Neutron counter measurement. 

採択課題番号 20P2-6 パルス状中性子スペクトル測定に関する基礎研究 プロジェクト 

（京大・原子炉）中島 健、堀 順一 

Fig. 1.  Layout of Time-of Flight experiment at 
KURRI-LINAC. 

(TO
  
(1) MULTI-FOIL ACTIVATION METHOD: This 
method is widely used to obtain the neutron spectra at 
the irradiation fields in thermal and fast nuclear reactors, 
and in accelerators.  In this method, several kinds of 
foils, which have different activation cross sections, are 
irradiated, and their activities are measured.  Then, the 
neutron spectrum is analyzed using the measured activi-
ties.  To obtain the differential data (neutron spectrum) 
from the integrated data (activities), the “unfolding” 
technique is employed.  In general, this method re-
quires neither wide space nor special equipment, and the 
wide range of neutron energy can be measured. How-
ever, for the high energy resolution measurement, it is 
very difficult because it measures only en-
ergy-integrated data.  

 
(2) TIME-OF-FLIGHT(TOF) METHOD:  This 
method measures the time of neutron flight from the 
pulsed neutron source to a neutron detector located at a 
fixed distance from the source.  Since the flight time is 

proportional to the inverse of neutron speed, the energy 
of detected neutrons can be obtained easily.  At the 
LINAC, the neutron spectrum leaked from the water 
moderator has been often measured.  Figure 1 show a 
layout of TOF measurement.  In this case, the B-10 
sample was located at the end of flight tube 
(12.7m-length), and the gamma-ray of neutron capture 
reactions in the sample was detected by a multiple-BGO 
detector.  The measured neutron spectrum is shown in 
Fig.2. 
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Fig. 2.  Neutron Spectrum measured by TOF Method. 

This method can be obtained the differential data directly. 
However, as shown in the figure, the range of measure-
ment is limited to about 1keV.  This is due to the distor-
tion of signal by the gamma burst generated when the 
pulsed neutron produced.  To avoid this effect, the 
longer distance of neutron flight path is effective, but, in 
that case, the count rate of neutron decreases and hence 
the error of measurement increases. 
 
(3) NEUTRON COUNTER MEASUREMENT:  In 

this method, several kinds of neutron counters are used.  
For the thermal energy region, the He-3 proportional 
counter with neutron moderator is used.  By changing 
the thickness of moderator, the different energy of 
thermal neutrons are detected.  For the fast energy re-
gion, proton recoil counters, of which the pulse height is 
proportional to the energy, are generally used.  For the 
both measurements, calibration of the counters with the 
standard spectrum field is necessary, and some kind of 
unfolding process is required. 

 
Those three techniques have some drawback and advan-
tage, respectively, for the application to the pulsed neu-
tron.  For the fast energy region, the neutron counter 
measurement, using the proton recoil proportional 
counter would be suitable.  For the thermal to epither-
mal range, the TOF method would give the good results.  
For the intermediate energy range, multi-foil activation 
method would be available, if the proper foils are used. 
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