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Study of Neutron Capture Cross
Sections by TOF Method
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0 The neutron capture cross section measurements of *’Np have been carried out in the energy range 1,000 eV to dem-
onstrate the performance of the new detector and data taking system developed at INC. A 16 section BGO scintillation
detector was used as a total energy detector in conjunction with the 40 MHz flash- ADC. This detector system is in-
tended for measurements of neutron capture cross sections of radioactive nuclei by the time of flight method. The detec-
tor response function, efficiency, gamma ray and neutron energy resolution, backgrounds were obtained through the
test experiments to measure the neutron capture cross section by *’Np and B, and are compared with the results of cal-
culation. The result of efficiency calculation agrees well with that obtained in the experiments.
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Neutron Capture, Cross Section, Experiment, Time-of-Flight Method, Gamma Rays, BGO Detector, Data Taking Sys-
tem, Neptunium-237, Neutron Energy Resolution, Background

0 1. INTRODUCTION rate measurement of these cross sections is a very

O Neutron capture cross sections of long lived fis- difficult task, due to the high radioactivity of the
sion products and minor actinides have received samples under investigation. Among the various
much attention during last decade in the field of techniques used for capture cross section meas-
nuclear transmutation of radioactive waste. Accu- urements, only a neutron time of flight (TOF)
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method enables unique possibility to obtain data
about energy dependence of the cross section in a
wide energy range, from thermal (0.001- 0.1 eV)
up to tens of MeV, in a single measurement. A
principle of the TOF method is explained in Fig.1.
O A pulsed neutron source, usually driven by a
high energy proton or electron accelerator, emits
neutrons in short pulses having width in ns- ys
range. When neutron with energy E. reaches a
sample located at a distance L from the source, it
is captured by one of the sample nuclei with mass
number A. A compound nucleus A+1, formed in a
highly excited state with excitation energy of B, +
E. (where B, 5 10 MeV is neutron binding en-
ergy), decays to its ground state by emitting a cas-
cade of prompt capture y- rays. This event is
registered by a gamma ray detector, which is lo-
cated close to the sample. The neutron time of
flight defined as a difference between t; (a time of
capture) and t, (a time of production) is related
with neutron energy E. by a simple (in a non rela-
tivistic case, E, < few keV) equation:

_ BoL(m)
t(us)_m (1)

where Y o= 72.3 is the TOF (in y s) of a 1 eV neu-
tron necessary to cover a distance of 1 m. By meas-
uring TOF dependence of the detector counting
rate, the energy dependence of the neutron cap-
ture cross section is obtained using the equation
(1). A practical realization of the principle de-
scribed above strongly depends on the properties
of the applied detector and associated data taking

Pulsed
Neutron

A, Source
Y .3

o L L (m) Sample

Do v W@

Fig. 1. Principal scheme of the neutron time-of-
flight measurement.

system.

O A detector of prompt gamma rays should have
efficiency that is independent of spectrum shape
and the multiplicity of the capture gamma ray cas-
cades. One of the suitable detectors of this type is
a large total energy absorption detector. The cap-
ture events registered by such detector give rise
to pulse heights proportional to B, + E. that is con-
stant with a good accuracy because B, >> E.. Be-
sides constant efficiency of registration of the
capture event, a total absorption detector enables
to separate unambiguously capture from natural
background gamma rays (the latter usually have
the energy much lower than B, + E.). If large de-
tector has a sectional structure, it can be also used
as a gamma ray multiplicity spectrometer. This op-
tion can be effective in separating neutron capture
from fission reaction, as well as for discriminating
against background caused by neutrons scattered
in capture sample.

0 Besides the capture gamma ray detector itself,
another important part of the detector system that
determines its experimental capabilities in TOF
measurement is the data taking system. For the
capture cross section measurements with highly
radioactive samples, a problem of pulse pile up
and count losses becomes very severe. It can be ef-
fectively resolved by applying a digital signal proc-
essing technique. With the development of
modern high speed transient waveform recorders
(flash ADCs), it becomes possible to carry out sig-
nal processing and acquisition in one unit com-
bined with a conventional personal computer.
Besides versatility of digital signal processing in-
cluding a possibility of pulse shape analysis, this
development has also simplified the data taking
system by decreasing the number of electronic
modules.

O In the present report, the description of the
large BGO detector and flash ADC - based data
taking system developed at the JNC is given, to-
gether with results of the test TOF measurements
of neutron capture cross section of *’Np. The de-
tector and associated data taking system are dedi-
cated to the cross section measurements with
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radioactive samples. This equipment is planned to
be used in TOF measurements at the new genera-
tion high intensity pulsed neutron sources.

2. EXPERIMENTAL PROCEDURE

2.10 Experimental set- up

O A scheme of the measurements is shown in Fig.
2. The neutron beam was produced using the elec-
tron Linac of the Research Reactor Institute,
Kyoto University (KURRI). Accelerated electrons
struck a water cooled Ta target, producing fast
neutrons having the evaporation spectrum with an
average energy of 0 0.7 MeV. The slow neutrons
were produced by moderating the fast neutrons in
a 10 cm thick water moderator coupled with the
neutronr producing target. To decrease the over-
loading effect caused in the detector phototubes
by intensive flash of gamma rays from the target, a
lead shadow bar was used. It was placed on the
neutron beam axis close to the neutrorr producing
target, in such a way that the detector or sample
under investigation do not“ see” the target but
only the moderator. The intensity of the neutron
beam was monitored by the BF; counter located in
a gap between two sections of evacuated flight
tubes.

O The measurements of *’Np capture cross sec-
tion in the neutron energy range 0.01 e\ 1,000 eV
were performed at the following Linac operating
conditions: the electron energy, 30 MeV; pulse

242 m

repetition rate, 26 100 Hz; pulse width, 47 ns 3y s;
and average electron current, 40 60 p A.

OA 24.2 m flight path equipped with evacuated
flight tubes was used. The neutron beam was colli-
mated to 50 mm diameter at the capture sample
position by a set of lead, iron and H.BO; collima-
tors. The BGO detector was shielded against exter-
nal neutrons and gamma rays using lead blocks 5-
10 cm thick. During the measurements, notch fil-
ters of Co, Mn, In, and Cd were put on the neutron
beam to evaluate the background at various en-
ergy points. These points corresponded to the
strong resonances in the total cross sections of
these filter materials, for which the condition N, x

tot

o o* >> 1 was fulfilled, where No is nuclear density

tot

and o " is peak value of the total cross section
corrected for energy resolution of the TOF spec-
trometer. Neutrons having corresponding ener-
gies were rejected by scattering or capture from
the beam. The counts observed at the* bottom” of
resonance dips corresponded to the events caused
by background neutrons and gamma rays. The
capture samples were set in the geometrical cen-
ter of the detector. The parameters and design of
the samples used in the measurements are shown

in Fig. 3.

2.20 BGO detector
O The capture gamma ray detector, shown in Fig.
4 and 5, consists of 2 identical halves, every one

Linac
Eladtron Shielding Wall
Bealeater Neutron
Moderator & BF.- Counter

Collimators

Lead

Shadow Bar Neutron
Neutron Beam
Producing Filters
Target

10.5 m

(7= i
=

Evacuated

X Lead BGO
Flight Tubes Shield Detector
B |ead [ Concrete [ H,BO, M Iron

Fig. 2. Scheme of the neutron capture cross section TOF- measurement at the 24.2m

flight path of the KURRI Linac.
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4 237Np L 5
Sample Material:

NpO, Powder

X Total Weight: 1.1279 g
Elemental Purity

(Np, by Weight): 99.6%
Major Impurities (4 mg):
Ga,K,P,Rb, S Q
Radioactive Purity

(2%"Np): 99.897%

Total Activity: 26 MBq

@30
@20
51.8

Aluminium Container

Vi

040 0.4
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—+p [—

10 B
Sample Material:
Boron Powder
Total Weight:
10.433 g
Elemental Purity:
99.9%
Enrichment: 93%

Aluminium
Container

Fig. 3. Samples of *’Np and *’B, all dimensions are given in mm.

2" R1847 BGO crystals
Hamamatsu 2 x 8 sections
phototubes

rl

@210

Fig. 4. BGO detector: front view (left) and side view (right) with a vertical cross

section of one half.

Fig. 5. Photograph of the BGO detector: on a front view (left) it can be seen aluminium
frame (sample holder) and transparent acrylic film used for beam line adjust-
ment by the laser.
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containing 8 optically separated BGO (Bismuth
Germanate Oxide) crystals 170 mm in length.
These crystals form a cylindrical scintillator layer
having internal and external diameters of 110 mm
and 210 mm, respectively. The total volume of the
detector scintillator is 8.54 liters. Every crystal is
viewed by the B 2” Hamamatsu R1847 phototube.
A total weight of the whole detector including
structural materials is about 70 kg.

O The major advantages of BGO are its very high
density and the large atomic number of Bi compo-
nent. The first feature enables construction of a de-
tector of compact design. The large atomic
number results in a high photoelectric absorption
of gamma rays. Therefore, the probability of
gamma ray re scattering (cross talk effect) from
one section of the detector to another is considera-
bly decreased.

2.30 Data taking system

0 A block diagram of the data taking system is
shown in Fig. 6. The outputs of 16 photomultiplier
tubes were combined into 2 groups and fed into
two ORTEC 474 timing filter amplifiers. Then, af-
ter shaping and amplification, the signals were
summed and inverted by the Tennelec TC253 unit
and finally fed into a 40 MHz 4 channel 12 bit
transient recorder PCF 412 (TRR 25). This flash

ORTEC

Linac 653
HV Supply

i

ADC board was installed in the 1.2 GHz PC (Dell,
model Dimension 8200). In the course of time of
flight measurements, a start signal for triggering
the flash ADC (t, timing mark) was generated by
Linac electron pulse loaded on a Ta neutron pro-
ducing target.

O The pulses from the BGO detector were digit-
ized into 2500 250 ns time bins and temporarily
stored in 2M buffer memory of the flash ADC.
Then, after having transferred to the PC’s mem-
ory, each pulse was smoothed using the fast' zero
- area” digital filter, by means of the on line pro-
gram. This algorithm produces a derived wave-
form, which has a zero value in the absence of
peaks (signals) and has a shape similar to a
smoothed second derivative in the regions where
the peaks are present. The wide (more than few
pulse widths) spectral structures are also removed
from the waveform. This procedure is principally
important because the base line of the detector
output was strongly shifted by intense gamma
flash from the neutron producing target. The pro-
gram also creates pulse height and TOF spectra in
the on line mode to monitor the data accumula-
tion in real time. The raw data (input waveforms),
as well as the TOF and pulse height spectra, were
recorded on the hard disk of a PC.

O The more elaborate off line analysis of the accu-

BGO

Sum |—p|
( 8 sections )

ORTEC

TC 253

BGO

—
( 8 sections ) Sl

Hiviebe  shbirirt

ORTEC
474
TF Amplifier

Sum.& Invert.

474 1
TF Amplifier TENNELEC

1t

ORTEC
653 Delay

HV Supply T

» Attenuator —»| Fast Discr.

Fig. 6. Block diagram of the data taking system.
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mulated raw data, including observation of the in-
dividual waveforms, was carried out in off line
mode. The results of this analysis were stored in a
2 dimensiondl TOFx pulse height” matrix, which
can be used subsequently to obtain TOF and pulse
height spectra for arbitrary chosen amplitude or
timing windows.

O Fig. 7 shows the typical waveforms measured

with the *'Cs source, before and after the smooth-
ing and filtering. The total number of the pulses in
the waveform shown in Fig. 7(a) corresponds to
the average input counting rate of 0 29,000 cps.
Fig. 7(b) shows the stretched part of the input and
derived waveforms, which includes a single pulse
(with maximum at 10,247 ch) and two overlapping
pulses (at 10,337 ch and 10,356 ch). In the derived

800 -

(a) «  Input Waveform

600 -

400 -

Signal Level (arbitrary units)

0 10,000 20,000 30,000 40,000 50,000 60,000
300 T T T T
(b) o |nput Waveform &
s | © Derived Waveform | °%
200 ;% &° _
8 o @ o
9 o o o
%0 % i & me
o
100 - o ° o% ?o o;’ ° %(,) N
o

-100

-200 L

| | |

10,250

10,300 10,350
Channel Number

10,400

Fig. 7. A waveform of the BGO detector signal: (a) full-length input wave-
form (1+ 65,536 channels); (b) stretched part (10,210+ 10,410 chan-
nels) of the input and derived waveforms.
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waveform, the base line fluctuates around the zero
level, and derivatives of the overlapping pulses are
separated enough to be treated as single pulses.
The more sophisticated but time consuming proce-
dure of the overlapping pulse de convolution,
such as the least squares fit, can be also applied.

3.LEXPERIMENTAL RESULTS AND DISCUSSION
3.10 BGO response function and efficiency

0 The main parameters of the BGO detector sys-
tem, developed for the neutron capture cross sec-
tion measurements by TOF method, were
deduced from the experimental data and com-
pared with the results of calculations.

O The response function of BGO detector was
measured using standard gamma ray sources *'Cs
and *Co. The gamma ray energy resolution of
the whole 16 section detector measured with *'Cs
(0.662 MeV) was about 15.5 %. Fig. 8 displays a re-
sponse function measured with *'Cs source and
that one calculated using the Monte Carlo code
EGS4. For comparison with the measurement, the
calculated pulse height distribution was corrected

for experimentally observed energy resolution.
The efficiency of the whole detector, 89.3 + 2 %
(at 80 keV discrimination level), obtained experi-
mentally and corrected for the pulse pile up, was
in a good agreement with the calculated value 91.1
+ 0.1 %

3.200 Counting rates and TOF spectra

O Figs. 9,10 show the time of flight spectra ob-
tained with "B and *Np samples, respectively.
Also shown are the energies of the filter reso-
nance dips; notch resonances are marked with as-
terisks. For the B sample, spectra were obtained
by reprocessing off line the raw waveform data at
two discrimination levels, 360 keV (lower) and 600
keV (upper). This pulse height range was chosen
to cover 480 keV gamma rays from “B(n,ay )'Li"
reaction, taking into account the energy resolution
of the BGO detector,[1 15 % at 480 keV. The en-
ergy (TOF) dependence of the background was
obtained by fitting the number of counts observed
at notch resonance dips 336 eV (Mn), 132 eV(Co),
1.457 eV (In) and low energy range [0 0.01 eV. It

T o e s e e e B SRR ITI = T ) T (T e R e e

100 & } BGO Detector, 16 Sections |
-~ E | O  Experiment 3
2 - Photopeak | |_~— Calculation (MC Code EGS4) | ]
e L = Calculation Corrected for 4
g 10 : 1 Detector Energy Resolution .
g : '@, Energy Resolution 3
2 ! Relative FWHM: 15.5 % ;
= 1E Compton -
> 3 Sum Peak 3
O C (Pulse Pile-Up) ]
= 0 i
0 01F 3
= C =
[} - 5
> [ ]
tH, - i
% 0.01 ¢ wCs
< : Ey :0.662 MeV

0.001 4~
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Energy (MeV)

Fig. 8. Response function of the BGO detector (16 sections) for *'Cs gamma
source: measured and calculated using a Monte Carlo code EGS4.
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Fig. 9. The time-of-flight spectra of ’B: (a) *°B sample without filters, en-
ergy range 0.011 eV < E, < 3 keV; (b) B sample with and without
resonance filters of In, Co and Mn, fitted background, energy
range 1 eV < E, < 3 keV. The energies of filter resonance dips are
shown in eV, TOF channel width T o, = 2p s, Linac pulse width 1,

=3us.

was found that the relative background value was
about 10 % in the energy range t 400 eV, slowly in-
creasing with a decrease in neutron energy.

0 For the case of *’Np, the natural radioactivity
(26 Mbq) of the sample material led to very high
time of flight independent background caused by
86.5 keV gamma rays from *Np, and 300, 312 and
341 keV gamma rays from **Pa (a daughter nu-
cleus formed through o- decay of *'Np). To de-
crease this constant background, a 7 mm thick

cylindrical lead shield was inserted in the through
hole of the detector. The raw data for *’Np have
been reprocessed off line using the optimized val-
ues of 4.0 MeV and 6.0 MeV for lower and upper
discrimination levels, respectively. The energy de-
pendence of the background has been measured
with a dummy sample, an empty thin walled Al
container identical to that with *'NpO. powder.
Fig. 10 shows the TOF spectra for *’Np and
dummy samples, as well as the differential spec-
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trum obtained by subtraction of the evaluated
background.

3.3 Neutron energy resolution

O The neutron energy resolution is the most im-
portant parameter of the TOF facility. Making use
of the formula (1), the relative neutron energy
resolution can be written as:

where At is a quadratic sum of* pure” timing un-
certainties like the fast neutron burst width T .,
the time channel width 1 .., and the time resolu-
tion of the electronics 1 . and detector itself T q;
and AL is asum of pure” geometrical uncertain-
ties, such as the moderator thickness L. and cap-
ture sample thickness L..

O For the experimental evaluation of resolution

AE 2E V2 Mz function in the resonance energy range, it is con-
Z - =# (Az‘)2 + E—O(AL)2 , (®) venient to approximate the resolution function of
n Ho n the TOF spectrometer by a Gaussian function:
I B e S S I
70 (@) *'Np Sample _:
—— Dummy Sample 4
60 IF (Background Fit) _:
E i
\ 5.78 ]
% 50 [ $ -
5 1.479 ]
- 3.865 ¢ ]
n 40| ]
e l 1.321 ]
3 .
3 | ]
O 30 -
| { | ]
20 | ! i
h"“-wm ‘1 |l L T I |,
[
10 L L L L | L L L L | L L L H | L L L L |
0 2,000 4,000 6,000 8,000
50— T T T T T T T T T T T T T ]
*’Np Sample ]
24.98 (Background Subtracted) |
40 26.56¢ .
- 33.4 10.84+10.68 578 :
E 23.67 11.10 i J
§ 30 23'2?81 16.08 1262 i 9.30 7
(&) $2o.40 ¢ ]
g 7.42 ]
€N 20 N
e 8.97 $ i
S ]
3 i :
10 N
0
PR ST SR [T SO T ST TN T SO TN SN TR (N ST TR ST T NN T S T
1,500 2,000 2,500 3,000 3,500 4,000

TOF Channel Number

Fig. 10. The time-of-flight spectra of *'Np: (a) neptunium sample
and dummy sample ( background fit), energy range 1.2 eV <
E. < 3 keV; (b) ®’Np sample (background subtracted), 5 eV <
E. < 32 eV. The energies of some strongest resonances of
*'Np are shown in eV, TOF channel width T & = 200 ns, Linac
pulse width 1 , = 47 ns.

000000000 NeMoOIImmo



OooOoonOo

1 (E, —E")
exXp(——— 3
. p( = ) ©)

O The relation between the practically used quan-
tity FWHM (full width of the resonance curve at
half maximum) and parameter W is defined by the
equation:

R(E ,E')=

no

FWHM =2W~1n2 . @

O The dispersion parameter W of the total resolu-
tion function can be written as a quadratic sum of
four main components:

W =W:+W. +W} +W;

)
where W, is the Doppler broadening component,
W is the moderator contribution, Wr and W, are
the totals of' pure” timing and geometrical uncer-
tainties (as mentioned above), respectively. The
Doppler broadening, which accounts for thermal
movement of the sample atoms, is also included
in resolution function.

0 For the 24.2 m flight path, the total relative en-

ergy resolution, as well as its components, is
shown in Fig. 11 as a function of neutron energy
from 0.01 eV to 10 keV. Also shown are relative
half widths (FWHM) for resonances of *’Np calcu-
lated by convoluting the unbroadened capture
cross sections with the Gaussian resolution func-
tion. They are compared with experimental values
obtained by fitting the shape of the observed reso-
nances of “’Np using the Gaussian function (3)
for a short Linac pulse 1 » = 100 ns.

3.40 Gamma- ray and neutron backgrounds

O In the course of TOF measurement of neutron
capture cross section, besides the prompt gamma
rays the capture detector also registers back-
ground neutron and gamma ray radiation. Both
backgrounds consist of a few components having
TOF (neutron energy) dependent or independent
intensity. Discussed below are those components
which are associated directly with the developed
gamma ray detector. These are the internal
gamma ray background of BGO scintillator and

= 100 F LR | Bed—nk SE Lz | LR S R L R !
X C . ]
B Long Linac Pulse -
c
I Tn =3 us
=
I
E 10 | Resonances of 2%’Np
- - (Short Linac Pulse) :
= .
o - Experiment 1
= ' Doppler Broadening Calculation g ]
o e S TS Shczrt Linac Pulse -
3 . , =100 ns
o
§ 1F
o [
c
Ll
=
e Moderator H,0
=)
(0]
3 / \
01 i1l s sl sl " P | L1 L
102 10 100 10! 102 103 104
Neutron Energy (eV)
Fig. 11. The neutron energy resolution of the TOF- spectrometer at 24.2 m

flight path (relative FWHM) and its main components: Doppler broad-
ening, moderator and pure” timing uncertainties. Experimental points
correspond to resonances of *’Np measured with short Linac pulse
T » =100 ns and channel width T .» = 200 ns.
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the background caused by the beam neutrons scat-
tered by the capture sample.

0 The natural gamma ray background of the de-
scribed BGO detector is very low due to the use of
specially purified materials. In the background
pulse height distribution measured for bare (with-
out any external shielding) detector shown in
Fig.12, at least two gamma lines can be unambigu-
ously identified. These are the 1.461 MeV line of
“K (room background) and the 2.614 MeV line (in-
ternal background caused by decay of **Po impu-
rity into **TI). Also shown is an integral
background counting rate for the whole BGO de-
tector as a function of discrimination level. This
component of the background is TOF independ-
ent and was measured both prior the experiment
and during on beam capture measurements.

0 The gamma ray detector used for neutron cap-
ture cross section measurements should have low
sensitivity to the neutrons scattered by the sam-
ple. The capture of such neutrons in the detector
material causes background events, which can se-
verely deteriorate accuracy of the measurement.
For the case of BGO scintillator, this TOF depend-

10,000

ent background is mainly due to neutron capture
by germanium nuclei. As a result, the energy de-
pendence of sensitivity of the BGO detector to
scattered neutrons reflects roughly the energy
structure of a germanium capture cross section.

O The neutron sensitivity of the bare BGO detec-
tor (without any internal neutron shield) was meas-
ured with the 3 mm thick graphite sample. In the
energy range 1 1,000 eV this sample scatters
about 11 % of the beam neutrons. The energy de-
pendence of the sensitivity is shown in Fig. 13 as a
function of neutron energy in the t 1,000 eV
range for two discrimination levels, 1 and 2 MeV.
In order to decrease sensitivity of the present
BGO detector to scattered neutrons with energies
of £ 1,000 eV by at least 10 times, it would be nec-
essary to use an internal neutron shield containing
°Li or B, which possess large absorption cross
sections for thermal and slow neutrons. The level
of discrimination between 1 and 2 MeV is ade-
guate to eliminate gamma ray background of the
detector itself and that of the radioactive sample,
as well as the gamma rays caused by capture of
scattered neutrons in the detector and neutron B

1,000

—— Background Pulse Height Spectrum

Integral Background

100

1.461 (*°K)
10 &

Counts (sec'1)

0.1k

0.01L

0.001 b v L.

2.614 (%°°T11)

Discrimination Level or Energy (MeV)

Fig. 12. The natural gamma background of the BGO detector without
shielding: a pulse height distribution (solid, in counts / s
ch) and integral counting rate (dashed, in counts / s). The
pulse height channel width is 4.12 keV.

000000000 NeMoOIImmo




OooOoonOo

0_25 T T T T ¥ b 9% I T N I T T T ¥ 5088 ]
i @ Discrimination Level 2 MeV ]
- @ Discrimination Level 1 MeV -
0.20 |- _ .
2 015 .
s | 7 * -
:.: - -
7] L T 4
GCJ L J
o 0.10 o ' } %ﬁ i -
0.05 |- —O— i E -
000 i 1 1 vl | 1 1 it ixxil i
1 10 100 1,000
Neutron Energy (eV)
Fig. 13. The sensitivity of the BGO detector to neutrons scattered by the sample
measured with different discrimination levels.
shield. ACKNOWLEGEMENTS
O The authors would like to express their sincere
4. SUMMARY gratitude to the Administration of the Research Re-

O A new detector system that consists of the large
BGO scintillation detector and associated flash

ADGC based data taking system was developed at
the JNC for the measurements of neutron capture
of radioactive nuclei by the time of flight method.
The performance of the detector system was stud-
ied during the test measurements on a pulsed neu-
tron beam at the KURRI Linac. The detector
efficiency and response function, gamma ray and
neutron energy resolution, background character-
istics were experimentally obtained and compared
with the results of calculations. The neutron cap-
ture reaction was studied with *’Np and B sam-
ples in the neutron energy range * 1,000 eV. The
results of tests show that this detector system can
be effectively used for the measurements of neu-
tron capture cross sections of radioactive nuclei
by time of flight method from thermal to ke\* en-
ergy range.

actor Institute, Kyoto University for cooperation
and making it possible to carry out measurements
at the KURRI Linac. A help and participation of
Prof. K. Kobayashi, S. Yamamoto, Samyol Lee and
K. Takami in present research are highly appreci-
ated.

O The present investigation was carried in part
within the framework of the JNC International Fel-
lowship Research Program.
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