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The Neutron Time-of-Flight Spectrometer at JAERI Linac

Abstract

The physical arrangements and characteristics of the neutron time-of-flight spectro-
meter installation at the JAERI 20-Mev Electron Linac are described. Pulsed neutron
beam is produced at a photoneutron target by the linac-electron pulses, whose width is
chosen to be of any value from 4 psec to 40 nsec, and the neutrons are detected, through
evacuated flight tubes, by a neutron detector composed of °Li-glass scintillators at 50
meters from the source target. The flight time of neutrons between the target and the
detector is measured by a 4096-channel time analyzer. Characteristics of the neutron
detector, spectrum of the neutron beam, background, resolution, monitoring of the neutron
beam, data processing, and typical data of the neutron transmission are also reported.
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1. Introduction

Researches on interactions between slow neutrons and nuclei have been made strenuously at
laboratories in various countries for the purpose of obtaining fundamental knowledge of the interac-
tion and with a view to meet the demand of nuclear data necessary for designing nuclear reactors. In
these research works, accumulation of a mass of various basic data, such as of cross section and re-
sonance parameters, has been achieved. These data have been used for the reactor designing either
directly or in forms of reactor constants which are evaluated from the original nuclear data, and sys-
tematic investigations on these data have revealed the mechanism of compound-nucleus formation by
s-wave neutrons.

Systematics of the average level spacings and widths, and strength functions upon the nucleon
numbers of nuclei is treated by many theoretical works on the basis of nuclear optical and shell
models; and, the WIGNER distribution? and the PORTER-THOMAS distribution? are generally accepted
to represent distribution of the nearest-neighbour level-spacings and that of the reduced neutron
widths, respectively. Recent progress in increasing intensity of pulsed-neutron sources especially with
high power electron linacs and in measurement techniques has stimulated the measurements of various
types (total and partial) of neutron cross sections. Consequently, while the accumulation and the ac-
curacy of the data have been increased rapidly, a number of investigations have been aimed at more
detailed relations® among neutron-resonance parameters and at relatively new problems: spin depend-
ence of the strength function®, distribution of the partial radiation widths®, p-wave resonances in
slow-neutron energy range®, direct process at neutron capture”, existence of the doorway states to
the neutron resonances®, and so on.

Most of these measurements have been made by the method of neutron time of flight (TOF).
Reactors with rotating choppers were mostly used as the pulsed neutron sources in the early days.
On the other hand, owing to the recent progress in techniques of microwave and of manufacturing
high power klystrons, electron linacs of high power and high reliability have been constructed in vari-
ous countries. Besides its high intensity of neutron bursts, the linac has an excellent characteristics as
a pulsed neutron source, that is, the width and the repetition rate of the neutron bursts are easily con-
trolled and the very short width is obtained by electric deflection or bunching of the electron beam at
the electron gun. In recent years, therefore, the pulsed neutron sources of the slow neutron TOF
spectrometers tend to be monopolized by the linacs. The use of the Columbia University Nevis Syn-
chrocyclotron for neutron TOF studies” is the remarkable exception of the above statement.

The neutron physics experiments with the linac have been carried out at A.E.R.E., Harwell
for a long time, during that time the linac was reinforced and many experimental results have been
obtained"). At present, linacs of 30- to 60-MeV nominal energy are in operation at C.E.N. at
Saclay, General Atomic, R.P.I., C.B.M.N. at Geel, Kurchatov Institute, and others almost exclusively
for neutron physics. At the ORNL, where a fast chopper has been operated for many years, a power-
ful linac of 150 MeV and the peak current of fifteen amperes is going to be constructed'’.

The construction of the 20-MeV JAERI Linac was completed at the end of 1960 under the
initial programme of using it rather generally for physics research, production of activities, and elec-
tron irradiation. The preliminary experiment of the neutron TOF method was started in 1961 with a
10-m flight path and a 256-channel time analyzer, and a flight tube of 50-m path length was installed
in 1963. Since the installation of a 4096-channel time analyzer in 1965, processing and analysis of
the experimental data by using an IBM-7044 computer have been made progress; and, total cross-
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section measurements on cobalt, cadmium, and antimony have been performed by now. The results of

these measurements are to be published elsewhere.

2. Linac and the beam pulse forming

The JAERI Electron Linac®? is of s-band travelling wave type and was manufactured by the
High Voltage Engineering Corporation, U.S.A. Its electron output energy is 20 MeV nominal and
26 MeV at maximum. The cathode of the electron gun is of directly-heated type and made of tanta-
lum filament, and electron current is taken out by applying voltage pulses of —60 KV and 5-psec
width. The electron beam is pulsed by a pair of deflecting plates which is located between the elec-
tron gun and the accelerator tube. The electron beam from the gun does not enter to the acceler-
ator tube when a voltage of about 10 kV is applied to the deflector. The beam enters into the acceler-
ator tube only when the deflection is released by a rectangular voltage pulse, whose width can be
chosen to any value between 4 usec and 40 nsec. When the pulse width shorter than 40 nsec is
required, the electron beam is swept by the rising portion of voltage pulse applied to the deflector.

The accelerated electron beam is brought to a target room through the beam duct, and is emit-
ted into air through a window of 0.1-mm thick aluminium foil. A ferrite ring is mounted at the out-
side of the window, and a signal pulse is obtained from several turns of coil around the ring when
the beam pulse passes it. This signal is used as the zero-time signal to trigger the time analyzer.
The ferrite core is subjected to exchange in a few months because of deterioration of its magnetic
permeability by radiation damage*. When the accelerator tubes are energized by 6 MW micro-
wave power, the peak currents of 150 mA and 380 mA are obtained with the pulse widths of 4 pusec,

and 0.05 usec, respectively. The energy spectra of the pulsed electron beams are exemplified in
Fig. 1.
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Fig. 1 Example of the energy spectra of the pulsed electron beams from the linac.
Widths of the pulsed beams are shown in the figure.
For shorter pulse width, there seems to be tendency that the energy and its spread
result in higher and broader, respectively.

*This deterioration of permeability is found to be recovered to a certain extent as time goes on under the condition of
no irradiation.
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3. Instrumentation of TOF equipments

The scheme of the neutron time-of-flight spectrometer is shown in Fig. 2. Photoneutrons pro-
duced at the target are moderated by hydrogenous material. At present, two flight paths are utilized:
the one has a path length of 50 meters at angle of 100° to the direction of the electron beam and the
other of 10 m at 115°. The longer flight path goes out of the main building and reaches a shack of
detector at the end of the path. The target room is shielded by heavy-concrete blocks with thicknesses
of 3 to 4m at the wall and 0.8 m at the ceiling. Time analyzer and other measuring electronics are

,Boric acid+paraffin

Evacuated flight path
1~ ,Collimater and monitor

Tal‘get\di y 7;‘\/\ /;;/ I /j IR }(/G-position sample changer Det. booth
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Fig. 2 The scheme of the neutron time-of-flight spectrometer.
(a) Schematic diagram of the spectrometer
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(d) Illustration of the flight tubes and collimators of the 50-m flight path
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(c) Simplified ground-plan of the shielding arrangement
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(d) Block diagram of the electronic system

located at the control room of the Linac. Detailed descriptions of the main instrumentation are made

in the following.

3.1 Target
A sketch of the assembly of the photo-neutron source target is shown in Fig. 3. Lead is used to

produce bremsstrahlung and photoneutrons, and the assembly is canned in a stainless steel vessel
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Fig. 2 (e) The collimator assembly and the Fig. 2 (f) The end of the 50-m flight
six-position sample changer tube and the detector shielding
inside the 50-m booth
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Aluminium ‘ ?

window Lead target

N

=
—
/ e'<:=j
[ Beam Duct EE j /
]! / Neutron
/ < ! ‘moderator
/ ) /
/ S /
. . . l 2/
Ferrite ring / 2 !
K /
beam pick up / ) /
/ 5 /
/ /
/ L /

/ ! /

Fig. 3 Schematic figure of the assembly of the photo-neutron source target.
In this arrangement, the assembly is placed in such a way that the detector at the
50-m booth cannot see the lead target but the moderator.

and cooled by water flow. A neutron moderator of paraffin block is placed behind the target. To avoid
paralysis of the neutron detector by strong gamma-ray flash from the photoneutron target, the detec-
tor at the end of the flight path is so arranged as not to view the target but the moderator block.
A block of pure paraffin or of mixture of paraffin and boric acid is used as the moderator block when
the measurement is made for relatively lower or higher energy neutrons, respectively. The reason
for this choice is mentioned later in connection with the background.
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3.2 Flight Path

The 10-m flight path is formed of an aluminium pipe of 6-m length, 320-mm inner diameter and
5-mm wall thickness. The both ends of the pipe have aluminium windows of 0.25mm thickness.
The 50-m flight path consists of three pipes: One is a similar pipe as the above and the other two
are aluminium pipes each of 6-mm wall thickness, 600-mm i.d., and 20-m length. The aluminium
window at the end of the 20-m pipe has 2-mm thickness, which is made rather thicker consider-
ing the possibility of accidental destruction of the window at vacuum by any chance. Each flight
pipe is evacuated by an oil rotary pump and the vacuum is maintained for a long period without
further pumping. Several collimators constructed with lead and paraffin-boric-acid mixture are placed
inside of the flight pipes as are shown in Fig. 2 (b).

3.3 Sample changer

A collimator assembly and a sample changer for transmission measurement are placed between
the 6-m and 20-m flight pipes (Fig. 2 (¢)). Six samples of 20 x 20 cm? cross section at maxi-
mum can be mounted on the sample changer. The sample changer is operated automatically by a con-
trol circuit, which is also connected with a multichannel time analyzer. The address of the memory
of the time analyzer can be divided into 2, 4,..., or 2" with n being an integer, and the above con-
trol circuit makes one-to-one correspondence between the divided memory locations and the positions
of sample holder in the sample changer. When count of signals from neutron monitor detector reaches
a preset count, the position of the sample holder is changed and the memory location for accumula-
tion of signals from the main detector is also changed to a corresponding location. Combination of
the positions of the samples in the changer, the memory locations, and the order of the measurements
is programmed at a panel of the control circuit of the sample changer, and the measurements of dif-
ferent samples including the case of no sample (open beam) are proceeded automatically in cycles.
The number of repetition of the cyclic measurements is registered on a mechanical counter, and its
total number can be preset by another mechanical counter.

3.4 Main detector

The main detector at the end of the 50-m flight path consists of four sets of a ¢Li-glass scintil-
lator of 43” dia. x 1” thickness* (NE 905 or NE 908 of Nuclear Enterprise) and a 5” dia. photomulti-
plier of EMI-9579B with an emitter follower circuit. The detector assembly is surrounded by B,C of
about 2 ¢cm thickness and boron loaded paraffin. High voltages to photomultipliers are supplicd
from a high voltage supply through individual voltage dividers to adjust pulse heights from individual
photomultipliers. In order to prevent overloading of circuit due to strong gamma-ray flash from the
linac, a diode limitter utilizing the inverse characteristic is connected in series to a coupling condenser
between the anode of the photomultiplier and the emitter follower, and a diode is also connected in
parallel with the anode resistor. The output of the emitter follower is clipped by a 10-m 3C2V delay
line, mixed, clipped again by 10-m 3C2V, and then, entered into a pre-amplifier. The output signal of
the preamplifier has a shape of about 0.2-V height and 0.2-usec width, and is sent to the main ampli-
fier at the control room through an 80-m doubly shielded coaxial cable (5C-2W). After being ampli-
fied by the main amplifier with gain of about 40, the signal is entered into a time pick-off and a lower-
and an upper-level discriminators. If discrimination of only a lower-level of the signals is made, rela-
tively large time jittering is resulted because of the broad width of pulse-height distribution of neutron
signals from the glass scintillator. To reduce the time jittering, therefore, time pick-off is made at a

*This thickness of the scintillator was doubled recently.
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level as low as possible, and the output of the time pick-off is made coincidence with the output of the
lower discriminator. This coincidence signal is made anticoincidence with the signal from the upper
discriminator which is to prevent high level signals from the gamma-ray flash and cosmic rays.

3.5 Monitor of the neutron beam

The monitor counter consists of an 1” dia. x 1/8” ¢Li-glass scintillator and a 6292 Dumont
photomultiplier, and is mounted in a collimator before the sample changer. The monitor counter is
placed not to disturb the neutron beam which directly reaches the main detector, but the monitor is
placed in such a way that it can see the moderator of the neutron target. Pre-amplifier output of the
monitor signal is sent to an amplifier at the control room. Then, the signal goes through a single-chan-
nel pulse-height analyzer, and through a time-gate circuit which permits signals of neutrons in a
proper flight-time (energy) range to pass, and then, is sent to a preset scaler whose preset count sets
a period of the cyclic measurement of the transmission. The initial delay and the width of the time
gate are variable from O to 200 usec and from O to 2 msec, respectively. The counting rates of signals
of both main detector and the monitor detector are recorded on two electronic pen-recorders. Main

circuit units of the above system are all transisterized taking a long term stabilization into consider-
ation.

3.6 Time analyzer

Acquisition of signals of neutrons from the main detector is made by a 4096-channel TMC analy-
zer. A block diagram of the analyzer system is shown in Fig. 4. In the figure, number in the paren-
theses indicates model number of TMC excepting the case where a name of manufacturer is indicated.
Description of the section for the pulse-height analysis in the analyzer is omitted in the following. The
4096-channel time-of-flight unit accepts up to four independent inputs. The channels of the TOF unit
and the channel width are variable from 16 to 4096 channels in 9 steps and from 0.125 usec to
64 psec in 10 steps, respectively. An initial delay variable from 16 to 215 — 16 = 32752 in unit
of the channel width is built-in with the TOF unit. Deadtime of the analyzer for TOF measurement

is 2 psec with a four-word buffer memory, and is 16 usec without the buffer. There is an auxiliary

System _ [ Oseillos i : Oscilloscope
T V] e || [Orlerere L [
rPulses. 1 } | RM503) ! (Model DP 440) RM503)
(Zero-time R i ! T
signal) (Model 442) | T ! -
i E Pulse height analysis i Dual live timer I(j\r/‘[mter
Neutron 4-word i | Two-parameter ! (Model 222) Mcoilg?ZO)
pulses bu‘f‘ggi memory ! Input unit (Model 242) ! |
from (Model 436) | i Control unit
matlgrdetec— : 1024- channel| |1024-channel | | | (Model CU440) Ma i
: pulse height| |pulse height : T R anetic
: logic unit logic unit I éaol;:?rol
Neutron 1 I (Model 210)( | (Model 210) ! 4096-channel (Model 525)
pulses ! - ! | Memory unit
fron} I'| Input format selector i (Model CN440-2) I
Monitor ! (Model 244) !
Ll T J Magnetic
Sample ][ tape unit
;hangor Format selector (D‘alamec
control (Model . 249) D 2020)

Fig. 4 Block diagram of the 4096-channel analyzer.
Model numbers in the parentheses are given for the convenience of reference.
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1024-channel TOF unit which is of one-shot type and whose channel width is variable from 31.25
to 125 nsec. The address of TOF unit is made correspondence with the address of the memory
unit at a pin board of the format selector where each terminal corresponds to a bit of the addresses.
Each channel of the 4096-channel memory has a capacity of 105 — 1 counts. The time between
arrival of a zero-time signal from the ferrite ring and that of a neutron signal from the main detec-
tor is measured by the TOF unit. To obtain actual TOF of a neutron, time delay by amplifiers, cables,
and other circuit components, which amounts to about one usec in total, is corrected. Controlling
two most significant bits in the 12 bits of the memory address by sample-position indicating signal
from the control unit of the sample changer, the 4096 channels are, for example, divided into 4
portions in which the main detector signals for sample-A, sample-B, open-beam, and background
measurements are assigned to be accumulated. Read-out of the accumulated data in the analyzer
is made by taking a picture of display on oscilloscope with a polaroid camera, by printing the counts
with the channel numbers by a fast printer of printing speed of 1040 lines (channels) per minute,
and/or by recording them on a magnetic tape. A run number of four figures (four digits), which
is set at the control panel of the analyzer, is tagged to the printed data on a paper tape and to the re-
corded data on a magnetic tape. The final and complete read-out of the data is always made by the
magnetic tape unit. A magnetic tape of 1/2-inch width with a standard 104-inch diameter reel is used.
The recording is made with 7 tracks, density of 200 bits per inch, tape speed of 45 inches per second,
and with track widths and track-to-track spacings conforming to IBM tape format specifications, and
it is an even-parity BCD-coded non-return-to-zero recording. In the magnetic tape recording, a 4096-
channel datum is divided into 16 groups of 256 channels each, and a group number (2 characters)
and a run number (4 characters) are tagged at the start of each group recording. Six characters are
provided for the recording of count in each channel.

4. Characteristics of the spectrometer

4.1 Pulse-height distribution and efficiency of the detector

In Fig. 5, an example of pulse-height distribution of signals from the °Li-glass neutron detector
is shown. The distribution was taken with a 2 Am-Be neutron source embedded in paraffin. A five-
cm thick lead block was put in between the ncutron source and the glass detector to shield from
gamma-rays of the source. FWHM of the pulse-height distribution for neutrons is estimated to be
about 40% from the figure.

The cross section of SLi(n, @)T reaction is known to have 1/v-dependence approximately be-
low neutron energy of 100 keV. Content of °Li in the glass was evaluated from a measurement of
the neutron transmission of the glass. In determining the detector efficiency, the above pulse height
distribution of the detector was taken into account. The efficiency of a NE-905 glass detector 43"
dia. x 1”7 was derived from an experimental transmission of this glass, and is approximately given
by 1 —exp(—1.5/+/E) for neutron energy E as shown in Fig. 6. An absolute measurement of spec-
trum of neutrons from the target can be made by using the above cstimated absolute efficiency of
the detector.

4.2 Neutron spectrum and counting rate
The counting rate C(t) and energy spectrum N(E) of the neutron open-beam can be expressed
in the following forms:

C(t)dt o 1-*dl, and N(E)E o< E*”' dE,
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ments with and without cadmium shield between the neutron source and the detec-
tor, respectively. From the figure, FWHM of the pulse-height distribution for
neutrons is estimated to be about 40%.
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Fig. 6 Neutron detection efficiency of a Li-glass scintillator.

Equation for efficiency a(E), which is written in the figure, was derived from the

experimental neutron transmission of the glass scintillator.
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respectively, where, k is a parameter and was empirically found to be 0.48 1 0.02 for 10 eV < E
< 10 keV with the target moderator of moderatc thickness. Integrations of the above formula by
energy gave results of about 2 neutrons of up to 100 keV and about 3.5 neutrons of up to 1 MeV
per cm? at 50 m per 4-usec electron burst with about 80 mA of peak current; and integrations of
them for 4z solid angle gave results of 6 X 10° neutrons of up to 100keV and 1.1 x 10° neu-
trons of up to 1 MeV per the 4-usec electron burst. These values are approximately consistent with a
value estimated from activation of a gold foil at the target with paraffin moderator enough to
thermalize almost all neutrons produced at the target. Some examples of the counting rate are
listed in TasLe 1.

TAaBLE 1 Example of the counting rates of neutrons

Neutron energy (eV) 10 100 1K 10K
Boron loaded Boron loaded Boron loaded

Moderator of the neutron target Paraffin paraffin paraffin paraffin

Filter of the beam Cd 1mm B;C(~0.7g/cm?) B,C B.C

Repetition rate of the electron

beam pulses 150pps 200pps 200pps 200pps

Pulse width of the electron

beam (pusec) 4 1 0.5 1 0.5 1 0.5

Channel width of the (usec) 2 1 0.5 1 0.5 1 0.5

analyzer (eV) 0.035 0.55 0.28 18 9 550 280

Counts per channel per minute at 90 17 4 28 6.5 60 14

50m

Background <1% <1% ~1% ~3%

The electron beam current of the linac in these measurements was roughly 80 mA
at the peak of the beam pulses.

A sheet of cadmium of 1 mm thickness or a boral plate is usually put into the beam to prevent
the overlapping of slower neutrons with neutrons in the next pulse and to increase the repetition
rate of the linac pulses. The cadmium filter has a good characteristic of sharp cut-off for slow
neutrons but it leaves fine structure of its resonances in the open beam spectrum. The boron filter
leaves a smooth open-beam but its thickness sufficient to prevent the overlapping results in fairly
large attenuation of good neutrons in lower energy region. The total thickness of the aluminium
windows in the beam, which gives rise to resonance dips at 6 keV and 35 keV in the open-beam spec-
trum, is about 10 mm. In the measured neutron spectrum, there appears a peak at 2.85 keV which
was found to be due to the resonance scattering of 2Na in the glass of the photomultiplier of the
detector.

4.3 Background

The strong burst of gamma-rays (gamma-flash) from the linac photo-neutron target excites the
glass scintillator, and leaves afterglow in the glass for several hundred microseconds. This causes
a strong factor of the background. When the scintillator is exposed directly to the photo-neutron
target, random noises comparable in pulse height to the neutron signals remain even several hun-
dred microseconds after arrival of the gamma-flash. The time while the noises of the afterglow have
size comparable to or greater than the pulse height for neutron signal is reduced to 50 usec or 10
usec when a lead block of 5 cm thickness is inserted in the beam at the above condition or when



JAERI 1138 4, Characteristics of the spectrometer 11

the detector sees only the paraffin moderator of the neutron target, respectively. The latter arrange-
ment is adopted in the usual measurements.

The background is measured by inserting a lamination of materials containing elements such
as tungsten, cobalt, and manganese into the neutron beam. Each elements in the lamination has
the thickness sufficient to black-out the neutron beam at prominent resonances of the elements.
The counts at channel regions, where the resonance dips are clearly saturated, are considered to repre-
sent the background counts at those respective energies. When the linac is operated with electron-
beam width of 4 usec and the peak current of 100 mA, the background for neutrons below about one
keV is almost independent of the time-of-flight and is about twice the natural background. The above
linac condition is also applied to the latter explanation about the background. The above-mentioned
background for lower-energy neutrons is not reduced by blocking the neutron beam. The main com-
ponent of background neutrons of energy higher than one keV is presumably resulted from the scatter-
ing of neutrons at the inside of the flight tube (collimation system) and at the detector itself and in-
side of the detector shield. The beam is blocked by a concrete wall behind the detector, but no ap-
preciable effect to the background by scattered neutrons from this wall has been detected. When
paraffin block is used as the moderator of the target and when the beam is blocked by a neutron
absorber of boron-paraffin mixture, a background component of exponential time dependence is ob-
served. This component is considered to be due to gamma-rays from neutron captures by hydro-
gen, and the exponential decay corresponds to the life of neutrons in the target moderator. There-
fore, this background component is greatly reduced by using the target moderator of boron-paraffin
mixture. For measurement of neutron energy below 100 eV, it is better to use paraffin moderator
from the viewpoint of the counting rate. In this case, the background is less than one per cent of
the open beam.

Electron pulse width . 1usec
Analyzer channel width ! 1usec
Moderator : Boron loaded paraffin
Filter : B,C '

T

10000

Counts/Channel

600

Channel number

1000

Fig. 7 Transmission spectrum of the black resonance sample and the open-beam spectrum.
The lower structural curve indicates the neutron transmission spectrum of the black
resonance sample. In the measurement in which these spectra were taken, the pulse
width of the linac and the channel width of the analyzer were both 1 usec and B,C
of about 0.7 gr/cm? was inserted in the neutron beam as a filter. The background,
which is defined at a black resonance energy as a ratio of counts between conditions
when the black resonance sample is in and out for the same count of the beam
monitor, is written in the figure at the bottom of each black resonance dip.
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For measurement of neutrons above 100 eV, it is effective to use boron-loaded paraffin moder-
ator; and in this case, the background relative to the open beam is 1% at 132 ¢V (a resonance
energy of Co), 0.8% at 330 eV (Mn), 1.2% at 2.3 keV (Mn), and 3% at 35 keV (Al). For
higher-energy neutrons, a component of the background under the sample-in condition reduces with
increase of the sample thickness. In Fig. 7, TOF spectrum which was taken when the black re-
sonance sample was in the beam is shown in comparison with the open beam spectrum.

4.4 Energy resolution

The observed neutron transmission T, (f) for neutrons of TOF ¢ can be written with an instru-

1.0— : 1.0
0.8 fo.8
=
-2 0.6 10. 6
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Fig. 8 Comparison of fit of theoretical curves to the experimental transmissions in order
to estimate the resolution width.
The experimental transmissions around the resonances at 64.4 eV and 166.6 eV in
antimony arc plotted by cross points in (a) and (b), respectively. In (a) the same
experimental transmissions are plotted through (al) to (a5) as similar as in (b). The
curves represent theoretical transmissions calculated by a computer on the basis of the
Breit-Wigner single-level formula and the Gaussian shape of Doppler broadening
and resolution function with fixed input parameters of E, = 64.4¢eV, I' = 90 mV,
and fg "% =0.25x10"* eV for (a) and E, = 166.6 eV, /' =78 mV, and fg I
= 0.35% 10~ eV for (b), where E,, I', f, g, and I'} are respectively the resonance
energy, total width, isotopic content, statistical weight factor, and reduced neutron
width.
In the computer calculation, only the resolution width R, among the input parame-
ters was changed from (al) to (a5) and from (bl) to (b5), and the used value of
the resolution width in unit of the channel width of the time analyzer is written under
the each curve. In the figures, the theoretical curves seem to fit better to the ex-
perimental points with R, = 2.0 4- 0.5 channels at 64 ¢V and 1.8 + 0.2 channels
at 167 eV.
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mental resolution function f(#,¢") and the true (including Doppler broadening) transmission 7(¢)
as follows:

T =[ fe.)T@)ar,
where
j ” @, ) dt = 1.

Although it is generally difficult to determine precise shape of f(z,t'), adoption of Gaussian
function as an approximation of f(#,t') is practically of use for many cases of analyzing the trans-
mission data. In order to check the magnitude of resolution width, experimental transmission curves
of resonances were compared with theoretical transmission curves which were computed by using
proper resonance parameters* and assumed resolution functions of Gaussian shape with various
values of FWHM = R,. In Fig. 8 (a) and (b) are illustrated the comparison of cases for resonances
in antimony at 64.4 eV and 166.6 eV, respectively. The theoretical curves were computed by using a
computer code’™ which is a modified one from the code written by S. E. ATTA and J. A. HARVEY™,

The comparison shows that the values of R, in unit of the channel width of the time analyzer
may be estimated to be 2.0 + 0.5 channels at 64 eV and 1.8 -+ 0.2 channels at 167 ¢V. The value
of the experimental transmission at the depression peak of resonance is sensitive to the accuracy of
the background subtraction, and the statistical error of the experimental value at the peak is rela-
tively large. By these reasons, the comparison of the experimental and theoretical curves at the peak
of resonance, though the peak value is sensitive to the value of R,, was not intended.

R, depends upon the pulse width 47, of the linac electron beam, channel with 47, of the
time analyzer, spread 47, of the moderation time of neutrons in the target moderator, and spread
AL of the neutron flight-path length L. Using these terms, R, at TOF ¢ may be written in the
following formula:

Ry = ~/(dr.* + (dr.)* + (47" + t(4L/Ly*/ 4.,
in unit of the channel width. Calculated values of R, from the above formula with the experimental

condition under which the data of Fig. 8 were taken are 2.3 channels at 64 eV and 1.8 channels
at 167 eV. In this calculation, 47, is omitted since it is much smaller than the other factors. These
values agree reasonably with the ranges of R,-value estimated from the Fig. 8.

5. Performance

5.1 Transmission measurement

The observed transmission T,,({) is defined by the following formula:

o _ Zi()/ My — B ()/ My e
TolD) = Z /My = Bo()/Mug — €

where, i = a channel number of the TOF at the time analyzer,

Z (i) = the detector count at the channel [ during the time in which monitor count reaches
M,
B(i) = the background count at the channel / during the time in which the monitor count
reaches My,
n = the sample thickness, say, in atoms per barn, and

*For an isolated resonance, the resonance parameters with reasonable accuracy can be determined by the area analysis
of the experimental transmission without having good knowledge of the resolution.
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a (i) = the effective total cross section at the channel i; the effective means that the Dop-
pler broadening and resolution broadening are included.
The suffixes I and O indicate that those symbols Z, B, M, and My are measured under the condi-
tion of “sample-in” and “sample-out (open-beam)”, respectively.

In order to make an accurate measurement of T,,(i) it is important, besides the counting statis-
tics, that the monitor counts M;, My, M,, and M. have a precise proportionality with their re-
spective integrated intensities of the neutron beam. To test this proportionality, time variation of the
open beam counts per time-analyzer channels per fixed values of the monitor count was examined
with changing the linac beam intensity. An example of the result is shown in Fig. 9. In the full
energy range of the figure, the proportionality is almost maintained within the statistical accuracy
of the examination. When the detector sees directly the photo-neutron target instead of the modera-
tor only, the proportionality is deteriorated at higher neutron energy because of the strong gamma-
flash; change of the electron-beam intensity at this condition affects the pulse-height discrimination of
the detector pulses and results in the deterioration of the proportionality.

Average Electron Beam Current of Linac
1 37pA I 120pAl L H
% 8uA 304A
woof 11 ]
ISR
. 11 1i=100~10cn.T " ]
£ 29,000} ~58eV i
=]
(o]
[
%28,000—1%{* i et HTI{"H'
< U opasocn, T 1
= 7 ~16eV L
= 21, 0001
ST ES SR 3
,T{(’k%f% Jﬂ% Ur%%f%
20,000 i=41~60Ch. %*% 1
17, 000} ~340eV T
i L 100
§§§§% EEEEREREE! Lt
i=11~20Ch. ¢
16, 000 P 5 7kev
‘ 2hr. 4hr. Time
1 5 10 15 20 22

Number of measurement

Fig. ¢ An example of the proportionality between integrated counts of the main detector
and monitor detector.
The ordinate indicates sum of the counts of the main detector in a channel region,
which is written in the figure at each set of experimental points, per the same integral
count (105 counts) of the monitor.
The abscissa indicates the number of measurements.
Time of the measurement is also marked at the inside rim of the abscissa, but the
scale is not linear in time. The electron beam energy, width of the beam pulse, the
repetition rate, the analyzer-channel width and the flight-path length were 20 MeV,
4 usec, 125 pps, 4 usec, and 50 meters, respectively. The neutron energy corre-
sponding to the centre of each channel region is also written in the figure. The
electron beam intensity of the linac was changed through the measurements, and
the average beam current is shown in the figure at the upper end.

5.2 Processing and analysis of the experimental data'®

The magnetic tape in which the raw experimental data are recorded by the analyzer is proces-
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sed at the Computer Center of JAERI which has IBM 1401 and 7044 computers and is located at
about 400 meters from the Linac experimental site. In Fig. 10, the scheme of processing is shown. The

IBM 7044 & 1401 |,/ Prived dam  /
transmission \ & plot by printer \
program

4096~ channel
TMC analyzer
with Mag. tape

Original
raw data
tape @

unit
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data tape
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data cards N

tape for N
Copy 1401 P (optional) AN
process. N
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© Tape
for display
at TMC
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IBM 7044 & 1401
resonance analysis
program

¥
/ Printed data /
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Digital ¢~ Cards
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Fig. 10 Schematic flow diagram of processing of the neutron-transmission data from the
JAERI Linac TOF Spectrometer.

raw-data tape may be directly fed to the computer as an input-data tape, or the data in the raw-data
tape may be selectively transferred to another tape which is to be fed to computer. The raw data
are first processed through a programme!®, and the channel-by-channel energy, neutron transmission,
its error, total cross section, its error, and so on are computed. In the computation, a correction
for deadtime of the analyzer and an inter-calibration among the sets of monitor counts can be in-
cluded. The expressions of the background for the whole energy range, B (i) and B, (i) are deter-
mined by fitting either of the following expressions to the above-mentioned background counts at the
black resonances by use of the least-squares method:

B(i):ba+%+_}l’§_+ ..... ,

or
B(i) = by + bie™™" + be™™,

where b,, b,,- - -are parameters and suffixes I and 0 are omitted for the sake of simplicity. The out-
put magnetic tape from the computation with the above programme contains the channel-by-channel
transmissions and their errors, and this tape is fed to the computer as an input tape for further analy-
sis on neutron resonances. For this, a programme!®, which is a modification from the area-analysis
programme written by ATTA and HARVEY'), and the shape-analysis programme by ATTA and HARVEY™
are used. In the modified arca-analysis programme, computation of neutron-width value is made re-
generatively until a sum of assumed gamma-width and computed neutron-width converges to total-
width value which is estimated from the previous result in an automatic repetition, and experimental
errors of transmissions at individual channels are taken into account in the calculation of an error
of the computed neutron-width value.
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At the present stage of our cxperiments, the read-out of the multichannel-analyzer data by a
magnetic tape with a format compatible to a computer input furnishes a step efficient enough in our
data-processing scheme. In a transmission experiment, main part of the total time consumption con-
sists in the analysis of a number of resonance dips to obtain the resonance parameters, and this is re-
sulted not from the net computer time for the analysis but rather from the waiting time for the com-
puter runs, since many computer runs are required rather than the computer-time of each run, and
from the man time in preparation for the computer inputs which may include parameters determined
from result of the preceding computation. Thercfore, a considerable weight should still be put on
a continuous effort to develope the data processing including computer programme.

5.3 Transmission data

Examples of the transmission data are shown in Fig. 11. The measurements were made on
metallic antimony samples of several different thicknesses up to 55 mm. The data in Fig. 11 (a) and
(b) were taken with resolution of about 20 and 10 nsec/m, respectively. It is one of the reasons to
make the transmission measurcments with various sample thicknesses that total-widths beside neu-
tron-width, hence gamma-widths, can also be determined by the thick-thin method in favourable
cases.
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