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We constructed the inelastic scattering neutron spectrometer LAM-D covering the energy
transfer range up to 300 meV with the resolution Ag/E less than 6%. The basic princile of

LAM-D is the same as the quasielastic scattering spectrometers LAM-40 and LAM-80 at
KENS.

Introduction

In the previous paper [1], we have reported two crystal analyzer type
quasielastic neutron scattering spectrometers LAM-40 and LAM-80 which
have been installed at the KENS spallation cold neutron source at the National
Laboratory for High Energy Physics (KEK), Tsukuba.[2] LAM-40 with PG
analyzer mirrors can cover the energy transfer range up to 10 meV with a
conventional energy resolution Ae=0.2 meV at the elastic position. LAM-80
with PG mirrors has a rather high energy resolution of Ae=0.02 meV while
the energy transfer range is limited below 0.5 meV. Applying mica crystals,
we have recently made a great progress on LAM-80 in the energy resolution.
This new machine LAM-80ET has been reported elsewhere.[3]. The energy
transfer ranges covered by the two spectrometers are not so narrow
compared with other machines which have the same order of the energy
resolution.[4] However, it is often essential to measure in a wide energy range
up to several hundred meV for some physical phenomena such as molecular
vibrations. At the present stage, it is probably impossible to design a single
quasi- and inelastic spectrometer covering such a wide energy range with high
energy resolution. Therefore, in addition to LAM-40 and LAM-80, we have
designed and constructed an inelastic scattering spectrometer (LAM-D) to
cover the energy range up to 300 meV with the energy resolution of A¢/E;
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less than 6% through the whole energy range. The basic principle of LAM-D
is the same as LAM-40 and LAM-80 while some special considerations have
been made on the design of LAM-D for the high energy transfer
measurements. Prototype of LAM-D was installed at the KENS thermal
neutron beam hole (H-6) in 1982 and the final version is now in practical use
on the thermal beam hole (H-9). Combination of the three spectrometers
LAM-D, LAM-40 and LAM-80 is very powerful for investigation of
dynamics of various molecular systems.

In this paper, we will first recall the basic principle of the LAM- -type
spectrometer and clarify the characteristics of LAM-D comparing with
LAM-40 and LAM-80 in sec.2 and the description and the performance of
LAM-D will be given in secs. 3 and 4 including some experimental results.

2. Basic Principle of LAM-type Spectrometer

General layout of the LAM-type spectrometer using a pulsed neutron source
is illustrated in Fig.1, which is an inverted geometry quasi- and inelastic
spectrometer. Pulsed neutrons with a wide energy distribution emitted from
the thermal or cold moderator (H2O at room temperature and CHy at 20K
for thermal and cold moderators, respectively, at KENS) are incident on a
sample after flying through the first flight path (11) and the scattered neutrons
with a fixed energy are selected by analyzer mirrors and detected by neutron
counters. The distance from the sample to the analyzer mirror is the same as
that from. the mirror to the detector, which is a half of the second flight path
length (I2). Measurement of energy transfer of neutrons is performed by a
time-of-flight (TOF) technique In the case of TOF measurements, the
energy resolution required is attained by selecting an appropriate length of
- neutron flight path. The energy resolution of the crystal analyzer mirror can
be selected by adjusting the Bragg angle. The combination of devices enabled
us to design a set of quasi- and melastlc spectrometer with large ﬂex1b111ty of
performance. : :

For the LAM-type spectrometer, the time spectrum of the scattered neutrohs
from the sample at a scattering angl_e 0 is given by [1,5]

1(t,8) = const/Jo[E1,t -1o/(2E9/m)1/2] o(E1->E2,qQR(EDIEIdEy (1)

where ¢(E1,t1) is the incident neutron flux at time tj into the sample,
o(E1->E2,0) is the incoherent differential scattering cross-section, R(E?) is
the energy resolution function of the crystal analyzer mirror, m is the neutron
mass, and 12 is the average flight path length of the scattered neutrons.
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The quantities measured are the energy transfer € and the scattering vector
Q defined by

e=Ej1-Ep 2)
and
Q=ki-k 3)

where k1 and ko are the wave number vectors of the incident and the
scattered neutrons, respectively and Q2 is given by

Q2 = 2m/2)[E] + Ep - 2(E1E2)1/2¢0s6 ] @)

The energy resolution of the LAM-type spectrometer is given by [1,5]

Ae = :ZEE :Z-L /\f1:Z.+_Z§t2221)/f1:Z
+  (E/E1)2{(cotoBAOR)2 + (Ar/r)Z}JI/Z )

where Aty is the pulse width at half-maximum dependening on the neutron
energy and At; and At, are the variances of the flight time of neutrons due to
the fluctuations of the flight path length 1; and of the analyzed energy E,,
respectively. Op is the Bragg angle of the analyzer mirror and ABp is the
angular spread of the Bragg angle. At is the variance of the reciprocal lattice
vector T of the analyzer crystal due to the limitation of the number of lattice
planes contributing to the reflection. [5] The first, second and third terms in
the right hand side of eq.(5) are the variances in the time-fo-flight
measurement and the forth and fifth terms are due to the analyzer mirror
resolution. The first term At /t; was calculated as a function of the incident
neutron energy E; and the result is shown in Fig.2. In this calculation the

first flight path length was taken to be 4.3 m. This term decreases with
increasing the incident energy E, because the pulse width of neutrons At,
decreases with increasing E;. In the case of high resolution quasielastic
machines such as LAM-80, this contribution to the energy resolution is
serious so that long flight path is essential to diminish it. The second term
which is determined by the sizes of the neutron beam and the sample is small
enough compared with other terms in our case as shown in Fig.2. The third
term Atz/tl was also calculated as a function of El’ taking 11 and 12 as4.3 m
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and 0.6 m, respectively, and the averagé analyzing énergy as 4:4 meV. In
contrast to the first term, it increases with E;. In the case of inelastic
spectrometers covering high energy region like LAM-D, this contribution
should be diminished without sacrificing the -other contributions to the
resolutlon This term can be rewritten as

| Atz/t1 (1/2)(12/11)(131/52)1/2(@2/52) | ',‘1 ;’ | ©®

Accordmg to eq. (6) in order to achleve hlgher energy resolution-in the hrgh
energy region, it is necessary to decrease the second flight path length 13.

Therefor, 13 of LAM-D was designed to be 0.54 m, which is much shorter

than that of LAM-40 and LAM-80 (1.2m). It is necessary to evaluate the
spread of the Bragg angle AOp for calculation of the forth term. The

resolution function of the analyzer mirror R(GB) can be calculated by the
following equauon [5], .

" ROB) = fff P(rZS) 22 |5 sr2 - o
, x 8[ 6B - GB(rZS)] drdEdS ()

where GB(r X S) is the Bragg angle determmed by the posmons on the sample
r, the mirror £ and the counter S, and p(r,Z,S) is a factor representmg
efficiency due to the pro;ectlon of each plane and the mosaicness of the
crystals. The integrations are performed with respect-to the volume of the
sample, the surface of the mirror and the surface of the counter window.
R(OB) calculated for the Bragg angle 39 deg is shown in Fig.3. In the
calculation, the size of the crystal pieces is 12 mm x 12 mm and 2 mm in
thickness with 1.2 deg mosaicness and the total number of the pieces is 56;
they are arranged in seven columns. The average second flight path length
was taken to be 0.6 m and the cylindrical sample is 14 mm in diameter, 0.1
mm in thickness and 60 mm in height. The window size of the counter is 14
mm in width and 60 mm in height. The spread of the Bragg angle was
determined to be 1.1 deg from R(OB) in Fig.3. Using this value, the E{
dependence of the forth term (E2/E1)cotOBAOGR was calculated in Fig.2. The
contribution of this term is large in the low energy region while it is not so
serious in the high energy region. In the case of LAM-D, the fifth term
(At/t)is small enough to neglect as compared with the other terms as shown is
Fig.2.

Based on the results in Fig.2, we calculated the overall resolution of the
spectrometer A¢/E1 through eq.(5). The results are shown as a function of the
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incident energy E1 in Flg 4 where Ae/El for11=8.6 and 12.9 m are also -

indicated

ululvul-vu

3. Description of the LAM-D Spectrometer

Fig.5 illustrates the configuration of the LAM-D spectrometer. The
spectrometer is installed at the H-9 thermal neutron beam hole at KENS,
which sees the thermal neutron moderator (HO at room temperature).
Energy distribution of neutrons from the thermal beam hole is shown in

Exgv6 Th; ﬂl‘é;lt;)atl; -fro;r;'t.hve moderator to";fl;.;;nf)‘ig 1s g\‘/’a;;uated and the
length (17) is 7.25 m. ,

Each analyzer mirror is made from 56 pyrolitic graphite (PG) crystal pieces
of 12 mm x 12 mm x 2. mm in size with a mosaic spread of 1.2 deg. As seen in
Fig.5, two analyzer mirrors are symmetrically mounted at the scattering
angle 35 deg and the other two at 85 deg. The 15 cm beryllium (Be) filters,
which are cooled by liquid nitrogen, diminish the higher order reflections
from the analyzer crystals. The length of the Be fiiter was determined by
Monte Carlo simulation for transmission of neutrons with total atomic-cross
section of both 61=0.5 and 7.5 barns, which correspond to those below and

above the Be cutoff wavelength [6] The results of the simulation is glven in
Fig.7.

The set of the mirrors and Be-filters is housed in an evacuated container
surrounded by neutron shield made of borated resin and cadmium sheets
Moreover, each analyzer mirror has its own inner shield.

A hollow cylindrical shape was adopted for the sample container to assure
identical geometrical conditions for every analyzer mirrors. The typical
dimensions of the sample are 14 mm in diameter and 60 mm in height. These
dimensions were determined by the optimization condition calculated between
the energy resolution and the counting efficiency. The thickness of the
sample depends on the scattering and absorbing cross section. It is essential to
use a thin sample in order to avoid self-shielding -and multiple scattering in
the sample . For example, in the case of water, a sample of 0.1 mm thick is
desirable. The outer and inner walls are made of aluminum of 0.25 mm in
thickness. This container can be also used for measurements on the LAM-40
and LAM-80 spectrometers. '
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4.’ Performance

Raw spectra of vanadium measured with LAM-D are shown in Fig.8(a) and
(b) for scattering angles of 35 deg and 85 deg, respectively. Each spectrum
was obtained by summing up two spectra measured at the symimetrical
position with the same scattering angle. The thickness of the vanadium sample
is 2:mm and the measureing time'is 8 hours.- The peak-counts are given in the
figures which enable us to estrmate the mtensrty performance of the LAM D
spectrometer ' . - -

Expandmg the spectra in the melastrc region in- Frg 8 melastlc scatterrng
from phonons in vanadium is clearly observed. Fig.9 shows the spectrum of
vanadium measured with LAM-D withott the 15 cm Be-filter. The higher
order réflections from the analyzer mirror are very- strong in the inelastic
region. For example, the second peak is about 5 times larger than the first
reflection peak. It is because the intensity of incident neutron at 4.4 meV
(elastic energy) is much weaker than that for the second and third reflection as
shown in Fig.6. The results indicate that the 15 c¢cm Be-filter works
efficiently.

Full-width at hlaf-maximum (FWHM) of the elastic peak evaluated from
vanadium spectrum is 0.40 meV, which agrees with the theoretical value in
Fig.4. It means that the evaluation of the energy resolution through eq.(5)
works very well in the low energy reglon However, it is difficult to confirm
whether the estimation of resolution in the high'energy region is correct of
not, since the energy resolution’ cannot be measured directly in the high
energy region. As shown in Fig.2, the resolution is mainly governed by the
term Atp/t] which is determined by AE7 and by -convolution of AE> and

Atz/t] in high and low energy regions, respectively. In the low energy

region, as shown above, the theoretical evaluation works well. This probably
means that we can precisely calculate AE) and therefor i it is expected that the

evaluation of the resolution in the high energy region also works well.

Inelastic scattering spectra from trans-1,4-polychloroprene (PCP) at 10 K are
shown in Fig.10 where the spectra from the container are also indicated after
normalization by the monitor counts. The thickness of the sample is 0.1 mm
and the measuring time is 8 hours. These raw spectra make us to conclude
that the performance of LAM-D for the S/N ratio is extremely good up to 300
meV. The intense signal below 30 TOF channel is due to fast neutrons with
energy higher than Cd cut-off energy. Fortunately, this fast neutron
background does not contaminate the sample data below 300 meV. In the PCP

spectra we can clearly recognized C-H stretching at 2950 cm-1 and some
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sharp peaks which agree with the results of normal coordinate calculation for
a single chain of PCP.[7]

5. Conclusion

The spectrometer LAM-D with combination of the pulsed thermal neutron
source have demonstrated satisfactory performance for the measurements of
inelastic scattering in the energy range up to 300 meV. The basic principle of
LAM-D is the same as that of the quasielastic spectrometers LAM-40 and
LAM-80, so that the data reduction methods developed for LAM-40 and
LAM-80 can be applied to data of LAM-D with small modifications. With
combination of the three spectrometers, we can cover the energy range form
1peV to 300 meV. It is very powerful to investigate condensed matter
physics.

References

[1] K. Inoue, Y. Ishikawa, N. Watanabe, K. Kaji, Y. Kiyanagi, H. Iwasa and
M. Kohgi, Nucl. Instr. and Meth., A238, 401(1985).

[2] Y. Ishikawa, KENS Report-I V, National Laboratory for High Energy
Physics, Tsukuba, Japan (1983).

[3] K. Inoue, T. Kanaya Y. Kiyanagi, S. Ikeda, K. Shibata, H. Iwasa, T.
Kamiyama and Y. Izumi, in the proceedings.

[4] M. Bee, Quasielastic Neutron Scattering: Principles and Applications in
Solid State Chemistry, Biology and Materials Science, Adam Hilger, Bristol
and Philadelphia, 1988.

[5] K. Inoue, Y. Kiyanagi, H. Iwasa and Y. Sakamoto, Nucl. Instr. and Meth.,

178, 459(1980); K. Inoue, Y. K1yanag1 and H. Iwasa, Nucl. Instr. and Meth.,

192, 129(1982).

[6] G. E. Bacon, Neutron Diffraction, Clarendon Press, Oxford, 1975.

[71 T. Kanaya, M. Ohkura and K. Kaji, Bull. Inst. Chem. Res., Kyoto
University, 67, 68(1989).

1088



[ rowvemyiene
] (AMBIENT TEMPERATURE)
-
' |
3
.8
- -
)
o
< |
A. H
o | 4 |
.""}‘ .
2
- ,
MIRROR
{2
2

()
‘ ' DIAPHRAGM
COUNTER ' : ,

Fig.1. General layout of the LAM-type spectrometer using a pulsed neutron source. It is
an inverted time-of-flight quasi- and inelastic scattering spectrometer.
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Fig.3. Calculated resolution function of the analyzer mirror for the Bragg angle 39 deg.
The size of the sample is 14 mm in diameter, 0.1 mm in thickness and 60 mm in height.
The number of the pieces of PG crystals of 12 mm x 12 mm x 2 mm in size is 56. The size
of the counter window is 14 mm in width and 60 mm in height.
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Fig.4. Incident energy dependence of overall resolution of LAM-D calculated for 11=4.3,
8.6 and 12.9 m. Other parameters are the same as in Fig.2.
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Fig.7. Results of the Monte Carlo simulation for neutron transmission through Be-filter.
Calculation was performed for neutrons below and above the Be cutoff wavelength. The
corresponding atomic cross sections are 7.5 and 0.5 barns, respectively.
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Fig.8. Spectra of vanadium measured by LAM-D. The thickness of the vanadium sample
is 2 mm and the measuring time is 8 hrs. (a): the scattering angle 35 deg, (b): 85 deg.
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Fig.9. Spectra of vanadium measured LAM-D without the 15 cm Be-filter.
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