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Abstract 
Application of mica in the crystal analyser of time-of-flight. 

spectrometer installed in a pulsed cold neutron source is a new approach 
in high resolution neutron spectroscopy. We constructed a new set of 
mica crystal analysers for the neutron spectrometer at KENS (KEK), that 
gave a desirable performance of energy resolution accompanying by a 
surprisingly sharp rise shape of resolution function. The latter 
characteristic was especially i’ndicative of the usefulness of mica 
crystal analyser in the quasielastic neutron scattering studies of 
localized random motions in condensed matters. 

I . INTRODUCTION 
Quasielastic neutron scattering is a very,useful method to.study 

diffusive motion or the relaxation process in molecular science and in 
many other fields. Measurements of quasielastic scattering often 
require a wide energy transfer range of several orders of magnitude in 
addition to a relatively wide momentum transfer range. It is easily 
seen that the design of a single quasielastic spectrometer’which h-as 
the capacity to cover such a wide energy transfer range is beyond reach. 
Therefore, adopting a single design philosophy, we designed three 
quasielastic spectrometers which can be complementary devices, and 
installed them at the KENS spallation cold neutron source at the 
National Laboratory for High Energy Physics (KEK), Tsukuba. 
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Dur ing,the: past -decade we. have. bee-n engaged in. developing: the KENS 
spallation cold neutron source and a high resoiut.ion quasielastic ~I 

spectrometer in addition40 a conventional.resolution one using the 
pulsed cold .source. Our previous studjes.revealed the 20 K solid 
methane moderator, to. be. the,most.adap,table to.the.modest capacity : 

accelarator-based.coId neutron source of, the &ENS;,! size.. ‘,,U.sing the 
pulsed cold source, we have been accumulating basic data on the 
performance of the quasielastic spectrometer.. ‘. . . . 

Based on our. accumulated information, 
cold neutron source of the KENS-I’ size. 

we then constructed a pulsed 
Several year.s,,of succeSsfu1 

operation have proved that the 20 K solid methane cold source is still 
adaptab-le even for the neu,tron source of the KENS-l’ size. Furthermore, 
our data has revea1e.d that the -crystal a,na-lyser .type time-of-f.i’$ht 
spectrometer , combined with the pulsed cold source; is the simplest but 
most suitable ,device for, quasielast ic-scatter.ing because of. its ..’ 

flexibil ity.of performance. ‘, :: .’ 
This paper descr.ibes the desi.gn and the performacce of the LAM-80ET, 

which is an improved version uf. the LAM-80 having the special feature 
of a wide.energy window. The design considerations of the instrument 
are discussed in section II, and the description of spectrometer and the 
practical performance-are given in sections Ill .and IV. Final ly, a 
short remark.of the method of data,analysis is given in sect-ion V,. 

. 
: 

II. Design considerations .‘.. ._ 

In-order to carry’ out quasielast-ic, neut,ron spectroscopy--using the. 
pulsed cold source, it is-most desirable that the neutron pulse emitted 
from the, coid.source be utilize-d directly for energy analysis u.sing the 
time-of-:flight:technique without any auxiliary device for, narrowing the 
pulse width. As to accompanying secondary energy anaIysi?gdevices? 
there are several options. Our early results suggested that a wide 
acceptance angle crystal an,aIyzer mirror is the most suitabIe,one.- 
Therefore., we adopted. the arrangement of devices Shown ifl f.ig. 1. 

In the case of,time-of-flight meagurementsi.the high resolutiop 
requ.ired js attained by selecting apprgpriately the length of a Feutron. 
flight path to the width of-the neutron puI,se, the Bragg angle and $he.. 
material of the anaIyser mi,rror. An appropriate select.ion 0.f these, 
combinations.enab.led us to design a high resolution spectrometer.with 
high intensity. ,’ Neut’ron guide tube wa.s used,for the purpose of the 
high intensity. 

II.-1 Scattered neutron spectrum 
*If the design parameters. of. the:spectrometers are appropr iate!y.,- 

selected, the tim.e spectrum.of the.scattered neutrons from the sample 
at a scattering angle 6 is simply expresSed as follows. 

~(t;63=const f. j #CE1,t-l~/(2E~/m)~‘~1a(El-+E2,~)R(Ea)d~~dE2 (1) 
where +(Et,ti) is the incident neutron flux at time tl into the sample, 
a(E1+E0,8)‘is the incoherent differential scattering cross section, 
R(E2) is the energy resolution function of the crystal analyser mirrors, 
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 

z = El - E2, (2) and Q = kt - ka, (3) 
where kt and k2 are the wave number vectors of the incident and the 
scattered neutrons, respectively, and Q2 is given as fol lows, 

Q2=(2m/h2)[E~+E2-2(E1E2)“2~ose 1. (4) 

II .2 Time-of-flight measurement 
The time and energy spectrum, # (El,tl), of the neutrons impinging on 

the sample depends on the neutronic performance of the pulsed cold 
source. Since we needed precise information about the time structure 
of the neutron pulse emitted from the cold moderator, we measured the 
time structure by a thermica monochromator for the 20 K methane cold 
moderator and the pulse data were corrected for the monochromator 
resolution using the QUESA-40 code. Fig. 2 shows the pulse width at 
half-maximum, A tz, as a function of neutron wavelength after the 
correction of the resolution. A tremendous increase of pulse width 
occurs in the cold neutron wavelength range. 

The energy resolution, AEI, in the time-of-flight experiments is 
given by 

A El =2El A tr/tt . (5) 
Using the data shown in Fig. 2, we can assess AEI as a function of-the 
flight path length. I, for 4 and 6A wavelength neutrons as shown in 
Fig. 3. From the figure, the length of the neutron flight path and 
the desired energy resolution in the case of the 20K methane pulsed cold 
source can be detemined. Because of the spatial limitation in the 
experimental hall, the length of the flight path is fixed to about 30m, 
and we obtain a resolution of 1Ou eV. This assessment is based on the 
QUESA-40 code. 

II .3 Analyser mirror 
To attain the desired resolution and high efficiency, it is 

necessary to match the energy resolution in time-of-flight measurement, 
AEI, for the energy resolution of the analyser mirror, AE2, according 
to eqs. 1 and 2: The design of the analyser mirror which fulfills the 
above requirements is as follows: a large number of small mica crystal 
pieces are mounted on a surface with special curvatures so that all 
pieces satisfy the same Bragg condition. Moreover, the flight path 
lengths from the sample to the counter via each crystal piece must be 
almost the same so as not to sacrifice the energy resolution AEI due 
to variance of t2. To fulfill the latter condition, a relatively long 
distance from the sample to the crystal piece and from the crystal piece 
to the counter is needed. To decide the dimensions of the analyser 
mirror, many factors are involved. 

The resolution function of the mirrors R($B) is calculated by the 
following equation, 

R(eB)=,i’ $ ~p(r,~,S)Ir-~I-21Z-SI-26[8B-6..B(r,~,SS)ldrd~dS, (6) 
where 8B(r,x,S) is the Bragg angle determined by the,positions r,z 
and S, and p(r,I,S) is a factor representing efficiency due to the 
projection of each plane and the mosaicness of the crystals. The 
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integrations are performed with respect to the volume of the sample, the 
surface of. the mirror and, the plane of the diaphragm. 

Fig. 4 shows a typical calculated results of R(~B) by eq. 6 for:th’e 
case of the average Bragg angle of 80” and a 14 mm diameter and 80 mm 
height cylindrical sample. The result indicated that the angular 
spread of the Bragg angle A 6B is about 0.369. 

The energy resolution of the analyser mirror is. estimated by the 
following expression, 

s 

AE2 7 2E2[(cottbA 8d2+(A zji)2]1’2. (7) *. 

Here A T is ,the variance of the reciprocal lattice vector,7, due to, 
the limitation of the number of lattice planes contributing to the- 
reflection. In our case, the second term in the brackets in the rhs’ 
of eq. 7 may be small enough to neglect as comparedewith the first term. 

11.4 Overall resolution 
Fig. 5 shows the.vari-ante of incident and scattered ‘neutron energies 

AEI and AE2 as a function of the Bragg angle calculated by eqs. 5 and 
7 for the case of a flight path length 30m. 

The overall energy resolution of the spectrometer is assessed by 
A e = 2E[(A tz/tl I2 + (Cot&A 8B)2.+<A 7/7)2]“2. (8) 

Here El=Ez=E for quasielastic scattering. 
Fig. 6 shows overall energy resolution of the spectrometer as a 

function of the Bragg angle for the case of flight path length 30 m. 
The highest resolution is attained for the backscattering condition 
the analyser mirror, as seen in fig. 6. However, in this cdnditi 
the intensity of the scattered neutrons is seriously sacrificed due 
the narrow band width, A.E2. An optimal condition is achteved by 
matchi.ngA El to A E2. The optimal condition for, the desired 
performance can be found around the point where the two curves cross 
as shown in fig. 5. 

of 
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to 

t 

III. Description of spectrometer 
The LAM-80ET utilizes a LAM-type analyser mir-ror, of which the 

structural frames supporting the crystal pi.eces were fabricated.: 
according to the same design method described previously, The average 
distance from the samp,le to the count.er diaphragm via the mirror crystat 
is 120 cm. 

III.1 High resolution machine 
Fig. 7 shows the configurat.ion of the LAM-80ET. The spectrometer 

is installed at the C-2 neutron, guide hole, of which the d,istance from 
the cold source is about 26 m. As seen in the figure, t.here are eight 
identical mirrors, each containing 40-O mica crystal pieces of 12mmxl2mmx 
3mm in si,ze. Each analyser mirror is mounted at four fixed angles: 
li: 150, &51.7O, + 78” and + 118O. Thus, the scattering angle of the 
analysers can cover the re.gion from 15O to 118O. The set of analyser 
mirrors is housed in an evacuated container surrounded. by neutron 
shields made of borated resin and cadmium sheets. Moreover, each 
analyser mirror has its own inner shields, as shown in fig. 7. ‘. 

Fig. 8 shows bird’s_eye view of the array of analysers, which 



cons~ists of eight analysers and eight helium counters. Scattering 
sample is placed at the center. Shieldings and diaphragms- are not 
drawn. 

lJI.2 Sample container 
A cyIindr.icaI shape was adopted for the scattering sample, to 

assure identical geometrical conditions for every analyser mirrors. 
The typical dimensions of the sample are 14 mm diameter and 80 mm 
height. These dimensions were determined by the optimization 
condition calculated between the energy resolution and the counting 
efficiency. This type of sample container proved to be very useful 
for liquid samples, and it could be utilized for the spectrometer at 
a wide temperature range of from 20 K to ambient temperature. However, 
a plate shape was adopted for the scattering sample in a tunneling 
experiment, as shown in Fig. 9, and it was uti I ized for the spectromete’r 
at a wide,temperature range of from 5 K to ambient temperature, in which 
a Heritoran was used as the cryostat. 

III .3 Data acquisition system 
.The system consits of three parts, that is, microcomputer, time 

analyser, and read/write as in the LAM-40 spectrometer. Fig. 10 shows 
the flow chart of the data acquisition system of the LAM-80ET. 

IV. Performance 
IV.1 Resolution 

Fig. 11 shows diffraction peaks of mica and related crystals 
measured at the Bragg angle of 87” at the outlet of 31 m cold neutron. 
guide in KENS. The peak shapes of mica are excellent for the higher 
order reflections from second to fifth but those of pyrolytic graphite 
are not as good as mica crystals for three values of mosaic spread. 

Moreover, as can be seen from fig. 11, the background signal by 
stray neutrons scattered from the crystal is very faint in the case of 
mica. The reflections of mica from second to fifth are available for 
analysing the energy of scattered neutrons. Table 1 compiles the 
resolution (FWHM) of the’ spectrometer for each analysing energy. Here 
lK is the relative intensity of the elastic peaks for each analysing 
energy for KENS condition. 

Fig. 12 shows the measured spectra from vanadium using mica analyser 
of LAM-80 for E3 and ES analysing energies. The shapes of the spectra 
indicates tl-te usefulness of mica crystal anatyser in the measurements of 
faint quasielastic spectrum accompanying with a strong elastic peak. 

The LAM-80ET adopts the mirror of four times large size compared 
with that of the LAN-80. This me-ans that the intensity gain is four 
times and generally the resoI,ution is much worse. However, there is 
a solution, in which the intensity gain is four times compared with 
that of the LAM-80 but the resolution of the LAM-80 is conserved. 
Fig. 13 shows the typical results of the resolution function for each 
reflection from mica. The solid lines are the vanadium runs by t.he 
LAM-80 and the points are those obtained by the LAM-80ET. From this 
figure, we can see that the resolution for the LAM-80ET is almost the 
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same as that for the LAM-80. 

IV.2 lntensi ty 
Fig. 14 shows a comparison between the intensities obtaine’d by using 

the LAM-80 and the LAM-80ET. _The scattering sample was vanadium at 
dmbient tempei&ture.- The intensity was normalized by monitor: counts. 
We can see that the total intensity for the LAM-80ET is now eiiht times 
compared with the LAM-80 for each reflection from mica. 

It.3 Appl ication 
‘,‘. 

.: 

The LAM-80ET has been appl-ied to study a tu?n:e:!Iing p_heFomenon, 
a sol -gel trC,si t ion, a low en’ergy excitation ifi; &morph.ous.poIymers, 
and others. As a typical exampyle, fig. 15 shows $he tunnel I ing 
spectrum of N-ox’y r picol ine measured by the LAM-8O.kT at 5K. The 
energy resolutions-for these exp+eriments are about’C5-0(down) and 161r eV 
(,up>, respectively. Fig. 16, shows the temperature ‘dependence of the 
tunnelLing spectra of the same sample. We can easCl y keen that 
the tunnelling phenomena is observed the temperature goes down. 
Furthermore, k”prelimin&ry experimemnt for the,energy,reso!ution of 
1tieV has been tryed. Fig. 17 shows a typical result for N-oxy 7 
picoline using the (002) reflection. The measuring time was about 
17 hours. Mor<eover, the counting rate and the resolution of the- 
LAM-80ET have, been confirmed to be comparable to those of I RI S at RAL ’ 
(see Table 2). .. 

V . Data analysis 
As seen from eq.1, the measured neutron spectra are not simply 

related to the cross section of the sample as iri the case of direct 
geometry facilities. Instead, rthey are expressed as the results of 
complex double convolution integrals related to the scattering function, 
the time structure of incident neutron pulse and the resolution of the 
analyser mirror. We are developing a data reduction program (QUESA-80ET 
code) for the determi n,at ion of the scattering functions: ffom measured 
spectra which consists of procedures for,curve fitting of the spectra 
and hypothesis testing of the a’ssumed scattering- functions.. 

The measured spectrum is compared,with calculated one in the data 
analysis by using QUES&-8OET code. ihe time-of-flight spectrum of 
scattered neutrons is actually ex’pressed as a form of double integrals 
with respect to El and.En. ln QUESA-80ET code, however, integration 
for the time-of-f1 ight spectrum r) (.t, 0 ) is simply performed as fol lows 

r) (t,e) = const ,!‘Y(t, & ) S(Q, E; Id& , (9) 

where S(Q,& > is the scattering,‘function, Q is the average scattering 
vector and Y(t, c ) is, the effective resolution function given by 

Y(t, c )= J @ (E2+d ,t-12/(2E2/m)1’2)(E2~(E2+E ))““R(Ez)dEz. (10) 
For data analysis of quasielastic scattering, it is essential that 

multiple scattering corrections be assessed as accurately as possible 
by consider i ng energy t.ia$sfer ,ahd angoi ar ‘depecdency. Some computer 
codes have been written for the’ multiple scatteri’ng calculations. 

Information about neutron pulse structure is necessary to calclrtate _ 

the effective resolution function Y(t,z ). Fig. 18 shdws a 
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Fi g.1 General layout of LAM 
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Fig.3 Total flight path length required 
for specified energy resolution. 
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Fig. 13 A comparison between the resolution function of 
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for each reflection. 



Table 1. Parameters for each reflect on 

EK (mev') A &Kb d> 

l(OO2) 0.20 1.2 
2(004) 0.83 5.5 0.08 
3(006) 1.86 16 1.0 
4(008) 3.31 31 0.32 
5(0010) 5.18 39 0.74 
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Fig. 14 A comparison between the intensities 
obtained by using the LAM-80(up) and 
LAM-80ET(down). 
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Fig. 15 Tunnel spectra of N-oxy y picoline. 
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Fig. 16 Temperature dependence of the tunnel spectra 
of N-oxy y picoline: the temperature cooresponds to 
5, 9.2, 13, 22.5, 50 and 200K; respectively. 
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Table 2. A comparison of total performance between IRIS and LAM-80ET 

POSITION 

Relative 
Gain of 

IRIS 
against 

LAM-SO 

LAM-SOET IRIS 

Proton Beam Energy (McV) 750. 

Current Q.tA) 100. 

Proton per pulse (p.p.p.) 1.3 x1013 
frcqucncy (Hz) 50. 

Modcntor Materials LiquidH2 
Tcmpcratu m (K) 25. 

Type Cd dccouplcd 

source 

1.7 

20. 

500. 

1.2x:.012 
20; 

Solid CH4 
20. 

decoupled 

I/8 

4.25 

Chopper 

sub tolnl 

Window Ah (A> 
Frcqucncy (Hz) 

2. 
50.-10. 

(62.’ disc at 6.4m) 

8. 

20. 1. 

Guide Tube cut orf(A) 
Option 

1.5 
Super Mirror 

Converging Guide 
2.8 

4. 
None Guide 

d 

Flight Path 

Bcnm Size at 
Sample Position 

LI (m) 

(B mm X lvmm) 

(Source to Snmplc) 

L2 (m) 

sub total 

(Sample to Counter) 

35.X25. 50.X20. 

2.8 

36.54 26.3 

1.47 1.2 
(0.83+0.63) (0.60+0.60) 

Analyzer Mirror Arca (llcm X Wcm) 
Solid Angle (Sr) 
Crystal 
Rcflccdon Index 

(6.X225.) 
0.196 

(002).~~).(006) 

(49.X16.8)X8 
1.83 

Mica 

:002),(OW,(OO6), 
.(008),(0010) 

80. 
Horizontal 

Energy Focussing 

l/9 
3.0 Spcctfomctcr 

Bragg AT9 (OB) 
Type 

87.5 
Vcrticnl Energy 

Focussing 

sub total l/3 

4.0 Total Gain 
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preliminary data of pulse structure of cold neutrons from pulsed so.uu-rce 
at the outlet of 30 m guide tube. Fig. 18 shows the spectrum from 
vanadium and it is used to confirm the accuracy of the calculated 
effective resolution function in the case of z= 0. As seen from eqs. 
9 and 10; Y(t,O) has a pulse shape which equals exactly to the one of. 
eIastic.aI ly scattered neutrons. 

VI. Conclusion 
The LAM-80ET described herein has demonstrated a satisfactory 

performance, and it has also shown the usefulness of the 20 K.methane 
pulsed cold source. This instrument can be used effectively to study 
diffusive phenomena in detail by quasielastic scattering. 

We are very much indebted to the many persons who have contri.buted 
to the performance of the LAM-80ET. It is a great pleasure to thank, 
in particular, Prof. N.Watanabe, Dr. A.lnaba, Dr. T.Takeda, and 
Dr. C.J.Carlile. 
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Q(A.D.Taylor): What is the width of the INELASTIC tunneling feature in N- Oxy-ypicoline taken with 1 peV 
resolution. 

A(Y.Izumi): The S/N of the data in the present preliminary experiment is insufficient to estimate the width. 
Q(R.Pynn): Is the secondary spectrometer evacuated? 

A(Y.Izumi): Yes, it is evacuated by a rotary pump to lo3 mmHg. 
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