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METHODS FOR NEUTRON SPECTROIffiTRY
B.N. Brockhouse 

Atomic Energy of Canada Limited 
Chalk River, Ontario, Canada 

A B S T R A C T
Measurements of the energy distributions of initially mono- 

energetic neutrons after scattering by a specimen, give a great deal 
of information about the structural dynamics of the specimen material 
on an atomic scale. The power of the method lies primarily in the 
circtunstance that the energy and momentum distributions of the scat
tered neutrons reflect a rather complete description of the charac
teristic energies and momenta of the specimen material. Thus it is 
usually possible to obtain information directly about the dynamics of 
the specimen by inverting the measurements (if the set of neutron 
energy distributions is sufficiently complete), instead of being re
stricted to comparison of measured distributions with calculations 
based on oversimplified models. In the paper the appropriate theo
ries, and the general philosophy of methods of measurement and of 
treatment of data, are discussed from the point of view of making 
the fullest use of the unique power of the method. In particular 
methods of analysis of results for liquids using the Van Hove 
formulation, and for crystals using the Born-von Karman theory, are 
discussed at length.

In the author’s opinion the most useful of the available 
methods of measurement are the crystal spectrometer methods and the 
pulsed monoenergetic beam/time-of-flight method. Pulsed-beam spec
trometers have the advantage of higher counting rates than crystal
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spectrometers, especially in view of the fact that simultaneous meas
urements in several counters at different angles of scattering are 
possible in pulsed-beam spectrometers. The crystal spectrometer per
mits several valuable new types of specialized experiments to be per
formed, especially energy distribution measurements at constant mo
mentum transfer (the ’’constant Q” method). The Chalk River triple- 
axis crystal-spectrometer is described and discussed, particularly 
with reference to its use in making these specialized experiments. 
This instrument has been gradually assembled as a result of six years’ 
experience of neutron spectrometry measurements. The Chalk River ro
tating crystal (pulsed-beam) spectrometer is also described and a 
comparison of this type of instrument with other types of pulsed beam 
spectrometers is made. (Several versions of this instrument have been 
used in the past three years.) A partial outline of the theory of 
operation of rotating crystal spectrometers is presented. The use of 
quartz crystal filters for fast neutron elimination and for order 
elimination is discussed.

1. I N T R O D U C T I O N  A N D  
G E N E R A L  T H E O R Y  

The neutron has a mass of the order of atomic masses,
and hence a slow neutron, in collision with a system of atoms,
has a reasonable chance of picking up or losing quanta of any 
of the characteristic energies of the system. The wavelength 
of a slow neutron is of the order of atomic separations and its
energy is of the order of thermal energies, that is of the order
of the characteristic energies of solids or liquids. The changes 
in energy of the scattered neutrons are relatively large, and
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easily measurable. At the same time since its wavelength is 
short the neutron responds to all kinds of motions in the 
specimen, and not just to those motions in which large ntombers 
of atoms move together, as in the scattering of light.

The scattering is primarily governed by the energy
transfer

'fico =  £T^ -  E '  (1.1)

and by the wave vector transfer

< 5  =  -4' (1.2)
/-VW AAV

where Eq and are the energies of the incident and scattered 
neutrons, and k. and k ’ are their wave vectors. In the notation 
used here a subscript ”0” means that the quantity concerned is 
evaluated at the incoming energy e.g. is the wave vector 
transfer with the scattering elastic. A primed quantity has 
been singly scattered in the experiment, a doubly primed quan
tity doubly scattered, etc. The energies and wave vectors are 
connected by the relation E = -^^k^/2mj^ where m̂  ̂is the neutron 
mass. Other symbols used are: the angle of scattering (0),
the specimen orientation in the scattering plane (V'), the co
herent scattering cross section ( incoherent scatter-OUn
ing cross section ( ), the mass of the atoms (M), the temper
ature (T), the angle of scattering by a crystal in Bragg reflec
tion (20).

In fact VAN HOVE (1) has shown that, provided the 
temperature is high enough that there is no nuclear spin or 
isotope degeneracy, the partial differential cross section per 
atom for a monatomlc system is
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( i V  _  a

dSldE + fw 5 / - '"-̂ j (1.3)

Thus, in the first Born approxiraation, the partial differ
ential scattering cross section is a fvinction only of the 
variables Q and 60 , except for the trivial term k ’/iCo*
This fact provides a convenient way of coalescing the three 
dimensional function £T'(Eq,EJ0) for a liquid or gas into a 
two dimensional function S(Q,to) (2). For an anisotropic 
system, e.g. a crystal, five variables are reduced to four. 
Perhaps more importantly the variables Q and cO are the waveAM
vector and angular frequency of excitations in the specimen 
and are thus natiiral variables for the specimen also.

VAN HOVE (1) showed that the functions S are Foxirier 
transforms of correlation functions for the atoms, which for 
classical systems have simple interpretations.

•Am

In the general case-the correlation functions G are complex. 
In the classical domain they are real and have a simple, in
tuitive significance: given an atom at point ^  = 0 at time 
t = 0, Gq(r,t) is the probability that the same atom is at

VW

distance r at time t, and G(r,t) is the number density of
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of atoms l^including the atom originally at (0,0)J at position 
r at time t. ±s termed the self correlation function and/W
G the pair correlation fxmction. At time zero

Q ( ^ , o )  =  +  S(^)

(1.5)
G J a ,o) =  l^(^)

where g(r) is the pair distribution function ordinarily meas- 
ured with X-rays» For liquids and other isotropic syst
ems only the magnitudes of r and Q are significant. The self 
correlation function for a liquid at sufficiently large times 
(and therefore distances) is given in terms of the coefficient 
of self diffusion (D) by the expression (1,3)

(1.6a)

which has the transform

z P Q " ' / [ (  P Q ^ y + c o ^ ]

From the behaviour of Gg(r,t) at intermediate times one can deduce 
the mechanisms by which diffusion occurs (3). At sufficiently
small times (and therefore small distances) G behaves in the 
same way for any system (composed of a particular kind of atom) 
and is given (1) by the expression which applies for all times 
for a perfect gas:

1~V2

- L t y M j

(1.7a)
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and correspondingly,

S f e - ) =

VAN HOVE (1) has shown that the complex functions G 
can be obtained from the functions S by performing Fourier 
transformations over the variables Such a transform
ation has been carried out by BROCKHOUSE and POPE (4) over ex
perimental measurements on liquid lead, a substance which is 
sufficiently close to being a classical liquid that only the 
real part of the correlation function is important. For a 
classical liquid

G M  =  (X.Sa)
iJjT

r "where
(l.Sb)

For a strictly classical liquid (or other isotropic system)
S(Q,o;) is even in CO and only positive (or negative) values 
of CO need be used in the transformations.

For a general system the fxanctions S for neutron 
energy gain and loss are connected via the condition for 
microscopic reversibility (detailed balance) which for most 
systems in thermodynamic equilibrium is expressed by the condition
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=  S ( Q , M )
SCHOFIELD (5) has proposed redefinitions of G and 3 which

(1.9)

take this fact explicitly into account. EGELSTAFF (6) has 
emphasized the importance for neutron moderation calculations 
of insisting that the scattering function satisfy the detailed 
balance condition. Eq. (1.9) provides a useful check upon the 
accuracy of experimental results, as do also certain theorems 
on moments due to PLACZEK (7) and to DE GENNES (S).

To perform the Van Hove transformations information 
is required over the whole of 4c)-Q space. However, the asymp
totic expressions ĵ Eqs 1.6,1.7_J can be used to extrapolate the 
measurements, if they have been taken into the ranges in which 
these expressions are valid. A large region of U)-Q space 
can be covered only when the energies and E ’ are compara
tively large, as is illustrated in Fig. 1 which shows curves 
of Q vs for different scattering angles 0 and two energies 
Eq. The range of CO -Q space for neutrons of energy 0.005 ev 
(Be neutrons) is seen to be much more restricted than for 
neutrons of energy 0.1 ev. For substances with "usual” bind
ing and atomic spacing it is desirable to cover a range of Q 
from ^0.3 X  ̂to 10 X and a range of energy transfers from 
^10~^ to lO”^ ev. Thus to take full advantage of the method 
it is necessary to use neutrons of rather high energy, though 
for experimental reasons it may be convenient to do also meas
urements at low energies.
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The primary interest in the classical G(r,t) lies 
in the fact that it is a sort of "moving picture" of the mo
tions of the atoms in the liqxaid. At present there does not 
exist any method of using G(r,t) to compute other quantities 
of interest, for example the transport properties. Neither 
does there exist an intuitive interpretation of the imaginary 
component, nor is it completely clear what is the best way of

defining intuitively the classical correlation function when 
G(r,t) contains a small imaginary component as it does in real 
liquids. It may be best to think of the ratio of the imagin
ary/real parts as a measure of the reliability of applying the 
intuitive interpretation for a classical liquid to the real 
part of G for an actual liquid. Until these questions are re
solved there seems to be little use transforming experimental 
data except for nearly classical systems.

For most other systems it is necessary to compare 
the results of calculations based on specific theories with 
the experimental results, instead of using an inversion pro
cedure. For coherent scattering from single crystals, however, 
the Born-von Karman formalism (9) enables the neutron scatter
ing results to be analyzed directly in terms of interatomic 
forces.* The Born-von Karman theory will be discussed in the 
next section,

* A similar formalism for aligned magnetic systems exists 
in the BLOCH spin wave theory (10), which allows the ex
change interactions between the spins of atoms to be de
duced from neutron scattering measurements.
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2. L A T T I C E  D Y N A M I C S  
A N D  N E U T R O N  S C A T T E R I N G

In the Born-von Karman theory of lattice dynamics 
the crystal is considered (9) as a system of mass points which 
interact with forces obeying Hooke’s Law. For a crystal con
taining Natoms and having one atom per unit cell, there are 
3N independent vibrations which are the normal modes of the 
system. The wave vectors q of the vibrations range over one 
zone of the reciprocal lattice. The polarization vectors of 
the vibrations, C (q)» are given by a set of three linear equa- 
tions:

The are components of the polarization vector ̂  .
The indices a,p denote any of three selected, mutually per
pendicular coordinate directions. The index JL ranges over all 
the neighbors of a given atom and is the vector distance 
of the neighbor from the given atom,
constant which gives the force exerted on the given atom in 
the direction a, when the neighbor at position is moved a 
unit distance away from its eqxxilibrium position, in the direc
tion p.
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Eqs (2.1) have solution for ^  only when the fre- 
quency ̂  satisfies the equation

Eq. (2.2) is a cubic equation and has three solutions

(2.2)

^  •**
where j * 1 to 3 denotes the branch of the frequency spectrum.
To each (q, there corresponds a polarization vector ^.(q)

"  -wt., J  -VU.

whose components satisfy Eqs (2.1), In general these components 
involve the force constants thus are not known a priori,
For certain q^s which satisfy symmetry conditions, however, the 
^ ’s are known.

The frequencies can be determined from neutron spec
troscopy measurements, very directly, as is now well known.*
In the energy distributions of neutrons scattered coherently 
by single crystals there are found neutron groups which satisfy 
the equations for conservation of quasi-momentum and of energy 
between the neutron and a single phonon, that is,

Q  =  =  2irxvt. *''** -VWfc

S  E "  =  (2.4b)

* The possibility of carrying out such experiments appears 
to have been first realized by J.M, Cassels as early as 
1949, but he failed to publish his proposal. The experi
ments were independently conceived by PLACZEK et al. (11), 
by the author, and perhaps by others.
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where 'ZT is a vector of the reciprocal lattice. By means of 
Eqs (2.4 ) an observed neutron group can be interpreted to give 
a pair of values for and q which belong to the frequency-
wave nvunber dispersion relation [Eq. (2• 3 of the crystal. Re
peated observation of many neutron groups for different incident 
neutron energies, angles of scattering, specimen orientations, 
etc. then builds up the dispersion relation, which can be com
pared with results of calculations for various models of crystal 
interactions.

This subject has been extensively discussed elsewhere 
(ll-13),and in an accompanying paper (14).

It is attractive, however, to go beyond this and to 
attempt to use the measured dispersion relation to deduce the 
interatomic force constants practically im
possible to do this directly by Fourier transformation, not 
only because of the very large number of values of jJ and q 
required, but because it is necessary to know the polarization 
vectors ^ .« for each mode also. Neither is it possible to 
determine t h e m ’s by fitting Eq. (2.2) to the measvirements by 
least squares, since a non-linear least squares fit is reqvdred, 
and one must have a reasonably accurate initial set of values 
of the ^ ’s in order to commence the fitting process. It is 
necessary to start by looking in those positions in reciprocal 
space for which the directions of the ^  • are fixed by symmetry,*14̂ J
When ^  is fixed by symmetry Eq. (2.2) factors, and (for a 
crystal with one atom per unit cell only!) the frequency is
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given by an equation which is linear in the force constants. 
Hence in this case it is possible to carry out a least squares 
fit.

Consider the situation when q is in a mirror plane, 
for convenience taken to be the x-y plane normal to the z 
direction. Then for one branch, say j = 3, the polarization 
factor ^ is in the z direction. For the other two branches,
^ , and ^ are mutually perpendicular and in the mirror plane, 
but are not otherwise fixed by symmetry. E!q. (2.2) factors 
into two equations:

and c
C

(2.5)

(2.6)

with j * 1, 2.
If q also lies in a second mirror plane and

are also fixed by symmetry. Then Eq. (2.6) again factors and 
and ̂  also obey equations which are linear in the force 

constants. Thus measurements in the symmetric directions can 
be utilized directly to attempt to find the force constants.
The number of symmetric directions is very limited however and 
may not contain sxifficient information to enable a complete 
solution of the problem to be made. This situation has actually
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been encountered in the accompanying paper on the Crystal 
Dynamics of Lead - see ref. (I4 ). It is therefore desirable 
to obtain the additional information contained in the linear 
transverse branches in the mirror planes ̂ Eq. (2.5)J.

In the usual methods of measurement the crystal is 
mounted with the mirror plane in the plane of the spectrometers 
i.e. the plane of the vectors and k . The transverse branchvV%0 /Wk
Î Eq. (2.5)3*^®®®^®"^ contribute to the scattering in this plane 
because the polarization vector is normal to Q.
Î The intensity is proportional to  ̂ *3 study
the branch it is necessary to use a different geometry, such 
as, for example, is shown in Fig. 2. In the figure ORPT re
presents the plane of the spectrometers. The x-y plane is the 
mirror plane, with a reciprocal lattice vector T is the
reciprocal lattice point. The reciprocal lattice vector 
is arranged to lie in the plane of the spectrometers, and the 
crystal is moxanted so that it can be rotated about The
wave vector of the incoming neutrons (k̂ .) and the scattering 
angle {0) are arranged to satisfy the equation

I J j s m g i  ^z r r j T^j  ■ (2.7)

Under these conditions the vector q lies in the mirror plane 
of the reciprocal lattice passing through T, and the polariza
tion vector ^  has a substantial component along Q. Changing
the angle %  by rotating the crystal about allows the en-/vkvM
tire transverse branch in the mirror plane to be studied.
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The complete set of values of q) can be used

in least squares fitting along with the results in the sjrm- 
metric directions, or they can be Fourier transfonned to ob
tain force constants between lines of atoms perpendicular
to the mirror plane, in the same way as the results for sym
metric directions can be transformed to yield interplanar 
force constants (15, 14).

Finally measurements at general positions in recip
rocal space can also be used in the linear least squares fit 
if a theorem of FOREMAN and LOMER (15) is employed. The 
theorem states that the three frequencies for a given q satisfy 
the relation

4 . r r - M i  +
® -I*. ^  fff

which is linear in the force constants. A corollary for mirror 
planes gives

L. ^  X,

To use results at general positions in reciprocal space in a 
linear least squares fit it is necessary to obtain all the 
frequencies at the position belonging to branches which are



CRNP 947

- 15 -
not fixed by symmetry, and to use the sums of their squares 
as indicated. This procedure will not give the force constants 
uniquely, but may usefully supplement the measurements in 
symmetric directions.

In a crystal with one atom per unit cell it is possi
ble (12) in principle to measure the directions of the polar
ization vectors 4 (the eigenvectors), by studying the relative 
intensities of the neutron groups corresponding to the fre
quencies at some particular q. This occurs because the in-'W 2
tensity of a group is proportional -to the quantity / Q .^) .
If the eigenvectors are determined, then the results of measure
ments at general positions can be used in the linear least 
squares fits. However, such experiments have not yet been 
carried out.

For crystals containing n atoms per unit cell the
situation is not nearly as satisfactory, as there are usually
only a few points in reciprocal space at which the eigenvalues 

2
y  are linear in the force constants. One may, however, 
sometimes use combinations of the squares of frequencies to ob
tain linear quantities, in order to supplement the linear in
formation available. The difficulty is not completely remedied 
by study of the intensities, since, in a crystal with more 
than one atom per unit cell, intensity measiarements determine 
the modulus of a linear combination of the (usually complex) 
eigenvectors. Thus a problem akin to the phase problem of
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crystallography results, and one must determine the polar
ization vectors for the vibrations at the particular value 
of q, by computational methods somewhat similar to those 
used in determining magnetic structures by neutron diffrac
tion. The vectors so determined, together with the fre
quencies, yield completely linear equations (similar to 
Eqs. 2.1), even for crystals with many atoms per unit cell.
This procedure, which gives promise of being very powerful, 
will be discussed in detail elsewhere. It will be greatly 
facilitated by the ^constant Q" method of taking measure-AAA
ments, which is discussed in the next section.

Finally the problem of identification of the 
branch to which an observed phonon belongs must be mentioned. 
Even for phonons at symmetry points, it is essential that 
the right equation be attached to a given pair of values of 
( JJ q) when making the fits, so that correct identifies-

J  w*

tion is necessary. In many cases the problem is trivial,
in others hovrever, recourse must be had to the intensities 
as a function of the position in the reciprocal lattice (12, 
13); i.e. an approximate determination of the eigenvectors 
must be made.



CRNP 947

- 17 -

3. " C O N S T A N T  Q" A N D  
O T H E R  S P E C I A L  M E T H O D S *

The natural variables of a scattering experiment are,
as we have seen, the wave vector and energy transfers, Q and oJ ,

If the distribution of the energy of the outgoing neutrons (EM
is measured in the ordinary way, at fixed incoming energy ( E q ) ,  

angle of scattering (0), and specimen orientation ,
then Q varies with E» and thus with Hence Q cannot be pre-

selected. By changing 0 and simultaneously as E^ (and thus 
k M  is changed it is possible to arrange that Q remains at a 
constant preselected value, and thus to measure the distribu
tion of energy transfers at constant Q. This can only be done 
with crystal spectrometers of course, and not with time of 
flight apparatus. This fact constitutes an important advant
age of the crystal spectrometer method.

The components of Q in the plane of the spectrometers 
are given by the equations

Q\ - " S/>i xf/' -i- sin
(3.1)

Qli -  ““  COS ( p + f )  '

Given the values and which are to be held constant, and 
the fixed value of (or k M  to be used, corresponding values

* This section of the paper was also presented at the Con
ference on Neutron Diffraction in Relation to Magnetism 
and Chemical Bonding at Gatlinburg, Tennessee, April 20- 
22, I960. See Bull. Amer. Phys. Soc. Ser II. 462 (i960).
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of 0, , and k’ (or ko) are calculated on a computer. In
our own programs (written by Miss M, Millican) we use equal 
increments of the angle 26^ (or 26ĵ ) which are related to 
k» (or k^) respectively through the Bragg law

;i = zir/A - zlsinB
and compute the corresponding increments in 0 and*^ necessary 
to keep Q constant. These increments, rounded to the nearest 
i/d°, are applied to the spectrometer.

If the magnitude only of Q is to be kept constant,AAA

as in experiments on liqviids, then increments in 0 only are 
computed, and is held constant, or is made to vary me
chanically as 0/2.

In our present apparatus the increments in 0 (and ) 
are set up on 52 rotary switches which are connected into the 
circuit one by one (or two by two) for each point. We can thus 
take energy distributions of 26 points at constant vector Q, 
and of 52 points at constant magnitude of Q. An improved appa- 
ratus is under construction which will use paper tape as a 
memory instead of switches. The computed increments in the 
several variables will be punched onto tape at the computer, 
and the tape used to control the spectrometers.

It is possible to use approximate linear variations 
of the parameters to good advantage. If the ratios of the in
crement in 0 [S0j and in to the increment in 20^

are computed at some particiilar point, they may
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often also be used in the neighborhood of the point with accept
able accuracy.

For constant k^, and linear variations in 0 and as well
as in 20^,

=  -  A L  Q ( 2 9  )
^  Sin<p

(3.2)
A

-  / ] if
For constant k*, and linear variations in 0 and , as

well as in 26ĵ ,

Zt<x.n<p
r  P (3-3)

^ ■ [?w ' '] Sv-
In the above formulas the parameters are evaluated at the centre 
of the distribution to be taken, e.g. at the assumed position of 
the phonon in the case of a crystal experiment.

Other types of specialized experiments have also been
performed:

(a) k ’ and 0 (or kg and ) can be simiiltaneously 
varied in such a way as to cause the terminus of Q 
to move in a specified direction in the horizontal 
plane. Thus, for example, phonons with q in a par-
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ticular direction can be studied.
(b) If an extremely steep dispersion curve is to be 
studied it may be advantageous to take distributions 
in Q at constant energy transfer. For fixed Bq and 
E*, 0 and are varied together in such a way as to 
cause the terminus of Q to move in the desired direc- 
tion in reciprocal space. This method has been used 
by SINCLAIR et al. (/(?) to study the dispersion curve 
of the magnons in a F.C.C. cobalt-Ŝ S iron alloy. It 
was previously used by R. STEDMAN (private communica
tion), who employed mechanical means for obtaining 
the correlation between 0 and 

In either case linear variations in the variables can often be 
used with sufficient accuracy, as in the '♦constant Q" method.

The various types of experiments are illustrated in 
Fig, 3 by vector diagrams which represent Eqs (2.4). In all 
the diagrams the object is to obtain the dispersion curve of 
longitudinal phonons in the^$,9 , direction of the reduced 
zone, and in particular the frequency of the longitudinal pho- 
non at the zone boundary, midway between adjacent reciprocal 
lattice points.

Diagram OAB shows the conventional experiment in 
which a neutrons with fixed k_ (OA) are scattered through a 
fixed angle (0) into a direction^’. In the conventional ex
periment -k* and q intersect at some arbitrary angle as in

/w v  >w«.

diagram OAB, If the neutron group does not appear at B but
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instead appears at B», the phonon observed is not in the 
desired direction. The experiment must then be repeated with 
new parameters tintil the neutron group appears at the correct 
position in reciprocal space. We call this the "Method of 
Successive Approximations". If falls almost along the direc
tion of q, as in diagram OGD, then a phonon D’ obtained in the

w v

initial experiment is probably still in the desired direction, 
and therefore useful.

By changing two variables simultaneously ^either k* 
and 0, with kQ and held constant, or k^ and yjr , with k’ 
and 0 held constant) one can maintain q in the correct direc- 
tion, as illustrated by diagrams OEF and OGH.

The constant Q method with k*, 0, as the indepen
dent variables is illustrated by diagram OLM, and with ko, 0, 

independent by diagram OJK.

In experiments on crystals the constant Q method has 
five major advantages:

(a) Data are taken only in regions of reciprocal space in 
which they are required, thus reducing the amount of ex
perimental work,
(b) In the conventional method Q changes with E*, and thus 
different neutron groups belonging to different Q’s may merge.

A A A

Also neutron groups are often sharper with the constant Q
*vw\

method than with the conventional method, for the same reason.
(c) The intensities of the groups depend only on the frequency, 
and not (as in the conventional method) also on the gradient of 
the frequency. t he Jacobian |j| = 1 in the expression for the 
intensities (1?, 12, 13). This will be discussed elsewhere in 
collaboration with A.D.B. Woods.J
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(d) The variation with temperature of the phonon 
frequency for a particular q is more easily and 
accurately obtainable with the constant Q method 
than with the conventional method. Similarly the 
widths of the neutron groups for different tempera
tures are more readily comparable.
(e) When phonons at general points in reciprocal 
space are to be used in the force constant analysis, 
it is necessary to make measurements for the 3n fre
quencies involved ̂ 2n if the point is in a mirror 
plane^ at exactly the same position in reciprocal 
space. ^See § 2 ,J This is obviously much more easily 
done with the constant Q than with the conventional 
method*
In most of oxir work we now use methods in which the 

analyzer is kept at a fixed setting and the energy of the incom
ing beam (E^) is changed. The intensity of the incoming beam is

235measured by means of a thin monitor counter, in our case a U 
fission counter, whose sensitivity is accurately calculable.
The scattered neutrons are counted during the interval in which 
a fixed, preset ntjmber of monitor counts is accumulated, and 
then Eq is changed to a new value. Since E ’ is fixed no diffi
cult corrections for the efficiency of the analyzing spectro
meter need be applied. Likewise there is no transformation 
function involved in going from the measured distribution to 
an energy distribution. The counts are simply plotted as a
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function of 4iCd, giving the energy distribution directly. To 
the extent that the monitor counter has a ”l/v” characteristic, 
the factor k ’/kg in Eq. (1.3) is cancelled automatically, and 
the distribution is directly proportional to the function S(Q,^), 
The small corrections for deviation of the monitor from l/v be
haviour and for contamination in the beam can be easily and 
accurately applied. Accordingly the constant ̂  method with 
fixed analyzer should give, almost directly, unusually accxarate 
values for S(Q,Cc>).'VM

The above method should be especially useful when the 
Van Hove transformation is to be applied to obtain G(r,t). The 
necessity for having values for S over the whole of CO-Q, space 
makes for rather severe problems in data handling, particularly 
in the laborious procedures necessary to obtain S(Q,^0) from 
CT^(Eq,E^,0). The constant Q method with fixed analyzer en
tirely eliminates this part of the data handling. The method 
can be made even more convenient by taking data in constant 
increments of h) as well as of Q. It is hoped that the method 
will make the problem of performing the Van Hove transfoma- 
tion much more tractable, as well as make the results more 
accurate, than with the conventional method.
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4. T H E  T R I P L E - A X I S
C R Y S T A L  S P E C T R O M E T E R

If the unique power inherent in neutron inelastic 
scattering studies is to be fully realized it is essential 
that the apparatus used cover a wide range of the energies^
Eq and E ’, and of the angular parameters^ 0 and"V^. It is 

also desirable that the resolution be readily changeable, 
since in some experiments the pattern may be intense but re
quire examination at high resolution, and in other experiments 
the pattern may be weak in which case comparatively poor reso
lution must be used.

The triple-axis spectrometer was designed to be as 
flexible and generally useful as possible. The schematic 
diagram is shown in Fig. 4, which illustrates the general lay
out and the nomenclature used. Photographs of the spectrometer 
in various aspects are shown in Figs. 5 to 7.

The spectrometer is located at the NRU reactor which 
has a central flUx of ̂ 3̂ x 10^^ n cm“^ sec” ,̂ at an experimental 
hole of elliptical cross section £about B cm wide by 10 cm highj 
which penetrates to the reactor core. The flux seen by the spec
trometer is believed to be almost 2 x 10^^ n cm“^ sec”^ at the 
source. The spectrometer is located at a distance of about 6 
meters from the source, and therefore the maximum angular aper
tures available are '^1°,
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The spectrometer has the following valuable

features:
(a) The incoming energy Eq is continuously and repro- 
ducibly variable over wide ranges. The angle 26ĵ  is con
tinuously variable over 35° ranges, with a maximum angle 
of 92° and a minimum angle of 0°.
(b) The reflecting planes of the raonochroraating and analyz
ing crystals can be quickly and reproducibly changed.
(c) The collimators G2, C^, and 0^ [[̂ ig. 4^ can be readily 
changed, without disturbing the alignment of the crystals. 
ĵ Note that this includes the collimator (C2 ) on the re
actor side of the monochromator .J
(d) The ranges of the variables are large: from 0° to 92°
for 20J5, from 0° to 100° for 26^, and from 0° to about
130° for 0.
(e) The spectrometer can be converted almost instantly 
to a conventional double-axis diffraction instrument.

The beam size normally used is 5 cm x 5 cm, though
provision has been made for increasing this to 6.5 cm x 6.5 cm.
The angular apertures are fixed by inserting Soller-slit colli
mators at the various positions indicated in Fig. 4. In practice 
collimators are usually inserted at one of Cg and C^, and at one 
of and C^.

The spectrometer has been gradually assembled in the 
course of five years, largely on the basis of actual experience.
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The four principal components will be described in turn:
A. The monochromator facility which produces the monoener-

getic neutron beam.
B. The positional spectrometer which sets the angles 0 and .
C. The analyzing spectrometer which measures the outgoing energy.
D. The control units and recording apparatus.

Following this, brief discussions will be given of:
E. The monochromating crystals.

F. The use of the instrument.

A. The monochromator facility
The monochromator facility comprises the Yielding, 

collimators and mechanism for the monochromating crystal (X^), 
a large moveable platform which carries the positional and 
angular spectrometers, and an accurate scale by which the angle 

can be read. The facility is designed primarily to be used 
as a crystal spectrometer, but can also be used as the basis 
for a double chopper time-of-flight spectrometer, or for a ro
tating crystal spectrometer. The detailed design of the facility 
was carried out by M*^ALPIN (IB). It was completed in January 
i960, but had been used in an incomplete state since the incep
tion of experimental work at NRU in November 195B.

The range of the drum angle 29jyj is from 32° on one 
side of zero to 92° on the other, in continuous ranges of -32° 
to +2°, -2° to +32°, 2B° to 62°, and 5B° to 92°. This is
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accomplished by using two concentric drums, the inner of which 
has two holes (through which collimator can pass) the two 
holes being separated by 60°. The outer drum has four similar 
holes separated by 30°. The collimator 0^ passes through one 
selected pair of holes, the others being plugged. By coupling 
the holes together in different combinations, the different 
angular ranges are covered. An open wedge at the reactor side 
of the drtim allows the drum to move with respect to the collima
tor C2 and permits continuous variation within the range. The
open wedge is well shielded by the yoke at all orientations.

The drum is mechanically coupled to a moving plat
form whose angular position can be read on an acc\arate scale
of large radius Qsee Figs. 5-'0 . The platform (and drum) can 
be electrically driven in l/B° steps, thus changing

The monochromating crystal (X̂ )̂ follows the turning 
of the drum at half its angular speed, thus keeping the crystal 
aligned and the Bragg relation satisfied. The half-angling 
mechanism will be discussed later in connection with the analyz
ing spectrometer. The crystal is connected to the half-angling 
mechanism by a magnetic clutch, and is also connected by a second 
magnetic clutch to a control iinit outside the shielding. The 
control unit can be used to align the crystal with the angle 26̂  ̂
held fixed at some convenient position. The magnetic clutch 
connecting the crystal to the control unit is then de-energized 
and the crystal connected to the half-angling mechanism by the 
other magnetic clutch. The control unit is equipped with an
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accurately machined index plate see Fig. 8a which allows different 
planes of the monochromating crystal to be brought into the Bragg 
position, without the necessity for realignment.

The collimator Cg is mounted on a separate moveable carrier, 
which can be rotated around through an angle of 90° from its usual 
position in order to change the collimator. The drum wedge, of course, 
also rotates.

The drum and the yoke each have large holes, and H2, 30 
cm in diameter, at their centres. In normal operation an auxiliary 
gate is located in Hj, which is closed when it is desired to work in the 
diffracted beam. The extra space around the crystal in H2 is usually 
filled with extra shielding. However a chopper or cooled filter could 
be located in H-ĵ, and a second chopper or rotating crystal unit could be 
placed in H2, thus converting the unit to a time-of-flight spectrometer. 
H2 could also be used to hold a magnet for polarized neutron experiments.

Monitor counters are located in the incoming (M̂ )̂ and outgoing 
(M2) neutron beams, to record the white neutron, and monoenergetic neu
tron intensities see Fig. 4. . Counter M]̂  is a natural uranium fission 
counter and Mg is an enriched fission counter (19) •

Fig. 8b shows a trace of the counting rate in monitor counter
M2 as the angle 20j5 is changed linearly in time. The trace gives 
the reactor spectrum as modified by crystal reflectivity and parisitic 
reflections,

B. The positional spectrometer
The positional spectrometer is basically the unit

described by HURST et al. (20). It consists of a heavy arm
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whose angular position (0) is indicated directly on an accurate 
scale, and an accurately indexed table which can be coup
led to the arm through a half-angling mechanism £a belt and 
pulley system^. The spectrometer arm can be driven electric
ally in l/S° steps, by a motor, cam and belt system . The 
indexed table can be arranged to half-angle, or it can be in
dependently driven in l/^® steps.

0. The analyzing spectrometer
The analyzing spectrometer is mounted directly on 

the arm of the positional spectrometer. The analyzing crystal 
is mounted on an indexed table permanently connected to the 
arm of the analyzing spectrometer through a half-angling 
mechanism. The arm is driven electrically in l/8° steps, at 
an angular speed of eleven degrees/minute, by means of two 
worm-gear assemblies. There is no mechanism for decoupling 
the spectrometer from the worm drive and all movements are 
made electrically. The motor, mounted at the end of the 
spectrometer arm, is connected to the worm-gear drive through 
a magnetic clutch. The magnetic clutch is activated for the 
brief time necessary to go through the l/S° cycles.

The half-angling mechanism consists of three bearings 
(whose axes make angles of 120°), which are rolled between a 
plate which moves with the arm (26^) and a plate which is 
fixed in space. The crystal table is carried on shafts which 
pass through the centres of the bearings. Since the diameter 
of the bearing is twice its radius, the crystal table moves 
at half the angular speed of the arm, as required.
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The design of this unconventional but successful 

spectrometer was carried out by C.A. CRAWFORD. It has been 
in use since 1956.*

The counters used are enriched BF^ (96^3^^) counters, 
which are irradiated through one end. The counters are 6.2 cm 
in diameter, with an active length of 25 cm, and a dead length 
at the window of 3*7 cm. Counters with BF^ pressures of 5 cm, 
15 cm, 30 cm, 45 cm and 60 cm are available. Care is taken 
to select a counter suitable for the wavelength range to be 
studied, and particularly to be sure that the counter used 
does not contain any more boron than is necessary. [^Excess 
boron contributes to the fast neutron background but not 
appreciably to the signal ^  The counters were constructed 
by the Chalk River Counter Development Section headed by 
I.L. FOWLER.

,D. The control units and recording apparatus
The control units provide the following sequence 

of operations:
1. The spectrometers are set up manually with the four 
parameters 2©n,j, 20̂ ,̂ 0, a n d a t  their initial positions. 
One at least of the parameters is fixed. The numbers of 
1/8° increments by which the other (moving) parameters

Prior to this time, spectrometer B was used as the analyz
ing spectrometer and the angle of scattering was set by 
the relative positions in space of the specimen and the 
analyzing spectrometer ^see refs (3),(i2)^*
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will advance, are selected.
2. The spectrometers advance to their first positions.
3. Comting takes place at the first position. The 
number of counts accumulated in the signal counter for 
a preset number of monitor counts (in ^2), is recorded.
The counting period may be repeated without change if 
desired, or repeated with insertion of a cadmium shutter 
between and S [Pig. 4^ to measure background, or re
peated with the analyzing crystal turned out of the Bragg 
position for a different kind of backgrovind measurement.
If the net signal is much smaller than the background, 
signal and background co^ants are recorded for equal 
periods. If the signal is considerably the larger, two 
signals and one background period of equal duration may 
be used. If the signal is very large, background is 
often omitted. For magnetic experiments counting may
be carried out with a magnetic field applied to the 
specimen, and with the magnetic field removed.
4. After completion of the operations at the first 
positions of the parameters, the spectrometers advance
by the preselected increments again, counting is repeated, 
and so on through a preset niiraber of positions.

At the conclusion of the set of measurements (for 
some types of experiments), the spectrometers can be made to 
move to new initial positions, and a new set of measurements 
carried out automatically. Where the increments by which the
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parameters advance are the same for each position (linear 
operation), the number of positions is virtually unlimited.
For non-linear operation the number of positions is at 
present limited to 26 or 52, as discussed in ^3, and one 
set only can be carried out automatically. The new paper- 
tape control tmit under construction will enable any number 
of positions to be used, and any number of non-linear ex
periments to be performed automatically in sequence.

Most of the detailed design of the control units was 
carried out by C.E.L. GINGELL and by E.A. GLASER.

The recording apparatus is mostly conventional. 
Streeter-Amet traffic cotinters were used until recently. A 
number of pens were added to indicate directions of travel, 
signal or background^ magnet on, etc. Recording is now done 
on an electric typewriter and tape punch, using a unit de
signed by W.D. HOWELL, who also designed the new paper tape
control unit.

A simple histogram plotter is used for visual pur
poses. The plotter consists of a modified commercial counting 
rate meter and a recording potentiometer. The resistor is re
moved from across the accumulating capacitor in the coiinting 
rate meter, thus converting it to an integrator. The capacitor 
and its immediate circuitry are replaced by low leakage com
ponents. Teflon-insulated contacts, operated by a relay, can 
be made to short the capacitor. Dioring the counting period 
the motor on the recording potentiometer is shut off, and the 
potentiometer pen draws a horizontal line whose length is pro-
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portlonal to the number of accumulated counts. At the con
clusion of the counting period the motor is turned on briefly, 
and then the capacitor is shorted out by the relay contacts 
restoring the pen to zero. The motor continues to run for 
another brief period, thus completing the histogram plot.

A set of plots of the energy distributions of neu
trons scattered by liquid lead (4), as recorded on the 
histogram plotter, is shown in Fig. 9. Most of the distribu
tions were taken in sequence by the spectrometer without 
attention, the angle 0 being increased by 6° between each 
distribution taken up to 0 = 96°. Starting with 0 = 99°, 
the process was then reversed.

E. The monochromating crystals
The monochromating crystals used are cut from single 

crystal ingots of aluminum 6.2 cm diameter x 30 cm long, 
which are grown in graphite crucibles by the Bridgeman method. 
Occasionally lead crystals cut from similar ingots are also 
used. The aluminum crystals typically have rocking curves of

from 0.5° to 0.7° full width at half maximiam, which admirably 
match the widths of our collimators.

The monochromating crystal (X̂ )̂ normally used, is 
cut as an approximate cylinder of 5.5 cm diameter by 6 cm 
high, the axis of the cylinder being in the dii*ection
of the crystal. The cylindrical axis is set vertical. The 
crystal can then be oriented in the horizontal plane so that
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the (111), (002), (220), (113), (331) planes can be brought 
into Bragg reflection position by means of the control unit 
discussed in B [Pig.

A similar crystal mounted on an index plate similar 
in principle to the one shovm in Fig. Sa, is often used as 
the analyzing crystal. [See Figs 5-7.3 also use aluminiim 
and lead crystals cut in the Fankuchen manner to reflect 
from (ill) planes. These crystals are mounted on pre-aligned 
plates which are keyed in such a way that they may be secured 
to the analyzing spectrometer without alignment being necessary 
(see Fig. ?).

We use aluminum crystals for strictly practical rea
sons. Of the crystals that have been available to us up to 
now, they have had the highest reflectivity for our conditions,
(a) The best balance of intensity and resolution is usually 
secured with collimators of aperture between 1/2° and 1°. It 
is desirable on one hand that the mosaic width of the crystal 
be no greater than the collimation, or neutrons reflected by 
the crystal will be intercepted by the collimators, and on 
the other that the crystal have the maximum possible reflec
tivity, thus indicating a large mosaic width. The mosaic 
widths for our aluminum crystals match the requirements for 
our collimators. (b) The long mean free path in aluminum 
enables cylindrical crystals of 5-5 cm diameter to be used, 
which would be more difficult with, say, lead or copper.
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F. Use of the instrument

In using the instrument we normally work at the lowest 
practical energies in order that the resolution may be as high 
as possible with a given set of crystals and collimators 
However there are difficulties involved in using low energies, 
because of the effects of higher order reflections by the crystals. 
These effects can sometimes be eliminated or reduced by the use 
of filters.

Polycrystalline beryllium filters are ideal where they 
can be used, but there are not many experiments in which both Eq 
and E ’ can be kept below the beryllium cut-off (5 x 10"^ ev). 
However, if Eq is below the cut-off and E ’ is sufficiently 
large that the second order energy (4E*) falls outside the energy 
distribution of the scattered neutrons, then a single beryllium 
filter in the incoming beam suffices. Similarly if E ’ is below 
the cut-off and Eq is near or above the peak of the reactor spec
trum then a single beryllixim filter can be employed. In many 
cases, however, the higher of the two energies falls in the region 
in which overlap of the spectra (seen in the first and second 
orders of the crystal) occurs. The new single crystal quartz 
filters (19, § 6) are highly useful in this range, and we have 
employed them at first order energies as low as 0.012 ev. Actually, 
a considerable amount of order contamination can often be tolerated, 
particularly with phonon experiments where measurements are required 
only on particular neutron groups which can often be kept away from
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parts of the distribution which involve order effects. (However, 
the order contamination still upsets the intensity calibrations, 
and the intensities must be corrected.)

The filters are usually inserted at position 02 of 
Fig, 4, using the collimator carrier described in | 4A which 
allows them to be inserted or removed without affecting the 
crystal alignment, and at position C5. In these positions the 
filters assist in reducing the background as well as the order 
contaminati on.

Normally we use good collimation at C3 and 04 in order 
to define the directions of and accurately, with poorer 
collimation at 02 and 05. With this arrangement the directions 
of ko and k ’ do not depend much upon the alignment of the mono-•Wk AVk
chromating crystals and Xg. (From the point of view of back
ground reduction, however, it would be preferable to use the 
better collimation at 02 and 05, and we actually used this arrange
ment for several years.) We usually operate with open collimators 
tapering to 6.2 cm square in 01 and 02, and with appropriate Soller 
slit collimators (cadmium) at 03 and 04. A coarse Soller slit 
collimator is used at 05, into which beryllium slabs can be fitted 
when a beryllium filter is required. With this collimator in place, 
background can be measured by turning the analyzing crystal (X2) a 
few degrees out of the Bragg position.

In order to conserve intensity we usually employ Soller 
slits for which the vertical divergences are limited only by the
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beam size. The vertical divergence is then set by the overall
dimensions of the beam and the specimen, and the physical separa-

otion of the components, and amounts to roughly 3 for both the 
incident and outgoing beams. This represents a compromise be
tween the requirements for specimens (such as liquids) which 
scatter isotropically about the incoming beam, and for crystals 
which scatter anisotropically. For liqxiids the vertical 
divergence does not affect the resolution or accuracy, except 
possibly at small angles of scattering. For crystals the vertical 
divergence is now usually the most important contributor to the 
error, since it results in a small shift in the energy of the neu
tron group arising from the second derivative of the frequency/ 
wavevector relation normal to the plane of the spectrometers.
Since we usually make measurements in the mirror planes of the 
crystal, for which the first derivative is zero, the vertical 
divergence does not much affect the resolution.

We normally try to arrange that the resolution for the 
incoming and outgoing neutrons be approximately the same, by using 
a coarser collimator and a plane of larger spacing with the lower 
energy of the two (Eq and E ’) than with the higher.

Every effort is made to keep the background low, since 
it is often the controlling influence on the experiments. The 
coTinter is selected according to the energy range, for best 
signal/background ratio. Boron carbide and cadmium shielding 
surrounds the analyzing crystal X2» and, except for the crystal.
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the counter ”sees” only this shielding. A considerable amount of 
auxiliary shielding is often used which is simply piled about the 
various parts of the apparatus. In normal operation the back
ground ranges from one to four counts per minute.

We now use almost exclusively the procedure in which the 
outgoing energy E ’ is fixed for a given set of experiments, and 
the incoming energy Eq is varied. The incoming beam is monitored 
by the thin fission counter M2, whose response is almost l/v, and 
counting is conducted for a preset number of monitor counts. This 
procedure eliminates the analyzer sensitivity from consideration, 
and makes the intensities more accurate and (as we saw in $3) al
most directly proportional to 3(Q,o>). Because the counting rate

V(A

in the incoming beam varies widely, (see Fig. 8b)^ the counting 
time also undergoes wide changes, and therefore so do the covints 
recorded from the background. It is therefore almost essential 
in this procedure that the background be recorded point-by-point 
with the signal, and this is nearly always done.
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5. The Rotating Crystal Time-of-Flight Spectrometer

The rotating crystal spectrometer (22) is a member 
of the class of pulsed-beam spectrometers in which a pulsed 
monoenergetic beam of neutrons is scattered by a specimen, 
and the energy distributions of the neutrons scattered
through various angles are measured by time-of-flight. In 
general, pulsed-beam spectrometers are capable of higher
resolution for a given intensity than are crystal spec
trometers. (However they do not permit the constant Q method 
nor the other special methods to be used.) The rotating 
crystal instrument is the simplest and cheapest of the 
pulsed-beam spectrometers, but it has a number of peculi
arities which operate both to its advantage and disadvantage. 
In the sections following we will discuss the following 
topics:

A. General principles of operation of the rotating 
crystal spectrometer.

B. The present Chalk River rotating crystal spec
trometer.

C. Theory of the instrument.
D. Use of the instrument.

A. General Principles of operation
In the three years since the first rotating crystal 

spectrometer was set up at the NRX reactor, several versions 
have been used for various experiments at Chalk River. A 
schematic diagram of the apparatus now in use at the NRU
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reactor is shown in Fig. 10. A single crystal rotates about 
a vertical shaft, at a comparatively high angular velocity, 
in our case at 3000 r.p.m. Each time a crystal plane comes 
into position for Bragg reflection a burst of monoenergetic 
neutrons, with energy given by the Bragg law, is sent down 
the collimator and impinges on the specimen. The scattered 
neutrons are observed by means of several counters at differ
ent angles of scattering, and their energies after scattering 
are determined from their times-of-flight over the known 
distances from the specimen to the counters.

The method has several attractive features:
(a) The equipment is comparatively simple and cheap, 

and is rugged and reliable.
(b) Backgrounds are low since the monoenergetic beam 

is deflected away from the line of the experi
mental hole.

(c) There is no time-dependent fast neutron back
ground .

(d) The pulsed monoenergetic beam can have a larger 
area than is readily obtainable with beams pro
duced by mechanical means.

(e) As in other pulsed-beam time-of-flight methods, 
measurements may be made simultaneously at several 
angles of scattering, thus enhancing the counting 
rate.

(f) Burst-focussing properties sometimes enable long 
on-time to be used without spoiling the resolution.
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As in crystal spectrometers order contamination 

exists in the monoenergetic beam. If the rotating crystal 
produces only two bursts per revolution (i.e. if a single 
plane is used) then it can be arranged that the only con
taminant pulses will be those from the higher orders of the 
plane used. If, however, four or six bursts per revolution 
are produced, then other planes necessarily also come into 
reflecting position, and contaminate the beam. For example, 
we have used an aluminum crystal with its [111] axis verti
cal, which produces six bursts per revolution from (220} 
planes, but which also produces six bursts from |̂ 422j’ as well 
as from^440| planes. There are thus contaminant bursts of 
3 times the nominal energy, as well as the usual order con
tamination of 4 times the first order energy.

In addition to order contamination, the beam con
tains neutrons diffusely scattered by the rotating crystal 
and its shield. These neutrons have a distribution of ener
gies, and are scattered continuously in time, so they produce 
a flat background which is almost time-independent. This 
white contamination is much more important with a rotating 
crystal than with an ordinary crystal spectrometer, because 
the Bragg-scattered neutrons are reflected only for a small 
fraction of the time (say 1%) while the diffusely-scattered 
neutrons are produced all the time. It is therefore very 
important that a crystal for use in a rotating crystal spec
trometer should have little incoherent scattering. It should
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also have a melting temperature »  room temperature, so that 
thermal diffuse scattering can be kept small. (A high melt
ing point is also desirable from the point of view of me
chanical strength.)

All order contamination could be removed, and the 
white contamination reduced, by passing either the incident 
or diffracted beam through a coarse chopper phased with the 
rotating crystal so as to pass first order neutrons. At 
some cost in intensity, but with an improvement in resolution, 
this could also be accomplished by reflecting the beam again 
from another rotating crystal phased with the first. Filters 
may also be used, as in normal crystal spectrometers. At 
present the instrument is being used with neutrons of wave
length longer than the beryllium cut-off, and a liquid- 
nitrogen-cooled beryllium filter eliminates the order con
tamination.

In common with all pulsed-beam spectrometers the 
instrument s\iffers from frame overlap. It is not clear, 
a priori, with what initial neutron burst a detected neutron 
is to be identified. Hence the time-of-flight of a neutron 
is ambiguous to the extent that any integral number of repe
tition times may be added to the nominal time-of-flight. 
Frame overlap for a given spectrum can be almost eliminated 
by reducing the repetition rate of the monoenergetic pulses, 
but usually only at a considerable cost in intensity. It 
can be corrected for in several ways which will be discussed 
later.
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Especially at long wavelengths, the operation of 

the instrument is influenced by the Doppler shifts in the 
neutron velocities produced by the crystal rotation. These
are correlated with the positions in the crystal at which 
reflection took place, since different parts of the crystal 
have different velocities. The shifts can sometimes be used 
to compensate for the uncertainty in the time of origin of 
the biirst, which is introduced by the dimensions of the ro
tating crystal. Furthermore as the crystal rotates the length 
of the path followed by the neutron may change in time, as may 
also the reflected v/avelength. Thus there is the possibility 
of burst-focussing. (22) since neutrons reflected at different 
times with different wavelengths in different parts of the 
crystal can be made to arrive at the counter simultaneously.

Because planes of high multiplicity can be used (of
up to six in a cubic crystal) the repetition rate of the
pulses can be high with quite moderate speeds of rotation.

The rotating crystal spectrometer is inherently
a high resolution instrument since, if the instrument is to 
be efficient, the collimation must approximately match the 
effective mosaic width of the crystal. This width is usually 
not large, nor can a crystal of very large mosaic width be 
profitably used even if one were available, because of the re
sulting low peak reflectivity. Thus the angular apertures are 
kept small, the burst time short, and the resolution high.



CRNP 947

- 44 -
B. The present Chalk River instrument

At present the instrument is set up at one of the
elliptical holes which penetrate the NRU reactor core,
similar to the hole used by the triple-axis crystal spec
trometer ( § 4 ). The rotating crystal is mounted on a
lathe bed set parallel to the line of the neutron beam (see
Fig, 10). A mechanical linkage between the centre of the 
mount for the rotating crystal and the specimen table keeps 
the collimator correctly oriented. Thus, except for neces
sary changes in the shielding, the wavelength is continuously 
variable. A filter, cooled to liquid nitrogen temperature,
is located within the reactor shielding. For wavelengths 

o>4A a filter consisting of 4O cm of polycrystalline beryl
lium plus 30 cm of quartz single crystals (21) is used. (The
quartz is cheaper than the beryllium, and supplements it foro
fast neutron and Y-ray shielding.) For wavelengths -< 4A fil
ters consisting of several quartz crystals with a total 
length of up to BO cm are used. In addition a single crystal 
of lead 6.5 cm in thickness is sometimes included to assist 
in the suppression of Y-rays. The filters will be discussed 
in more detail in §6, With these filters in the path of the 
beam, only nominal shielding is required around the rotating 
crystal and to stop the beam.

The rotating crystals used up to now have been 
alviminum spheres about 6 cm in diameter which were cut from 
single crystal ingots on a lathe. They were then oriented in 
the desired way, and a 0.63 cm hole drilled through the



CRNP 947

- 45 -
sphere along the axis of rotation. The crystal was then 
mounted on a threaded shaft and held by means of lock-nuts.
The assembly was then trimmed in a lathe to balance it. The 
crystal and its shaft are mounted in a cylindrical shield, 
with the shaft passing through self-aligning bearings in the 
ends of the shield. The shaft is flexibly coupled to a com
mercial* hysteresis synchronous motor, which operates from a

* Manufactured by The Electric Indicator Co. Inc., Stan
ford, Connecticut, U.S.A.

115 volt 400 cycle supply. A six pole motor gives a speed of SOOO 
r.p.m. and a four pole motor 12000 r.p.m. The motor drives a mirror 
with the appropriate number of faces to produce pulses in a 
photomultiplier each time a crystal plane comes into reflect
ing position. The pulses from the photomultiplier start the 
timing circuits of the electronics to measure the times-of 
flight of the neutrons.

The reflected bursts of neutrons pass through a 
collimator (C2), a thin monitor counter (M2), and then im
pinge on the specimen. The neutrons scattered by the specimen 
are observed in a set of three detectors, which are located 
within a massive shield mounted on a trolley at a distance of 
3.3 metres from the specimen. The trolley moves on a set of 
tracks, the wheels of the trolley having the correct conical 
camber to maintain the alignment of the counters. Detailed 
design of the tinit was carried out by W. BEALE. A photo-
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graph of this part of the apparatus is shovm in Fig. 11.

Tvro sets of enriched detectors are used: (a)
In one set each of the detectors is made up of tvfo cylindri
cal counters 6.5 cm in diameter and 50 cm long, arranged
vertically. Thus each detector has a vddth of '^12 cm,
corresponding to a horizontal divergence of -^2°, and a 
height of 50 cm, corresponding to a vertical divergence of 
-^9°. The average thickness along the flight direction is 
-^5 cm. These detectors are used to study liquids and other 
materials for vrhich, since they scatter isotropically about 
the direction of the incoming neutrons, the vertical diver
gence has little effect. (b) The other set of detectors is 
used for studies in vrhich the resolution in Q-space is im-/WS

portant. In this set each detector is a cylindrical counter 
6 cm in diameter and 12 cm high, so that the horizontal di
vergence is ~1° and the vertical divergence '^2°. The de
tectors are separated by angles of about 2.5°. The flight 
path for the central detector is made slightly shorter than 
for the other tvo, in order to assist in the determination of 
the frame to vrhich neutron groups belong. The use of three 
closely spaced detectors allov/s phonon frequencies in speci
fied directions in q-space to be determined accurately by 
interpolation v^ithout excessive use of the method of suc
cessive approximation.

The counters in set (a) contain BF^ gas (enriched 
to 96fo B̂ *̂ ) at 60 cm pressure, and those in set (b) contain
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similar gas at 73 cm pressure. (For time-of-flight work it 
is desirable to have small dimensions in the direction of 
flight, and therefore the highest pressures which are com
patible with good pulse characteristics are desirable. At 
the time these counters were constructed these pressures were 
as high as were readily obtainable.) The efficiencies of the 
counters range from about 0.15 at iX to about 0.4 at 4^. 
They were calcxilated under various assumptions as to the ex
tent of the "dead space" close to the wall of the counter. 
The absolute magnitude of the sensitivity changed consider
ably according to the assumed dead space, but the relative 
wavelength variation of the sensitivity varied by only a few 
percent. Thus the sensitivity cxirves of our counters are prob
ably known to a few percent over the entire wavelength range 
from 0 to 7&, but normalization procedures must be carried 
out to obtain absolute values for cross sections.

The shielding of the counters consists of about 
2.5 cm of pressed boron carbide immediately sxirrounding the 
detector volume in the massive shield (Fig. 11), with about 
30 cm of a mixture of (CH2)^ and borax outside the boron car
bide. The shielding is designed on the principle that as 
little moderating material as possible should be within, or 
included in, the inner boron carbide shield. A massive 
collimator, constructed on similar principles, conducts the 
neutrons from the specimen to the detectors. Except for the 
specimen, the shielding is arranged so that the detectors see
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only a surface of cadmium behind which is boron carbide. The 
general background is about 2 counts per minute in a single 
detector of set (a), and is much less in a detector of set
(b).

The monitor counters (Ml and M2) are fission 
counters using single foils of natural viranium.

The time elapsed between the light pulse from the 
rotating crystal and the detection of the neutron, together 
with the identification number of the counter in which the 
neutron was detected, are recorded as a four digit niimber in 
coded decimal form on punched tape. Thus the nxunber 312? 
means that a neutron was detected in counter #3 at a time 
127 channel widths after the light pulse. Channel widths of 
from 2 to 20 p.secs are available. The individual events are 
then sorted into a set of time distributions on a computer. 
While the numbers are in the computer simple arithmetical 
operations can be performed, such as corrections for back
ground or for sensitivity. The time-to-punch converter was 
designed by ROBINSON et al and is described in detail else
where (23). The programs for the Datatron computer were 
written by J.M. KENNEDY.

The co\inting rate is limited by the mechanical 
read-out and punch system, which has a "dead time" of O.S 
seconds. Thus the instrviment is suitable only for experiments 
in which the covuiting rate is considerably less than one coiont/ 
second. This, however, fits in fairly well with the philosophy 
of the rotating crystal spectrometer, which is inherently a
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high resolution/low intensity device.

In addition to the several detector channels, the 
output of the monitor counter M2 (Fig. 10), and of a shielded 
background detector, are often also recorded on the punched 
tape. The time-sorted monitor output allows accurate normal
ization of the measured distributions to be carried out (even 
in the presence of noise in the monitor channel), thus auto
matically correcting for pile fluctuations and for the in
strument dead time.

C. Theory of the Instrument
In this section the qualitative aspects of the 

theory of the instrument will be considered. The complete 
theory involves integrations over the geometries of the 
collimators, specimen and rotating crystal, and over the mo
saic width of the crystal. To begin, we make the following 
observations:
(a) As in all time-of-flight spectrometers, the thickness of 
the counters introduces an uncertainty in the flight path, 
and thus worsens the resolution of the instrument.
(b) As in all p\ilsed-beam spectrometers, the resolution al-? 
so depends on the shape, size and orientation of the speci
men, except at a scattering angle 0 - 0 ,
(c) Similarly, the resolution of the rotating crystal spec
trometer involves the shape and size of the rotating crystal, 
and also its mosaic spread and velocity of rotation.
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Let us consider first a perfect point crystallite 

located at the centre of the rotating crystal (point A in 
Fig. 12(a)), and assume that the collimation before and 
after the crystal are the same. Then, at the peak of the 
burst all points in the source (O’00”) contribute to the 
burst; ray O ’A is Bragg reflected by plane BAE as AV", OA as 
AV, and 0”A as AV’. For clockwise rotation (with the beam 
reflected to the right as in Fig. 12(a)), the burst begins 
with ray O ’A being reflected from plane B ’AE’ as AV’, and 
ends with ray 0"A being reflected as AV”. Thus, with equal 
collimation before and after the rotating crystal, the mean 
angle of scattering does not change as the crystal goes 
through the reflecting position since angle O ’AV’ = OAV = 0”AV”, 
and therefore (to first order) neither does the mean wavelength.

The burst time is

Ŝ t, = (5.1)

where is the angular velocity of the crystal, and is 
the aperture of one of the two equal collimators.

The spread in times-of-arrival of neutrons with the 
mean energy at the counter (?) depends on the relative path 
lengths for the rays, and thus on the shape and orientation 
of the specimen, on the angle of scattering, and on the change 
in velocity on scattering. If the path lengths of the 
various rays have an equal length, then the spread is 
given by Eq. (5.1). If we arrange that path AV”P is
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shorter than AV»P (as in Fig. 12(a)), then the neutrons re
flected early in the burst must travel further than those 
reflected late in the burst. Thus neutrons reflected at 
different times in the burst can be made to arrive simultaneously 
at the counter, and burst focussing occurs. With a plane speci
men arranged in the symmetric position in transmission (Fig. 12(a)) 
the differences in path lengths are given by the expression

where is the flight path between the rotating crystal and the 
specimen, and L2 between the specimen and the counter. The 
difference in times of arrival is

it = %lJk +• SLz/i^'
(5.2)

The spread in times of arrival of neutrons of the mean energy is 
thus

St, =  I s,t, -  I
(5.3)

If the direction of rotation were reversed, the minus sign in 
Eq. (5.3) would be changed to plus, and defocussing rather than



CRNP 947
- 52 -

focussing of the burst would occur.
It will be noted that the degree of burst focussing depends 

on the angle of scattering, and is zero in the forward direction.
The spread in times of arrival due to the velocity spread 

of the reflected neutrons must be folded with t^, that is added 
approximately root-mean-square. From the Bragg Law the spread in 
velocity of the neutrons reflected at the peak of the burst is

=  -U; S,, cci •
The total spread in the time of arrival is therefore approximately 
given by St - <̂-7 I L, ins -H /

^ i  V-J ^ ( v ' f

=  0.7

( X 'f

where the factor 0,7 takes approximate account of the fact that 
there is little velocity spread in the neutrons reflected at the 
beginning and end of the burst. In the derivation the facts that 
E ’ = Eq ■»• ^4), and therefore that S e ’ = 8 Eq , are used.

There is a spread in time-of-arrival due to the finite 
thickness of the detector which is given by the expression

S t j  =  A p / v '  . (5.5)

Up to now we have considered a perfect crystal. If the crystal 
has a mosaic spread ( then there is a spread in tirae-of-arrival

St,. =  • <5-6)
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Since the spreads $t]^, St2, St^, Stj|̂  are in

dependent, the overall spread is obtained approximately by 
adding them root mean square.

If one of the collimators is larger than the other, 
then the mean velocity is no longer completely independent of 
the time of origin. Thus for a beam reflected to the right 
and clockwise rotation, as in Fig. 12(a), with the outgoing 
collimator (V’AV”) larger than the incoming collimator (O’AO"), 
the neutrons reflected early in the biirst have lower mean 
velocities than those reflected late in the btirst, and focuss
ing occurs. Conversely, if the incoming collimator is the 
larger defocussing occurs. Reversing the directions of rota
tion reverses the effects.

The finite size of the crystal introduces several 
important and correlated effects:
(a) Neutrons reflected from the left hand side of the crystal, 
say at B, must traverse a greater distance than those reflected, 
say, at E, and this tends to introduce a time spread.
(b) The mean angle of reflection OBT is greater than OEX and 
therefore neutrons reflected at B tend to be slower than neu
trons reflected at E.
(c) Neutrons reflected at points away from the centre of the 
crystal undergo a change in velocity because of Doppler shift 
due to the motion of the crystal. Furthermore, with Doppler 
shift the angle of incidence in the laboratory system does not
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equal the angle of reflection, and thus a shift in the time of 
origin of the burst also occurs. For example, with clockwise 
rotation neutrons reflected at B come off with increased velocity 
due to the Doppler shift, but at a later time than would be the 
case if the motion could be neglected. Thus the two aspects of 
Doppler effect tend to cancel one another. The velocity shift 
is usually the larger effect, and thus can also be made to can
cel effects (a) and (b) to a large extent.

We will now consider the Doppler effects in more de
tail, We define a vector ̂  related to the crystallite velocity 

by the equation

K = i r = C O X /?0  S  ir/W (5.7)

where has positive sign for clockwise rotation, and is 
the position of the crystallite in the rotating crystal. The 
components of ̂  in the plane which are parallel and perpendicular 
to Q are denoted by Kq and respectively, where Kq is positive
when it has the same sense as Q. In the development which fol-
lows, kQĵ  and are respectively the incoming and outgoing wave 
vectors in the laboratory system, kg^ and k*^ are the same quanti
ties in the moving system, and ĵ os ^^e same quantities
with the crystal stopped. We can write immediately

k ^  = k ^  - K

k ’ = k ’x - K
aAA lU ij
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and, for Bragg scattering,

The appropriate reciprocal space diagram is shown in Fig. 13.
Since the angle of scattering (26j(j) is fixed, the terminus of 
koT must always be on the arc of the circle which passes 
through the origin (0), the terminus of (U) and the recipro
cal lattice point (P), from the well known theorem in geometry.

We observe first, that the only effect of the component 
^  is to change the vectors kojjj and and thus the wave
length and the angle of scattering in the moving system. This 
introduces a change in the integrated reflectivity of the crystal, 
but has no other effect, and we will henceforth restrict attention 
to the component K«.

For small crystal velocities, the outgoing wave vector 
with the crystal moving is easily seen to have the magnitude

I ' |^'s| * ®m  *
where the sign is positive when jCg has the opposite sense to 
Q and negative when it has the same sense.

^The vector k^^ is given by the similar expression

Î olI - llosi t |4| «„ .
but this fact is of little importance since it indicates only 
the particular original wavelength selected out of the white 
incident spectrum. The intensity is, of course, dependent on
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the number of neutrons of wave vector in the original
spectrum, so the effect might become of importance if the
spectrum varied rapidly, for example at wavelengths near a
filter cut-off

The vectors k*_ and k ’ of Fig. 13 satisfy the
Bragg condition for the angle 26|yj, but the vectors are not
parallel to k. and k ’ , (i.e. to the collimators). Thus ^03 ^  S’
the reciprocal space diagram (the crystal) must be rotated
arovind 0 until k^r becomes coincident with k̂ir. and k ’r
parallel to k ’ , as indicated by construction OR’? ’ in Fig. 13.^  b
The rotated vectors kor and k^T denoted respectively by 
ko^ and k ’_. Physically, this means that the orientation of 
the crystal for Bragg scattering is different when it is mov
ing from when it is still. For small crystal velocity, the 
change in angle is given by the expression

= IIqI ®M /  lips I <5-9>

and is clockwise when K is negative, i.e. antiparallel to 
Q, as in Fig, 13.

To return to the problem of the Doppler shifts in 
the apparatus of Fig. 12(a), we identify the new vector k*m/wl A
with kf,, the wave vector of the neutrons selected by the 
rotating crystal and incident on the specimen. Fig. 13 
is an exaggerated representation of the situation at point 
B in Fig. 12(a), except that there K„ = 0. To avoid 
integrations we consider separately the problem along the 
orthogonal directions perpendicular and parallel to Q (BAE
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and GAC respectively in Fig. 12(a)), and then combine the 
time spreads for the two directions by root mean square ad
dition.

We consider first positions along the line GAC, 
for which Kq, and therefore the Doppler effect, is zero.
The burst occiars at the same time for all points along this 
line. The mean angle of reflection (OGW) for point G is 
different, however, from the mean angle (OAV) for point A, 
by an amount

Sq (2%) = Rĵ  cos

where Rĵ  is the distance GA, an appropriate mean radius of 
the rotating crystal, and Lq is the distance between the ro
tating crystal and the source. The difference in the mean 
velocities of neutrons reflected from G and A is therefore, 
from the Bragg Law,

The path differences for neutrons scattered at G and A are:

S L , ^ -  G W  - A V  = +  R m  (sin ̂  -  COS ̂

IVP-VP = -  R h  cojtan( 0A)

The equations for point C  are the same as (5.11) and 
(5.12) except that the signs of the right hand sides are re
versed.

(5.11)

(5.12)
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The time spread in the arrival at the counter be
tween neutrons reflected at C and at G is therefore

zl z h  f  %I i r ^  I ‘ -\r i r (5.13)1 0  0

We now consider points in the crystal along the line 
BAE, for which K lies along Q. For clockwise rotation the ve- 
locities of neutrons scattered at point B are increased by 
Doppler effect over those of neutrons scattered at A, by an 
amount

Sl/̂, = (5.14)
from Eqs. (5.7) and (5.^). The burst at B occurs later than at 
A by a time

~  ^  ^  (5.15)

from Eqs. (5.7) and (5.9). It is to be noted that this shift 
in the biarst origin is independent of the angular velocity.

The mean angle of scattering at B is greater than 
at A by an amount

S , U e J =  (5.16)
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resulting in a difference in velocity of

S v g  =  -  CCS 9 ^  / L ,  ■ (5.17)

The path differences are given by the expressions

SL,0 h BT- A V  =• Rf^ (c c s  sm tan(0/2))

T P - V P  =  sm tan(̂ /z)

The equations for point B are the same as (5.14) to
(5.IS) except that the signs on the right hand side are re
versed.

The time spread between the arrival at the coimter 
of neutrons reflected from B and from E is given by the equa
tion

z S I.Tlj* I Mir'// " tg tr'

The time distributions are usually divided into 
channels of finite width (§ty) which contributes to the reso
lution.

Where the specimen material has an especially small 
cross section, appreciable thicknesses of specimen material 
must be employed, and this worsens the resolution by an amount

a  A ,  s e c ( i6 / i )  1 1 /^  — C O S (^ ) /v - ' I

(5.IS)

(5.20)
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where A  2 is an appropriate mean thickness for the specimen.

In studying effects of the finite crystal size we 
assumed that the outgoing vector k'™ was in a fixed direc- 
tion, that is, that Soller slits of small aperture were 
used in the outgoing beam. The Soller slits actually 
have an aperture and this introduces a time spread.
Consider points in the vicinity of A in Fig. 12(a). Some 
of these will see the Soller slits from a position near 
the edge of a slit, whereas we have implicitly assumed 
that A was at the centre of a slit. This gives rise to 
additional spreads in the burst time (of magnitude S c/ 2 
and in the velocities (of which are correlated
with each other and with a variation in path length similar 
to that already discussed for point A. The spread in burst 
time (for clockwise rotation) is found by methods similar 
to those already used^ to be given by the expression:

St,= -  “tr cof ft

+  4 t ~ ('4<-'/V-') (5.21)

The factor 2 in the denominator of the second term arises 
because the ray reflected from the rotating crystal moves 
at twice the ajigular speed of the crystal.
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The total resolution width is approximately given 
by the R.M.S. sum of the individual widths

S t  = [  ±  ( S t J ^  (5.22)
Ui

where Sjj[, Rĵ , and are chosen in a compatible way,
for example as full widths at half maximum.

In the preceding development we assumed that all 
parts of the crystal are equally effective in reflecting neu
trons, that is, we neglected extinction. In fact extinction 
will usually be important, particularly at long wavelengths.
It is interesting to note that extinction is not as important 
in a rotating crystal as in the same crvstal when still, be
cause in traversing the crystal the neutron encounters material 
in different states of motion and thus at different points 
along the path of the neutron the conditions in the laboratory 
system for Bragg reflection are different. Thus the increased 
resolution width caused by Doppler effect is accompanied by 
increased intensity. In fact, in some conditions it may be 
possible to use quite perfect crystals in a rotating crystal 
spectrometer, and still obtain good efficiency.

If a thin, flat crystal were employed instead of a 
sphere, it would be possible to select the angular velocity 
and geometry in such a way as to compensate completely the 
effects of the finite size of the rotating crystal. The crystal
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could also be cut so that the faces were oriented with re
ference to the reflecting plane in such a way as to achieve 
focussing in space, as with Fankuchen-cut crystals in ordinary 
crystal spectrometers. Thus narrow beams of high resolution 
and high intensity are obtainable. Using a flat crystal, 
however, eliminates the benefits to the intensity from Doppler 
effect, and using space-focussing eliminates the burst-focussing 
feature found with flat specimens.

The resolution is dependent on the scattering angle, 
and the shape and orientation of the specimen. Therefore if 
the resolution is important, it is necessary to measure it 
for each experimental situation using elastic scattering 
from an incoherent scatterer of size, shape, and orientation 
similar to those of the specimen.

We conclude this section by presenting some illustra
tive computations on the spectrometer of Fig. 10, which was 
described in § 5B. This arrangement was designed to operate at 
wavelengths of 1.5^ to 4^, but most of the work to date has 
been done at the long wavelength limit at 4»05S. In table I 
the various component time widths are presented for this spec
trometer for wavelengths 4^ ( 1/̂  = 10^ cm/sec) and 2%
(1^0 = 2 X 10^ cm/sec), using the following parameters:
Lq = 690 (cm), = ^7, = 330, = 1.5, A p  = 3,
(rad/sec), Sq = 0.007 (rad), = 0.01, 29j;j = 120°. The 
parameters Rĵj, and were chosen as half the maximiam



CRNP 947

- 63 -
value in each case, and is the full width at half maximum
of the rocking curve of the crystal used. Computations are 
presented for elastic scattering ( 1T^= and for large
energy gain ( It will be observed that all the
contributions are appreciable under at least one of the con
ditions, and that the magnitudes of most of the components 
change considerably with the experimental conditions.

As we have already seen, reversing the direction of 
rotation changes the sign of components of The
importance of using the correct direction of rotation is 
illustrated by Fig. 12(b), which shows the elastic incoherent 
scattering by vanadium, with the crystal rotating clockwise, 
and anticlockwise. A slightly lower speed of rotation would 
have given better results on the whole, since this would have 
decreased the Doppler effect term ( St^) and S more than 
it would have increased St^^ and

Measured resolution widths using 20 usee channels are 
in good agreement with the calculations. The measured widths 
at half maximum for a thin vanadium specimen and 4.05^ neutrons, 
decrease from 76 usee at 0 = 15^ to 60 usee at 0 = 90®, compared 
with calculated values of 65 and 44 usees respectively. The 
measured width of the distribution with the counter in the speci
men position is 60 usees. This should be compared with the 
value of 4^ usees calculated for '\r'-̂ oo with an additional 
width of the form of Eq. (5.5) due to the counter thickness.
All these are with the crystal rotating clockwise. With the crystal 
rotating anti-clockwise (0 = 60®) the measured width at half maximum 
of the distribution was 174 usecs, compared with a calculated value



CRNP 947

- 64 -
of 139 iisecs. By using larger but still reasonable values for 
the parameters = 4 cm, Rĵ  = l.B cm, = 0.01 radian
and Sty = 14 p.secsjl almost exact agreement with experiment 
for the various widths can be obtained.

The preceding theory is, of course, only approximate, 
especially since most of the resolution elements do not have the 
Gaussian shape required for combination by R.M.S. addition.

Finally it should be mentioned that D.A. O ’CONNOR 
(24) has also treated the theory of the instrument, with- 
out, however, taking into account either Doppler effect or 
the correlations between resolution elements, and that 
G.C.E. LOW (private communication) has independently pointed 
out the correlation between the resolution elements in

D, Use of the Instrument
We will illustrate the use of the instrument by means 

of a distribution measured by SAKAMOTO et al. (25) for
4.O5X neutrons scattered through an angle of 75° by a thin flat
specimen of water at 25°C. This is one a series of about 40
patterns taken at 25°C and at 75°G, which are to be used to ob
tain the self-correlation function of the protons by means of a 
VAN HOVE transformation. The distribution (Fig. I4) extends 
over 177 channels, each of approximately 20 p.sec width, and one 
frame is shown in the right hand side of the figiire.

If a counter is placed at the specimen position the 
pattern shown at inset (a) is obtained centred near channel
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92. This actually belongs in the preceding frame, and gives 
the origin of the time-of-flight scale. The pattern is shown 
relocated at (b) in the preceding frame. The section of the 
water pattern between channels 92 and 177 may in principle be
long in either frame, or may be a mixture of components from 
each frame, so it is plotted (c) in both frames. In prin
ciple, of course, any part of the pattern may also belong to a 
still later frame, but in this case this is not a realistic 
possibility.J

With a 2.5 mm thick, flat specimen of vanadium, pat
tern (d) is obtained. This is elastic scattering, so the 
centre of the line gives the mean wavelength of the incoming 
radiation, and the shape of the line gives the resolution 
function.

The horizontal line just above the abscissa gives 
the time independent background when the incoming beam is 
cut off with cadmium.

To separate the frames for a continuous spectrum such as 
this, two procedxures have been used, (a) With a polycrystalline 
beryllium filter placed between the specimen and the detector, 
pattern (e) is obtained. Since only neutrons with ^  3,96%

can pass the filter, the filtered pattern contains only neutrons 
in the second or succeeding frames. Thus the broad maximum in 
channels I3O-I5O belongs in the first frame, and is in fact the 
"hindered rotation" peak (3) at 0.06 ev energy gain. An 
approximate separation of frames is shown by the smoothed dashed 
curve. An exact separation can be made by doing quantitative
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work with the filters. (b) The separation can also be made 
when the complete set of experiments to obtain S(Q,6J) have 
been carried out, by using Eqs. (1.9) which relates the in
tensities for energy gain and energy loss at the same Q and 
which will only be satisfied if the frame separation has been 
made correctly.

Sharp peaks in the energy distribution can be 
assigned to the correct frame easily by repeating the measure
ments with either a flight path of different length, or with 
a different speed of rotation of the crystal, and thus with 
a different frame repetition rate.

Corrections must be applied for the order contamina
tion and the white contamination in the beam. In this case 
the order contamination was negligible and the white contamina
tion amounted to about yja of the beam. The contamination is 
determined from the spectrum seen by the counter placed at 
the specimen position. Since the white contamination is 
nearly time-independent it is readily subtracted.

Finally, we interpolate here a few remarks upon the 
significance of the patterns, which were given in the dis
cussions on water. Session III of the Conference. The author 
earlier (3) presented measurements showing that a quasi-elastic 
component exists in the energy distribution of the neutrons 
scattered from water. This component however was found to be 
not truly elastic, but to have an energy width, A theory of 
the width (W) was presented which related it to diffusion in
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the liquid, and it was pointed out that the behaviour of the 
width as a function of Q gave rather detailed information 
about the modes of diffusion in the liquid. In particular, 
if diffusion proceeds only by "small” motions (jitter) as 
opposed to "jumps" of atomic dimensions, then W = ^DQ^. It 
was foxond that although W increased with Q at roughly the re
quired rate, its absolute magnitude was smaller than calculated, 
and the conclusion was drawn that although "small" motions con
tributed to the diffusion some "jumps" must also occur.

Recently however HUGHES et al. (26) presented 
measurements using the filtered-beam, chopper method, from 
which they claimed that no diffusion broadening existed but 
that there were small satellite lines at an energy transfer of 
5 X lO"^ ev. The positions at which these lines should appear 
are shown in Fig. 14 by the arrows A. The resolution used by 
HUGHES et al. was the same as that used previously by the 
author, 3 x 10~^ ev. The resolution in the new experiments of 
SAKAMOTO et al. is 2 x lO"^ ev. No trace of the satellite 
lines proposed by HUGHES et al. was observed in any of the 
patterns. In every case diffusive broadening of the "elastic" 
component was observed, which behaved qualitatively exactly 
as previously described (3).
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6. S I N G L E  C R Y S T A L  F I L T E R S

The total cross section of a single crystal for 
slow neutrons can be much less than the sum of the cross sec
tions of its constituent atoms. On the other hand the cross 
section for neutrons with energies in the electron volt to 
Kev range is just the svim of the individual cross sections. 
Hence single crystals can operate as useful filters to pass 
preferentially low energy neutrons (21), while stopping 
faster neutrons, and perhaps also Y-rays. Since the cross 
section in the thermal neutron energy region is strongly 
energy dependent, single crystal filters can also be used 
to eliminate order effects in crystal spectrometers. The 
requirements are:
(a) The constituent atoms should have very small capture 
and incoherent scattering cross sections, and should not be 
paramagnetic.
(b) There should be no structural disorder in the crystal 
which could give rise to diffuse scattering.
(c) Large and perfect single crystals should be available.
The reqioirement that the crystals be perfect (have little 
mosaic spread) ensures that the dips in transmission for 
neutrons with the proper energy to undergo Laue reflection 
should not be too pronounced ^see, for example, Fig. .
(d) The Debye temperature and melting temperature should be 
high in order that thermal diffuse scattering may be kept 
small without the necessity of cooling the crystal to liquid 
helivun temperatures.
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(e) The cross sections of the constituent atoms for fast neu
trons (in the Mev range) should not be anomalously low compared 
with the cross sections for slow neutrons.
(f) Preferably the atoms composing the crystal should be of 
high atomic number in order that the cross section for Y-rays 
should be high.

The essential condition (a) is satisfied primarily 
by beryllium, bismuth, quartz, and less well by lead. Large 
single crystals are obtainable only for the last three. Quartz 
satisfies well all the requirements except (f - discrimination 
against Y-rays) which it meets only moderately well. Bismuth 
and lead are very similar, and both are excellent for Y-rays, 
but bismuth is preferable because it has a smaller capture 
cross section for neutrons than has lead. In addition, lead 
single crystals tend to be rather imperfect. (The author does 
not have any information on the degree of perfection obtain
able with bismuth.) Both bismuth and lead have rather low 
melting points, and hence do not satisfy condition (d) very 
well. Thus, for most purposes, the author believes that quartz 
is probably superior to bismuth except when discrimination 
against Y-rays is particularly important. This statement applies 
with the crystals at temperatures down to liquid nitrogen tempera
tures; if liquid helium temperatures could be used bismuth crystals 
would be decidedly preferred to quartz (21) (except possibly for 
requirement (c)). As it is, we generally use quartz crystals.

Our quartz crystals are large (10-20 cm) natural crystals 
which, because of small defects, have been rejected for use as
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crystal controls or transducers. They are cheap and still 
satisfactory for the purpose.

We have measured the cross section of a quartz single 
crystal in two (unknown) orientations over the energy range
0.037 ev to 0.16 ev using a crystal spectrometer, with the quartz 
at room temperature (296°K) and at liquid nitrogen temperature 
(S7°K). The lengths of the crystals in the beam in the two 
orientations were 6.3 cm and 12.6 cm respectively. The two 
orientations gave substantially the same results, which are 
plotted as the heavy lines in Fig. 15(a). The measurements were 
not extended to lower energies because of order contamination in 
the beam, and because at the lower energies the specimens were 
too thin to give accurate results at the low temperature. How
ever, using the capture cross section and other information as 
a guide we have extrapolated the low temperature curve to cover 
a wider energy range.

The measurements for room temperature are in good 
agreement with results of RUSTAD et al. (27) which are shown 
in Fig. 15(a) as the dashed line, and which cover a wider energy 
range and are probably more accurate than our results.

In Fig. 15(b) similar curves computed from the cross 
sections of the component atoms for high energy neutrons (2^) 
and for Y-rays (29) are shown as functions of the energy. The 
spectra of fast neutrons and Y-rays from reactors both comprise 
principally energies below ->/ 4 Mev. It is seen that quite good 
discrimination can be obtained for neutrons <  O.O5 ev.
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We use quartz crystals at room temperature (of 

from 5 to 25 cm length) for second order elimination, when 
operating at energies between 0.013 ev and 0.03 ev. For 
example at 0.02 ev, 20 cm of quartz reduces the 2nd order 
neutrons by a factor of 11 and the first order by a 
factor of 2.5, thus affording discrimination against 2nd 
order by a factor of - ^ 4 .5.

We have used filters of up to 70 cm in length at 
liquid nitrogen temperature with very satisfactory results. 
With 70 cm of quartz the cadmium ratio was so high that it 
could not be accurately measured, but values of 'v-lÔ  were 
recorded.

Crystals have been used for several months at the
9 ?outer edge of the reactor shielding ( f l u x 3 x 10 n/cm sec) 

without apparent loss of effectiveness, though severe blacken- 
ing of the crystals occurred. The crystals did not become 
appreciably radioactive.
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Table I
Calculated time spreads in microseconds for the spectrometer of Fig. 10 with parameters given in the 
text. Components 1, 2 and 9 are directly proportional to components 5 and 6 to Rĵ , and com
ponent 3 to The mean spread (h tj) due to the channel width of the 20 iisec channels was taken
to be 10 psecs.

V'q = 10^ cm/sec 
A q = 4^

V" Q = 2 X 105 cra/sec

vr’ = VTo v ’ = oo V  = v„ v' = oo

St, |g.4 - 12 tan(0/2)| 1 s.4 - 6 tan(0/2)j 1 8.4 ~ 6 tan(0/2)j 18.4 - 3 tan(0/2)|
S tg 11.g 2.5 5.9 1.2
S 30 0 15 0
S t4 12 12 12 12

131 - 30 tan(0/2)| 127 - 15 tan(0/2}| 116 - 15 tan (0/2 )| |l3 - 7.5 tan(0/2)|
St6 |-51 + 52 tan(0/2)| |l3 + 26 tan(0/2)| |-3 + 26 tan(0/2)I |ll + 13 tan(0/2)j
S tg |-12.7 - 12.2 tan(0/2)| 1+0.7 - 6 tan(0/2)| j-4.2 - 6 tan(0/2)j )2.5 - 3 tan(0/2)|

V/t
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Fig. 1 The wave vector transfer Q as a function of the energy 
t r a n s f e r f o r  two incident energies (Eq) and several angles of 
scattering. The curves are the same using outgoing energies E’, 
except that the sign of-K CU is reversed.
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Fig. 2 A vector diagram which illustrates a geometry for studying phonons which have their polarization vector normal to a mirror plane 
(the x-y plane), as discussed in the text. [ ^ 2 J.
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Fig. 3 Vector diagrams which illustrate some of the methods of measuring V  and forphonons. Diagram OAB is the conventional method. Diagrams OCD, OEF and OGH represent 
methods of ensuring that the Q of an observed phonon is in the correct direction. Diagrams 
OJK and OLM represent the "constant ^  method with variable Eg and E* respectively.
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Fig. 4 Schematic diagram of the triple axis crystal spectrometer, showing positions of 
the collimators On to Cc, the monochromating (X^) and analyzing (X^) crystals, the speci
men (S), the monitor for the white radiation (M̂ )̂ and for the monoSnergetic neutrons (Mo). 
The various independent variables are shown. Facilities and are 30 cm. diameter re
movable sections which can be used in various ways.
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Fig. 5 Photograph of the triple axis spectrometer with labels indicating some components. 
Some shielding has been removed from the vicinity of the analyzing crystal {X2 ).
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Fig. 6 Another view of the triple axis spectrometer. The control 
unit for the monochromating crystal is indicated at the extreme left,



Fig. 7 Another view of the triple axis spectrometer, as set up to 
measure the dispersion curve of the magnons in F.C.C. cobalt CSINCLAIR 
et al., ref. (16)3• The cobalt crystal was located between the poles 
of the magnet and driven from the drive by a shaft through the low
er magnet pole. The motor drive for 26j,j is shown in the lower left 
hand corner and the vernier for reading at the bottom. Another 
aluminum analyzer crystal (111 plane, Fankuchen cut) on its plug-in 
mount is shown in the lower right.
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Fig. S(a) The indexing plate of the monochromating crystal con
trol for the (110) zone of a face centred cubic monochromator.

(b) A plot of the monitor (M2 ) counting rate in the mono-
energetic beam with a 220 aluminum monochromator, showing the effects 
of parisitlc reflections. The angular range of 26}/[ shown extends from 
roughly 35° on the right to 60° on the left and ranges over the peak 
of the Maxwellian spectrum.
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Fig. 9 The distribution of neutrons of initial wavelength 1.362 scattered by liquid lead 
Fref. (4)] through various scattering angles, plotted as functions of the analyzing spec
trometer angle (26^) in 1/2 degree steps. The distributions were mostly taken in sequence 
by the spectrometer without attention, and the plots were produced as the experiments pro
gressed by the automatic histogram plotter described in the text. The background with 
crystal analyzer displaced from the Bragg position was also taken and is shown in the 
figures. At the top left is shown the resolution function as measured by elastic scatter
ing from vanadium metal, along with an energy scale applicable to all the experiments. At 
the right are shown two patterns from an empty container, for angles at which the container 
scattering was especially high.
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Fig. 10 Schematic diagram of the rotating crystal spectrometer, now 
at the NRU reactor.
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Fig. 11 Photograph of the rotating crystal spectrometer as set up at the NRU reactor. 
The tapered rollers which keep the platform correctly oriented are easily seen.
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Fig. 12(a) Schematic diagram, much distorted, of the rotating crystal spectrometer,
illustrating some of the various paths followed by neutrons. See text.

(b) The elastic scattering by vanadium metal of 4.05A neutrons with the r o 
tating crystal spinning clockwise and anticlockwise, other conditions being the same. 
The difference illustrates the importance of the neutron Doppler shift due to the m o 
tion of the crystal.
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Fig. 13 Reciprocal space diagram for an element of the crystal with a velocity com
ponent in the direction of^of^KQ/m^. The vectors jcQg and -k’g apply for the crystal 
stopped. Vectors jjp and (laboratory system) satisfy the firagg condition for the
same ̂  with the crystal moving. Vectors k^m and sre the wave vectors for the ac
tual burst which occurs with the crystal Oriented differently \Qs "^Qt ) than for the 
crystal stopped.
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Fig. 14 Time distribution of 4.05& neutrons scattered by a flat specimen of water at 25°C 
through an angle of 75° as measured on the rotating crystal spectrometer (25). The trans
mission of the specimen for 4.05A,neutrons was 78^. The background is shown by the heavy
flat line near the abscissa. The distribution for one frame is shown, extended to the left 
into the preceding frame. Insert (a) shows the distribution obtained with a counter at the 
specimen position, which gives the zero of the time scale and the resolution function for 
E*->o4>. Insert (d) shows the elastic scattering from a thin specimen of vanadium which 
gives the resolution at the incident energy. Insert (e) shows part of the time distribution 
obtained when a beryllium filter is interposed between the specimen and the counters thus 
eliminating neutrons with)\<- 3 *96a . The dashed curve shows the distribution for water 
approximately corrected for frame overlap. The arrows A indicate the supposed positions of 
the peaks with energy transfer 5 x 10“4 ev reported by HUCJHES et al. (26). Only the dif
fusive broadening (3) is in fact observed.
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Fig. 15(a) The measured total cross section of a quartz single crystal (per cm length of
crystal in units of the cross section of the crystal, i.e. the absorption coefficient), as 
a function of neutron energy, for temperatures of 29o°K and 8? K (solid line). The measure
ments of RUSTAD et al. (27) for room temperature are shown as a dashed line. An estimate for 
quartz at 8?°K over a more extended energy range, as well as the capture cross section for the 
silicon in the crystal, are also shown.

(b) Similar cross sections for fast neutrons and Y-rays, as computed from data in
refs. (28) and (29).


