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I). Introduction.

Evef since that it was made technically feasible,
the scattering of thermal neutrons has revealed
itself as a most sensitive probe of the micro-dynamics of
systems in the condensed state. This reflected by the number
of papers being published on the subject [Appendix A-6} and
by the ever-increasing number of neutron spectrometers being
used in the world. The virtue of the thermal neutron as a
probe stems from two facts. Firstly, its momentum and energy
lie within the same raﬁge as the pseudo-momentum and energy of
excitations found in many-body Systems. This makes for an
easily observable detection of the interaction between an exci-
tation and a . neutron. Secondly, because of its permanent
magnetic moment as well as its lack of electric charge, the
neutron does interact with the scattering system through a
short range potential which is either of a nuclear or magnetic
nature. If this potential is represented by a Fermi pseudo-
potential, perturbation theory can be used and the theory of

linear response is applicable (Taylor [70]).

However, these merits of the neutron probe are offset
by the relatively low intensities of the sources (nuclear reactors)
of thermal neutrons and this is the cause of the present
limitations of this technique. In fact, the scattering of

thermal neutrons is essentially a spectrometry technique

-1 -



and this aspect of its nature is more evident in the case
of inelastic scattering. Because of this, it is conflicted
between the requirements of a high signal intensity and of

good resolution.

The optimization in signal to noise ratio is obtained
by a judicious compromise between these conflicting requirements
and it is known that it is possible to gain intensity from
focusing considerations. One says that focusing occurs when
there is a co;relation between the imperfect instrumental
resolution and the scattering surface of the specimen.

A familiar case would be that of two crystals arranged in a
parallel configuration (for elastic scattering). A similar
situation may be obtained on a triple-axis neutron spectrometer
and it is aimed to demonstrate the validity of a model used

to calculate line shapes by comparing the results of calculations
with those experimentally measured on a specimen of Cu-~Ni-Zn
having a poor mosaic distribution.

The main body of this work is concerned with the
resolution of a triple-axis neutron spectrometer. In the
following sections, we will consider individually each of the
factors affecting the measured intensity distribution in inelastic
scattering. Section II-3 contains the theorgtical derivation
of the resolution matrix and is basic in all that follows;
althought somewhat monotonous to read, it is a very general
approach first derived by Cooper/Nathans [67] and it gives

a precise expression for the resolution of the instrument in



terms of all the experimental parameters. This expression

is then integrated over the cross-section of the specimen

in order to obtain the intensity distribution along the scan.
This is the content of section II-4 where the line shape cal-
culation was extended to the general case where the scattering
plane is not parallel to a symmetry plane of the reciprocal
lattice of the specimen. This is of rather academic interest
since experiments are commonly performed in a symmetry plane.
Section II-5 deals with the peculiar behaviour of the constant
frequency surface for [;;{]t phonons and the consequences on
the line shape is discussed. The case of the real specimen
crystal with its imperfect mosaic distribution is considered
in section II-6. Finally, section II-7 is concerned with the
shift between apparent and true peak position as caused by

the composite action of the mosaic spread and the population
factor.

Chapter III deals with empirical results of neutron
scattering measurements made on a disordered alloy of Cu-Ni-2Zn.
After a brief introductory part where the reasons for choosing
this alloy are explained, we proceed to the characterization
of the specimen as to chemical composition, lattice parameter
and mosaic distribution. Because of its poor mosaic distri-
bution, the specimen afforded a double interest in the sense
that not only did the dispersion curves corresponding to a
particular electronic concentration were measured but aiso

it afforded the occasion to perform a study of the resolution



of a triple-axis neutron spectrometer in order to see the
relative effect of poor mosaic distribution and atomic force
constant disorder on the observed line width. Use was made

of the theorftical results of chapter II and the validity

of the calculations was verified by comparing the predictions
with the measurements made on a good copper specimen. This
being an homogeneous substance with comparativly little mosaic
spread, then there is no contribution to the line width from
mosaic spread or atomic force constants disorder.

The result of section II-7 are used to extract the
true peak position from the apparent peak position in the case
of phonons of transverse polarization. This chapter is termi-
nated by presenting the results of the measurements of the
dispersion curves for this specimen with an accompanying

discussion.

A word about symbolism and convention. The symbols used
are 1listed in table I-1 and will be faithfully adhered to
throughout the text. Many differ from the oneé usually used,
but this type of change was made necessary in order to avoid
any ambiguity. For exemple, the wave vectors (energies) of
the neutron beam incident on and scattered from the specimen
will be labeled Em Gﬁnﬁ) and Ea (ﬁua) respectivly. The
indices i=0,1,2,3 are reserved stricly to label the different

regions of the spectrometer (see table 1-1),



The thesis is divided into chapters which are dealing
with the theor@tical and experimental results separatly,
The chaptersvare themselves divided into sections which are
concerned with a well defined topic and the sections are
possibly divided into sub-sections. Figures are labeled
according to the chapter, section and sub-section (if any)
where it is first refered from. The equations are refered to
by giving a single number if it is to be found in the same
section and including the chapter and section
numbers if it is elsewhere in the text.

Table I-1l: Notation.

ko (k') : Value of a wave vector before (after) single scattering.

Em (Ea) : Value of an incident (analyzed) wave vector.

% : Central value of a quantity "x".

% : Non-central value of a quantity "x".

Q = k_ - k g momentum-transfer. /@ =,62(k2 - k2); energy transfer.
~ ~m ~a M m a .

M : mass of the neutron.

m (or mk) : mass of an atom at the site "k" in the specimen crystal.

o “ e N ~ A ~o A
Al/(mzbm—bm7nba=,}5a_5a749=2‘2;Aw=w—w

di(ﬁi) : Horizontal (vertical) collimation angle in the i Eh region.

Yi(J;) : Horizontal (vertical) angular deviation from the central

direction.
. th . . . . .
i region : i=0 (in-pile region);
i=1l (monochromator-to-specimen region);
i=2 (speovimen-to-analyzer crystal region):;
i=3 (analyzer crystal-to-counter region).

7n1(7ﬁ) : Horizontal (vertical) mosaic spread of the monochromator.

(7') : same for the analyzer.
a |a

[ : Any full width at half maximum

[standard deviation].



II- Resolution in triple-axis neutron spectrometry.

1)- Transmission characteristics of a neutron collimator.

i)- In neutron scattering as well as in x-ray work,
collimators are used to define the direction of propagation
of the incident and scattered beams. Collimation serves to
delimit angular divergence of the neutron flux impinging on the
specimen and accepted by the analyser. This is a necessary re-
quirement since a precise knowledge of the value of the momentum-
transfer g’requires well defined incident and scattered beams
with respect to direction as well as to energy. This last re-
quirement is determined by monochromating and analysing crystals

properties which later will be considered.

An ideal collimator should allow perfect definition
of the direction of propagation in both the horizontal and
vertical planes. However, because of limited available neutron
intensities, such a wasteful procedure is never adopted and
it is usual to restrict collimation to the scattering plane
only. This limitation is not as severe as it may seem since the
component of the momentum transfer g‘perpendicular to the
scattering plane contributes a second order effect in inelastic
scattering performed in symmetry planes. However, the effect of
vertical collimation can sometimes result in spurious peaks
appearing over the neutron groups as was recently discovered

by Copley [70), Cowley [70]



An obvious way to obtain collimation in the horizontal
plane is to have a prismatic channel with the width smaller
than the height inserted in the neutron beam. In practice,
the vertical collimation is achieved by the beam tube channel
and by the distances between monochromator, specimen and
analyser. In order to maximize the through beam intensity, it is
necessary to stack the collimating channels side by side to
proportionally increase the transmitted intensity at no cost
in horizontal collimation. This object is called a Soller-slit

collimator.

II-1-ii) 1In this section we present a simple deri-
vation of the transmission function of a collimator. A more
rigorous approach, which proves hard to manipulate in practice ,
is given by Szabo [59]. The two methods essentially give
similar conclusions because the swmtll angle approximation
is valid.

Using the same symbols as Szabo and Cooper/Nathans
[67] we define the horizontal (vertical) characteristic angle
of a collimator as a(B). This value depends on the physical
arrangement of the Soller slits and is intuitively independ-
ant of the neutron energy. On the other hand, it depends on
the mathematical object used to characterize the collimator.

The characteristic angles are related to the physical
dimensions in the following way. Assume a collimator of

length 1, and plate spacing d.
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From an optical analogy, it is possible to con-
sider the plané P'P"i.e. the collimator inlet as a virtual
neutron source (Huygens Principle). This is a valid
approximation since the collimation is much smaller tha#?
the angular divergence of the incident beam; then for all
practical purpose, the collimator inlet may be considered as an
isotropically radiating source.
For any point on the P'P" plane, the horizontal
angle subtended by the allowed paths is d/L assuming perfect
absorption of the collimator walls for any other angle. The
position of P defines the extremum paths by the angles Cl and
Czwhich satisfies:
5y + T, = d/L = (1)
If we now imagine moving the point source P horizontally along
P'P", the hatched region will change and the angle Cl will
vary linearly with the position of P. The transmission
probability of a neutron from the vertical line source P to
the collimator outlet region is then
1 1if -go<v<g,

(] otherwise




i.e. T(Y,gl)= 6(z1-v)6(y+z,) (2a)
g2v= r—z;1 (2b)
Where T(y,cl)is the transmission probability of a neutron
having a direction of propagation defined by y and coming
from point P as defined by Ty and the 6 function is
B(x) =1 x>0
= 0 x<0 (3
The transmission probability of any neutron imping-
ing with an angle Yy with respect to the collimator axis is

obtained by integrating the contribution from all virtual

sources P on P'P" P

i.e. T(y) T(Y,Cl)dcl

] O

T r

= G(Cl‘Y)O(Y+¢—C1)d§l

‘0

{
= | 6(gy-v)e(y+e-z )dzy
‘o

r ¢
+ f e(cl—y)e(y+¢-cl)dcl
M

) r
Y]

= r(l-J—FTI—) Ivyl<p (4)

From this expression for the transmission probability
of a neutron making an angle y with the collimator axis, we

recognize the triangular function that we could have guessed

on intuitive grounds. The assumption of an incident flux which
is isotropic in the small angular range of interest means that

the integral of equation (4) over x must be linear in J. This
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normalization requirement means that equation (4) becomes

simply T(y = 1- )| (4a)
r

Neutrons transmitted with a probability of one half that of the
maximum are those making an angle tIfwith respect to the axis.
The full width at half height is thus equal to ['in the case

of a purely triangular transmissivity.

IT-1-iii Effect of small angle scattering. Geometrical con-
siderations have shown that a Soller slit collimator would
have a triangular transmission function if the channel walls
were perfectly absorbing and at the same time the small
angle reflection was inexistant.
We now proceed to show how much the second of those
two processes contributes in the departure from the ideal
case considered above. The angle defining critical reflection

at a neutron wavelength A, i.e. the critical angle, is expressed

as '
s _ 5y [N Peony |12
erie TH I |2 (5)

where Ni is the number of scattering centers of index i per
unit volume and bcoh is the coherent scattering length.
A suggested reference on this subject is Gurevich [68].

is a

In the thermal neutron range, we see that ¢crit

linear function of M in other words the effect of critical

angle scattering on the effective characteristics of a collimator
should be more important at the lower energies of the spectrum.
From a practical point of view, it means that for all other

things being held constant, the incident beam collimator has



11
an energy dependence and that the scattered beam colli-

mation "looks" differently depending on whether the scattering
process was that of neutron energy loss or neutron energy gain.
How big is this effect? Table II-1-iii-1 lists a

set of values of ¢c for steel using

N = 8.49 x 10%? cm™3

b= 0.96 x 10712 cm (Bacon [62])
and for cadmium using

N = 4.635 x 1022 em™>

b= (0.38 + i 0.12) 1072 cm (Bacon [62])

This last case concerns the cadmium-plated steel plates which
are used in our collimators. Then for steel ¢c(min)=5.55A(A) (6a)

=24.6 (6b)
Vv”‘ﬁz;

and for cadmium, the values are 0.4645 of the corresponding

values for steel (using the real part of the scattering length).

Table II-1-iii-1

Maximum angle for total small angle reflection

v (THz) y ¢c ¢c
' minutes minutes
(steel) (cadmium)
1.0 L 24.6 11.4
2.0 A 17.4 8.08
4.0 12.3 5.7
8.0 ’ 8.7 4.04

16.0 - 6.15 2.9
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One now has to modify the previous conclusions

regarding the transmission function of a collimater being
given by a triangular function. Assuming that a neutron
incident on a surface with an angle greater than ¢c has a

unit probability of being absorbed while it has the same
probability of being reflected if its incidence angle is

less than ¢c’ one expects that the transmission function should
remain unaffected for incidence angle greater than ¢.- On

the other hand, any neutron making an angle less than ¢C with
the collimator axis should be transmitted after possible
multiple scattering on the collimator walls resulting in a

saturation effect for the angular region between -¢c and +¢c.

Fig.II-1~iii-1 Relative effect of small angle

scattering on collimation; intensity vs. deviation.

) -t

!
ll \L
T 5 T T oo T AT e T
a) @ =0 b) g_<F c) . >T

Fig. II-iii-i illustrates the different possible
transmission functions for collimators,lIn case a), the
phenomena of mirror reflection is not considered and the
transmission function is triangular, as deduced in the previous
section. In b) and c), the phenomena of mirror reflection
is considered. 1In b), the collimation angle is larger than

the value of the angle for critical scattering resulting in a
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transmission probability equal to unity (saturation) in the
central region, while the tail portion still shows the tri-
angular behaviour. Case c) represents the extreme case where
¢>M: in this case, the collimation angle is independant of
the value of the characteristic angle of the collimator and
is given by the value of the critical angle ¢c. The trans-
mission probability is equal to unity in the range i¢c'

Thus, the triangular function becomes less suitable to
characterize a collimator in the case of tight collimation
and/or low neutron energy.

iv) Experimental results

Méasurements were made to obtain experimentally
the transmission function of a Soller-slit collimator.

The experimental procedure consisted in rocking the collimator
under testing in the monochromatic incident beam with the
analyser set in the straight through position.

Obviously, in this way, it is not possible to isolate
directly the collimator characteristic function. What is
measured instead is a convolution of the incident beam
collimator function, the monochromator mosaic distribution
and the transmission function of the collimatdr under testing.
If all three functions were gaussian, the resulting convoluted
function would also be g?ussian with a width given by

. = o2 (7)
i=1,3 1 :
a3 being the true width contributed by each of the components.

Figure II-1-iv-1 shows the results with two combina-

tions of the most commonly used collimators, namely ['= 1/80

(43') and "= 1/160 (21.5'). The point to observe is the fact



14

that the composite transmission function has a very nearly
gaussian shape. The values of the effective half-height, that
is after correction for the background, can be used to deter-
mine the standard deviation g-of the intensity distribution.
The continuous line in this figure represents the calculated
gaussian curve using this value of ¢~ .

The values of the collimation angles and neutron energies
used in these measurements correspond to case_b) in figure
II-1-iii~1 since table II-1l-iii~1l gives an angle of 6 minutes
as the critical angle on cadmium for neutrons having a fre-
quency of 3.5 THz.

Thus there is overall agreement with experiment‘both
in terms of the composite width and the intensity distribution
if the transmission function of the collimators is assumed
to be gaussian. The resulting simplification coming from the
use of such a well-behaved function will be vital in obtaining
an analytical expression for the resolution matrix and the
line shape (sections II-3 and 4). For this reason, the relevan-
ce of the gaussian approximation applied to collimators
will not be further questioned and the validity of this assump-
tion is left to be verified with actual phonon measurements.

We have seen before that the characteristic angle
of a collimator is equal to the FWHM (I’) in the case of a
triangular function. In the case of interest of a gaussian
function, the standard deviation of exp(-1 xg) obtained by
matching the widths at half height is give;rsy:

=_T  =1v2.354; [=as/L (8)
2(2 1m2We v
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F?g. I-i-iv-|
Experimental determination of the transmission
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II-2 Elastic coherent scattering of neutrons

from a monocrystal.

It is the purpose of this seétion to show how the
effects of imperfect collimation, mosaic distribution and
crystal inhomogeneities affect the angu;ar distribution and
monochromatization of neutrons Bragg-scattered from a
monocrystal. Each of these factors will be considered indivi-

dually before considering the composite effect.

i) Elastic coherent scattering from a set of planes
having Miller indices (hkl) is governed by the Bragg equation

which may be written as

ks ™ (1)
dhklsln(es)
or equivalently ken= w/dyy, (2)

where Zes is the scattering angle

and n is a unit vector perpendicular to the scattering planes.
Writing the Bragg equation in this way affords an

interesting geometrical interpretation. For a given plane spa-

cing, the product 5.5 is a constant; that is the projection of

the wave vector obeying Bragg equation on the unit vector n

is independent of the scattering angle for a given (hkl) reflec-

tion. A moment reflection shows that this is simply another

formulation of the condition that the momentum transfer @

o~

be equal to a reciprocal lattice vector, since 'Epu= hx'
(o d



17

and || g/20= l!l:p-gg W/2 =Nk Jsin(e ) = */4, ., (3)
(see fig. II-2-i-1)

In fig. 3I-2-i~-2, the different lines labelled with
Miller indiées correspond to the loci of-allowed wave vectors
for different reflections off a copper crystal. In practice,
the scattering angle may be physically limited to a given range
and therefore determines the maximum and minimum values of the
wave vector that can undergo scattering through a given momen-
tum-transfer. The limiting values in the case of the monochro-
mator and analyser on E-2 hole are included in the figure.

In practice, the (220) reflection is used for the monochromator

and the (200) for the analyser. This is justified in section III-5.

ii) Effect of collimation

Because of imperfect collimation, the neutrons incident
bon a crystal do not have a perfectly defined direction of propa-
gation. The same thing may be said about neutrons reflected
from the crystal. This double uncertainty results in a corres-
ponding uncertainty in the value of the scattering angle.

To illustrate the effect of imperfect collimation, we
assume a perfect crystal as illustrated in fig. II-2-ii-1l.
Let the deviations with respect to the main directions of propa-
gation be Y1 and Yz in the case of the incident and scattered
beam respectively. Since the crystal is supposed to be perfect,
then Bragg condition requires that x1= XZ' The scattering angle

is thus changed from 2es to 295+ 2*&. The wave vector corres-
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FIG. T —2—-i—I
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ponding to this scattering angle is then

k = LY (4)

dhk15in(é.+yy)

Since the usual collimation is such that Xl and Xz
are much smaller than unity, we can write
A A
Jk == k cot (e )3.9 (5)
s s
which is obtained by differentiating (1). Thus,
A A '
+ Jk =k (1 - Y; cot(e.) ) (6)

If the equation II-2-i-(2) had been differentiated

instead, the result would have been
= Sk.n ('.“

~N N
thus indicating that the vectors Jh‘and n are perpendicular,
in conformity with the diagram in fig. II-2-i-1. The correla-
tion between the scattered wave vector and the deviation with
respect to the main direction of propagation is an equivalent
formulation of the Bragg equation.

Since it was assumed that the crystal is perfect, the
probability of occurence of such a process is really determined
by the transmission probabilities of the incident and scattered
beams through their respective collimators. From the considerations

of subsection II-1-iv, the transmission probability may be

written
r&,)y) = exp(_1 ((X-K) on) (8a)
or equivalently = exp (- _xz) &k(l XCot(e y) - k) ('B‘b)
where « is the effective comp051te collimation defined by
1/ = 12 + 142 (9a)

and Y =)1- Y2 » (3b)
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iii) Effect of the mosaic structure of the reflecting
crystal.

The perfect crystal considered above is an jJealization.
It is known that no crystal is perfect up to ' the macroscopic
level [appendix A-3] but rather is made up of micro-crystallites
which are themselves perfect and which are distributed preferen-
tially along the average crystal érientation. Denote the crys-
tallite distribution function as W(q); it gives the density of
crystallites oriented at an angle1*with respect to the average
orientation. In many cases, a gaussian function proves to be a
suitable approximation for W(q); this is what will be adopted
here. Note that if the mosaic blocks are distributed with a
cylindrical symmetry along the main orientation, then the

function W(q) is actually a function of two variables,

w"x 4(y A _exp{- 1’_’[; ) X exp(___t]r't?) (19)

2.7!‘ rc-
X7

If we arbitrarily choose the x and y axis such that
the‘x axis lies in the scéttering plane while the y axis is
perpendicular to this plane, we expect that the y component
will be unimportant if the vertical collimation is much relaxed
compared with the standard deviation of the crystallites.

In practice, such i$ the case and the crystallite distribution
is effectively given by a one-dimensionnal gaussian function

of the form 00

W() = W(9_) =] w(o_,,% )dy = 1 exp (-1
1{ 7x L 7" 7}/ Wd; 2:3.‘2
B (W)
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Fig. II-2-ijii-1 illustrates the effects of mosaic spread
on the monochromatization of scattered neutrons. The projection
of the scattered wave vector on the normal to the scattering
plane has to be constant, as was already said. Since this nor-
mal isbnot uniquely defined because of the mosaic structure,
the loci of points in reciprocal space are smeared out on a
curve with a probability density given by W(n). It should then
be self-evident from fig. II-2-iii-1l how this curve determines
the possible scattered vectors. |

For each of the crystallites orientations, the value
of the scattered wave vectors obey the Bragg equation for each
of the different scattering angles(?es + yq. If the incident
beam is assumed perfectly collimated and Polychromatic, the
scattering angle is related to the crystallite orientation
through the relation:7==x>2. Thus the intensity of the scatte-
red beam in the direction(?es-+¥)is proportionnal to W(X/Z),
the density of crystallites properly oriented to produce
scattering in this direction.

Eq. II-2-(5) which gives the change in magnitude of
the scattered wave vector as a result of a change of 2598
in the scattering angle thus reads in this case;

1Sk = -1¥0cot (B " (12)
since z«fes = x = 27( g
| Similarly as in the previous section we can define the

distribution of scattered neutrons by
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TT(k,X) = 1 exp{-%(! /( 46 +«.2) } (k(1 - %pot(es) - k) (13)
Voo

where the two terms in the exponential describe respectively

the mosaic distribution and the transmission of the collimator

in the scattered beam.

iv) Effect of the presence of inhomogeneities in the

scattering crystal.

The presence of inhomogeneities in a crystal results
in a variation of the lattice parameter which in turn affects
the distribution of neutrons scattered from such a crystal.
In practice crystal chosen as monochromator or analyser are
an homogeneous substance and these considerations do not apply.
However this effect is mentioned for the sake of completeness.

Consider again the Bragg equation II-2-(1) . Taking the
partial derivative with respect to dhkl yields:

_Sk / k= =8, 1/dp (14)

The negative sign expresses the fact that distances in recipro-
cal space are inversely related to those in real space and an
increase in the value of the plane spacing by the amount gdhkl
results in a contraction of distances in reciprocal space by

nkal 7 ey -
Thus the projection of the scattered wave vector on

the relative quantity ISd

the normal to the scattering plane varies throughout the
crystal (fig. II-2-iv-~1l) resulting in a correlation k—)/
such that the intensity distribution is zero for any

deviation angle x from the’central direction of the scattered beam.™
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that is to say that the wave vector éf is parallel to k so that
k + é_l_c is also parallel to k.

The analog of equations (8) and (13) for the
intensity distribution of the scattered neutrons is in this case

Lo d

w(dhkl) being the distribution of plane spacings and
dhkl being equal to 7w/ (E’g) .
The simple argument of the delta function reflects the fact
that {5 is parallel to k.

The situation of an inhomogeneous crystal will not be
further considered since this situation was not encountere& in
practice; even the ternary alloy used in the measurement of

phonons showed remarkable homogeneity.

v) Composite effect of imperfect collimation and mosaic

structure of the scattering crystal.

The three cases previously considered dealt with the
contribution of a single factor to the distribution of scattered
neutrons and these idealized cases resulted in the magnitude
of the scattered wave vector being correlated with the deviation
from the average scattering angle; this is reflected by the
presence of the delta function in the three equations for the
intensity distribution (equations (8), (13) and (15)).

We now will calculate this same intensity distribution
but taking into account the‘simultaneous effect of mosaic struc-

ture and of imperfect collimation in both the incident and
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scattered beam. The crystal is assumed to be homogeneous (cf. sec-
tion II-2-iv). Physical intuition predicts that the superposition
of these two factors (cf. fig. II-2-ii-1 and II-2-iii-1)

would remove the delta function from the expression for the
intensity distribution resulting in this function being a

well behaved continuous function of two variables.

For the time being, no assumption will be made about the
transmission function of the itb collimator (Ti(yi)) or the
mosaic distribution of the specimen (W(n)). We restrict our-
selves to angles coplanar with the scattering plane.

What is the probability of having a neutron of wave
vector ﬁ;ﬁk scattered in the direction Yo relative to the central
direction of the scattered beam? (72 is positive for angles
measured toward the unit vector n; see Fig. II—2-v—ll Assuming
that the propagation of a neutron through the individual steps
of the transmission through the incident beam collimator (i=1l),
the scattering by properly oriented mosaic blocks and the
transmission through the scattered beam collimator (i=2)
correspond to statistically independent processes, the composite
probability is given as the product of the individual probabilities,
i.e. ~

m(k,8k,Yy) = Ty (y)W(n)T,(y,) (16)

where the angles Yy, M and Y, are coupled with each other and with

dk; they have to satisfy indentities which are now derived.
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The value of the wave vector k+dk defines the correspondhg
Bragg angle es and allows us to calculate n and Yq- Fig.
IT-2-v~1 jillustrates the relation between the different angles.

The results of interest are:

n=y, - 88 (17a)
Yi =Yy - 2488 (17b)
Hence we may write equation (1) as
Tk, 6K,7,) = Tq (7,-280)W(y,=68)T, (v,) (18)
where
§6 = :%E tan 8 (5)

Hence the composite probability function is a function of two
independant variables for a given value of the central wave
vector ﬁ.

In order to proceed any further, we have to make some
assumptions on the nature of the functions Ti(yi) and W(n).
It is physically plausible and it will be mathematically

convenient in the calculation of a phonon line shape in II-4 to

assume a normalized Gaussian function for W(n), i.e.
W(n) = 1 exp[—%(%ia (19)
Y2To

A study of the more general case where the standard deviation
is itself a variable has been performed by Dymond [70] for the
case of elastic scattering but it will not be considered here.
The analytic form of the transmission function should
properly be chosen as a triangular function with a flat central
region to take into account critical scattering (sub-section

II-1-iii),
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iee Tylvy) = 0 (lyyl-e0)0 e~y ) (g0 too-vi D (20)
where we have used the previously defined 6 function (equation
II-1-(3) and 9 is defined by equation II-1-(5). However,
this is mathematically difficult to handle and, for the
reason already mentioned we adopt the approximation of a
Gaussian transmission function for the collimators, i.e.

T, (v;) = eXP(’%Yi/Gi) (21)

Hence the final expression for equation (18) is

Tk, 8k, v,) = exp(-% 52) (22)
V21O
~ ~
where 22 = (y +2§§ tane)z/a2+yz/a2 + (v +§§;tan6)2/o2 (23a)
| 272 11Yo7%, 2" 7
= T.v2 4 T.y.(3k)+Z.(3k)?2
1Y2 272 3 (23b)
ZDZZZB being defined as
1 1 1 |
Zl = a—2 + a—z- + 0—2 (243)
1 2
: & 2 1
5, < 2tan 0 2, 1, (24b)
2 3 7]
k o o
1
2 A
5
r, = tan 8 (if + lf) (24c)
k o o
1

Equation (23b) is the equation of an ellipse centred on the
origin and rotated with respect to the (6k,y2) axes and it
governs the behaviour of the two dimensional Gaussian composite
probability as a function of the two variables Yo and dk. For a
given value of Yoo the intensity distribution in terms of d&k

has a Gaussian structure centred around the value

Sk = —=— (25a)
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Similarly, if dk is a constant, the maximum occurs at

Y, = -(8k)Z, (25b)
3T |

1

the set of (Gk,yz) points such that Zz is a constant defined
as isoprobability contour in k—space. This contour may be
obtained by solving the quadratic (23b)or alternatively by
joining points of equal probability on the set of functions
of onevariable (either &k or yz) for different values of the other
variable as illustrated in figure II-2-v-2 depicting the sit-
uation of a Cu(200) at a neutron energy of 2Thz with colli-
mation and mosaic parameters corresponding to those found in
the analyser. Observe that the low energy end of the ellipse
is closest to the normal of the scattering planes, as expected.
It was verified that calculations according to equation (20) or
(21) give essentially the same result.

The total intensity scattered in a given direction is
obtained by integrating e_gftion(22) over all possible wave vectors

I(ﬂ,yz) :L ﬂ(ﬂ,dk,yz)d(dk) ‘ - (26)

In the small range where the integrant is large, we assume

that the Maxwell spectrum is constant,Using the result of

part i) of appendix A-1, this gives

I(]z Ys) = exp{—l(z Zg )YZ} (27)
, = -z
2 20/f3 271 ry 2
we have neglected the term 2
LYo
erf ( )
2/% 4

because of the small angle approximation. Note that the
result of the integration gives a Gaussian intensity distri-

bution as a function of angular displacement away from the
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central direction of propagation of the scattered beamn.

The total intensity is obtained by integrating (26)

over all angles in the scattering plane

Teoe (k) = | dy, Ilk,yy)  (28)

- 00

where the physical limits (-mw,7) were replaced by the con-
venient ones (-»,»)_, Again using the result of part i of

appendix A-1, we get
_ V27 :
Lot (K) = —————= L (29a)

7
0/22123 12

alaz (7r)3/2

(29b)

A A )
. 2 &
51netanedhkl/§(4c tay+o)
This result should not be used to obtain the effect of
variation of crystal mosaic spread (o) on the scattered inten-
sity since no considerations were made of extinction (appendix A-3)

It however illustrates the dependence of the total intensity

upon collimation aﬁgles.
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GEOMETRY OF SCATTERING FROM A MONO-CRYSTAL
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Legend: n, unit vector defining the centre of the
| crystallite distribution
xi' déviation relative to the-central directions
3, central Bragg angle
8, Bragg angle for a non-central process

"(, deviation of a mosaic block relative to n.
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II-3 Derivation of the instrumental resolution

function.

We now proceed to derive an analytic expression for
the resolution function of a neutron spectrometer. Altought
the mathematical derivation may make this part a bit painful
to read, we will try as much as possible to keep in close
touch with the corresponding physical reality. The necessary
and plausible approximations will be well indicated as well as
being justified. 1In fact, this section which deals with the
instrumental resolution itself, i.e. independently of the
characteristics of a particular specimen, is quite exact.

This is because of the fact that the components of a spectro-
meter are characterized by angular parameters such that

the small angle approximation is valid. On the other hand,

the next section which deals with the contribution to the
resolution function from the specimen being studied is of a
much more restricted scope; it will define the limit of validity
of the theory. The approach adopted here follows that of the
classic paper by Cooper/Nathans [67].

The natural variables being the momentum transfer HQ
and the energy transfer fiw, we proceed to define an object
giving the probability of detection of a neutron having gone
through a (§}aﬁ scattering process while the instrument is set

A
for looking at the point (Q,‘b in (Q,w) space; this object is
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the resolution function R(§fAQ,Q+Au0 of the instrument. In other
words, it give the relative probability that a neutron recorded
in the detector went through a (§fqg,3+bw) process. Ideally,

the resolution should be a delta function in the g'andcu
variables, but the existence of non-zero mosaic spreads in the
monochromating and analysing crystals as well as the imperfect
collimation resulting from the requirements of intensity,

result in the resolution function having a non-zero window

width in both the Q and w variables.

i) Derivation of the resolution matrix.
‘This section is fairly general. No aSsumptions are
needed about the type of scattering or about the response of

the specimen to a (Q,w) probe. Consider a certain spectrometer

. A A A
setting: Q = kn - kg (1)
A0 =82 G2 - 52 (2)

as illustrated by the vector diagram of fig. II-3-i-1.

Here Eﬁ and:ga are the most probable neutron wave
vectors being scattered from the monochromator and analyser
respectively. Their magnitudes determine the energy transfer,
as given in (2), and both their magnitudes and relative
directions of propagation determine the the momentum transfer,
as given in (1). This means that an uncertainty in the

magnitude of either the incident or scattered wave vectors

results in an uncertainty in the momentum as well as the
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energy transfer, while an uncertainty in their relative
direction of propagation only results in an uncertainty of the
momentum~transfer.

The most probable wave vector values are defined by

N P
k = w (3-a) ; k_= ”* A (3-b)
m —m-ﬁ—7h a —s——
dm51n Gm) da51n(ea)

Any (5;5) process is obviously related to the most
A
probable (Q/G) process by the deviations of the incident and
scattered wave vectors from their central values defined in

equations (3) by

k=% -% % -% (4

Blp= Ky = Ky (4720 Bka= Ky -k, (4D)

The corresponding shifts in energy and momentum transfer are
A
AQ =0 -0 =4k, - ak, (5-a)
A ~ ~ VA N
Ae = R(B-@) = n2 f( %2 -F2) - (%2 -%%
M m a m a
- “ ] 2 2
- 152— ( Xm*@km — ka®ak,) + L@k,)"-1(ak,) }
M 2 2

(5-b)

Now we may consider a few interesting cases; these
are illustrated in fig. II-3-i-2.

a) Assume that Ak = Ak =Ak

then AO =0
~ 3 A AN A\
and pe =A%k -k )eak = A2QeAk
M ~m ~a ~ g~

P
Observe that if g'andek are orthogonal, then there is

no shift in either 2 or w,



FES A-3-(-2- m“Strat‘ .
) . Lion of first order shifts in @ and
pat??%ﬁ:':tf’“f'”] cases f in & and w
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b) If L}i(a = 0 then %D =eJ<m :
. A
4 AE = A 2
an ﬁﬁfm km/ )OAkm
~ 2N .
gy k oAk (to first order)
_ ~m

Thus there is no shift in energy (to first order) for incident
wave vectors whose projection on the direction of propagation
of km (i.e. defined by the unit vector im as defined below)
is equal to km. Obviously the same type of argument holds
if égm is assumed zero instead of k..
c) If :}f\m'Mﬁn ,«a’A~ka =0
then 3 # 0 in general
and Ae =0 (to first order)
If also ‘Qfm = Afa as in a) then there is no shift in both

Q and win first order.
N

Thus if we define the transmission fuhctions: {(using

the symbols defined in table I-1).
as Cm(km,Akm )&) for the monochromator crystal
C (k ,Ak )b) for the analyser crystal
and T, (X J ) for the individual collimators, the

index i=0,1,2,3 referring to the respective regions: in-pile,
monochromator -to-specimen, specimen-to-analyser and analyser-to-
counter, the total probability for the propagation of a neutron
through each of the elements of a spectrometer is

(o %4

p(}im,k )_Tt T, ()/ I (k Bk 1)C, (k Bk Yo (6
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As usual, the J& are defined as positive when they are measured
toward the normal to the scattering plane. This convention dif-
fers from that used by Cooper/Nathans in that they used a
counter-clockwise positive direction, resulting in a posi-
tive angle corresponding to an increase in the magnitude of
the scattered wave vector in the case of the analyser and
to a decrease in the case of the monochromator. It seems
desirable to remove this asymmetry and at the same time be
consistent with the previous notation; thus, as before, an
increase in the magnitude of the angle x always corresponds to a
decrease in the magnitude of the most probable wave vector.

From the considerations made in section II-1 on
collimators, it is obvious that the transmission function of
a collimator may be decomposed in two terms dependent res-
pectively on the vertical and on the horizon£a1 direction of
propagation:?

T, (/1'5’ = T, ‘Il’TV(S’

where T?(ei) = exp (- 19 Ax ; TV(e ) = exp(-%?i/p i)

We may rewrite the expression for the total proba-

bility, using the result of equation II-2-(22), as

P(km'ba) = thbm’Ka) x Pv‘bm’ka) (7)
A~ A e
, = / (8-
P ek ) w(km,ékm,h)_xﬂﬂ(ka,Jka,h) 8-a)
P _ v
p, (%K) = {};IZ 'ri(cfi)} (8-b)
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Thus, the transmission probability may be separated into two inde-
pendent terms corresponding to processes in and out of the scat-
tering plane, since equation II-2-(22) shows no correlation between
the scattered wave vector and the vertical divergence angles.

We show in appendix A-2 that the in-pile and counter
vertical deviation angles (J; and J;) are not independent but are
respectivly related to the vertical divergence angles in the mono-
chromator-to~-sample and in the sample-to-analyser regions (Sl
and J ):; hence, the function PV(E%,Ea) is actually a function of
81 and 52 (equation 8-b). Using equations II-2-(22) and (23),
we may wfite |

~ [o)

P (Kprky) = Prexpl-1G7 +32)) | (9a)

2_ A2, .9 A : 2 . 2_ 202 2 .an a 2
z = ZTkmh*E?kmhAkm*fé‘ (Ak )% (9b); Si= Z2RIY+ Sk, Yok 435 (Bk,) T (9¢)

m a
where S, =(l+1+1 ]/ﬁi (1oa); sy =1+ 1+ 1,42 (10b)
42 o2 52 72 <2 o2 a
o 1 m 3 2 7;
A A
35 = 2tan()[ 2 + 1 ] (10c);55 = 2tan(8,)[ 2 + 1 1 (10d)
Y4 L2 m2 Y] L2 22
m o m a 3 '?a
A .
5% = tan®@ )0 4+ 1) (10e);%3 = tan’E )1 4 + 11 (100
2 " T2 2 <2 @ 72 2
k o k «
m <>’7nl a 3 7a
and
= poO - 2 . 2(2 2 , 212
Pv(km,ka) Pvexp[ %‘allkmgl + alzkaJ;)] (l1la)
where .
2 1 1
as, = + (11b)
11 2N 2 2.7 2732
(4 tan (em)n ot Bo)km Blkm
2 1 1
312 = =7 ¢ (11c)

2.2 2 2.2
sza (4 tan (ea)na +B3)ka
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The symbols being properly defined in table I-1.

Since there is no unique path for a neutron going
through a (Q}ab scattering process, the resolution function
[] . o~ M 3 () . ]
for a given point (g,w) is obtained by integrating the pro-
bability of such a process over all possible paths (in g—u)
space) leading to that transfer in momentum and energy,

namely the sextuple 1ntegratlon

R(g,w) = { dk dk ,k (Q-(k X ))S(w-/ﬁ(k X2 D) a2

~lmava

where the vector notation was used in the arguments of the

functions for compactness and the constraints on km and ka
) ny
are given by the delta funetions.

The observed intensity for a given instrument setting
is the convolution of the resolution function and the

scattering cross-section, i.e. the quadruple integration

1Q& = (RO @ w af aw (13)

fR(é\M_g,GM&a) 0’(§I+4\9,3+Aw)d@9) d@w) (14)
The second form where the variables of integration are the
deviations from the central point (@,O) turns out to be

the natural choice here and the analytic form of the resolu-
tion function using these variables can be conveniently
formulated in matrix notation; the explicit form of the

matrix elements will now be derived.

Let us define three sets of right-handed orthonormal'vectors*

namely (lq 'iq ~Q), (im’lm’lm) and (iacja'la) in relation A
to respectivly the central values of the wave vector transfer Q,
~

*Note: that is, obeying the relation i Aj = 1_ (x=q,m,a)
XA ~X
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~ A
the incident wave vector sm and the scattered wave vector ba'

As illustrated in fig. II-3-i-1, the ix vectors (x=q,m,a)

are chosen to lie in the direction of the corresponding

wave vectors and the jx vectors, perpendicular to the asso-

ciated ix’ are in the scattering plane; the third vectors (lx)

are perpendicular to the scattering plane, parallel to each other.
Consider first the uncertainty in momentum transfer 2}

equations (4) and (5-a) have already shown that it is of

the form: [;9 = 43m - Q}a (5-a)

Let the vectors on the right hand side be expressed in terms

of their respective orthonormal vectors:

i.e. Ak =xi +y 3 +2z1 (15-a)
~m m.p mAm mAm
A,lia = xaaa + ya?\g + zaia (15-b)

By a trlvial linear transformation, these can also

be expressed in terms of the set (i ,j.,1.0). Fig.'II—i-i-l
AQ QAR
shows the rotation angle between im and iQ, that is
~ N

between %m and 6. labelled as §_and that it is equal to

(555 + §) between

A

ia and &a' Thus,

= s -~ ~, s
(xmb+ymaL£Q + (—xma+ymbllq + %miﬁ (l6-a)

45a = (xag."'yaA.)in + (-xéﬁ¥ya§13Q :\faig (16-b)
where &=sin) ; & =sin(} + 26)
%= cos@ : B = cos(Q + 53;)

Equation (5-a) may then be written as

QS = XliQ + X5+ X (17)

ot Xale T Xalg
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h X b+y 8 B A 18
where 1= xm yma - xa ya (18-a)
~ P P~ A~
= - + b + A - B -b
x2 xma ym xa ya (18-b)
X, = - (18-c)

z z
3 m a
Notice that these values are the negative of those used
by Cooper/Nathans since these workers had defined Q
~
in the opposite way as what was done in eq. (1).
Now consider the uncertainty in energy transfer;
equation (5-b) which includes second order terms may be
simplified to read in first order:

A A '
A€ = A2(K odk - K odk ) (19)
M A ~Mm A ~A

In conformity with equation (15) and with the definition
of the (&m'gm'%m) and (3a49a'ia) orthonormal vectors, the
two scalar products in equation (19) can be simplified
N
and A€ = hz(x k - x,l?») (20)
M mm aa
beiﬂj the same as would have been obtained by taking

partial derivatives in eq. (2). Thus the longitudinal com-

ponent of the shift in magnitude of the scattered wave vector

is X =Axm - Su (21)
where | N = /lzm/g ;. o= MAW (/l:a*ﬁ)

In the following, we will treat the shifts in momentum
transfer and energy on equal footing as components of a
"distance" in (g-w) space and we can achieve a symmetrized
notation with equations (18-a,b,c) by writing (5-b) as

X, = dw= w-@ | (18-d)
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Similarly, by using the relations (18-a) and (18-b)
it is possible to write Ym and Ya in the same form as X,

in equation (21) above, i.e.

LYy = ~BX; + AX, +/me - X (22-a)

LYg = -bX; + aX, + xp '/exg (22-b)
P A
where o = sin(fas) = bR - 48 ; /9 = cos(zes) = 32 + BB
But we know from equation (21) that X is a function of X
A ~
oLy, = -BX) + AX_ + (B —A)xm + S (23-a)
A A
LY, = ~bX, + axX, + (1 -Al)x + B9 (23-b)

Equations (21), (23-a) and (23-b) can now be written in con-

densed symmetrized form:

X =4Axm + H (24-a)
y =Cx +D; C= (B-A)/L (24-b)
y,=Ex +F; E= (1 ~Br) /74 (24-¢)

It might be appropriate to pause here and explain that
the purpose of the above mathematical transformations was
simply to express the deviations of the incident and scattered
wave vectors as a function of the deviation in (guo) space
from the central point (§}C§ in order to perform the
integral (12) for the resolution function. The delta functions
in that integral giving the constraints between the variables
of integration were used to express these variables as a
function of X thus effectivly transforming a multiple integral

into an integration over a single variable.
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In equations (24-a,b,c) the dependence on Xl, Xos

X3 and X4 (i.e. the "distance" in (Q-w) space comes from the

terms H, D and F which may be written

D = dex (25-a); F = f£-X (25-b); H

heX (25-c)

the components of d, f and h being

d= (-Bu, am, 0, mphk ) (26-a)
£= (b7, a¢, 0, AMAR L) (26-b)
h=( 0, 0,0, -M/AR) (26-c)

We are now in a position to calculate the integral (12)
for the contribution to the resolution function of processes
taking place in the scattering plane; the effect of vertical
divergence will soon be considered but for the time being the
variables of interest are the horizontal components of
dsm (i.e. %n'%n) and q&a (i.e. x,,¥,) in equation (12).

Since the small angle approximation is valid, the devia-
tion angles yl and YZ are coupled to the gquantities Yo and yé
through the relations:

A Al
V1= %/l (27-2) 5 [, ==y, /K (27-D)
The negative sign in the second expression stems from the
angle convention in fig. II-3-i-1. Equation (9) may now be
written in terms of the components X X xn,and Ya without
reference to the deviation angles and the term of the exponent
becomes

2 L2 o <™2 . om M2 4 <ay2 - a2
20t Eg T3 Y 30%Ym P23 T 31YE - 33%.Ya T2y, (28
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Replacing the terms X0 Yo and Y, by their
expressions given in (24) renders the argument of the

exponential function in equation ( 9) particularly simple so

that ~ ® . »r
-— - ' ] ]
R, (Q,w) —fdxmphexp[_%_(ix X, +B'x +C )] (29)
where e
_«l.2 a.2 m., _ @& m 2
A' =34C + 3ET +3,C - 5,4 + (E3 + =A%) (30)

a
B' = (237C + Wb + (2E3) - 35NF + (2354 - 3,B)H (31)
c' =3"? + 2p2 _ s%py + 33K° 32
T =1 21 22 3 (32)
* * * * * *

Using the results of appendix A-1, integral (29) may
be evaluated to be

2
R (0,8} = RPexpl-1(c' - B'") ] (33)
h ~ ™= AT
In order to obtain an explicit dependence on the
natural variables Xi (i=1,4), it is necessary to carry out
the substitution in the exponential (33) of the relations

(25) and (26). So we may write for convenience

c‘-xa};2 = 90D2 +g1F2 +92H2 +g4FH +g,DF +g.DH (34)
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The X, dependence is contained in the terms D,F and H.

Their coefficients are defined by:

g, = 27 - (25]c + =7)2/ 4" (35a)
g = 22 - 257 - M2/ aa) (35b)
g, =23 - (25a-=m)%/(n) (35¢)
g3 = -135 + (2=]E - 0 (2%A - =7E)1/(2A") (35d)
g, = -(257c + 3% (22{E - z58)/(22") (35e)
gg = - (2£7c + =) (225N - Z5E) /(2A") (35f)

From the expressions (25-a,b,c) for D, F and H, it should
be obvious that the argument of the exponential is of the
form:
-1 2 . M_ X, Xg (36)
—7r:s=1,214 rs

= 2gdd +2g £ £ +2g,h h +
where Mo [ 9,4, 9, gl s g h h,

1
2 r

g3(frhs+fshr) * g4(drfs"hdsfr) * g5(drhs+dshr)]
(37)

Let us recapitulate. The basic equation for the cal-
culation of the resolution function is equation (12). We have
seen with equations (7) and (8) that the probability function
P(E&,Ea) could be separated into a product of two functions of
different variables describing the neutron propagation in the
scattering plane and perpendicular to it. Hence the sextuple
integral in (12) could be writen as the product of a quadruple
integral

A A _ . ™~
Rh(ngg, w+dw) = J’dxmdymdxadya Ph(fm'ba)

. J{ég—(xm£m+ymim—xaia'ya2a)}

x ;{Aw-lﬁ(ﬁ X -ﬁaxa)} (38)

2M' "' m'm
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and a double integral

A A ~  ~
Rv(g+é9,w+Aw) = fdzmdza Pvﬁbm’ba)
X S{QQ - (zm—za)ﬁo}
x § (Aw) (39)

the function P._ and P, being given in (8). The delta functions

h
expresses the constraints on the components of the incident
and scattered wave vector so that the scattering process is
one which is shifted a distance (QQ,Aw) from the central
process (g,g) (See equations 5-a,b).

Let us now proceed with the determination of the re-
maining matrix elements. First we observe the fact that the
absence of correlation between vertical angular deviation and
the magnitude of thé scattered wave vectors allows us to
write immediately

. M3S = M53 =0 (S=1,2) (40)

Similarly, the fact that there is no first order shift
in energy as a function of vertical wave vector components
(Eq. 20) results in

M =0 . (41)

34 = Mg3
There now only remains Mj3 to evaluate by performing the inte-

gration in (39). As before we use the small angle approxi-

mation to write

5. = X (4 8
—zm/m(2-a);

_ A
1 =z /K (42-b),

2

and the expression for Pv(g;,g;) (Eg. 11) becomes
v 0 1,2 2 2 2
Pv(,]fxn’A]Sa) = P, exp{ f(all z, + aj, za)} (43)
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The variables z. and z, are coupled to each other by the first
delta function in (39) and using equation (18-c) we may write:
Za T Zp T X3
z, is now the only variable of integration and we can evaluate
(39) as

o 1.2 .2 1,2 2.2 .2
P, exp{ 5 a12x3} fdzmexp{ zlaj; + ay,)z 2a12X3am} (44)

With the result of appendix A-1 we get

R (8+AQ 3+Aw) = R° (-1 m..x%}
v T Ry eXpi=yz 3343 (45)
where a2 2
' Mo = 11 412
33 7 a? + 2 (46)
11 %12

which completes the determination of the matrix elements.

Equation (7-12) lead to the final expression for the
resolution function

R(Q+4Q,8+Aw) = R(X) = R_exp(-3X"Mx) (47)

where R, = Rg X Rs is the value of the resolution function for
the central process (é,w); it could be called the luminosity of
the instrument for a particular setting and although it could
'be calculated in principle from a knowledge of the absolute
characteristics of each of the spectrometer components (e.g.
crystal reflectivities, incident flux distribution, counter
sensitivity, etc), in practice one is ;ather interested in
knowing how the resolution can be optimized for the measurement
of a particular phonon and how the apparent peak position is
related to the true peak position and this is governed by the

exponential term in (47).
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ii) The matrix notation is mathematically convenient
but does not have an immediate physical interpretation as such.
However the equation XTMX=p can be visualized as an ellipsoid
defining an isoprobability surface in 4-dimensional (g,w)

p/2

space such that the quantity e is the probability of

de;ection of a neutron having gone through a [(@,é)+§]
scattering process relative to the probability for a (é,@)
process. It turns out that this ellipsoid always has a
principal axis along X4 (AQZ), a second one very nearly
parallel to X;,and the last two are rotated relative to
the XZ—X4 axis., This last feature has a most important
consequence since it allows the possibility of focussing
by introducing a correlation between the orientation of the
ellipsoid and the dispersion surface of the specimen. The
dispersion surface is defined as the loci of points in
(Q,w) space where the dispersion relation of the specimen
wEw(g+L) is satisfied. Consider a small portion of that
surface which does not contain any singularity (i.e. reci-
procal lattice point, or Kohn kinks); then the energy
gradient with respect to wave vector is a well defined
quantity and we may write
w(é+§9) = w(%) + Qg-zqw(&) + O(qu) (48)

The point is that the particular value of the energy
gradient has but a small effect on the linewidth when gradqw
is parallel to g(i.e. iJ.Such is not the case when gradqw is
parallel to 1R Since the amount of parallelism between

the dispersion surface and the tilted resolution ellipsoid

determines the intensity distribution along the scan. This
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fdcussing is more pronounced when the dispersion surface is
parallel to the ellipsoid and it falls off with departure
from parallelism. In general, gradqw is not exactly parallel
to either Xli@ or XZiQ and may lie anywhere between these

positions (See below); in this general case, it is only the

component of gradqw along X which determines the focussing,

2a
as the other component of the energy gradient is in a direction
where the principal axis of the ellipsoid lies in the plane

w=0.

We may now anticipate and, referring to the expression
for the one-phonon scattering cross-section, we observe that
the polarization depéndent term (Q-E)2 governs the choice of
the position in reciprocal space suitable for observing a
particular phonon. The situation is particularly simple
along the symmetry direction since only then are the polari-
zations either truly longitudinal or truly transverse.
Another simplification found in this case is the fact that
the energy gradient is along the symmetry direction
because of reflection invariance perpendicular to the
symmetry direction.

Thus, a longitudinal phonon is measured in a direction

VX

closely, if not, parallel to the vector gjwit was previously ©~-™
that the only contribution to focussing comes from the com-
ponent of the energy gradient parallel to the direction X2ZQ'
which is indeed a small effect in the case of longitudinal
phonons.

In the case of transverse phonons, on the other hand,

measurements are carried out in a direction closely perpendicular
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to the vector g, resulting in the energy gradient having a
large component in the direction X21R with correspondingly
large possible focussing. The amount of focussing depends on
the degree of parallelism between the dispersion surface

and the ellipsoid; this degree of parallelism can be varied

as the gradient varies along the symmetry direction or as

the angle between 2 and g'varies. Focussing goes through a
maximum when parallelism is complete; this is to be contrasted
with the case of longitudinal phonons where the degree of
focussing increases from zero as the angle between Q and g,

changes from the ideal value of w/2.

iii) The resolution function near a reciprocal lattice point
can be measured in a straightforward way, as first suggested
by M#ller-[67], and the experimental procedure will not be
repeated here. The point of interest is the fact that in
the previous theoretical considerations, the natural variables
were Xliﬂ parallel to gfand XZZQ perpendicular to Q. However,
although the measurements could be made by scanning in the
direction of iQ_and‘jQ, it is more convenient to scan in
the symmetry direction along which the phonons are measured
and thus obtain the resolution function along the direction
of interest. Obviously, the resolution function obtained
in this way becomes less and less suitable the farther away
in (g,w) space a phonon is measured from a reciprocal lattice
point (1,0) used to measure this function.

In order to compare the measured isoprobability con-
tour and the calculated one, it is necessary to solve for the

intersection of the resolution ellipsoid with the plane (q,®)
v
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A comparison between the calculated and measured contour
affords an illustration of the worsening of the resolution
from the specimen mosaic spread and will be discussed in
Chapter III. For the time being we will briefly describe
how to solve for the intersection of the resolution ellipsoid
with the plane (g/w)

The iseprobability"surface"is given by

X'MK = I X Mg Xy = D (49)
1
where p is a number such that e™P/%s the value of the resolu-

tion function at the "point" X. A general linear transformation

to a new basis leaves (49) unchanged:
XITMlxl - p
Assume that X = AX' (A; a linear operation) thus:

T

X MX (AX')TM(AX')

= x'T(aTma)x"
— XITM!xl (50)
In this case, the linear transformation must leave X3 and X4

unchanged and rotates X, and X, along and perpendicular to

1 2
the symmetry direction respectively. The operator A is

A E(Az 0)
o 1,

where the submatrices are 2 x 2. The matrix A

necessarily of the form

5 is that for

a simple rotation in the Xl X2 plane given by

cos® —sine)
sin® cos0
where 0 is the angle between Qland the symmetry direction.

r
Thus, T o[P2 ©
“lo 1,



53
and the new matrix given by

M' = aTma
can be calculated in a straightforward way. The matrix

elements of M' are

Mil = M11°°SZO + Mzzsinze + 2Mlzsin@cose (51a)
My, = M ;sine + M,,cos®0 = 2M ,sin6cose (51b)
M§3 = Mg, (51c)
M;4 = M,y (514)

Y I . . 2, _:..2
Mél = M12 = M1151necose + M22 sin®cosO + Mlz(cos 0-sin”0) (51e)

— ' = i
Mal = My, Ml4cose + M2451n9 (51fF)
v L .
My, = My, = M1451n® + M, ,cos0 (51q)
M! = = =M!_ =M. =M'_=0 (51h)

1 [}
13 = M3; = Mo, 32 34 43

Knowing these matrix elements, it is a simple matter
to solve for the intersection of the resolution ellipsoid
with the (Xi,X&) and (Xé,x;) planes to obtain a contour
which can be compared with experimental results. This
calculation was incorporated in the computer programme
for the calculation of the line shape which uses the theory

of the next section.



‘4-Line shape

54
of a neutron group for a one-phonon
scattering process.

i) The scattered flux per unit solid angle when the

instrument is "looking" at the point (6,;) is given by the
equation II-3-(14), i.e.

1(Q,u) = fR(éféQ,;+Aw)§5%(Aw)(éfég,;+Aw)d(é9)d(Aw) (1)
and the expression for the partial differential cross-section
for a one-phonon process is

2 , 11
A9 - en? B 155 |9, (0) |26 (0rq-2m1 )6 (whng) (2)
dadw o S wg ' ~~ Vv
where
/hw.Uv
n(xs) 1 (xS = ETl ) (3)
exp(xs)-l
is the Bose-Einstein population factor (Reif [65])
and E;
K (Q-E(S,k))exp(i0-R )exp (-W(Q)) (4)
g.(Q) = I — , - -
S ~ k /ﬁ; ~ ~~k ~

is a modified form of the structure factor for inelastic
scattering by a one-phonon process (Bak [64]).

In the
following we restrict ourselves to this type of process and

this limits the validity of the calculation of the line shape
to cases where elastic coherent/incoherent and multi-phonon

processes can be neglected.

We will assume that the variation of the structure

factor throughout the region of reciprocal space within the

resolution of the instrument is insignificant and we write

95 (Q) = g g, (<Q>)  (<8>=<q>,<j>)

(5)
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i.e. S is taken as the value of g and j of the peak of the
measured phonon.

For convenience, we will also assume that the value of
the mode S=(q,j) only refers to one branch j. This is no
restriction in generality since the final line shape may be
obtained by adding the contribution of the different branches
in caseswhere the spacing between the different dispersion

surfaces'is comparable to the energy resolution of the instru-

ment. Hence the factor of interest in the cross—-section is
;KU (n(x )45ty
k ! § (Q+q-2717) & (w-w,_) (6)
q O wq ~ lad q

The two delta functions define what we have already called
the dispersion surface (sub-section II-3-ii).

In order to carry out the integration in (1), it is
necessary to define the geometrical shape of this dispersion
surface, An obvious way would to be solve the dynamical matrix
for a mesh of points in the region of k-space contained within
the resolution of the instrument. By doing this one also gets
the polarization vectors as a function of g; thus one can cal-
culate the exact structure factor as a function of g and by
numerical integration solve (1). Such a computer programme was
written by Dr. E.R. Cowley and proves very useful when the
curvature of the dispersion surface is very pronounced (Copley
[701).

Since we are assuming a constant structure factor, this
requires that the eigenvectors are very nearly constant and

physical intuition tells that this is best verified when there
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is little mixing between the modes, i.e. when the dispersion
surface has a small curvature. Then the gfdependent dispe%sion
relation can be well approximated as a first order function in
g. Hence we may write the frequency expansion as (see II- 3-(48))
w = wo + Q-Q% (7)

where c=V w (the group velocity) and g%«l.

™ lg=q

The dispersion surface linear in 8q is the most
restrictive approximation of this theory. Obviously it breaks
down near a reciprocal lattice point but the great advantage
over the numberical method is that it allows a much more rapid
calculation without any knowledge of atomic force constants.

Since this calculation does not apply to the small
wave vector region, we are justified, as a first approximation

to assume that the factor

1.1
A 2 (8)
k w
S .

in equation (6) varies but little within the resolution of
the instrument. This allows a completely analytical solution
to the calculation of the line shape.

However this last approximation may easily be removed by
performing numerical integration. We will come back to this |
point later.

The population factor, or rather the quantity
(n(x)+%t%)/x which enters into the expression for the cross-
section (2), determines the relative merit of performing an

experiment under the conditions of phonon creation or phonon

annihilation. This comes about from the behaviour of (3)
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in the limit of large x

lim n(x) = 0 (Phonon annihilation)
X+

and lim n(x)+1 > 1 (Phonon creation).
>

Both functions are monotonously decreasing, as
illustrated in Fig. II-4~i-1, and it is seen that the
situation becomes increasingly more unfavourable for phonon
annihilation as the phonon reduced energy becomes larger
than 1 (aa. measurements at low temperature). At the other
extreme, i.e. for x<<1, the graph shows that the corresponding
curvés for phonon creation and phonon annihilation converge
into one another; thus at high temperature and/or low phonon
energy it is indifferent whether one does the experiment under
a process of bhonon creation or annihilation. A particularly
illumimating discussion on this aspect of guantum statistics
is to be found in Feynman [65].

The third function plotted in Fig. II-4-i-1 is related
to the energy difference between the true peak position and
apparent peak position of transverse phonons and will be
discussed in Section II-7.

ii) Calculation of the line shape for phonons other

than At.

We have previously (sub-section II-3-ii) discussed
briefly the symmetry property of the energy gradient of
phonons measured along a symmetry direction. In the rest
of this section we will consider only phonons along directions

other than At’ reserving the entire section § for the peculiar
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case of the At branch. |

The expression for the cross-section in equation II-4-(2)

explicitly contains the conservation relations of pseudo-momentum
and energy and this can be taken into account in the inte-

gration II-4-(1) by writing the equation of the dispersion

surface as a function of wave vector.

Consider the relative position of the dispersion surface
and the resolution ellipsoid as illustrated in Fig. II-4-ii-1.
We have to integrate in equation 1II-4-(1) the resolution
function over this surface in order to satisfy the conservation
in the delta functions of equation II-4-(2).

We can define ( §9*, Aw,) as the separation in (g,w)
space between the actual position of the centre of resolution
ellipsoid (i.e. point (é,a)) and the intersection point of
the scan with the dispersion plane(i.e. point (<Q>,<w>)).

Hence, the energy difference between any point on the dispersion

A
plane and the energy w is given (in the planar approximation) by

Aw = (grad_.w)e (AQ-AQ,) + Aw, (9)
~ Q ~ ~

This is a function of three variables (the three com-

ponents of QQ). Physically gradQQ is the group velocity (c)

and we define its three components along (iq,jq;lQ) as
(€1°2F3)
i.e. c = clig + Crla + c3£Q (10)
Hence,
Aw = EJé? - (E:ég*-Aw*) (1la)

a simplification could be introduced by the fact that
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Arbitrary Scan

“o
+[24e 0 210
agYy $ 7 50nigin of (0Q,, bw)
----- l\ int of infeesection:
1y (4Q), <wy)
I
I
1y
——>1|I<—AQ” %
LAQ:0

Fiqure II-4-ii-1: illustration of the relative position
of the resoclution ellipsoid and the dispcrsion surface.

T

Figure II-6-43
spread of the specimen on the measured phonon wave vector.
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Illustration of the effect of mosaic
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experiments are commonly performed in a symmetry plane of the
specimen's reciprocal lattice. 1In this case the energy
dependence as a function of a perpendicular displacement out
of the scattering plane is a second order effect and the
component Cy could be put equal to zero. However for the sake
of completeness, we will consider the general case; the con-
clusion is the same as that of Cooper/Nathans if one puts c3=0
in the final solution but the result will allow a calculation
of the line shape should experiments be performed out of a
mirror plane in a region of reciprocal space where the planar
approximation is valid.

Equation (1l-a) can be conveniently written as
X, = ¢, X, + ¢c,X, + ¢ X, - W (11b)

4 1 272 373

1
where W= c'AQ, - Auw (11lc)
N AN

*

Hence x4 is a function of (xl,xz,x3) so that the quadruple
integration in the general expression II-4-(1) is now reduced
to a triple integration.

Hence we may write the
T 2 2 2

X"MX = Mlle + M22X2 + M33X3

2
+ M44(clxl + c2x2 + c3x3 - W)
+ 2M12xlx2
= (ax? + Bx? + cx%) + (DX.X, + EX.X, + FX.X.)
1 2 3 172 173 273

+ (GX; + HX, + JX3) + M44W2 (12b)
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where the following coefficients were used
2

B=M + 02 M + 2¢c.M

22 + C3 My, Moy (13b)
C=M,, +c2m

33 + €3 My, (13¢)
D = 2(cyCMy, + My, + oMy, + cyMyy) (13d)
E = 2c5 (cyMy, + Mpy,) (13e)
F o= 2c3 (c My, + My,) (13f)
G = =2W(c My, + M, ,) (139)
H= -2W (c My, + My,) (13h)
J = =2W C3M,, - (131i)

In i) we have discussed the convenience of assuming
a constant partial differential cross-section. In this case,
the intensity at a given spectrometer setting is proportional
to

I(Q,w) = R /[fdX dX,dX, exp(—%XTMX) (14)

Using(12) and(13) and the result of appendix A-1-iii),

this integral may be evaluated analytically to yield:

3/2 53 exp{—-—;-[M44W2 - %]} (15)
VB

where o and B are defined in part iii) of appendix A-1l. The

I(Q,0) = 4(2m)

remarkable feature of this result is the fact that it predicts

a nearly Gaussian line shape. In order to see this, observe
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that the only coefficients in equation(13) dependent on W are
G, H and J. From the form of these coefficients and the result
of appendix A-1-iii) we see that these terms only come in the
factor o products of pairs, eqg. J2, HJ etc. and hence the de-
‘pendence of the argument of the exponentisl on W is quadratic
in the general case where the scattering plane is not pérallel
to a symmetry plane of the specimen's reciprocal lattice.

This can be illustrated if one considers an experiment
performed in a symmetry plane which allows us to write c3=0

resulting in a considerable simplification of equation (13) and

(A-1-iii~-8) for the line shape. In this case equations

read
E=F=J=0 (if c,=0)
Hence
@ = 4(4aBC-D?%C) (16a)
a = 4(BCG2 + AcH? - CDGH) (16b)

and the argument of the exponential function is

1 2 2 2
—5(M44w +DGH-AH“-BG*)
4AB-D2
-1 WZ{M +4[D(c M, ,+M, ,) (c. M, ,+M, ,)
2 44 17447714 274477724
- A(c,M, ,+M )2—B(c M, ,+M )2]} 7
2Maq™oy 1M44™q 4 (17)

two remarks:
a) Notice that we have said that the calculated curve
is nearly Gaussian. This comes about because of the fact that

the coefficients o and B are slowly varying functions throughout
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the scan since the matrix elements in (6) are themselves
functions of the magnitude of the wavevectors and the
scattering angles (section II-3). Hence, one cannot
rigorously extract the width of the scan from the factor of
W2 in equation (15) and the numerical approach whereby the
coefficients o and B are calculated for each instrument
setting along the scan proves to be the right procedure.

b) The second remark concerns the mode of scanning
independently of any form of focusing. We have seen that
the factor governing the intensity distribution along the
scan is the quantity

W= Efég* - Awyg (1lc)

In an arbitrary scan, both AQ, and Aw, are varied. The
quantity W varies fastest when 49* and Awg vary in opposite
directions if ¢>0 and in the same direction otherwise. This
has a simple geometrical interpretation as illustrated in
Fig. II-4-ii-2.

In order to take into account the possible error
introduced by neglecting the variation of the factor n(x)/w
in the region of the dispersion surface within the resolution

of the instrument, it is necessary to evaluate numerically

equation II-4-(1l) which now becomes proportionnal to

n(y) 1 T
where A
Y=/§—(<w>+cx + c,X, + C.X, - Ccel 19
KT 1% * %) 3X3 ~ S*404) (19)

and n(Y) is defined by equation II-4-(3).

In using this procedure one must obviously exclude the
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the value Y=0 from the integration. This has no effect on

the final result if (Xl'Xz’X E%X) lies outside of the instru-

37
ment. If this is not the case, then one is actually detecting

a Bragg peak and one must use the appropriate theory. From

the form of the expression n(x)/x (See Fig. II-4-i-1), it should
be clear that the inclusion of this factor will remove the

Gaussian nature of the line shape and at the same time shift

the peak position toward lower energies.
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II-5- At Phonons and their unorthodox constant frequency surface,

i} The A direction of a cubic lattice(i.e. the rrrg dir-
ection) shows a peculiar behaviour of the constant frequency
surface of phonons of transverse polarization and line shape
calculations for At phonons must be dealt with separately.
It turns out that the constant energy surface is a function
of the three components of‘g'as in the previous case. The
difference comes from the functional dependence of this function
"on the components of Q. Similarly as in the previous section,
we will see that the common situation of experiments performed
in a symmetry plane in directions other than At are but a
special case of the following treatment. |

Consider the case of a crystal with one atom per unit
cell. Gilat [69] has shown that the double degeneracy along
the A direction is removed for displacements perpendicular to
the A direction and that the constant frequency surfaces form
two cones around the (111) direction (i.e. cylindrical symmetry)
touching one another at their vertices.

Mathematically, the frequency shift of transverse phonons
for a small arbitrary tangential displacement from the A dir-

ection is given by
- +/€ Wa

8
T —48ﬂ2mv

v n (1)

T
where: m is the mass of the atom

Vo is the transverse phonon freguency on the

A direction (and of wave vector qje

~/

n is the radial displacement in g-space away
~

from symmetry direction such that the wave
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vector becomes

TR 1,1, (22)
(2b)

E
'—l.
ct
jo 3
39
=
i
o

9 3 9
WA= 35— Dyj{a,) - 5= Dy,(qy) + 25— D,4(q,)
Ny N - N1
- 22 b, (q)) (3)
3 12'9
ny

Where Dij(gA) is the dynamical matrix evaluated at point EP'

Geometrically, the frequency w(q) depends on the para-
meters da and n so that an iso-frequency surface centered on
the point A is defined by the set of wave vectors g+ég such

~N -~

that gEEdq(w)'Qg = 0. Because of the conical shape of the
constant energy surface, the energy gradient in g-space may
be decomposed into two components:

- one along the A direction and given by

B = 3—-—--V (g,) (longitudinal gradient) (4a)
SqA T A
- another one perpendicular to the A direction (i.e. with

cylindrical symmetry) and given by equation (1)

vT

o = g;— (tangential gradient) (4b)

n=0
Obviously the previously considered case of the planar
dispersion surface in a symmetry scattering plane is a special
case of this generalized situation corresponding to putting
o =0
In the following, we will consider how this particular
topology of the dispersion surface can be taken into account

in the calculation of the line shape.
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ii) At phonons and instrumental resolution
The dependence of the dispersion relation frequency on
wave vector is given for a small displacement.(n) in Q-space
~ ~

perpendicular to the A direction by

Vplg) = vplgy) + an (5a)

~

where

19t D (g5°0)=0

R d

n could be called the radius of the Gilat circle and

V6 W
= ——h— (5b)

487 MVT
as was already said.

As in the previous case, the dispersion relation w=w{g)
is implicitly taken into account by expressing the dependence
of the frequency in terms of wave vector. We use the same set
of axis ngjg)lﬂas before to express the energy shift dependence
as a function of Xbx253.

In an exactly analogous way, (Auk—Baq represents the

2
energy separation between the centre of the resolution ellipsoid
and its point of intersection with the point (§3A>,w(§gA?)) on
the A direction; in a constant-Q scan, {gx = 0, for exemple.

Define Aw as the energy separation between the centre of
the resolution and the frequency corresponding to the wave
vector <3A>+§9A.+ D , 1.e.

Aw = Aq* + B(anféqx).i on ' (6)

where dqhudqz" qa 2nd 1 1 g, which is the analog of

equation II-4-(9).
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In the following, we make two approximations

a) as in the case of the planar dispersion surface, we
assume that the dependence of the dispersion relation w(g) on
wave vector q is linear in the A direction (i.e. the longitudinal
energy gradient B is assumed constant in the central region
of the resolution ellipsoid).

b) we also assume that the magnitude of the radial
energy gradient o which is a functional of dynamical matrix
elements is also a constant in that central region.

The relation (2) can now be written in terms of the
variables Xl,xz,x3 which are a natural choice for petforming the
integration (II-4-i-1). Refer to Fig. II-5-ii-1l where the
scattering plane is parallel with a (0I1) plane of the
reciprocal lattice.

Evidently, the component of n perpendicular to the

scattering plane is

The in-plane component of n(i.e. i ) and the shift
along q, are related to the vectors Xléq and Xzzq through a
rotation of axis
ng, = X, sin a + X, cosa (7b)
6qA = X, cos a + X, sina | (7¢)
where a is the angle between j,q and the A direction.
Hence equation (6) becomes
X, = Aw = -W+B(X.cos a + X.sin a)+u{X2+(X cos a - X,sin a)z}l/2 (8)
4 2 1 - 3 1 2
where W = quz - Aw. (9)
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The rest now follows by repeating the same procedure as
in subsection II-4-ii.

However it is not possible to perform analytic integration
and obtain a result equivalent to equation II-4-(15) since the
term X4 contains a square root term and no analog result to
that of appendix A-1-iii exists in this case. Numerical integration
has to be used.

The validity of this calculation is limited since the
eigenvectors do not have simple behaviour except at the zone boundary
(fig. II-5-ii-2). However,it illustrates how this particular branch
may give rise to double peaks (Cowley [70]) since the double
sign in equation (8) effectively results in the observed line
shape being the superposition of two peaks, each given by one
sign or the other in equation (8). This double peak is more
likely to show up above the resolution of the instrument so
much the better that the factor a is large ; it disappears
completely when o=0.

This case where the frequency surface is dependent upon
three variables is a more general case of the particular
situation previously considered where the energy gradient of
a planar dispersion surface was in the scattering plane. This

corresponds to putting a=0 and equation (8) becomes

X4 = -W+B(chosla+xlsin(@) (10a)
= -W + clxl + c2x2 (10b)
since
B cos a = C2
B sin a = Cl

which is equivalent with the result of sub-section II-4-ii for

the case of a phonon within a mirror plane.
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II-6. Effect of the mosaic spread of the specimen

on the calculated line shape.

The previous considerations dealt with the case of
a perfect crystal in which case the value of the momentum
transfer g.corresponds to a well defined point in the reciprocal
lattice of the specimen. However, no crystal actually fits the
idealized mathematical picture of a lattice of absolute perio-
dicity.

Suffice to say that real crystals are actually a
composite mosaic of micro-crystals which are themselves perfect
and are distributed preferentially along the macro-crystal axes.
This mosaic distribution has consequences in both elastic (see
for example Appendix A~-3) and in inelastic scattering. For our
present considerations, we may vizualize the effect as a radial
smearing of reciprocal space since the mosaic structure,
by itself, omly affects the orientation of the crystallites
and not their plane spacing. We will limit ourselves to consi-
derations of the "smearing" in the scattering plane since the
out of the plane component is expected to play a minor role
in any crystal with small enough mosaic spread to be usable.

Similarly as the relative orientation between different
crystallites varies, so does their respective vectors‘defining
reciprocal space. Hence, a given wave vector has a &!%ferent
orientation in reciprocal space depending on which set of

reciprocal space basis vectors if is refered to.
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How does this affect the general expression [equaﬁion
IT-4-(15)] for the line shape? This expression is a function
of W, «, @3 and the matrix(Mrs). This matrix is obviously inde-
pendent of the mosaic spread of the specimen (see section II-3).
Tbe terms o« and pare functions of the different components
of the group velocity ¢{see equations II-4-(13)]}; in principle,
these components vary since they are defined along the g—depen—
dent unit vectors gq’iqand la. One can easily take this variation
into account by adopting a numerical procedure but we will use
the fact that a mosaic distribution is at most a few degrees
wide in order to assume that the factow « and @ are not signi-
ficantly affected by the mosaic structure and can be taken
equal to their central values.

Hence, the main contribution to the line shape from
the crystallites distribution comes from the factor W defined
by equation II-4- (1l1l) as:

W= 2.49* -dAw, (1)

This object was already illustrated in figure II-4-ii-1.
Both of the terms Qg* and pAw, are affected by the mosaic spread.
Refer to figure 11-6-1 which illustrates a projection of the
dispersion surface on the (Zgu,w) plane. Qualitativly, we see
that mosaic spread results in the observed line shape being
the superposition of individual neutron groups contributed by
each of the crystallites; the smearing of the dispersion curve
is increased so much the better that the energy g-gradient

of the phonon lies perpendicular to gl(and in the scattering

*NOTE: figure II-6-1 is on page 60.
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plane). In any case, we can say that, in general, the instrumental

resolution intersects a "dispersion volume" instead of a surface.
x Define AQ, as the component of (QY) parallel to Ihan

i.e. A, = @qcos (b) | (2)

whereln.corresponds to a particular orientation of mosaic blocks

aqd where b is the central angle between the unit vector 2ﬂ

(see section II-3) and the energy g-gradient. W is a function

of‘" , the angular "smearing" in the scattering plane, and we

may write W'(?) = cjQ, - Aw, (3a)
= c’lz— Aw, (3b)
where C = cQcos(b) (4)

if we assume a constant-Q scan for simplicity (i.e. 20,=0);
the generalization is straightforward in the case of an
arbitrary scan and is not needed if a numerical calculation
is carrded out.

We have seen that the general expression II-4-(15)
for the intensity distribution is very nearly a gaussian
function and may be written as proportional to:

1(Q,8) = 1_ expl-15W2] (5)

Ye'

where % is a complicated function of the instrumental
parameters and settings. In the case now under consideration
(i.e. constant-Q scan in an arbitrary plane), the calculated
intensity distribution is obtained by integrating the contribution
of all the crystallites distributed according to the function
W(T)' i.e. o

' Q& = Jd'\w“k) exp (-1 '(»())21 (6)

Ve’
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Again, the mathematically convenient 1limits of (-e9,+00)

were used instead of the physical ones (-w,+7n). If the mosaic
distribution is gaussian, as in equation II-2-(11l) , then we
have

o0
AT . 2 2 2+
I'(qQ;w) = expl-15(Aw,) ]Jd exp[-1 (1_+ c45)-2cAu 7Y
~ ope 2 21 Y gt = %

(7)
Using the result of Appendix A-1, this gives

Q@) =1 expl-1(dm,)> 2 1 }1
Vp(l + o-zczé 2 1+ c-zcz',:'e,'
(8)

where C is defined by equation (4). We repeat that the validity
of the result (8) is limited to a constant-Q scan.
We see that the line shape, as previously, has a nearly

gaussian structure. Its width, however, is now larger by the

factor Vl + rzcz.'ET' (9)

a quantity which is always greater or equal to unity since

the term M is itself positive as can be seen simply by observing
that a physical situation with a well defined peak corresponds

to a positiveg in the expression (5). Equation (8) illustrates
the fact that the neutron group is narrowest (for a given cons-
tant—g scan)when the mosaic spread is small (¢-» 0) and/or

the energy g-gradient of the excitation is parallel to Q

(C = 0; see equation (4)). This ideal situation corresponds

to an identical result as that given by equation (5).

Observing thiat the term /5’ corresponds to the inverse of
the width in the case where there is no mosaic spread present
(equation (5)), then we get the expression for the increased width
(at 1exp(=11) 24 =AY + 2 2 - ym (10)

an intuitivly acceptable result.
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II-7. Correction on apparent peak position because of
the composite effect of the population factor
and the widening of the neutron groups.

The previously derived expression for the widening of a
néutrdnpgroup [equation II-f~(10)] is valid so much the better
that the correction is small. Such is not the case for phonons
of transverse polarization measured on a bad specimen and the
widening may be large enough so that a correction for the effect
of the population factor needs to be made. We will now derive
the expression for thig correction, pointing out immmediatly
that it is valid so much the better that the widening is large
compared with a similar phonon measured on a good crystal.

The e#pression for the cross-section of a one-phonon
process contains a term of the form (n(x)+1%l)/x, where
n(x) is the population factor at the reducidzenergy x [equa-
tion II-4-(2)]. Refering to figure II-4-i-1, it is seen that
the functions n(x)/x and (n(x)+l)/x are monotonically decreasing
functions; consequently, the presence of this term in the
cross-section formula is to give more weight to the low energies.
Rigorously, this should be taken into account in the expression
for the lineshape, but this is only possible if one uses a
numerical procedure to evaluate the intensity distribution
[equation II-4-(18)] . In what follows, we derive an expression
to take into accoutt the fact that the different sections of
the"dispersion volume" intersected Quring a scan have different

cross-sections. Obviously, this derivation is only valid if
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the mosaic spread of the specimen results in a much larger width
than that of the resolution of the instrument alone.

The effect of the terms n(x)/x and (n(x)+1)/x on the
peak position of grdupe‘widened by mosaic spread is estimated

in the following way. We write these two terms as a single

one e =01 s 1% 11/ (1)
(exp(x) - 1) 2 2 '
where x stands for the reduced energy (hy/(kT)) and the (upper)
(lower)

(creation )

signs are to be used for phonon (annihilation)

Let the line shape, undistorted by the function G(x)
and including the widening caused by mosaic spread, be of the
form F(x) = A expl[l J)Z] ; J= X - {x) (2)
( a gaussian line-shppe will be assumed for the rest of this sub-

section). Let the measured line shape be of the form

F,(x) = A, exp[}({yzl ; dy= x - (xS (3)
(X is the peak position of ch u;distorted curve and
<x;>is the peak position of the measured curve. X'and X; are
the standard deviations of the groups and are related to the FWHM
by equation II-1- (8).

Define A = {x) - (x,) as the shift between the undis-

torted and the measured peak central positions. The observed

intensity at an energy setting x is approximatly

F,(x) = F(x)G(x) (4a)
= A exp[-J.le ( 1 +1 ¥ 1)/x (4b)
2 x exp(x) - 1 2 2

Equating to zero the derivative of this object with

respect to x gives the position of maximum intensity of the
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dF, (x) = A exp[:%({_)z] [ 1 -(S +1) ( 1 1-1
dx x x (exp (x)-1) (exp &) -1) YT X exp(x)-1 2 2

(5)

This is equal to zero if either 39 tw (trivial case)

or if the expression in square brackets is equal to zero. This

is true when x = (x,)

Then, 5 =X - (X)) = LXxp - x> = - A

and A=yt 1 1/1___1

(6)

x (exp (x)-1) (exp &x) =I) exp(x)-1 2 2

+1%1)

+131y ()

where x is understood to be equal to (x,). We make the approxima-

tion that the distortion does not significantly change the

width of the group, i.e. x= X* . -
The general expression (7) may be simplified:

a) For phonon annihilation

| 4 = XZ[ 1+ 1 ]

X 1 = exp(-x)

if x«1, b » sz/x (in reduced units) or
A (THz) » 0.362M2/y (in THz); (P': FWHM)

if‘ x»l, H> X'z - (in reduced units) or
A (THz) » 8.71%[THz)/T[°K] (P: FwHM)

b) For phonon creation

|o-¥es o
x exp(x) -1

if xKl, & » sz/x (in reduced units) or

A (THz) 5 0.3621"%/y (in THz) (" : FWHM)

if x»l, &4 >0

(8)

(9a)
(9b)
(10a)

(10b)

(11)

(12a)
(12b)
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Thus, for low energies, the shift is the same for both phonon
creation and phonon annihilation. For high energies, the shift
for phonon creation tends to zero while, for phonon annihilation,
it is temperature dependent.

Obviously, the above considerations do not apply
if the shift A is of similar magnitude as to the energy itself,
i.e. A~x. The condition for A«x is found to be

" /y«1.6 (13)

Figure II-4-i-1 illustrates the behaviour of the fre-
quency shift as a function of the reduced energy for the cases
of neutron energy loss and neutron energy gain. To apply this
correction, one should properly use for [ the true width of the
group, i.e. after correction for instrumental width. However,
the validity of‘this correction is limited to the case where
the widening is at least comparable in magnitude to the instru-
mental width so that one can use the uncorrected width in the

case of a bad specimen.



IIT-Crystal dynamics of a disordered alloy:Ct.163Ni.21Zn.16
1) Introduction
. We now come to the experimental section dealing with
tﬁe measurements of the phonon spectrum of a disordered ternary
alloy of Cu-Ni-Zn. The description of the equipment or the
procedure adepted for the measurements will be avoided here
since it has been carried out alsewhere by very qualified
people (Rowe [66]/ Brockhouse [68], Hallman [69]),

The recent years have seen work demonstrating the strong
influence on the phonon spectrum of metals by the existence of
long-range interaction between ions, as in lead (Brockhouse [62]),
white tin (Rowe [65]) and zinc (Maliszewski [63]). The study
of these complicated metals has brought forward the necessity
of taking proper account of electron-phonon interaction. This
interaction is always present but the fact of the matter is that
the comparative simplicity of the dispersion curves in the case
of simple metals like copper and the alloy studied here always
permits a description in terms of a short-range interaction
with a limited number of interacting neighbours. An excellent
recent review article on the subject is to be found in Yu,
Kagan [68].

The experiment here desCribed is a logical extension of

the work of Hallman [69] on binary solutions of copper where

- 82 -
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the dependence of the phonon spectrum on electron concentration
had been studied in iron-group alloys and our aim was to measure
the phonon spectrum of a solid having the same electron concen-

tration as pure copper. The choice of a ternary composition

afforééd the possibiligftfo obtain a compensated system

with a average electron concentration per atom equal to that
of pure copper (and with the unavoidable mass disorder). This
effect of local mass variation may be minimized to that found
in an homogeneous copper specimen from isotopic mass variation
by choosing the components of the ternary to be neighbours

of copper in the periodic table i.e. nickel and zinc, as was
done here. The electronic structure of these three elements jis
given in Table III-1-(l) and is self explanatory; obviously
the average electron concentration per atom will be equal to
that of copper if equal atomic concentrations of nickel and
zinc are alleoyed with the copper.

The particular specimen used had a nominal concentration
of 60 at.% for copper and 20 at.% for both nickel and zinc;
it was verified by chemical analysis (see next sub-section) that
these values were inexact and that the crystal had an electronic
concentration per atom 0.95 that of pure Cu.

Hallman had measured the phonon spectrum of Cg N{ and
CQJSZQZS and found that their respective average frequency
ratios relative to pure copper were 1.107 + 0.009 and 0.934 +
0.003 illustrating how the frequencies are inversely related

to electron concentration. However in our case the departure
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from the compensated value of electron concentration is much

smaller and the Lindemann criterion defined as

Va . Ta Ty 1/2
sy = L)/ (o
A A BB

4
predicts an average frequency ratio

vV
\-)—’5 = 1.025
“Cu

using the melting temperatures (TX), lattice parameters (ax)
and atomic masses (MX) listed in Table III-1-(1).

This frequency shift is in the same direction as that
predicted from the results of Hallman. However, the relative
change in frequency lies at the limit of precision of the
technique of thermal neutron scattering so that one does not
expect any detectable shifts relative to the copper spectrum

as measured by Svensson [67].



Table III-1-(1l)-a;

Relevant physical quantities for the transition

elements Cu,

Zi(atomic number)

A (atomic mass in a.m.u.)
Crystal structure (20°C.)

a (lattice parameter:20°C.)
Tm (melting temperature)

©p (Debye temperature)

8., (Curie temperature)

C

Neutron scattering
cross-sections: ¢ h
(x 10-24cm?) con.

Tinc.

' %abs.
Electron configurations and

1s 2s 2p
Ni 2 2 6
Cu 2 2 6
Zn 2 2 6

* * * * *

Table I1I-1-(1)-b;

Chemical composition: [Ni]:
[Cul:
[2n]:
Lattice parameter: 3.6229 *

Ni and Zn.
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Cu Ni Zn
29 28 30
63.54 58.71 65.38
F.C.C. F.C.C. H.C.P.
3.6147A  3.52A 2.66A,4.95A
1356°K 1728 692
345°K 476°k = -

- 635°K -
7.25 13.2 4.1
0.6 4.8
3.8 4.6 1.1

term type for the ground state

3s 3p 34 4s
2 6 8 2
2 6 10 1
2 6 10 2

* * * * *

Properties of the Cu-Ni-Zn

20.67%0,5 at%;
63.47%20.5 atsy;
15,8621.0 atg.
0.006 A

Melting temperature: circa 1400°K.

Average atomic mass: 62.83 a.m.u.

Dimensions: 6émm. dia. x 10 cm. long.

specimen.
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III-2 Chemical composition of the specimen.
i) The composition of the ternary was measured by per-
forming a chemical analysis on a 2 gram portion coming from
one extremity of the crystal which was a cylinder 6 mm. in dia-
meter and 10 cm. long. At the time this was done, it was not
thught of to repeat the procedure on a portion coming from
the other extremity of the crystal; this would have supplied
an indication as to chemical homogeneity. However, measurements
of the lattice parameter afforded an estimate of the degree
of inhomogeneity averaged over the whole crystal (cf. III-4).
The chemical separation of the three elements was per-
formed using the technique of anion exchange and their concen-
trations were determined by EDTA (ethylenedinitrilo-tetraacetic
acid) titration. The next sub-section (ii) is concerned with
a description of the experimental chemical procedure and the

result of this analysis is to be found in sub-section (iii).

ii) Chemical analysis
The experimental procedure for this type of analysis is
fifrly well known [Jones-59, Welcher-58]; it is illustrated
in block diagram in fig. III-2-ii~1 and will be briefly described.
A portion of the specimen weighting 1.95110 gr. was
dissolved by warming in concentrated HCl and then diluted to
6N HCl, resulting in a solution containing the following

ions:Ni++, [CuC14]_- and [ZnC14]—_.
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Cu-Ni=-Zn Alloy

Dissolve in concentrated HC1l
Dilute to 6N HC1
L §
Nnitt, [CuCl,]™" and [ZnCl,]1-"
Anion exchange column
§
Wash with 6N HC1l
Wash with 1 N HC1
Wash with
demineralized H.O
‘V y 2
T s : . . ++ :
Nitt+ solution zntt solution Cu solution
evaporate evaporate
v
dissolve in dissolve in diss*lve in
conc. NH4OH H,O dilute NH OH
(150 m1%) 7150 m1.) (300 ml.
EDTA titration ED*A titration EDT* titration

Fig. III-2-ii-1 Block diagram of the chemical

procedure for separating the constitu@nts of the alloy.

The principle behind the technique of anion exchange,
as’the name indicates, is that anions in the solution flowing
through the separating column are trapped by the resin packed
in this column while the cations are allowed to flow through
freely. Consider the particular case of the ternary for exemple.
In a 6N HC1l solution, Ni is a cation while Cu and 2Zn react with
the Cl ion to form an anion; in IN HC1l, the Cu becomes in

turn a cation while the Zn is unaffected and in 0.01N HC1,
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all three elements are cations.

Thus when the 6N HCl1l solution containing the dissolved
alloy is allowed to flow in the column, the Ni goes through
practically unhindered and can be collected. Similarly, washing
with 1IN HCl liberates the Cu by transforming it to a cation
leaving behind only the 2n fraction which may be eluded using
0.01N HC1l or plain H,0.

Obviously the efficiency of the separation depends upon
maximizing the ratio surface/volume of the resin making up the
column. A resin like Dowex 1-X8, 100-200 mesh, was found
to give satisfactory results as compared with the coarser
grade 20-50 which did not allow the separation to take place
within the length of the column(~30 cm.).

EDTA was used in all three titrations. The indicator
used for Ni and Cu was Murexide and that used for Zn was Erio-
chrome Black T. The solutions containing the Ni and Cu fractions
were evaporated to dryness before titration since the Murexide
indicator has to be used in a non-acid solution and neutrali-
zation would have resulted in the formation of ammonium salts
which are particularly deleterious to this indicator. The Ni
precipitate was redissolved in concentrated NH4OH while 4N NH4OH
was used for the Cu precipitate. The Zn fraction did not need
to be evaporated since a different indicator was used.

The titration itself was straightforward except in the
case of the 2Zn fraction where, for a yet unexplained reason,

no well defined end-point could be observed; a test solution
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prepared from Zn powder showed no such problem. The Zn concentra-
tion was ultimately obtained by subtracting the other two con-
centrations from unify; this was later justified by doing a
qualitative spectroscopic analysis to verify the absence of any

other element in any significant concentration.

e iii) Results of the titrations are as follows:
[Ni] : 20.67 at.% * 0.5

[Cu]l : 63.47 at.% ¥ 0.5

[Zn] 15.86 at.s * 1.0

This is to be compared with the nominal concentration

given as Cu,.Ni The imbalance between the Ni and Zn

50N 1202020
concentrations results in the ternary having an electron

concentration per atom of 0.95 as compared with 1.0 for Cu.
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III-3 Crystallite distribution

Normally there is nothing interesting under this
heading, the usual figure of merit of a crystal being the
width at half maximum of its mosaic bloeck distribution; it
is usually a number smaller than one degree and the perfection
of the specimen crystal is a desirable feature in neutron
scattering as well as in other branches of so0lid state physics
to make the interpretation of the measurements unambiguous,

A picture of the mosaic distribution may be obtained
by rocking the specimen around its orientation for Bragg
scattering leaving the scattering angle fixed and the intensity
distribution thus obtained is a convolution of the instru-
mental resolution and the mosaic distribution function.

This function is customarily assumed to be Gaussian in
the case where the crystal is relatively good. The convolution
of this function with the resolution function of the instrument
gives the observed Gaussian line shape and its width is given
by the R.M.S. of the widths of the distribution and the
resolution function.

The contribution of the mosaic distribution function
becomes more prominent and more similar to that of the
observed intensity distribution when its width becomes
superior to the resolution of the instrument.

Such is the case with the particular specimen used
here. Fig. III-3-3 illustrates the observed intensity
from the four main (200) reflections while the crystal (001)

planes were parallel to the scattering plane. Two points
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first strike the observer. Firstly, the effective width of
each distribution varies between 2 and 3 degrees. This is
much wider than the contribution from instrumental resolution
which may be estimated to be a fraction of a degree using a
perfect crystal on the specimen table. This means that
resolution introduces but a small correction to the widths

of the observed intensity and we may safely assume the

above intensity distribution to be faithful representation

of the crystallite distribution.

The second point to observe is that the crystal is
obviously non-single. Not only i this evident from these
ihtensity‘distribution curves but also it was possible to
observe low intensity parasitic reflections at random
positions between the main reflections. This occured in
both the (001) and (0T1l) scattering planes used.

This demonstrates the imperfection of our specimen and
will be a limiting factor in the accuracy of the measure-
ments of phonons to be described later since the observed
intensities are necessérily coming from a smeared out region
of reciprocallspace. Nevertheless we will use the theory
of Chapter II to determine how much this effect contributes
to the widening of the lineshapes.

It seems to be a common instance that it is difficult
to obtain a good crystal of copper with nickel and zinc.

For example, another alloy of nominal concentration
C%SON%QSZQZS also showed a similarly unfavorable mosaic

distribution. The two specimens of Cu, Ni, and Cu,gZn, ¢



92

studied by Hallman and previously referred to also were
among his worst crystals having a FWHM of 96' and 66°'.

From the phase diagram Fig, III-3-3, we see that the
particular composition of the ternary specimen and that

of Hallman's specimens correspond to a region well within
the FCC phase indicating that this difficulty is encountered
over a wide range of concentrations in this phase.

After the phonons measurements were completed, it
was attempted to anneal the crystal to see if.the mosaic
distributioh could be improved. According to the liquidus
diagram of Fig. III-3-1, the melting temperature lies above
1100°C, slightly above that of pure copper. The annealing
treatment consisted as follows: the crystal was enclosed
in a heat resistant steel pipe which was sealedvunder an
argon atmosphere and contained zinc powder in order to have
a high vapour pressure of this element and thereby minimizing
the possibility of depletion of the zinc content while the
crystal was at high temperature. The treatment consisted in
keeping this arrangement during one week at a temperature of
800°C and then gradually cooling down to room temperature
over a 3 day period.

This proc'edure proved to be éatisfactory. Although the outslle o‘
the pipe was badly corroded, the crystal seemed to have been
totally unaffected except for some localized change to a
brass-like color (as compared with the initial greyish tint)
which extended inside the bulk of the materials. Some sharp
edges previously present on the specimen were rounded off,

indicating that a high degree of mobility had been reached.
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The mosaic distribution was remeasured after annealing
and the result is illustrated in Fig. III-3-3. The curve now
has less structure than before treatment and the importance
of the secondary peak relative to the main one is diminished
.The width at half height is slightly improved but the tail
of the distribution are unaffected and extend as far as that

of the untreated crystal.
12

Cu-Ni-Zn
Liquidus,

Cv

Fig. III-3-1; (taken from Smithells [62])
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4-Measurement of the lattice parameter.

The lattice parameter was measured by neutron diffrac-
tion using the method described by Ng[67]. A good copper
crystal was used as a standard, and its (220) reflection was
compared with that of the specimen, using a neutron wavelength
oq Zi.

The resulting family of y-rocking curves is shown in
Fig. III-4-1; this is very different from the case of a good
crystal and a scan of nearly 8° ih ? had to be done in order
to detect the contribution from all the mosaic blocks. The
envelop of the family of ¢—rocking curvés was obtained by
taking the peak intensity of each curve and plotting this
as a function of the corresponding scattering angle (¢).

It was verified that little change is obtained in the final
determination of the lattice parameter if one takes the
intensity at half width instead.

The resultant envelop of the family of curves in Fig.
III-4-1 is given in Fig. II1I-4-2 for the ternary specimen
and other cryétals of variable content of Cu, Ni and Zn. The
curve for the ternary peaks at a value of the lattice para-
meter:

a = 3.6229A (C%63N%21ZQJ6)

The same function for the copper crystal measured under
the similar conditions may be taken to yield the value of the
width contributed from instrumental resolution. From this

the true full width at half maximum coming from the specimen's
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inhomogeneity is estimated to be 0.43° assuming Gaussian
functions; this corresponds to a relative variation of the

plane spacing throughout the crystal of

§
JETE

cot(%)6¢ = 0.3%

=

ite. a+6a = 3.6229 + 0.006 A.

This is an indication that the plane spacing is fairly
homogeneous through the specimen. It is however not sufficient
information to conclude that the same is true of the chemical
composition. Fig. III-4-3 shows the result of the measurement
of the lattice parameter by the method of X-rays for different
concentrations of the constituent elements. Since the curve
for Cu-Zn (0%Ni) is fairly linear, the available points for
a ternary concentration were joined with the points of equal
Ni concentration on the Cu-Ni (0%Zn) curve. The procedure
is justified by observing that the resulting interpolated
constant Ni concentration curves are parallel to the Cu-Zn
curve.

This figure illustrates the fact that the small
relative plane spacing inhomogeneity does not necessarily
imply a strong chemical homogeneity since there is a whole
range of concentrations curresponding to a given lattice
parameter. However, the good agreement between the value of the
lattice parameter corresponding to the chemical composition at one
extremity of the crystal (section III-2 and fig. III-4-3) and the
measured lattice parameter, necessarily averaged over the whole of

the crystal because of the neutron technique used, tend to

indicate that the crystal is fairly homogeneous.
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5-Phonon Measurement

i) Choice of experimental conditions

Measurements were carried out using a constant inci-
dent neutron energy and the choice of this experimental
parameter is governed by two main considerations: optimization
of the resolution and avoidance of the contaminant.

a) Resolution considerations

The energy and wavevector of neutrons undergoing elastic
coherent scattering from a crystal obey the following relation:
_ /{12](28 TT2;12

E = (1)
<M 2Mdzsin265

where 26, is the scattering angle and d is the scattering

S
plane spacing.

Since the monochromatization of the incident neutron
beam and the energy analysis of the scattered beam are
carried out by Bragg-reflection, good energy resolution means
that a small change in energy corresponds to a large change
in amgular position of the crystals; in order that the energy
of the beams be little sensitive to the divergences resulting

from imperfect collimation. Hence one must minimize the

ratio

2,2
T“Rh° coté
3 5 (2)

|dE -

a8 d™ sin®®6

and this may be satisfied so much the better that the angle §
is close to %. The ideal situation is one in which this
condition is approximated in both the monochromator and the

analyzer and their respective plane spacings govern how well

this is satisfied in the measurement of a particular phonon.
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Fig. III-5-i-1 illustrates the rapidly varying function cot6/sin26

of equation (2).

Under conditions of phonon energies and temperature‘such
that the phonon reduced energy (A&/kT) is smaller than one, it
is a matter of indifference whether one proceeds under conditions
of neutron energy loss or energy gain because the population
factor in this domain is a number much larger than unity.
(Fig. II-4-i-1). The requirements of a large scattering angle
in both monochromator and analyzer means that the plane
spacing of the analyser should be larger tha that of the

monochromator in the first case (neutron energy loss)

and smaller in the other (neutron energy gain). For example,
the experiment reported here was done under the condition of
phonon creation and the monochromator and analyzer were
respectively Cu(220) and Cu(200); Fig. III-5-i-2 jillustrates
the behaviour of equation (1) as a function of the scattering
angle in these two cases.

For lack of the possibility of having an infinitly
adjustable plane spacing over a convenient range in order to
work at the largest scattering angles in the monochromator
and the analyzer, we expect from the analytic expression of
equation (1) that, for a given experimental arrangement, the
sﬁectrometer energy resolution would be optimized by matching
the energy spread in the monochromator (GEM) and in the
analyzer (GEa).

These energy spread are related to the collimation
angles via the relations

dEm dEa
CSEm = a-ér—n- Gm (33); SEa = a—e—; d,a (3b)
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using the usual notation, The requirement GEm=6Ea

means that

Q ®
m cotem - _% cotH (4)
dm sin™6 da sinze*

Assuming that the incident energy (or Om), the collimation
angles and the plane spacing are known it is possible to
oRtain sinze*a satisfying equation (4) either by solving a
cubic equation or, more conveniently, by a graphic method
which is now briefly described.

A certain value of the incident energy determines the
monochromator half scattering angle em (Fig. III-5-i-2) and
the corresponding ratio cot(em)/sinz(em) (Fig. III-5-i-1).
Using equation (4) with da>dm for neutron energy loss and
the converse for neutron energy gain

coto* (a_) cote (5)

sin 6* m sin 6

is determined from the proper values of the collimation

angles o and the plane spacing d. Finally one obtains the
analyzer angle 6a for optimum energy resolution and the energy
of the phonon corresponding to this setting by using the
relation for the energy transfer under conditions of optimum

energy resolution which may be written as

E _-E
+h 1 1
vr o= 4 (B3 ( - ) (6a)
VR T 2. 2 2_. 2.,
p dm51n em d“sin™ 6 a
a2 sin%e_
=j_\)m(l‘ ) V) ) (6b)
d” sin“og* '
a a
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where the symbols of Tablell were used and the relation
between em and 8; is given by equation (5). The positive
sign and the condition da>dm are to be taken for neutron
energy loss and the converse for neutron energy gain.

The value of vs depends on the incident frequency
Vm and on the experimentally adjustable prarmeters d and o
which determine 9; through equation (5)

Let us consider the case of neutron energy loss. The
minimum value of the function V; is zero (for all value of
the incident freguency vm) when dm=da and 9m=6; (i.e. o =0

a

from equation (5)). It increases progresively as the ratio

2 .. .2
dm sin em
2 . 2aa

1 *
d” sin®e6 a

V)

is made smaller by decreasing the ratio o /o  (equation 5)
for a given value of the ratio d;/di.

Fig. III-5-i-3 illustrates the behaviour of the
function vs for commonly used ratios di/da and am/aa.

Two remarkable cases are those where da=dm and a =o.
which gives v;=0 for all values of the incident energy Y
This is the case relevant to elastic scattering. Another
interesting situation occurs when
2 2

a = 2dm and aa = Zam

d

in which case, equation (6b) simplifies to
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b) Considerations of the contaminant

The incident beam does not only contain first and
higher orders of the main (220) component but also a series
of contaminant energies of which the main one is (331).
(Hallman [{9]) The composition of the beam as measured by
Hallman is illustrated in Fig. III-5-i-4.

Obviously the presence of the contaminated may
hinder the interpretation of experimental results if proper
care is not taken. To prevent any ambiguity, it is necessary
to avoid the case where the contaminant is going through an
elastic incoherent scattering process from the specimen and

through a second order scattering process in the analyzer,

that is
Vo # 4y, = 4(vm;v)
i.e. v# Vew ™ vc/4
Using the data of Fig. III-5-i-4, the function Vo vc/4

was plotted in Fig. III—5-i—5. It gives the apparent

position of the contaminant during a phonon scan. Using
this graph, it is thus possible to select phonons which
lie in an energy range where the contaminant will not be

detected during the whole of the scan.
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ii) Resolution function: calculated and measured.

We have made in sub-section II-4-iii some theor@tical
considerations on the‘relation between the calculated and
measured isoprobability contours and it was pointed out that
a comparison between these two objects illustrates the
w%;sening of the resolution from the specimens mosaic spread.
Physically, this is because of the resulting tangential
smearing of the reciprocal lattice points.

The resolution function of the spectremeter was
measured with the specimen in position and the result is illus-
trated in figure III-5-ii-1 for the region in reciprocal svace
around the point g;(o,z,O). The function for the transverse
polarisation is very different from what is commonly
encountered and it resembles strongly #0 a juxtaposition
of two ellipses which may each be tought as being contributed
from either peaks of the mosaic distribution (sub~section III-3).
Besides this structure in the function, the presence of mosaic
spread also results in a widenino of the contour comparativdy
to that corresponding to a good crystal; this later case is
approximated by the calculated curve which is also included
in the figure. The difference between these two is very
pronounced but a certain amount of confidence for the result
of the calculations may be obtained by comparing the prediction
with the actual measurements from a good crystal as was done

for example by Mr. A. P. Roy [70) who found consistent agreement.
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The effect of mosaic distribution on the isoprobability
contour (transverse polarization) may be estimated in a simple
way by calculating the resulting value of the perpendicular
componént to the momentum transfer 2: Taking ﬁ%= 2° (i.e.

0.035 radiant) as a representative value of the full width at

half maximum of the central peak of the mosaic distribution,

adQ, = agRn, = 0.07
27C 2%

This is in excellent agreement with the width in ¥ of the

one gets:

main ellipse if one adds the intrinsic width in ¥ of the
ellipse, i.e. 0.01.

The case of the longitudinal polarization does not have
such a straightforward explanation. The reason for the widening
in energy relative to the calculated curve may be best under-
stood by observing that the intercepts on the energy axis must
be the same for both polarizations when ;=0, whether the mosaic
spread is present or not, since they correspond to the same
two points on the resolution ellipsoid in (Q-w) space, but

projected on two orthogonal planes, i.e. (QX—V) and (Qy-v) planes.
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iii) Phonons and their measurement.

This final sub-section dealing with the results of the
measurements of the phonon spectrum of the alloy may be
divided into three parts: a) Experimental considerations

b) Line shapes
c) Discussion.

the results are summarized in table III-S5-iii-2.

a) Experimental considerations.

The specimen had the geometry of a cylinder 10 cm.
long and 6 mm. in diameter with a (001l) crystallographic
very nearly parallel to its axis; it was mounted on a support
which allowed the changing of its orientation as a relativly
simple procedure. The measurements of the phonons were made
at room temperature, in-which conditions the crystal has a
face centred cubic structure (fig. III-3-1) and correspondingly,
its reciprocal lattice has a body centred cubic structure.
Two different crystal alignments suffice to observe phonons
propagating in the principal symmetry directions of the Brillouin
zone and these are obtained respectivly by making the (001)
and (Oil) planes parallel to the scattering plane of the
spectrometer; figure III-5-iii-]1 represents these two planes
with a typical wave vector arrangement.

The experimental procedure consisted in keeping the
neutron incident energy and the momentum transfer fimed while

varying the energy transfer (Brockhouse [61]). Considerations
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(011) plane

b)

(001) plane

)

a

1

-5-iii-

Fig. III

lattice.

c.c.

The two major symmetry planes of the B
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of the factor (2:5) in equation II-4-(4) governs the choice

of the region in reciprocal space where a given phonon may be
observed; ideally, the momentum transfer should be parallel

to the phonon eigen-vector for a twofold reason: to maximize
tqe factor (gfg)z in the expression for the cross-section and
té minimize the possibility of interference with phonons of
other polarizations whose eigen-vectors might show a large
componentyalong_g:andcwﬁése energiési:lie in the range of the scan.
The first requirement may also be satisfied by taking a large
value of the vector Q but this has other consequenées which

may not be desirable since a large value of 9 increases the
relative importance of multi-phonons processes (Sjolander [58]})
and this becomes objectionable in the case where the Debye-
Waller factor is large, which is not the case here. Also, a
small value of g’is desirable in the case of an imperfect crys-
tad since the previously discussed smearing of the reciprocal
lattice points is more pronounc&‘ for large values of this wave
vector.

; This last consideration was important with the ternary
bﬁt measurements made at large values of the momentum transfer
proved to be more practical because the gain in intensity is
proportional to the square of the vector g while the price

paid in terms of the widening of the lineshape is only

proportional at most to the first power in Q.
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b) Line sh‘res: calculdted and measured.

The neutron groups, althought much widened by the im-
perfect mosaic distribution, were surprisingly well defined
in most cases. The theory of chapter II was put to the test
in this particular case and figures III-5-iii-4 and 5 show a
sampling of the results obtained for different phonons. The
theorftical width was calculated by assuming a gaussian mosaic
distribution whose width was given by that of the intensity
distribution of a nearby Bragg reflection without taking into
account the double peak nature of the distribution which was
less proeminent in the (0I1) plane where most of the measure-
ments were carried than in the (001) plane corresponding to
the situation depicted in figure II1I-3-3. For comparison
purposes, the instrumental width can be obtained either by
calculation or by repeating the experiment using a good specimen
of a crystal having a prononced similarity with the bad one
In our case, copper met these requirements (table III-1-(l)-a and
fig. III-4-2). The phonons shown in the above mentioned figures
were measured under identical experimental conditions as those
found on the adjoining transparencies which were taken from the
work of Dr. A.P. Miiller on a copper specimen having a mosaic
width of 0.5° and it was also verified that these groups are
in good agreement with the ones calculated using the proper
value of the mosaic spread.

Comparison ofmgﬁe“neutron groups from the two materials
confirms that the widths of longitudinal phonons are much less

affected than = the transverse ones. However, figure III-5-iii-§



shows a case of some zone boundary phonons where both the
transverse and longitudinal branches are similarly widened
relativly to copper and to the calculated curve. Since the
energy g-gradient is zero, one does not expect any effects
from the presence of mosaic spread and the observed groups
should be similar to those of copper, as predicted by the
calculations. Since it is not so, the extra width could be &
manifestation of atomic force constants disorder on short
wavelenght phonons which are a sensitive probe to local
variations as compared with those of long wavelenght which
see more of the continuum aspect of the crystal.

Besides increasing the error in the energy determination
of the phonons by increasing the line width, the mosaic spread
also caused two other difficulties. The first of tbese was
encountered in the measurement of the T, branch and this is
illustrated in figure III-5-iii-1-b). In this geometry, a fra«-
tion of the crystallites turns out to be properly oriented for
elastic coherent scattering into the analyser. The large number
of counts accumulated in both the signal and background counters
indicates that the neutrons reach the detectors through an elas-
tic incoherent scattering process off the analyser crystal
thus burying the weak phonon signal. This difficulty was
circumvened by measuring this branch with a low incident energy
thereby maximizing the resolution in energy (sub-section III-5-ii)

and in momentum transfer by making the scattering angle larger.
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The second difficulty relates to the measurement of the small
wave vector reagion of the dispersion curves where the signal
of transverse phonons would be lost in the Bragg-scattered
neutrons at a larger phonon wave vector than Qould have been
otherwise the case if a good crystal had been used.

We have seen in section II-T7 how the apparent peak
position of the neutron groups of transverse polarization
differs from the true peak position in the case where the
mosaic spread is important. The correction, of the form:

8 = 0.3621%/y
was made here on the apparent energy of phonons in the
(oo¢]T, [0§§]Tl and [05;]T2 which: showed considerable widening
compared with those found in copper; hence the correction
is justified. The [;{f]T phonons were not similarly corrected
since they were not as much affected by the mosaic spread
because of the particular topology of their dispersion
surface (section II-§).

The term [ in the above expression should appropriatly
be the true width, i.e. the width after correction for instru-
mental resolution. Assuming a gaussian line shape and resolution,
this correction rapidly becomes less important when the wide-
ning is significant and one may take I' as the‘width of the ob-
served group; this will obviously overcorrect but the error
is typically a small fraction of the uncertainty in the peak
position.

Table IXI-5-iii-] and figure III-S5-iii-Z illustrate
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this correction on two particular branches which were each
measured in the same region of reciprocal space and with

the same incident neutron energy all along the branch.

The continuous lines in the figure is simply an eye-ball

fit to the calculated points and does not represent any fitting
procedure. Note that in this case the term [ was corrected

for instrumental width from the available results on copper
which had been measured under identical conditions; also that
the correction at the zone boundary has to be identically zero

because of the zero g-gradient of the ehergy of the phonon.

c) Discussion.

As expected, the frequency spectrum is practically
identical with that of pure copper. Table III-5-iii-2 shows
our results compared with those of Svensson [67] whose work
on copper was used as a standard in the search for possible
energy shifts. There is a general trend for the spectrum to
be moved toward higher: frequencies, as expected from the value
of the electronic concentration. However, the fact that the
two measurements give energies which are within the estimated
errors does not allow any definite conclusions altou3ﬁi the
fact that the shifts are generally in the same direction tends
to indicate that the effect is real. The reliability of the
measurements was obviously affected by the presence of poor
mosaic spread and, using the usual physically plausible rule
of thumb which assigns to a phonon an uncertainty of one tenth

of its observed width, the values of the uncertainties listed
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in the above mentioned table were determined; these values
were made larger in the case where the neutron group was not
perfectly defined. Most of the phonons were measured twice with
different incident neutron energies and in a different scatte-
ring plane; good agreement was obtained and table III-5-iii-2

contains the most reliable results of these multiple measurements.
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Table III-5-iii-1;
Correction to the peak position of phonons of

transverse polarization from the term (n(x)+1)/x.

Branch ; y r A V+A4
(THz) {(THz) (TH=z) (THzZ)

fooylT 0.4 3.05 0.82 0.0741 3.12
0.6 4.08 0.92 0.0725 4,15
0.8 4.76 0.80 0.04 4.80
1.0 5.12 0.74 0.00 5.12

[055]T1 0.2 1.27 0.87 0.1828 1.45
0.4 2.62 0.93 0.11 2.73
0.6 3.87 0.90 0.0674 3.94
0.75 4.60 0.80 0.04 4.64
0.80 4.84 1.04 0.0733 4.91
1.00 5.05 0.76 0.00 5.05

[og;]Tz 0.6 5.72 0.95 0.043 5.76
0.8 6.75 1.22 0.0566 6.81
1.00 7.28 0.85 0.00 7.28

A(THg) 4 ®

o5 ) 0

L XW .04

004 .02 [o0Z]T

00

6 ox o4 06 og Io &0 o2 ow o6 o3 lo

Fig. III-S—iii—27 Graph of above correction.
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Table III-§-iii-2;
Comparative table of phonon frequencies

in Cu and Cq63N%21Zq16.

Cu CugqNiyg2ny¢
Branch ; Y(THz) Y (TH2) P(THz)
[oo2lT 0.2 1.5640.04 1.64%0.07 0.70
0.4 3.01:0.04 3.12%0.09 0.82
. 0.6 4.15%0.05 4.15%0.10 0.95
0.8 4.86:0.07 4.80t0.08 0.80
1.0 5.08:0.08 5.12%t0.08 0.74
[002¥IL 0.2 2.42%0.07 2.56%0.07 0.70
0.4 4.4740.07 4.58%0.06 0.60
0.6 6.05%0.08 6.05t0.04 0.30
0.7 6.60%0.08 6.76%0.09 0.90
0.8 6.9940.13 7.12%0.07 0.62
0.9 7.17%0.12 7.12%0.09 0.88
1.0 7.19%0.12 7.2840.09 0.85
[021]® 0.2 7.07%0.14 6.95%0.11 1.02
0.4 6.44%0.09 6.49%0.11 1.08
0.6 5.77%0.08 5.82%t0.09 0.85
0.8 5.27%0.08 5.13%0.12 1.20
[081]JA 0.2 4,99%0.07 5.14%*0.09 0.85
0.4 4.89%0.09 4.90%0.09 0.86
0.5 4.89%0.08 5.04%0.09 0.87
[0¥f1T_ 0.2 1.35%0.04 1.45%0.09 0.87
1 9.4 2.70%0.04 2.73%0.10 0.93
0.6 3.89%0.05 3.94%0.09 0.90
0.7 4.55%0.05 4.64%0.08 0.80
0.8 4,75%0.07 4.91$0.11 1.04
1.0 5.08%0.08 5.05%0.08 0.76
[og2ln 0.1 2.03%0.10 2.00%0.06 0.45
0.2 3.70%0.08 3.86t0.07 0.7
0.3 5.11%0.07 4.97%0.09 0.9
0.4 5.97%0.08 6.23t0.1 (?) 0.85
0.6 6.38%0.12 6.81t0.11 1.02
0.7 5.73%0.08 5.66%0.08 0.8
0.8 5.51%0.07 5.4210.13 1.3
0.9 5.19%0.07 5.26%0.08 0.80
1.0 5.08%0.08 5.05%0.09 0.90
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Table I1I-3-iii-2 (continued).

e

O NN =

Ut B W N

Cu
Y{(THz)

1.1140.03
2.27%0.04
5.71%0.06
6.80%0.11

1.01¢0.05
1.87%0.06
2.66%0.06
3.17%0.07
3.37%0.07

2.4610.07

4.542:0.06
6.1420.07
7.06%0.10
7.4020.13

Cue3Ni21Zn1e
y(THz) P(THz)

1.18%0.05 0.50
2.56%0.03 0.30
5.7640.10 0.95
6.81%0.13 1.22
1.14%0.05 0.5

1.90%0.10 1.0

2.68%0.06 0.6

3.06%0.07 0.65
3.34%0.09 0.84
2.51%0.03 0.30
4.63%0.07 0.62
6.08%0.08 0.75
7.17%0.07 0.70
7.40%0.10 1.00
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Experimental results of the dispersion relation measurements

made on the alloy C Ni Z .
¥ N g YT

of the neutron groups. Uncertainty is typically l/lﬂth of this value.

the bars represent the F.W.H.M.
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Appendix A~1l; Evaluation of three integrals

i) ® 1, .2
I dx exp{—f(Ax + Bx)} (1)
Define v
| b 1,2
I,(a,b) = dx exp {-7(Ax + Bx)} (b0, bya) (2)
a
2 b
= exp(%—) [ dx exp{—%(/i x + x)%) (3)
a
where | X = B/ (2VA) | (4)

Changing variableto y =VA x + X; dy = VA dx
we get

2 (VA b+X _.2
! dy exp(—%—) (5)

I,(a,b) = %f exp(%—)
: /A a+X

_ U2n x2
= K—‘exp(f—)[QEF(/K b + X)-?Ef(/i a+ X)] (6)

Z Z
the object erf(y) stands for
2 Yy 2
1 J -X
—_— x exp (=5-) (7)
/2T J 2
1

Obviously erf(0) = 0 and lim erf (M)~ +5
| Mrie G

Hence we have the desired integral
2
2T

I(-=,) = \[2l exp (g5 (8)

- 128 -
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(o]
_ 1 2 2 .
I, = ( { dxldx2 exp{ 7(Axl + Bx, + Cxl + Dx, + Exlxz)} (1)

- 00

oo

( dx, exp{-%(Axi + Cxl)}( dx, exp{—%[Bxg + (D+Exl)x2]} (2)

=00

il

we use the result of the previous page and get

® 2
1l
I, = V%E{ dx; exp{—f(Axi + CXl)}exP{% (ngxl) } (3)
\’2w' D2 ” 1 E2 2 DE
= B exp (§§) XmeXP{-j[ (A—E)Xl + (C-E-ﬁ)xl]} (4)
2 2
4AB-E 4AB - E

as a verification, note that this result is invariant under

the transformation Ae—»pB
Cea—>»D
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iii)

_ 1 2 2 2
—{I’ dxldxzdx3 exp{—fl(Ax1+Bx2+Cx3)+(Dx1x2+Exlx3+Fx2x3)

- Q0

+(Gx, +Hx +Jx3)]} (1)

2

1 2 2
= I deldx2 exp{ i[Axl+Bx2)+(le+Hx2)+Dxlx2]}

-C0

[ dx3exp{-%{Cx§+(Exl+Fx2+J)x3]} (2)

From the first result of this appendix, we get

oD
— V2ﬂ' 1 2 2
I, = E—-Idxldxz expl{ 7[(Ax1+Bx2)+(Gx1+Hx2)+Dx1x2]}
-90
2
4C
= \|2T ex (l 13) dx,dx., ex {—l[(Kx2+Lx2)+(Mx +Nx.,) +Px,x.1}
=¥c Pig ¢ 19%2 ©¥P173 174%) 17 1%2
E2 F2
where K=2a - ac (5a); L =B - e (5b)

- ¢ - EJ . N=py - EJ
M =G 3G (5¢); N =H >G (54)

P=D - (5e)

2C

Using the second result of this appendix, we get

3/2 2 2. 2
_4(2m) 1.3° | LM*+KN®-MNP
I3 = explzlye * g -3z !} (6)

v4C (4KL-P<)



If we carry out the substitution of the indentities (5%

the final result is:

4 (2m)3/2

_ = la
I3 = —-—‘/_—B——-——— eXp{2 § (7)
where
8 = 4(4ABC-AF2-BEZ?-D2C+DEF)
« = 4(ABJ2+BcG2+acH?) (8a)

-(D2J2+F2G2+H2E2)

+2 (DHEJ+DGFJ+GHEF)

~4 (CDGH+BEJG+AFJH) (8b)
As a verification, observe that both a_ndp obey the 3
symmetry operations |
1) Be-sA He—» G Ee—>F (9a)
2) Be—C HeapJ De—>E (9b)

3) Ae—»C CedpJ D «—pF (9¢c)

131



Appendix A-2; In-pile collimation and vertical divergence.

The general expression for tﬁe transmission function of
a collimator, i.e. equation II-2-(21), is also valid for vertical
divergences. However, the dependence upon the monochromaﬁor
(or analyser) vertical mosaic spread does not show any (first
order) correlation between the magnitude of the scattered wave
vector and the vertical angular divergence as was the case in
equation II-2-(22) for angular divergences in the scattering plane.

Instead, the reflection probability to go from the
vertical angles Jo to J; is governed by the distribution of
properly oriented crystallites whose normal lies in the vertical
plane containing Qm' the momentum transfer in the monochromator,
Hence, the contribution to the transmission probability from
vertical divergences is proportionnal to

exp[—l({_f, + (Sl * o)z )] (1)
2z 63 41(:tan§(e_2

For a given value of 6~, the total contribution from all vertical

angles S; is obtained by integrating the above expression over
g,
Using the result of appendix A-1l, this is found to be

equal to

2

poexp[-%ji/(h\'ztan e, + pg) | I (2)

where p= 2%/ ( 1+ _ 1 )1%2 (3)
2 3, .2
@o 47m tan‘e

'TA is the vertical mosaic spread. A similar result applies

for the counter collimation,
- 132 -



APPENDIX A-3
Effect of heat and pressure treatments on the neutron

reflectivity of germanium monocrystals.

1) ~Introduction. It is nowadays an established
technique to grow large crystals of germanium and silicon
to a high degree of perfection. If the crystal is to be used
as monochromator or analyser, a high reflectivity is desired
(Dymond[ 70]) . This figure of merit depends on two forms of

extinction (Bacon[48]), Bacon[62]).

Primary extinction is the effective attenuation taking

place from coherent elastic scattering processes as a neutron

beam propagates through a perfect crystal. Assume that
"“the beam contains some wavelenght satisfying the Bragg relation
for a given direction of propagation. of the neutron beam with
respect to the crystal (hkl) planes. Fach unit cell of the
crystal contributes to the scattered amplitﬁde a relative
quantity equal to Frkl’ the square of its-modulus being the
structure factbr for the unit cell. James[48] calculated the dif-
fracted amplitude from an extended crystal by considering
the contributions from each of the successive (hkl) planes;
This quantity is equal to

ank1/2 = Ned?Fp )

- 133 -
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N. being the number of cells per unit volume,

and d being the interplanar (hkl) spacing.

The value 6f dpk1 is independant of the neutron energy and is
typically of the order of 10~4 - 10~2. Thus, each plane contri-
butes to the resultant scattered amplitude a quantity of this
order relative to the incident amplitude and after n planes,
the amplitude of the wave propagating in the forward direction
is given by the (n—l)th term of the geometrical progression:

(1 - 1074n-1 (neglecting multiple scattering). Here are a

few values to illustratef

n penetration (1 - 10-4)n1
distance
500 ~1000 A 0.986
5000 ~ 19 0.89
50000 ~ 10 p 0.32

It is seen that for penetration depth of the order of
1 r or less, the attenuated beam does not markedly have a
different amplitude from the incident beam. In this case, we

say that there is negligible primary extinction.

On the contrary, for penetration distances much larger
than 1 r, the incident beam is significantly attenuated and
the planes far removed from the crystal surface contribute
proportionnaly less to the scattering amplitude; it must also
be remembered that the same argument apply to the scattered
beam in its propagation toward the external surface of the
crystal. Thus, the diffracted intensity effectiwly comes from

*NOTE: Consideration of multiple scattering should decrease the
penetration depth because of destructive interference, in the
case of a perfect crystal.
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a region within 1 r of the crystal boundaryland any increase
in thickness from this value has but little effect on the
scattered intensity. The value of this penetration depth is
much smaller than that obtained from considerations of true
absorption processes; for material of interest in diffraction
from crystals, the linear absorption coefficient is of the
order of 0.2 cm7l Thus, nuclear capture processes are negli-

gible compared to elastic scattering processes.

The other form of extinctién, i.e. secondary extinction,
arises from the fact that single crystals are not usually
perfect on a scale much larger than 1 r, because of the pre-
sence of dislocations. The crystallites, as they are called,
are small regions of the crystal with no imperfections; the
above considerations about perfect crystal structures hold
within these regions. This microscopic structure has two
consequences of interest for our topic. Firstly, by effectivly
reducing primary extinction, the penetration depth within the
crystal is increased. This does not mean however that the
effects of extinction may be made arbitrarily small just by
decreasing the gsize. - of mosaic blocks. Successive attenuation
of the'ﬁeutron beam by the sequence of properly oriented crys-
tallites takes place and is known as secondary extinction.
Secondly, the fact that the crystallites are distributed in a
given angular range results in the width of the scattered

intensity distribution being larger than the calculated values
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for a perfect crystal which are typically éf the order of a

few seconds of arc (Bacon [62]).

It is known that crystal reflectivities may be improved
by decreasing primary extinction through heat and pressure
treatments of the crystal. (Mallman-69, Konstantinovi€;68,
Nikotin-69). This appendix refers to the results of such work
made on Qermanium. This is an interesting candidate for mono-
chromator or analyser since its (11l1) reflection lacks a

second-order component. (Barrett [63], Dolling [67]1).

2) -Experiments. The crystals that were treated were in
the form of thin discs approximatly 70 mm. dia. x 0.38 mm.
These were all cut from the same boule and all had a (220)
axis nearly perpendicular to their flat face. The figure of
merit in the appreciation of the treatment wés the integrated

reflectivity (at a fixed position, 26, of the counter) defined by

R6= S—n I“I’) J‘r |

where the interval of integration is extended to contain all

contributions to I(r) from coherent elastic scattering.
Note that I, is the intensity of the incident beam whose
cross-section entirely intercepts the crystal. In practice,
a "pinhole" (6 mm. dia.) was used to obtain a pencil-type

beam falling entirely on the specimen.
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The results of the treatment of the crYstal are pre-
sented in table A-3-1. The numbers given in that table for the
reflectivity are not the absolute reflectivities but correspond
to a pseudo—réflectivity value as obtained by pﬁtting the
same collimation (1/80 horizontally) in EQ and E: ;true reflec-
tivities are measured without any collimation ' in the scattered
beam. Measurements made on the standard with both types of
collimations indicate that the true reflectivity is approximatly
50% larger with the proper collimation arrangement than with
the special arrangement used. This correction should be
the same for all treated slices since their F.W.H.M. is very
similar in all but one case; thus the numbers given should be

a true picture of the relative efficiency of different treat-

ments in improving the reflectivity

3) -Technique. A germanium single crystal is an extremely
hard material and different combinations of heat and pressure
treatments were tried in order to facilitate the plasfic flow
which would increase the mosaic spread of the_cryStals. The ta-
ble of results show a continuous increase in the efficiency
of the treatments as higher pressures and temperatures were

reached, i.e. as the degree of plastic flow was made larger.

For these treatments, a set of flat plates were made that
could hold the crystal in the press and at the same time act

as a heat reservoir to minimize the rate of cocling while the
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crystal was brought up to the desired pressure. (Fig. A-3-1).
The two parts were arranged to fit into one another so as to
shield the crystal from the oxidating atmosphere. The grooves
on the sides served as slots for the handling fork used

in transfering the plates from the oven to the hydraulic press.
The material used was mild steel since it was easier to machine
than stainless steel. Mild steel did not resist very well to
the high temperatures encountered (circa 900°C); corrosion and
pitting occurred on all surfaces after repeated use. This was
more objectionable on the inside surfaces ( in contact with

the crystal) and was compensated by putting the crystal between
clean stainless steel shim stocks instead of directly in contact
with the steel plates. This gave effective protection from the
oxidation and prevented contamination of the specimen by the

corroded plates.

4) -Results. The results of table A-3-1 show that a
combination of both high temperature and high pressure is neces-
sary in order to see any improvements. Note that the given
temperatures do not correspond to the temperatures at which the
crystal was being pressed but rather they are the maximum
temperatures attained when the steel plates were transfered to
the press. The time required for this transfer and to build up
the pressure is of the order of one minute. During this time,
the inside cavity containing the crystal will have started to

cool down but this temperature variation was not measured.
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The crystal slice # B-2 was used as a standard; its
characteristicé are identical to that of any of the other
slices before treatment. The value of the F.W.H.M. for the
standard may be considered as being contributed exclusively.by
instrumental resolution since the mosaic width of the
untreated crystal is zero for all practical purposes.

The treatment received by slice #C-l.was a sudden
cooling from 600° C to 77° K. Sudden cooling is used in
X-ray work to increase the mosaic width of too perfect
crystals but it had no observable effects in this case.

The treatment made on slices # C-11 and B-3 shows
that high pressure or high temperature alone has no effect.

In one case, the material is not plastic enough while in the
other case, there is no significant external forces to
create dislocations. In fact, high temperature alone

should decrease rather than increase the density of defects,
since the relatively slow cooling rate might effectivly

have resulted in an annealing treatment.

Heat/pressure treatments are more spectacular in the case
where the uppér limits are reached both in temperature (Tmelt-30°)
and in pressure ( maximum pressure of the press: 166 atm.).

The crystals withstood these treatments very well
from the mechanical point of view. No sign of oxidation was
visible, except perhaps as a slight change in colour. Some
microscopic cracks, extending a few millimeters, were generally
observed -but they were not objectionable. This could probably
have been avoided by remachining the plates when the internal

surfaces became uneven from corrosion.
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Results of heat and pressure treatment of
germanium monocryatals
(measurements made on (220) reflections,

thickness of crystals 0.38 mm.)

Slice no. F.W.H.M. Pressure Temp.
(min.) (deg.) (Atm.) (°K.)
(note 2)
B-2 0.35 0.3 —— -——— Standard
C-1 0.3 0.32 1l 875 sudden
->77 cooling
c-11 0.36 0.28 166 298
B-3 0.32 0.33 1 1200
B-5 0.38 0.34 83 900
B-7 0.6 0.52 83 ~ 1100
B-8 1.3 1.0 155 1200
1.1 1.6
B-9+B12 2.2 0.7 83 1200 stack of

2 slices.

1) Note: the 2 sets of data for slice B-8 refer
to the two faces of the crystal.

2) Note: F.W.H.M. are uncorrected for instrumeﬁtal
resolution.

3) Note: Melting temperature of germanium: 1227°K (954°C)

Table A-3-1
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FLAT PLATES for the HEAT/PRESSURE TREATMENT

of GERMANIUM Slices.
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Appendix A-4: Automation of the spectrometer by paper tape;
construction of a A.S.C.I.I. decoder.

I - Introduction

The construction of a second McMaster spectrometer
at the NRU reactor has motivated an investigation into the
possible improvements that could be incorporated in the new
instrument. The study described here was concerned solely
with the input-output channels portions of the system, mainly
for the reason that the judicious design of the control unit
and related equipment proper proved to be most satisfactory.

In this appendix, the principle behind a paper tape
decoder designed and built in the summer of 1969 is exposed.
But before going to this topic proper, it may be appropriate
to rapidly describe the system presently used; a detailed

description is to be found in Rowe's thesis. (Rowe-66)

II - The Present System

The system presently used on the McMaster Spectrometer
is illustrated in block diagram in fig. A-4-1, It consists
basically of:

- a main control unit which electromechanically performs
logical operations through the use of fast response
time (10 ms.) relays.

- an input station which makes use of a IBM card punch
(Model 026) and the built-in card duplicator.

- an output station, i.e. a teletype model T-33, fed

- from a solid state scanner.

- 142 -
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- counting circuits and related electronics for the

incident beam monitor counter and the analyser

signal and background counters.

III - The Problem and a Solution
The general design as described in II proved to
be most satisfactory despite the relatively low capital
investment involved. However, the use of cards for controlling
the instrument suffers from severe drawbacks:
- a card reader is required which adds an important
contribution to the cost of the instrument.
-~ the input and output channels are completely inde-
pendent so that alphanumeric identifiers cannot be
automatically printed with the experimental data.
The basic idea behind the circuit described here is
to combine in a single unit the input and output stations.
This turns out to be feasible by the fact that the Model
T-33 teletype which is needed anyhow on the output section
has a duty cycle which never comes in conflict with that of
the reader and that it can be simply modified to serve at the
same time as an input station. Besides the economy being realized
by getting rid of the card punch altogether, it is now possible
to couple the input and output channels in a simple way. A

block diagram, fig. A-4-1, illustrates the idea.



IBM 026 Card-

Fig.A-4-1. Block diagram of the Control Section

and the Electronics

of McMaster Spectrometers .

(with the two different modes of control:

Computer Cards and Paper Tape.)

; 144
Punch/Reader Typewriter
Using l ‘ ’
Computer Cards Jk l ' l
A 4?
Paper-tapefe-2dvance Alphanu T-33
Reader — Decodeg Numerics |Teletype
Using Signal l lA _
Paper tape \/\,Slgnal dvancel‘/ l
Signal T devance *ﬁccumulators
, Counts
y .£.6,.26,.9, Motorsf$—7  Main
Control
. . Unit
*'¢'9af29a'9m r~sw1tchés'—’
End-of-scan {[Count| Advance
_ Read-~-out
s ___Inhibit J Control nd-of-scan
Monitor Unit Scanner
: Scaler [3; >
Monitor Preset Count Scan
Signal *
Reset Inhibit
» Signal
Signal Scaler
Counter
Reset Inhibit
Backgroun
Scaler
Background
Counter



IV - Principle 145

The heart of the new input—oﬁtput system is a model
T-33 teletype which comes equipped for reading and punching
A.S.C.I.1. (American Standard Code for Information Inter-
change) code paper tape. Actually the punch itself plays
a minor role with respect to the circuit described here in
the sense that it is used only

a) for manually punching spectrometer commands, the
punching task being normally performed by a computer
programme.

b) when it is desired to interface the output to a
computer via paper tape.

Basically Fig. A-4-1 shows that the
card reader is replaced by the paper tape reader. The infor-
mation punched on the tape can now be used to write on the
printer or to control the spectrometer according to the two
modes described below. 1In the case of the control mode, the
coded information read from the tape goes through the decoding
circuit where it is translated into the proper combination
of spectrometer commands.

The need for a decoder arises from the fact that
although 7 bits code contains more than enough channel
capacity that will ever be needed (27 7 bits words) it still
does not allow to assign a motor increment (positive or
negative) to one and only one perforation, as is possible

using 12 bits/column computer cards.
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Hence the need for a decoder. As the name indicates,

the decoder deciphers the punched information and energizes

the appropriate relays in the control unit which now takes

over until the desired function is accomplished and an

"advance" pulse is sent back to the reader. The cycle is

then repeated.

V - Coding

The choice of the actual code corresponding to the

different combinations of spectrometer commands was governed

by the following considerations.

a)

b)

c)

in a general scan in (grw) space, three independent
angles need to be varied: ¥, ¢, ea(zea) or 6 m’ Since
the efficiency of the spectrometer depends on minimi-
zing the time lost during motor moves, it is of utmost
importance to simulataneously vary all three angular
positions. The total number of possibilities is thus
3x3x3 = 1 = 26 where one is subtracted corresponding
to the case where none of the angles are varied.

The spectrometer commands could be punched directly
from the teletype keyboard for obvious reasons. (For
a list of Standard ASCII characters, please refer to
Table A-4-1).

The ASCII symbol corresponding to a spectrometer

command should be limited to those 64 available on CDC
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computers, s$ince it might sometimes be desired to

check for agreement between the calculated and perforated
values. Since, as will be seen, the decoder allows the
codes corresponding to each spectrometer command to
be written, it is also possible to check for agreement
of the written code symbols with those that are to be
expected. This eventually would prove a useful diagnosis
in cases of technical difficulties affecting the control
circuit by allowing the possibility to monitor the
behaviour of the front end.
The above consideration suggests to use the letters
of the alphabet and the combination of motor moves in a one-
to-one correspondence. The truth table corresponding to
spectrometer commands, including non-motor-moves is given in

table A-4-2,.

VI - Alpha Mode and Control Mode
Obviously the above arguments would be poor if it
resulted in the loss of the possibility of writing alphanumerics. In
order to differentiate between codes corresponding to alpha-
numeric information and spectrometers commands, it is
necessary to define two operating modes, as determined by
the position of the bi-stable K-13:
a) The alpha modes where all ASCII characters can be
read and printed at the rate of 10 characters/second
(Table A-4-1), except ASCII code 0748, which is used for

switching from alpha to control mode.



148

b) The control mode where a limited number of characters
corresponding to spectrometer commands may be read as
illustrated in Table A-4-2,

Referring to the circuit diagram, it is seen that the

alpha mode corresponds to K-13 being de-energized while

the control mode corresponds to K-13 being locked energized.

Within the control mode itself, there is yet two other

submodes: (as determined by the bi-stable K-23). (fig. A-4-3)
bl) The ea mode where ¥, ¢, ea(zea) may be simultaneously

moved. This corresponds to K-23 being de-energized.

b2) The em-mode where w,¢,em may be simultaneously moved.

This corresponds for K-23 being locked energized.

VII - Manual and Computer Programmed Operation.
1., Manual Operation
Using the truth table, it is possible to manually

program a spectrometer scan., The procedure is as follows:

i) in the alpha mode, any keyboard character except code
0748 may be punched. This may be callea thé.editing
section.

ii) immediately preceding the first spectrometer command,
ASCII character 0748 (i.e."bra"<) is punched.

iii) Spectrometer commands are punched according to the truth
table, table A-4-2.

iv) when it is desired to return to the alpha mode, the ASCII

code 2768 (i.e."ket">) is punched. The punched information

is now as per i), and the cycle may repeat.
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The resulting tape is now fed into the tape reader
and automatic operation takes over.

Besides the bra and ket symbols, there exists others
which are not related to motor moves and which are now
explicitly defined.

a) Space: the detection of the corresponding code by the
decoder results in no spectrometer commands. It is to
be used in cases where the direction of the motor is
reversed and where a time delay of the order of 15
seconds is desired before receiving the next advance pulse.

b) Rub-out: This serves the same purpose in both the alpha
and control modes i.e. by perforating all 8 channels,
it results in the same effect as in a). This is to be
used in mistake correction.

c) §$: Reactor time is precious and this symbol represents
the "count" command.

d) +: at this end of a scan, this symbol releases the line
counter.,

e) 1: it signifies a change from moving 6  to moving ea(zea)

2: it is the reciprocal of the previous code

Note: the meaning of these codes is as above only in the
control mode. Otherwise they are alphanumeric characters

having no influence on the spectrometer.
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2. Computer programmed operation.

The spectrometer may be controlled automatically to
perform an arbitrary scan in (g,uﬁ space by reading a tape
punched by a computer programme which does the necessary cal-
culations to move any of the four angular variables in the
appropriate way. The adopted procedure is the following:
calculations are performed on a C.D.C. computer (either at
McMaster or at Chalk River) since these are the fastest machines
in both locations. Neither of these gives a punched output though.
The interfacing between the C.D.C. machines and the Bendix G-20
(Chalk River) which does give a punched output is done through
punched cards. A simple translation‘programme {named PAPYRUS)
was written for the G-20 to convert to the appropriate A.S.C.I.I.
code. The tape then contains both the coded angular increments
and the editing section to be written besides the experimental data.

The characters given in table A-4-3 (part 1) are all
legal in A.S.C.I.I. and may be used freely. They correspond
to the standard characters available on a card punch and they
have the same Hollerith representation in both the C.D.C. and
Bendix machines.

Those given in table A-4-3 (part 2) are special charac-
ters which are not all legal in A.S.C.I.I. and which have a
different Hollerith representation in both types of computers.

Table A-4-4 lists those which may be converted to A.S.C.I.I.
via a different representation in G-20 display code (compare

with table A-4-3 part 2). This table A-4-4 also includes the

N
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internal representations of the special purposes characters,
i.e. bra{, ket », line feed ¢ and carriage return -. Thus
the editing section may contain any of the characters listed
in tables A-4-3 (part 1) and A-4-4 excluding the followings:

% : Hollerith code 0-8-5

A " " 11-8-5

{ : " " 12-8-2

(The ket ) is allowed as an ordinary alphanumeric

character).

SH BT Pl ESEET T
2 o < H SlwkiwEE=
10 " g Bl - a. 1 k‘m -] - w| of
§ Ea L) x:’§ .49 v @mm !
1 [ Je] Te] Jo] |o] (o (o] [o] Te] Jo] Jeo] (o] |@ o] Jo] Je® Bl
2 00 o0 oo | o 0 eole oo 00}
D000 D000 olojole e/eoeis s||8
ojolotofologyelniotojocjojolojojoje]ulolnjolojojcinlatc o}igi c__o_‘ g g E
4 eoje/eeje/0)e B Q0000000 NI
5 oo00eo00oceoo00000| s
6 ] 1.
7 L e ®
8 ) _OJ ®

Table A-~4-1: CHARACTER ARRANGEMENT (ASCII CODE)
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VIII- Truth Table for Paper Tape Coding (Control mode).

Table A-4-2.

) .
a) ~-Motor-moves symbol§ Ycoding Symbol

Y ¢+q{se,< 12)48l 12412

0 0 + x " b ¢ a

0 0 - X '3 x| b

0 + 0 x|l 0 . X da

o|-1]0 a x x h

+ 0 0 0 x|} x p

- 0 0 X| X X -~ C

0 + + X x Xj X e

0 - + p'4 x x| X i

0 + - x| x X| X f

0 - - X X X| X 3

+ 0 + X X X[ X q

- 0 + x| x X X s

+ 0 - x x x| x r

- 0 - Xix|x x| | x| x w

+ |+ 10 x x| | x| x t

- + 0 x| x| x X g

+ - 0 x| x x| x x

- - 0 x| x X X k

+ + + X X X X u

- + + X X x| x L

+ - + x x| x x y

+ + - x| x x X v

- - + X x x X m

- + - x| x x X n

+ - - X x| x X z

- - - x| x| x X x| x o

b) -Non motor-moves symbols
Change from alpha-mode
to control-mode . . . x| |x|x|x ( (Bra)
Change from control-mode
to alpha-mode . . . . x| x X| x| X X ) (Ket)

SKip ¢ ¢« v ¢ 4 e v 4 e . X x Space
Skip(alternate). . . . . [x|x|x x| X} x| x| x Rub-out
Count. . . . « « ¢ « & & x X $
Release Line Counter . . x| x| (x| |x ‘ . (Full Stop)
9a Mode. . « . « o « « . |X x| x| {x{ | 1
O, MOde. .« & v ¢ o o o 1 ixl ] IXin Ix 2
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X) - Representation of characters in different codings.

Note:

(Octal)
Character |C.D.C. G-20 A.5.C.I.I. Hollerith
display | display ] 7-bits .8-bits | card
code code (even-
(Octal) (Octal) parity]
A 01 01 101 101 12-1
B 02 02 102 102 12-2
C 03 03 103 303 12-3
D 04 04 104 104 12-4
ce. . EL oo b 05.00)....05...)...105,..}...305..}12-5 ...
F 06 06 106 306 12-6
G 07 07 107 107 12-7
H 10 10 110 110 12-8
I 11 11 111 311 12-9
..... J.eeo b 1200000012000 00112, 0 04..0.312, 011 L L,
K 13 13 T 113 113 11-2
L 14 14 114 314 11-3
M 15 15 115 115 11-4
N 16 16 116 116 11-5
..... S WS & I RO | S U BT AU SRS ST U B 5 £
P 20 20 120 120 11-7
Q 21 21 121 321 11-8
R 22 22 122 322 11-9
S 23 23 123 123 0-2
..... Teweueolo.24...08....24...3...124...]...324..§.0-3.....
U 25 25 125 125 0-4
\% 26 26 126 126 0-5
1 27 27 127 327 0-6
X 30 30 130 330 0-7
ceee Yool a3l 400031000 4000131 000400130 . L L 080
zZ 32 32 132 132 0-9
0 33 40 060 060 0
1 34 41 061 261 1
2 35 42 062 262 2
..... 3.....}...36...3....43...})...063...)...063..4...3.....
4 37 44 064 264 4
5 40 45 065 065 5
6 41 46 066 066 6
7 42 47 067 267 7
..... 8.....1...43...4....50...J...070...4...270..4...8.....
9 44 51 071 071 9
+ 45 54 053 053 12
- 46 55 055 055 11
* 47 56 052 252 11-8-4
..... /eeeeeboe.50...4...57...4...057...4...257..4.0-1 . ..
( 51 70 050 050 0-8-4
) 52 73 051 251 12-8-4
$ 53 65 044 044 11-8-3
= 54 60 075 275 8-3
blank/spacel...55...4....00...J...040...4...240.. §blank _ .
, 56 37 054 254 0-8-3
. 57 53 056 056 12-8-3

All these characters have the same Hollerith Card

representation in both the C.D.C. and G-20 computers.
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X) - Representation of characters in different codings,

representations in the C.D.C. and G-20 computers.

The

4

special purposes characters:

symbols followed by a double asterisk are

-C.D.C. display code 65 is translated into

-C.D.

-C.D.

Table A-4-3 . (part 2).
(Octal)
Character|c.D.C. Hollerith]G-20 Hollerith A.S.C.I.I.
display card display card 7-bits 8-bits
code (C.D.C.) code {G-20) (even-
, (Qctal) (Octal) (octal) Jparity)
= 60 0-8-6 07 07
f 61 8-7 71 0-8-5 133 333
1 62 0-8-2 72 0-8-6 135 335
H 63 8-2 76 0-8-2 072 072
ce Pl ). 64, 1. .8-4  F .62 1 11-8-2 & . . . ... d.........
- ** 65 0-8-5 35 11-8-7 015ax 215% %
v 66 11-8-2. 61 12-8-7
A 67 0-8-7 63 12-8-6
4 x» 70 11-8-5 75 12-8-2 012%% 0124«
AU S U 5 DU RS- 2V U 2 AU R = A I A R
£ *% 72 12-8-2 64 11-8-5 074 »» 074 %%
y ** 73 11-8-7 66 11-8-6 076 %xx 276 %
£ 74 8-5
> 75 12-8-5
ceo ... 4. T60...4.12-8-6,.4...36,...).12-8-5 K ....... e
: 77 12-8-7 67 8-4 073 273
=
1) Note: These characters have different Hollerith card

carriage return of the teletype (code 215)

cC.

display code 70 is translated into

line feed of the teletype (code 012)

C.

respectively preceeds and follows a

series of spectrometer commands.

display codes 72 and 73 (bra and ket)
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XI)- Intermediate representation for characters having
different Hollerith codihgs in C.D.C. and
G-20 systems. |
This table gives the G-20 display éode correspondina
to Hollerith card coding in C.D.C. system
for symbols listed to the left. .
The final A.S.C.I.I. code obtained by table

look-out is given to the right.

(Octal)
Character |C.D.C. Hollerith JG-20 A.S.C.I.I.
‘ display| card display |7-bits 8-bits
code (C.D.C.) code {even-
(Octal) (Octal) parity)
= 60 0-8-6 72 007 207
[ 61 8-7 74 133 333
] 62 0-8-2 76 135 335
: 63 8-2 33 072 A 072
P XxX . 1...65...)...0-8-5.3....71..4.. 015.......015....
toxx 70 11-8-5 64 012 012
L P 72 12-8-2 75 074 074
D k% 73 11-8-7 35 076 076
H 77 12-8-7 ’ 61 073 073

Note: Concerning the starred symbols, please refer

to note 2) in table A-4-~3.

Table A-4-4



XII- Modification to the wiring of the teletype;

Paper tape reader circuit.

(fig. A-4-2)

S: On/off/end-of-tape switch

Cl: Connector to decoder

C6: Teletype connector no. 6
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Appendix A-5

Design of a self-protected motor/clutch control circuit

Purpose: i) to allow the motors to be energized
continuously during an angular scan instead of being pulsated
as is presently the case, resulting in:

-an increase in average angular speed
-reduced heating of the motor
-higher torque
ii) to allow a certain dead time (?’) sufficient
for the motor to stop completly before reversing direction.
iii) to protect the system against jamming of

the moving parts (especially the @ arm).

The circuit is illustrated in fig. A-5-1. Basically it
can be divided in 3 parts: the motor-control (part 1), the
self-protection (part 2) and the cut-off relay (part 3).

Part 1 contains a bistable made up of relays A-1 and A-2
which can be locked in two configurations,"forward" or "reverse",
depending whether points ®3 or P-4 have a voltage level. After
locking in either configuration, a thermal delay relay (of

time constantt) is energized to delay the application of power
to the motor; this time lapse is sufficient to allow the motor
to stop if it was previously turning in the opposite direction.

Once the motor is started, it will be continuously energized
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unless the direction of motion is reversed or a counting period
is started.

Part 2 is a protection circuit which would energize the
relay D -1 should the spectrometer jam against an obstacle.
Then the clutch and relay A-3 would be energized for a longer
time than the time constant of the delay circuit and relay »-1
would become energized, thus cutting power to the motor and
the clutch, until manually resetted by temporarily opening
the switch S-2. This feature is intended to be used only on the
@ motor where obstacles may be encountered along a scan; for
the other motors, this part may be avoided completly by connec-
ting directly point P-1 to point P-2.

Part 3 is a relay which turn the power off during a
count period, thus stopping the motor. Obviously only one such
relay is needed if this circuit is installed on more than one
motor.

This appendix was included for future reference since
the circuit has not been built yet. Installation should be
simple since it is only a straightforward insertion
between the control unit and the motor without modifying

either of these.
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Fig. A-5-13 Motor/Clutch Control (Self-Protected)

Legend: Al,2,3:AC Relays: DI,2:DC Relays.
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Appendix A-6
Bibliography of papers relevant to the scattering of
thermal neutrons. |

A search was done through the scientific litterature
in order to collect in a bibliography papers relevant to the
scattering of thermal neutrons. The earliest year surveyed was
arbitrarily set as mid-1962 and the search covered the journals
listed in table A-6-2. Most of the title collecting was done
in cooperation with R. Dymond but recent updatings were done
more fairly by requiring all people in our group to cooperate.

Up to the beginning of 1970, we have 1828 references
relevant to experimental work and 649 relevant to theorftical
and technical subjects; these numbers include cross-references.
This amount of data has created a certain handling problem
which was finally solved, after trying other unsatisfactory
methods, by the present procedure which is now briefly described.

Individual references are stored on computer cards
according to the format listed in table A-6-1. This format is
compatible with that required by the computer library program
KWIC (Key Words In Context) which is a general SCOPE programme
to do alphabetical sorting. The duplication of columns 201-240
from columns 41-80 initially stems from this reason. It also

serves as a check that each reference record is complete.
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Since the programme KWIC is not presently working
reliably, a computer programme (named BARBARA) was written
which could serve our own special purpose since the sorting
of chemical formulae is not stricly an alphabetical sorting
as a moment reflection shows. Every time that an updating is
performed, two copies of a magnetic tape are obtained as a
safeguard againgt accidental erasure.

It is hoped that this work will be annually distributed

to interested research groups.

Table A-6-1; Format for reference records as
adopted for computer programme BARBARA
I) Experimental papers.
(3 cards per reference records)
Col. 1-40 Journal reference using standard abbreviation
41-72 formula
73 Blank
74-80 Catogory of work using standard code
81-200 Authors list
201-240 duplicate of col. 41-80
II) Theorftical and technical papers
(3 cards per reference records)
Col. 1-40 Journal reference using standard abbreviation
41-80 Authors list
81-200 Title of paper

201-240 Duplicate of col. 41-80
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Table A-6~212; Journals and the first issue surveyed.

Acta Cryst. Vol. 16 (1963)
Ann. de Phys. Serie 13, tome 8
Ann. of Phys. Vol. 21 (1963)
Can. Journ. Phys. Vol. 41 (1963)
Comptes Rendus Tome 256 (1963)

Dissertation Abstracts Vol. XXIV (1963-4)
Journ. App. Phys. Vol. 34 (1963)

Journ. Phys. Chem. Sol. Vol. 24 (1963)

Nucl. Inst. Met. Vol. 20 (1963)
Phys. Rev. Vol. 129 (1963)
Phys. Rev. Lett. Vol. 10 (1963)
Phys. Stat. Sol. Vol. 1 (1962)
Phys. Lett. Vol. 1 (1962)
Proc. Phys. Soc. Vol. 81 (1963)
Proc. Roy. Soc. Vol. 271 (1963)
Rev. Scient. Inst. Vol. 34 (1963)
Sol. Stat. Comm. Vol. 1 (1963)
Sov. Phys. J.E.T.P. Vol. 16 (1963)

Sov. Phys. Sol. State Vol. 4 (1962)

Also surveyed were

The proceedings of I.A.E.A. symposia held in
Vienna (1960), Chalk River (1962),

Bombay (1964) and Copenhagen (1968).
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