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The Precession Method in Fiber Diffraction Photography

By MURRAY VERNON KING
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The precession method is recommended for taking diffraction patterns of highly-ordered fiber specimens
in cases where the theoretical advantages of recording an undistorted meridional slice of the Fourier
transform of the specimen are called for by the nature of the research problem, e.g. when the diatropic
(meridional) reflections are of especial interest. Analysis of the process of image formation shows that
the fidelity of recording the transform is limited by the width of the layer-line slit. The resulting resolution
of the Fourier transform in reciprocal space is approximately 2(4r/r) sin2iz, where r is the radius and
Ar the half-width of the slit. Use of a narrower slit to improve the resolution entails a correspondingly
longer exposure. Experimental data, mostly on chitin, illustrate these features, and show that the
exposure times required for the sharpest patterns may range to more than forty times those required
in the usual diffraction method employing a stationary specimen.

Introduction

The goal of the investigation of any fiber by X-ray
diffraction is to record the Fourier transform of the
fiber. More specifically, the entity recorded is the
Fourier transform of the electron-density function of
the real fiber as influenced by such factors as disorienta-
tion and other disorders, rather than the transform
of the ideal unit cell.

The choice of the diffraction method to apply de-
pends fundamentally on a compromise between fidelity
and convenience afforded by the various methods in
achieving this goal. Howsmon & Walter (1960) have
suggested the application of the Buerger precession
camera for recording the diffraction patterns of fibers,
citing the following advantages:

(a) An undistorted slice of the Fourier transform
is recorded on the film.

(b) The diatropic (meridional) reflections are inclu-
ded, whereas they lie outside the region theoretically
recordable when one applies the most usual technique
of taking the diffraction pattern of a stationary spe-
cimen with the X-ray beam normal to the fiber axis.

This article will discuss some relative advantages
and disadvantages of the precession method, especially
in terms of specimen quality, resolution in the recorded
pattern, and exposure time, and the results of experi-
ments illustrating these points will be described.

Definitions and assumptions

It will be assumed, unless stated otherwise, that the
fiber specimen is mounted with its axis along the
spindle axis of the precession camera. Thus, this axis
is horizontal on the resultant photographs. Stationary
photographs taken in the precession camera will
naturally have the same orientation, whereas this axis
is set vertical in the usual fiber cameras. Whatever the
orientation of the specimen in laboratory space, the
direction of the fiber axis will be termed the ‘meridional’
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direction and the normal to it will be termed ‘equato-
rial’. .

We shall also assume, unless stated otherwise, that
precession photographs are taken with the settings of
the film and layer-line screen calculated for zero-layer
photography.

In characterizing a fiber specimen, we must specify
the type of orientation (uniaxial, biaxial, efc.) and the
perfection with which this orientation is maintained.
The Fourier transform of a normal uniaxial fiber is
cylindrically symmetric about the fiber axis, and thus
the recording of a single meridional section of the
transform (i.e. a section containing the fiber axis)
serves to characterize the entire transform. On the
other hand, a biaxial (doubly-oriented) fiber has a
Fourier transform defined in three dimensions, which
must be recorded by methods resembling those ap-
plied to single crystals.

Image formation of continuous Fourier transforms
in the precession camera

In recording diffraction patterns of single crystals,
the diffracting power is largely limited to discrete
points (Bragg spots) or lines (white radiation streaks).
Only a background of diffuse scattering fills the rest
of reciprocal space. Thus the width of the slit in the
layer-line screen is an important factor only in isolating
layers from their neighbors and in reducing the diffuse
background. In contrast, in fiber diffractometry the
crystallite sizes are generally small enough, or the
disorder sufficient, that the Fourier transform covers
extended regions of reciprocal space. Thus, when one
takes a zero-layer film in an effort to obtain a meridio-
nal section of the Fourier transform, the finite slit
width permits a nest of coaxial cones of diffracted
radiation of differing angles # to pass. Each cone cor-
responds to a reciprocal lattice plane parallel to the
film. Thus, an entire slab of reciprocal space is simul-
taneously recorded on the film.
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Other factors limiting the resolution involve beam
convergence, which is a function of the sizes of the
focal spot and the specimen, or of the collimator
system. However, we shall neglect these factors here,
assuming that the conditions have been chosen so
that they do not become the limiting factors.

We shall elucidate the nature of the image produced
on the film under the stated conditions, and determine
how it is influenced by the aberrations inherent in the
precession method and by the slit width adopted in a
given experiment.

The imaging process has the following features:

(1) Each point in the zero plane of the Fourier
transform produces a single image in its correct place
on the film, just as in the single-crystal case. However,
here we must define ‘zero plane’ to mean the central
plane of the Fourier transform lying parallel to the
film, without reference to a reciprocal lattice.

(2) Points lying outside the zero plane give double
images, displaced from the positions that the points
occupy in their respective planes. Thus, features lying
in planes parallel to the zero plane will be represented
on the film as distorted double images overlapping the
image of the zero plane. As is often done in precession
theory, we can alternatively treat the points outside
the zero plane as being imaged on the film, or on the
zero plane. The latter procedure allows us to treat the
object and image as though both existed in the same
reciprocal space.

(3) The geometry of the image of any point or ex-
tended feature in reciprocal space is determined only
by the precession motion, i.e. orientation of the preces-
sion axis and precession angle j.

(4) The layer-line screen acts only by selecting which
planes are permitted to record, without affecting the
aberrations present in their images.

(5) Owing to the overlap of images arising from
different reciprocal-lattice planes, the image formation
is a many-to-one process. We shall define the anti-image
of a point or extended feature on the film (or on the
zero plane) as being the locus of all points in reciprocal
space contributing to the given image. The anti-image
of a point will be seen to be a space curve, that of a
line is a curved surface, and the anti-image of an ex-
tended area is a solid figure.

While the analytical calculation of the positions of
image points in the precession method is cumbersome,
the geometric constructions shown by Buerger (1944,
1964) provide a simple graphical means of constructing
both images and anti-images. The diagrams presented
in this article to illustrate these features have been
so constructed. The analogous and geometrically
identical problem for the retigraph has been treated by
Mackay (1960).

Fig.1 depicts the anti-image of a point [ in the zero
plane. We assume that no layer-line screen is used, and
adopt a frame of reference in which the specimen is
fixed, while the sphere of reflection is made to precess
about the normal to the zero plane (the { axis). The
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successive positions of the incident beam vector are
thus unit vectors constituting elements of the cone
COC’. During the precession cycle, the diffracted
beams contributing to the image at 7/ will arise from
successive positions CC’ of the center of the sphere of
reflection. Thus they lie along the elements of the
oblique circular cone CIC’. The diffracted-beam vec-
tors CA are of unit length. This establishes the anti-
image AJA’ as being the curve on the surface of the
oblique circular cone cutting the elements of the cone
at unit distance above the base. Fig.2 shows the rela-
tion of the anti-image to the zero plane, with its ortho-
gonal projection in that plane sketched in for reference.

Some images of specific figures in reciprocal space

The images of nets in planes parallel to the zero plane
are of interest in illustrating the magnitude and direc-
tion of the aberrations inherent in the zero-layer film.

I
e A/

Fig. 1. Construction of the anti-image curve AJA" of the image
point I in the zero plane. The origin of reciprocal space is
at O. The center of the sphere of reflection traverses the
circle CC’ during the precession motion.
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Fig.2. Relation of the anti-image curve to the zero plane as
shown by orthogonal projection on the latter.
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Fig.3 shows this for the case of a net of spacing 0-4
reciprocal-lattice units, situated at {=0-2. At the left
and center, a portion of the recordable region of this
layer is shown in undistorted form. Overlaying it is
the right-hand half of the precession image of the net
on the zero plane. The image points of the latter are
connected in such a way as to reveal the two component
nets with their complementary distortions. The draw-
ing is constructed for g=30°.

The image of a spherical surface about the origin is
of practical interest for several reasons. First, a powder
line (e.g. due to an included mineral) is the equivalent

Fig. 3. The relation of a net in a non-zero plane to its precession
image on the zero plane. Left and center: part of the record-
able region of a net of spacing 0-4 reciprocal-lattice units
lying in the plane at {=0-2. Right: half of its precession
image.

Minimum recordable

Fig.4. The precession image of a 30° sector of a sphere of radius 0-5 reciprocal lattice units centered at the origin of reciprocal

space. Precession angle z=30°. The equator of the sphere is taken in the zero plane, and the images of meridians and parallels

at intervals of 10° are drawn in. Part of the map of the Western Hemisphere is sketched in to aid in visualizing the aberrations
and the limits of the recordable region of the spherical surface.
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of such a sphere in reciprocal space. Further, features
in the Fourier transform broadened by partial dis-
orientation are spread out over portions of spherical
surfaces (namely zones, if the overall orientation is
uniaxial). Fig.4 shows a portion of the image of a
spherical surface of radius 0-5 (again, @=230°). The
equator of the sphere is taken in the zero plane, and
the images of several meridians and parallels are shown.
A portion of the map of the Western Hemisphere is
sketched in to aid in visualizing the aberrations. The
following characteristics of such images must be taken
into account in order to avoid false interpretation of
the corresponding features on precession films:

(1) Let g be the radius of the sphere, and 6 =sin~1(g/2).
Then, only the zone of the spherical surface lying be-
tween { =g sin (6 + &) can be recorded. The correspond-
ing image covers an annulus lying in the range be-
tween ¢=sin 26/cos (@ +26). Thus, in Fig.4, the zone
from {=—0-134 to +0-350 is recorded as an annulus
from £=0-484 to 0-938.

(2) If we assume that the Fourier transform has
a constant density distributed over the spherical sur-
face, then the image will be shaded most densely at
its inner margin, owing to the crowding of image
points there. The illusion of a ‘line’ is thus created.
In general, this ‘line’ will not be situated at the correct
radius g, except when §=.

(3) When we insert a layer-line screen, we limit the
image to a narrower annulus on the film, but only
in the limiting case of an infinitely narrow slit will the
inner margin of the image always occur at &=.

Resolution of the precession image

Now we can consider the ‘resolution’ afforded by the
precession method. By this term, which we can inter-

";,iazz

= =-0.134



632 THE PRECESSION METHOD IN FIBER DIFFRACTION PHOTOGRAPHY

pret as a ‘distance of confusion’ in the Fourier trans-
form, we mean the maximum span covered in recipro-
cal space by points that will contribute to the image
at a given point on the film, and thus be confused in
the precession pattern.

Fig.5 shows the portion of the anti-image of the
point I which is permitted to contribute to the image
at I when a layer-line screen is inserted. Here . is the
coordinate of the reciprocal-lattice plane corresponding
to the maximum cone angle 7, permitted to record,
and {_ similarly corresponds to the minimum angle
7_. The values J, and J_ are the linear distances from
the image point 7 to the intercepts of the anti-image
curve in the {, and {- planes, respectively. While
the intercept points are not exactly collinear with I,
the total maximum distance between the intercept
points is well approximated by

8:=16,1+10-] . 1)

The value of d+ is a measure of the ‘resolution’ obtain-
able under the given conditions.

Now let us assume that the slit of radius » and half-
width Ar is properly set to record the zero layer. (Here
dr is actually one-half the width unobscured by the
screen, a quantity varying with the cone angle.)

Then, following Buerger [1964, p.68, equation (3)]
and setting n=0 and s=r cot i, we have

Ar=(r cot ) tan [cos~!(cos g — ()] —r . )
Solving for {,, we have
{.=cos p—[l +tan? g(1+Ar/r)-*. 3)
Similarly,
 {_=cos i—[l+tan? g(l— APt . )

For small values of Ar/r, these expressions may be ap-
proximated by

{,=sin? i cos @(4rfr) , ®

{—~= —sin2 f cos a(4drfr) .
Now the intercept points of the anti-image curve in
the ¢, plane are both displaced in the { direction from
the image point I by the distance {,, and normal to

this by {, tan#, (where cos #,=cos z—{,). Thus,
their total displacement J, in reciprocal space is

given by
0y =Gy sec v =Cif(cos i—(y). ™

Similarly, the intercepts in the {— plane are displaced
from the image point by
o—={_secv-={_/(cos p—{-). ®)
For small values of 4r/r, the corresponding approxi-
mations are:
0,=(drfr)sin? i, ®
0_=—(dr[r)sin2 g . (10)
Fig.6 shows the variation of the values of {, and {_
and 6, and J- as functions of Ar/r.

Thus, in the general case we can approximate the
overall ‘resolution’ or ‘distance of confusion’ by the

formula
0x={,/(cos p—{)—C-f(cos p—C-),  (11)
or for small 4r/r,
0+=2(4r|r)sin?2 i .

g
e

(12)
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Fig.5. Diagram of the portion of the anti-image curve permitted
to contribute to the image at I when a layer-line screen is
inserted.
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Fig.6. The variation as functions of 4r/r of the parameters
{, and {- determining the slab thickness, and of the param-
eters 0, and - determining the distances to the most remote
points of the Fourier transform confused in the precession
image. p=30°.
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These expressions give an approximation for the
limiting resolution of features of the Fourier transform
in reciprocal space obtainable with the given slit
width. We can convert them to corresponding expres-
sions for the ‘resolution’ in real space, namely, 4/J+.
Note that this quantity is not the same as the resolution
commonly quoted in single-crystal studies, since it is
a measure of the longest spacings that can be discerned,
rather than the shortest. For small 4r/r, the expression
for the real-space ‘resolution’ is

Ads=A[2(dr]r) sin? &) . (13)

Calculation shows that equation (13) is quite
adequate for use with any of the layer-line screens
normally used with the precession camera. Further, we
note that the limiting resolution attainable with the
usual slit of 5 mm is quite modest. Thus, for the com-
monly-supplied screen of radius »=15 mm, halfwidth
Ar=2-5 mm, when operating at g=30°, 1=1-5418 A,
we calculate a limiting resolution A/d.. of only 18-5 A.
This indicates that considerably narrower slits will be
required for the sharpest resolution of detail, with a
concomitant increase in the exposure time propor-
tional to 1/4r. For example, a screen which we have
used, having r=14 mm, 4r=0-5 mm, should give a
limiting resolution of 86 A under these conditions,
with five times the exposure to get comparable black-
ening.

Thus, as long as we are dealing with a continuous
Fourier transform, the precession method is inherently
limited in its resolution in reciprocal space by the
factor of prohibitive exposure times. Only under special
conditions can we resolve finer detail, as when the
transform is closely limited to sharp successive maxima
along the meridian. However, such conditions are more
analogous to the case of a single crystal, for which
we can obtain much higher ‘resolutions’ in the preces-
sion method by virtue of the fact that the Fourier
transform is essentially zero throughout most of recip-
rocal space.

Experimental

Diffraction patterns were taken of a set of fiber spe-
cimens to give a concrete picture of the pertinence of
the discussed factors to the overall usefulness of the
precession method in fiber diffractometry.

A chitin specimen was chosen for the fullest study.
This sample was lobster apodeme demineralized with
ethylenediaminetetra-acetic acid, washed, and dried.
Two precession patterns taken 90° apart normal to the
fiber axis showed some difference in sharpness, indicat-
ing that the degree of orientation was not cylindrically
symmetric about the axis. Since the pattern taken with
the zero plane perpendicular to the plane of flattening
of the specimen was sharper, this orientation was
adopted for the remainder of the exposures.

The photographs to be compared were examined for
sharpness and relative intensities of the different
reflections, with particular account of how well the
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diatropic reflections were made manifest. Selected
photographs were characterized quantitatively by
scanning them along the meridian with a Joyce-Loebl
microdensitometer equipped with a wedge having an
absorbance range 0-2. The densitometer scans are
presented here, rather than the original photographs,
since experience has shown the fidelity of half-tone
printing as applied to diffraction patterns to be so
limited that the printed reproductions might well sup-
port erroneous conclusions diametrically opposite to
those drawn from examination of the originals. The
patterns of interest are:

Fig.7. Stationary photograph,
posure.

Fig.8. Precession photograph, 7=230° no layer-line
screen, 50 hr exposure.

Fig.9. Precession photograph, i=30° r=15mm,
Ar=2-5 mm, 42-6 hr exposure.

Fig.10. Precession photograph, #=30° r=14 mm,
Ar=0-5 mm, 213-2 hr exposure.

The success of the precession method in recording
diatropic reflections is shown by the 060 reflection
visible at the extreme left of Figs.9 and 10, but absent
in Fig.7. The 040 diatropic reflection is also greatly
strengthened in the precession patterns. Fig.10 shows
a gain in sharpness over Fig.9, at the cost of a much
longer exposure, indicating that the broader slit does
not exhaust the resolution available in the Fourier
transform of the specimen. However, no essentially
new features are revealed by the use of the narrower
slit. The spacing calculated for the 060 reflection, as
calculated from the positions measured on the photo-
graphs, is 1-726 A (5 mm slit), or 1-713 A (1 mm slit),
as compared with the value 1-71 A reported by Carl-
str6m (1957).

Now, the use of the precession method without a
layer-line screen would seem to combine the favorable
features of recording the diatropic reflections, while
permitting the short exposures that suffice in the station-
ary normal-beam method. Fig. 8 shows the result of
taking the pattern under these conditions. The in-
herent loss of resolution is found to defeat these
aims. While the 060 point in the Fourier transform is
brought into diffracting position under this procedure,
no corresponding peak appears on the photograph.
Evidently, the weak diffraction peak produced at this
short exposure is completely hidden in the surrounding
continuous background. The lower-order peaks in this
photograph show a characteristic appearance in having
inner margins much sharper than their outer margins.
Also, the peaks are displaced inward from the positions
of the corresponding peaks in the precession patterns
taken with layer-line screens. These two facts recall
the predicted character of the image of a spherical
surface, in which the image points are crowded toward
an inner margin not coinciding in radius with the
sphere itself.

Precession and stationary photographs were taken
from a set of other fibers, which proved to be less

Z#=0° 5-0hr ex-
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well oriented, and here the precession patterns proved
to be hardly different from the stationary patterns.
The fibers were collagen (kangaroo and rat tail tendons)
and a-keratin (cat claw). No essentially new features
were observed, but collagen showed sharpening and
enhancement of the 2:9 A meridional arc on the pre-
cession films. The characteristic 1-47 A diatropic re-
flection of a-keratin was not recorded, being outside
the range attainable with CuK« radiation at g=30°.
(However, the cat-claw specimen gives a weak 1:47 A
reflection when examined in the Weissenberg camera
with the same radiation.)

Discussion and conclusions

The experimental results confirm the expectations that
the precession method should be effective in recording
the diatropic reflections and in permitting undistorted
measurement of the positions in reciprocal space of
observed features. At the same time, high resolution
is gained only at the cost of enormous exposure times.
The procedure of taking precession photographs with-
out a layer-line screen has proved to lack merit, since
the superposition of images arising from an extended
volume of reciprocal space blurs and distorts details
greatly. We might note that the oscillation method
shares the same shortcoming, with the added defect
that one cannot conveniently use a layer-line screen in
this method.

The decision whether the precession method offers
significant advantages in a given problem will depend
on the nature of the specimen and the type of informa-
tion we intend to get from it. The following considera-
tions may be helpful:

(1) The precession method is worthwhile only with
highly ordered specimens. Poorer specimens are, in a
sense, self-precessing.

(2) Interest in the positions and intensities of the
diatropic reflections favors the use of the precession
method. For example, it may prove valuable in dis-
tinguishing between strictly diatropic and slightly off-
axis reflections.

(3) The precession method can give an undistorted
picture of the degree and type of orientation of a
specimen. For example, two precession patterns taken
with settings 90° apart on the spindle axis can give
a good unbiased estimate of the extent of biaxial
orientation of a specimen.

The author wishes to thank Mrs Muriel H. Blanchard
and Dr Laurence C.Bonar for sample preparations,
and Mr Syed A.Rizvi for assistance in densitometry.
Specimens were supplied by Dr Alexander Rich and
from the laboratory of Dr Winfield S.Morgan. The
author also wishes to commend the patience of Mish-
ka*, who graciously supplied the keratin specimen.

* Deceased 23 March 1966.
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Fig.7. Densitometer scan along meridian of stationary photo-
graph, lobster apodeme, 2=0° 5-0 hr. exposure. A scale of
distances from the center of the film and the indices of the
visible features are given.
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Fig. 8. Densitometer scan along meridian of precession photo-
graph, lobster apodeme, z=30° no layer-line screen, 5-0 hr
exposure.
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Fig.9. Densitometer scan along meridian of precession photo-
graph, lobster apodeme, i=30° r=15mm, 4Ar=2-5 mm,
42-6 hr exposure.
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Fig.10. Densitometer scan along meridian of precession
photograph, lobster apodeme, z=30°, r=14 mm, Adr=
0-5 mm, 213-2 hr exposure.
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Measurements of the Thermal Variation of the X-ray Debye Temperature
of Pure Nickel and Chromium®* f

By RoNaLDp H. WiLsoN f, EARL F.SKELTON§ AND J. LAWRENCE KATZ

X-ray Laboratory, Department of Physics, Rensselaer Polytechnic Institute, Troy, New York, U.S.A.

(Received 14 March 1966 and in revised form 9 May 1966)

The X-ray Debye temperature has been determined from integrated X-ray intensity data for single
crystals of nickel and chromium in the temperature range 100°K < T'<520°K. The data were corrected
for thermal diffuse scattering as well as changes in the lattice parameters. The room temperature values
of the Debye temperature were found to be 410°+ 10°K and 545°+20°K for nickel and chromium,
respectively. This is in agreement with already published values for nickel; chromium, however, ap-
pears to give a room temperature Debye temperature which is somewhat lower than has been pre-
viously reported.

In the case of both metals, the elastic constant Debye temperature was computed from the available
elastic constant data. In both cases, the elastic constant Debye temperature, @z, was found to be
greater than the X-ray Debye temperature, @u. This is in agreement with previously reported values
for nickel; in contradiction to published results, however, chromium was found to conform to the

general relation that ©z/@x > 1.

Introduction

Debye temperatures are frequently used to character-
ize the thermal vibrations of a solid and are found to
be useful parameters in a number of physical proper-
ties of solids. Herbstein (1961) has recently reviewed
the methods of measuring Debye temperatures and has
discussed the reasons for the different values obtained
from different physical measurements.

One means for determining the Debye temperature
is through studying the intensity of a Bragg reflection
in X-ray diffraction. The integrated Bragg intensities
have been measured over a wide temperature range.
From these intensity measurements, the thermal varia-
tion of the Debye temperature has been obtained.

* This work was supported in part by the National Aero-
nautics and Space Administration through the Rensselaer
Polytechnic Institute Interdisciplinary Materials Research
Center, the National Institute of Dental Research under Grant
5T1 DE117-02 and the Army Research Office (Durham).

+ A portion of this study was extracted from a thesis sub-
mitted by one of the authors (R.H.W.) to the Graduate School
of Rensselaer Polytechnic Institute in partial fulfillment of
the requirements for the degree of Doctor of Philosophy in the
Department of Physics.

I Present address: General Electric Research Laboratory,
Schenectady, New York.

§ N.LLD.R, Predoctoral Trainee.

These methods have been applied to nickel and
chromium; the room temperature results for nickel
compare favorably with X-ray Debye temperatures re-
ported by Simerska (1962) and Goldak (1965). Chrom-
ium, however, seems to give a somewhat lower X-ray
Debye temperature than has been reported by Ilyina
& Kiristskaya (1955).

Theory

The basic theory employed in this work was developed
by several authors. Our notation is similar to that of
James (1954) where a detailed development and ref-
erences can be found. The relation developed for the
scattered X-ray intensity is given by the following ex-
pression:

AS)N)=Clfol? e MISIH+ LS/ (1)

where
_12.m [F(X) 1 sin 0 \?
M=o x ta ()@
X
Fon =5 ce@-prax= @

1 4 cos?220
2R2 ’

C = (e*/mc?)? 4)



