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ABSTRACT 

The problem is the study, by x-ray means, of thermal vibrations 

of the atoms in crystals and their interactions with other phenomena of 

interest in crystal physics. The first experimental studies deal with the 

dependences of the motions in AgCl as revealed by their effect 

on the Bragg intensities. Extended consideration has been given to the 

background of the problem as found in the theory of and the literature on 

thermal motions of atoms, or lattice vibrations, as related to x-ray meas

urements of Bragg intensi.ties o 

A method for determining temperature factors (and hence Debye-8's) 

from temperature dependences of x-ray intensities is derived and experimen

tally illustrated... A second method is suggested .. 

Possible effects on the data of such things as (l) thermal diffuse 

scattering (TDS), (2) temperature dependence of primary extinction, and 

(3) defect concentration are considered in some detail. Possibilities for 

assessing or studying the same factors through their effects on the apparent 

Bragg peaks are notedo 

design and performance, design of experiments, experimental 

techniques, and characteristics of the specimen, etc. are discussed in de

tail, especially in connection with accuracy and reproducibility. 

Particular attention has been given to means for shaping the specimens 

without distorting themo Economical use of personnel time and materials 

has been consideredo 

--xi-
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A conceptual device referred to as the "acceptance region" model has 

been developed and utilized to determine the requirements on and the factors 

affecting the x-ray beam geometries. 

Intensity data were collected for (hhh), (hhO), and (hOO) .reflections 

0 0 of AgCl at 10-degree intervals over the temperature range 90 K to 300 K. 

Variations in diffraction peak breadths with temperatures were observed 

and are discussed. 

Reproducibility in the intensity vs. temperature measurements was of 

the order of 1/2 to 3/4%. 

The amplitudes of thermal motions of the silver and chlorine atoms were 

found to be quite similar, in agreement with observations by others. This 

result is interpreted to mean that the acoustic (rather than optical) modes 

of lattice vibrations have dominant importance to x-ray observations of the 

present type in AgCl. 

An inflection in the semi-log plot of intensity vs. temperature was 

found i.n the case of the (lll) reflection. The possibility that the inflec-

tion may indicate a temperature induced change in bond character will be 

investigated. 

The errors introduced by TDS and a-doublet separation (both of which 

are temperature in the measures of Bragg intensities vs. tempera-

ture were partially overcome by a technique involving extrapolation to 

sin Q = 0 o 

Evidence for anisotropy in the theLmal motions of the atoms in AgCl 

was not conclusive; further effort will be expended definitely to support 

or to reject present indications of anisotropy. Existence of anisotrqpy 

would probably indicate anharmonic thermal vibrations. 

-xii-
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Approximate Debye-8 1s have been determined from the intensity vs. tem

perature data which are in reasonable agreement with literature values ob

tained by other means. 

technique of extracting crystal-physics information from 

careful measurements of the temperature dependence of the Bragg intensities 

continues to show promise. Contemplated applications of the results includes 

preparation of detailed electron density maps (for which the temperature 

factors will be determined from their temperature dependences), first of 

AgCl and then of other materials. The study of various kinds of lattice 

defects and crystal imperfections will follow. 

-xiii-
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SECTION l 

INTRODUCTION 

I. INTENDED FUNCTIONS OF THIS REPORT 

This report has been written with the intent that it shall be of con

tinuing use in the actual conduct of the project as well as a report to the 

sponsor. Thus an attempt has been made to discuss here much of the litera

ture, the theoretical background, and the experimental considerations and 

techniques which are and will continue to be relevant to the work of this 

project on studies of thermal motions in crystals (particularly AgCl) by 

means of observations of Bragg intensities. Further, an attempt has been 

made to present the generally applicable material in sufficient detail and 

cal consistency so that this report may serve both as a manual and, at 

times, something of an introductory text on x-ray studies of thermal motions 

(by studies of Bragg intensities). It is hoped that i.t may be read with 

understanding by, for example, first year graduate students in physics or 

chemistry who have only rudimentary training and experience in x-ray dif

fraction. 

It is believed that the availability of a manual, such as this report 

is intended to be, will have special value in acquainting new staff members 

with the work of the project and in otherwise enhancing the continuity and 

unity of project activities. 

IIo GENERAL PROBLEM AND BACKGROUND 

A. Statement of the General Problem with Some Background Information 

As indicated by the title, this project is for the studies of thermal 

motions in crystals by x-ray diffraction. It is intended to include, when 

-1-
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appropriate, studies of the thermal motions themselves, methods for deter

mining them, and applications of the measures and methods to other problems 

in crystal physics. Examples of such other problems are radiation damage 

mechanisms and detailed electron density distributions. 

The thermal motions, or lattice vibrations, are of fundamental interest 

in a variety of problems. They are involved in and to some extent may be 

determined from specific heats, elastic constants, infrared and Raman spec

tra, the temperature dependence of thermal expansion, the temperature coef

ficient of electrical resistivity, and thermal conductivity, among other 

things. The inelastic scattering of cold neutrons, which is closely related 

to x-ray thermal diffuse scattering, allows determination of the entire 

elastic spectrum. An extraordinarily long time is required to collect the 

data, however, and only a very few places have the neutron flux even to 

attempt it (principally Brookhaven and Chalk River). 

Much of the basic x-ray theory involved in the present project is 

covered by James
1

, particularly in his Chapter Five which considers the in

fluence of temperature on the scattering of x-rays. There are two principal 

effects: (l) The intensities of the Bragg peaks are reduced; the half

widths of the peaks are not changed as long as the vibrations &re approxi

mately harmonic. (2) Interaction of the x-ray photons with the lattice 

phonons gives rise to thermal diffuse scattering (TDS) which appears as extra 

scattered intensity distributed nonuniformly throughout reciprocal space. 

While TDS measurements can in principle yield the entire elastic spec

trum they are in fact tedious to make, subject to large correction terms, 

such as that for Compton scattering, and are somewhat difficult to analyze. 

-2-
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While the TDS method is by no means being overlooked in the present work, 

nor is its value being underestimated, it is the intent here, at least at 

first, to compromise the completeness of the thermal vibration information 

for the sake of easier attainability. Attention is first directed, there-

fore, to the method by and the extent to which thermal vibration information 

may be obtai.ned from the effect of these vibrations on the Bragg intensities. 

Correlations of results and comparisons of methods with those reported in 

the li -cera-cure wi.ll be made where possible. It is hoped finally to intro-

duce defects into the crystals and to note their effect on the thermal vibra-

tions as measured here. It is also expected that the thermal motion deter-

minations made here will be used to increase the detail that may be obtained 

in determinations of the electron density distribution in the crystal study. 

To the extent that the lattice vibrations are harmonic and the Debye-

Waller theory applies, the effective scattering factor, f, of an atom in 

vibration is related to the scattering factor, f , of the same atom at rest 
0 

by 

where 

f := f 
0 

sin2 9 
M=B---

"-2 

-M e 

::::: &rr-2 2 
u 

. 2 r'l 
Sln ~ 

"-2 

M is the Debye-Waller temperature factor, 

2 
u is the mean square displacement of the atom from its rest 

position (parallel to the scattering vector), 

-3-
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g = the Bragg angle, 

~ = the x-ray wavelength, and 

B, often called simply the "temperature factor," depends in general 

upon the atom type, the direction of the scattering vector, 

and the temperature. 

Individual anisotropic temperature factors have frequently been deter-

mined from sets of isothermal x-ray data. In the general case B is assumed 
• 2 A 

Sln ~ 
to have ellipsoidal symmetry and the dependence of M on 2 is then em-

~ 

played to determine the principal axes of B. The values of B so determined 

may be in error for a variety of reasons which are not encountered if B is 

determined from its temperature dependence. Very few determinations of B 

have been made in this way and, insofar as the writer is aware, these were 

made only by the determination of the DB between two fixed temperatures. 

2 
Methods for the determination of thermal vibration parameters (B, u , Debye-

e) from intensity versus temperature data are being investigated in the 

present work. Both the slopes at various temperatures and the values of 

the parameters required in a curve fitting procedure are measures from which 

the desired quantities, and possibly their temperature dependence, may be 

determined. Investigations based on the temperature dependence of intensi-

ties are attractive at this point because, with counter methods, the tern-

perature dependence of the intensity of a particular reflection can fre-

quently be determined with greater accuracy than can the intensity of one 

reflection relative to another. 

Because the values of the methods used are expected to depend heavily 

upon the accuracy of the measurements, one of the major problems of the 

-4-
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current investigation is the determination of relative intensities and 

changes in intensities wi.th near-maximlllll precision in a reasonable length 

of time. A considerable portion of the following report is, therefore, 

devoted to a discussion of the factors affecting accuracy. These include 

such things as absorption, extinction, and the contribution of TDS to 

apparent Bragg intensities as well as the various inst~ental factors and 

matters of technique. 

B. Choice of Specimen Material 

Since the thermal motions and the techniques for studying them were of 

interest, rather than any parti.cular crystal, some choice of specimen was 

possible. A balance between simplifying and complicating factors was at

tempted as follows. It was felt that all atomic positions should be fully 

determined by symmetry so that no part of the observed changes in intensity 

would be due to changes of atomic positions. It was thought that two atom 

types should be present in order that (a) ionic as well as covalent bonding 

should be possible, (b) two different amplitudes of thermal motion would be 

expected, and (c) any results might be more readily transferable to crystals 

of interest for themselves than would be the case if the studies were done 

on even more elementary crystalso It was felt, however, that more than two 

atom types would be excessive. The NaCl-type structure was chosen because 

of the simple way in which the structure factors are compounded from the 

individual scattering factors. Because of the possible usefulness of the 

information to be gained, on thermal motions, for the determination of the 

details of electron density distributions, a simple series of crystals 
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which would show varying degrees of covalency was sought. It was also de

sired to search for a possible introduction of anisotropy in B due to co

valency. Because of the possibility of connecting changes in thermal vibra

tions with radiation damage, specimens in which the defect concentration 

could readily be changed were also desired. The silver halides seemed to 

satisfy all of these requirements. 

The particular member of the group chosen for first investigation is 

AgClo This choice was guided by availability in high purity and by the 

fact that a TDS study had been done on it. 

C. Statement of Initial Problems 

The Debye characteristic temperature, whatever the shortcomings of the 

Debye theory, is a widely used computational quantity. As such, it provides 

a convenient point for comparison of some of the results of various methods 

for studying thermal vibrations. The first studies of AgCl are therefore 

directed toward the determination of Debye-8 values both as a function of 

direction and as a function of temperature, from the temperature dependence 

of Bragg intensities, and are also directed toward comparison of these re

sults with the Debye-e's determined by other means. The next step will be 

the determination of Debye-El 1 s as a function of direction at one temperature 

from relative intensities of reflections which correspond to each of several 

direct,ions in reciprocal space. Comparison of the two sets of results will 

constitute a partial check on the validity of the assumptions which are 

different in each of the two methods. When these initial studies are com

pleted, it is expected that, on the one hand, detailed electron density maps 

will be prepared; and, on the other hand, the defect concentration in the 

-6-
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specimens will be varied by variations in the impurity content. Investiga-

tions will then be extended to the members of the series which have different 

degrees of covalency in their bonds and different ionic-radius ratios. 

III. LITERATURE 

The literature abounds with studies of the silver halides and with x-ray 

diffraction topics of peripheral interest. Of the x-ray papers only a very 

few of ~hose which are most directly relevant to the immediate problem are 

discussed below. Similarly, only those papers dealing with AgCl, and par-

ticularly those which are on topics relating to lattice vibrations are dis-

cussed. A much more extensive literature search has been made and will be 

drawn upon as appropriate in future reports. 

A. Temperature Factor, TDS, and Elastic Spectrum 

2 
Laval is generally credited with having first recognized the origins 

of and having developed the theory of TDS. Lonsdale, in a more readily 

available publication3, has given a full account of work on diffuse scatter

ing and extra reflections up to 1942. Laval has continued his work on TDS
4

' 5. 

One of his conclusions is that the elastic coefficients have in fact a lower 

symmetry than they do in the Voigt formulation. The lower symmetry arises 

from relaxation of the requirement that the stress tensor be symmetric. 

Blackman
6 

goes into more detail than does James1 in considering the 

effect of the actual vibrational spectrum upon the x-ray temperature factor 

when more than one type of atom is present. He notes that, because of the 

existence of peaks in the vibrational spectrum at low frequencies, the Debye-

8 as determined from x-ray measurements is always less than that to be ex-

pected from elastic measurements. Combining formulae (21) and (22) of 

-7-
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6 
Blackman gives the following relations among the De bye temperature, 8 , .· 

X 

determined from Bragg intensities; the vibrational frequency spectrum, 

p(v), the masses, m, and the mean square displacements, u
2

, (perpendicular 

to the Bragg planes) of the two atom types in alkali halide type crystals: 

_1_ .&(v)E 
2 = 2 t 

4 1r Jp(v)dv 

-2 v dv = 
X 

where 

and 

his Planck's constant, 

k is Boltzmann's constant, 

T is the absolute temperature, 

E is the mean energy of a linear harmonic oscillator given by 

E = 
hv 

hv 

ekT - l 

Because we are particularly interested in the temperature dependences 

of Bragg intensities, and because increasing temperature causes an increase 

in TDS and a simultaneous decrease in the Bragg intensity, the contribution 

of TDS to the apparent Bragg intensity is of considerable importance to us. 

The one-phonon contribution is especially important because it reaches a 

maximum at the Bragg position. 13-16 
Paskin and Chipman have made both 

theoretical and experimental investigations of the contributions of TDS to 

the apparent Bragg intensity, particularly the one-phonon and two-phonon 

contributions. They have derived a graphical method for correcting for the 

-8-
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TDS contribution15 to powder measurements. Paskin16 has considered the ef-

feet of using separate wave velocities for the longitudinal and transverse 

modes and finds that this better approximation to reality gives a larger 

rather than a smaller TDS contribution to the apparent Bragg intensity. 

17 Nilson has noted that the error in the determination of the x-ray temper-

ature factors from single crystal data at a single temperature largely 

cancels the error due to TDSj thus, crystal structure determinations may 

not be significantly affected by TDS. Any thermal vibration information 

deduced from the temperature factors obtained during an isothermal crystal 

structure refinement certainly would be in error, however, and possibly, 

very badly so. 
. 18 

Nilson has reworked the data of Rennlnger on NaCl to 

account for the TDS contribution and thereby changes the value of the x-ray 

0 ·The specific heat value is 281 K, and the value 

obtained from elastic constants is 303°K. In this case, at least, it is 

clear that a correction for the TDS contribution to the Bragg intensities 

considerably improved the agreement of the elastic and the x-ray values. 

B. Determinatj_on of Deformation or Defects by Studies of Temperature Factors 

Anything which is capable of causing any distortion of the lattice (such 

as foreign atoms or defects, including those produced by radiation damage) 

may be expected to affect the thermal motions by effecting changes in the 

force constants. It would also affect the x-ray temperature factors by in-

creasing the apparent zero point motion (i.e., by introducing random dis

placements which exist even at absolute zero). A Russian paper
11 

entitled 

11X.-ray Investigation of the Deformation and Bond Strength in the Crystal 

Latti.ces of Metals and Alloys" distinguishes four such distortions and 
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discusses the separation of the static and dynamic distortions by means of 

their effect on the Bragg intensities. That work involves principally the 

comparison of the relative intensities of selected reflections. In study 

of boron carbide Tucker and Senio
12 

have done a full crystal structure de-

termination. From the anisotropic temperature factors (all at one tempera-

ture) obtained, they have deduced that the central carbon atom in the three-

carbon chain in this structure is selectively removed by neutron bombardment. 

The above are two of the best examples of deformation or damage studies by 

x-ray diffraction. 

C. Bonding Detail in Electron Density Maps 

As was stated above, i.t is intended finally to make detailed electron 

density maps for some of the crystals. Work done on a-quartz by the writer7 

is of i.nterest in this connection as well as in connection with the general 

problems of accuracy and of thermal motions. The work of Wagner, Witte, and 

,. 8 
Wolfel , which has appeared in a series of articles, probably represents the 

most careful electron density determinations that have been published. They 

have reduced the probable error in the structure amplitude to the order of 

l to Peters9 , who worked with Brill and Hermann on x-ray investigation 

of chemical bonding during the years around 1940, has set down some criteria 

for detecting chemical bonding detail in electron density distributions. He 

points out that in order to measure electron distributions with an accuracy 

of about ± 0.1 electrons/A
2

, for crystals containing light atoms, it is 

necessary to determine the intensities over a range of l to 10,000. The 

strong reflections should have an accuracy of ± 1% and the weakest 20 to 30%. 
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The form factors ordinarily used in crystal structure analysis are 

spherically symmetric. It would be expected, of course, that bonding 

would destroy the spherical symmetry. McWeeny has provided a mathematical 

formula
10 

which recasts the form factor in such a way as to take into ac-

count a variable degree of deformation due to bonding. McWeeny 1 s technique 

may be extremely useful in the final stages of fitting calculated to ob-

served electron density distributions. 

D. AgCl - Photolytic Effects and Purity 

We shall now turn our attention specifically to AgCl. The bulk of the 

work that has been done on AgCl has been done on powders, emulsions, or 

single crystals of only moderate purity. Since the photolytic effects are 

greatly influenced by impurities, by static deformations, and by particle 

size, i.t i.s important that all work be referred to unstrained single crys

tals of high purity. Nail, et a1. 19 , have described the preparation of 

very high purity silver halide crystals. In these crystals of AgCl and AgBr 

the concentration of the more important impurities (e.g., divalent metals) 

is less than 10-7. 

Seitz20 has made an extensive review of the properties of silver halide 

crystalse He reviewed the electronic properties and the nature, formation, 

and annealing of defects. 
0 

Below 300 C Frenkel defects predominate. These 

defects provide an interstitial silver ion; colloidal darkening occurs from 

coalescence of these silver ions to give colloidal specks of silver not 

larger than about 100 Angstroms. Such darkening is not expected to be re-

versible. So-called molecular darkening, which precedes the colloidal stage, 

is reversible by bleaching. 
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Seitz notes that the quantum yield of photo electrons is nearly inde-

pendent of temperature. This indicates that we might expect that the rate 

of production of defects in our specimens by our investigatory x-ray beam 

should also be approximately independent of temperature. 

Seitz lists a number of desirable experiments, one of which is low 

temperature x-ray investigation of AgCl to see if the diffuse scattering 

observed by Bu.rgers and Hiok21 i.s of thermal origin or if it is due to 

permanent distortions. The work of this project will bear on that point. 

Seitz notes that the darkening depends heavily on dislocation density and 

hence on plastic flow; moving dislocations are especially important because 

they form clusters of vacancies. 22 
Kooij and Burgers have presented x-ray 

evidence for the formation of an actual silver lattice structure in irradi-

ated AgCl single crystals. However, it seems certain that their crystals 

could not have had such high purity as do those described by Nail, et a1. 19 . 

Extensive i.nvestigations of the silver halides, particularly in regard to 

defects and latent formation, have, of course, been carried out by 

23 ' persons such as Chester Berry at the Kodak Research Laboratories. 

N 'l . l 19 f th K ak R h 1 b . t th t th . a1 , et a • , also o e od esearc a orator1es, no e a e 

high purity crystals do not darken upon irradiati.on. Moser, Nail, and 

Urbach
24 

note that the darkening of pure AgCl is sub-visible, but even 5 ppm 

of copper have a profound influence and cause vi.sible darkening in light. 

They note that the darkening is reversible by annealing. 

Some of the high purity single crystal material described by Nail, et 

a1. 19, was kindly supplied by the Kodak Research Laboratories for the present 

investigation. 25 F. Moser points out that the expected photolysis in these 

specimens is less than 1013 silver atoms per cubic centimeter and can be re-

gressed by annealing. 
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Thus, while the principal reason for the wide general interest in the 

silver halides is the photochemical effect which they show, it was to be 

expected at the outset of this project that the photolysis of specimens by 

our investigatory x-ray beam could be held to negligible levels by the use 

of sufficiently hi purity materials. 

E. AgCl - X-ray Studies 

No references were found to x-ray determination of electron density 

distributions or temperature factors in AgCl. No x-ray studies were noted 

that took 

larly those 

at more than one temperature. Many other studies, particu

to emulsions of mixed crystals, were noted. These 

latter studies will not be discussed further here, however, as it is felt 

that they generally are not relevant to the present work. 

The lattice constant of silver chloride has bee·n given by Barth and 

as 5.545 kX units. More recent determinations by electron diffrac

tion are probably no more accurate; the Barth and Lunde value will be used 

for the present work. 

The one paper in the literature which has the greatest immediate rele-

vance is that of in which he has determined the approximate elastic 

spectrum of the acoustic waves in silver chloride from TDS measurements. 

He used an assumed set of vibrational frequencies for the optical branch 

based on the Restrahlen frequency. He determined dispersion curves for 

waves in the acoustical branch traveling in the [100], [110], and [111] 

di.rect,ions. He showed that the velocities at infinite wavelength agreed 

fairly well with those given by the static elastic constants. The existence 

of this paper is extraordinarily useful to us because it allows comparison 
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of the two x-ray methods of studying thermal motions, viz., TDS and varia

tions of Bragg intensities. Further, Cole's determinations of the wave 

velocities allow computations of De bye- E> values which may be compared with 

t.hose determined in the present work. 

F. De bye- 8; AgCl - De bye- E> 

The 1iterat.ure contains., in addition to Cole 1 s paper, a number of papers 

in whi ch thE. De bye- 8 of AgCl has been determined or which give data from 

which thE: Debye·-8 may readily be calculated. Debys-8's may in principle 

be determined from 

l. specific heat data 

2. elastic constants 

a. as determined by mechanical methods 

bo as determined by ultrasonic methods 

3· thermal diffuse scattering measurements of the elastic spectrum 

a. by x-ray means 

b. by neutron scattering 

4. Restrahlen (ionic crystals only) 

5" temperature coefficient of resistance 

6. temperature variation of the thermal coefficient of expansion. 

Of these methods) the two of least value are the temperature coefficient 

of resistance and the thermal coefficient of expansion methods. The deter

mination of a Debye-8 from the Restrahlen frequency probably should not be 

taken seriously because it defends only on the optical frequencies and 

the existence of acoustical modes. However, the Debye-E>'s determined from 

the Restrahlen frequency are often singly close to those determined 

from c heat measurements. 
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Blackman, who has devoted many papers to the subject of Debye-S's, 

28 
says that no agreement should be expected between 8D and 8R' the specific 

heat and resistivity values, respectively. On the Bloch theory one should 

expect 8R to depend on the longitudinal vibrations only. Since, even in a 

cubic crystal, the longitudinal wave velocities are different from the 

transverse wave velocities, one would expect ~Rand gD to be quite different. 

Blackman has discussed the effect of the break-down of assumptions such as 

that of elasti.c isotropy on the Bloch theory and concludes that they are not 

responsible for the fact that empiri.cally 8R is often approximately equal 

to 8D for a large number of metals. The point remains unresolved, but it 

seems clear that GR values should not be regarded in the same light as GD 

values" Kelly and MacDonald29 have investigated the relationship between the 

eR and eD values in a variety of metals and have pointed out the general 

utility of eD as a computational quantity even in cases where it is known 

that the Debye theory of elastic vibrations represents a gross approximation. 

32 Lonsdale s 8 130°K for AgCl from appli.cation of the T3 law to 

the data of Clusius and Harteck33 . Stepanov and Eidus34 have investigated 

the temperature dependence of elastic constants of silver chloride above 

room temperature and state that their room temperature elastic constants 

are in agreement with those determined by Arenberg35 • We have, therefore, 

used only Arenberg's data in calculating room temperature Debye...S's ·from 

elastic constants for present purposes. 

Present i.nterest is more in a directionally dependent evaluation of 

the Debye temperature than in a mean characteristic temperature. However, 
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it is noted that Sutton33 (and previously Quimby and Sutton) have presented 

an i.mproved, "accurate n method for determining a mean Debye temperature from 

elastic constants. 

Blackman37 has given a comprehensive dis·cussion of his work on the 

Debye-8 up to 1941. In an earlier paper38 he quotes the optically deter

mined Debye-8 values for AgCl as l50°K from absorption and 168°K from re-

flection The source of these data is not clear, perhaps it is Dr. Clusius 

of Clusiu.s and Harteck33 . He discusses the temperature dependence of Debye-

8 values and shows that they are expected to decrease with increasing tern-

perature at temperatures" At low temperatures, on the other hand, they 

may fi.rst decrease and then increase as absolute zero is approached. In the 

case of sodium chloride there seems to be about a 3% decrease from l00°K to 

a minimum at about 35°K followed by an increase to a value at 0°K which is 

about 5% above the 100°K value. It would appear at first glance that this 

dip followed by a rise would occur in silver chloride at a temperature well 

below the lowest temperature (-- 90°K) obtained in our current measurements. 

Paskin39 has formulated the temperature dependence of the Debye tern-

in terms of an explici.t volume dependence. He has shown that a 

Debye-Waller factor which takes account of this explicit volume dependence 

of the Debye-8 allows a much better fit of intensity versus.temperature data 

in the literature. This formulation of the volume dependence of the Debye-8 

promises to be useful in the present investigation. However, the use of 

Paskin 1 s formulation req_ui.res knowledge of thermal expansion coefficients 

seL constant over the temperature range investigated. The 

thermal on coefficients of silver chloride have been investigated by 
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Strelkov30 from room temperature to the melting point and by Sharma3l from 

0 room temperature to 325 C. No attempt has been made to derive Debye-8's 

from these data. The Gruneisen constant is ordinarily considered to be 

rather temperature independent, but Sharma states31 that the Gruneisen con-

stant calculated for AgCl above room temperature varies markedly with tern-

We have so far not been able to locate data on the thermal expan-

sion coefficients nor on the Gruneisen constant over the temperature range 

from 300°K t-o l00°K, the temperature range currently under investigation. 

IV a DETAILED STATE:MENT OF I:MMEDIATE PROBLEM 

The immediate problem is the determination of the x-ray temperature fac-

tors, and, from them, the Debye characteristic temperatures and the root mean 

sg_uare di of the atoms in thermal vibrations. The temperature 

factors are to be determined both from the temperature dependences of Bragg 

intensities and from the temperature factor assignments found necessary for 

best fit in the refinement of "full" relative intensity data, at a single 

, by one or more of the following technig_ues: 

(l) Fourier syntheses (ioe., electron density maps or Patterson dia-

grams),, 

( 2) differential syntheses, and 

3) least sg_uares procedures 

The measures of thermal motions obtained by these methods will be com-

pared with each other and with the measures obtained by other technig_ues. 

The Debye-8 is a convenient g_uantity for such comparison because it is ob-

tainable from each of several techniques, e.g., specific heats, elastic con-

stants, and so so. The x-ray temperature factors and the relative intensity 
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data (presumably of high precision) will be used to prepare electron density 

maps of AgCl of sufficient detail, it is hoped, to display electron density 

in any bond with appreciable covalent bond character. Since the value of 

the present investigation depends heavily upon precision in the data, con

siderable attention must be given to all factors affecting the precision 

and accuracy. These factors include instrumental factors, techniques in using 

the e and factors associated with the specimen itself such as ab-

sorption, extinction, and the contribution of TDS to the apparent Bragg in

tensities. 

The x-ray temperature factor effectively measures the average thermal 

motion in a direction perpendicular to the Bragg planes in question. Any 

anisotropy in such motion in a cubic crystal would itself be of interest. 

It is possible that the results for the thermal motions obtained from the 

temperature dependences of Bragg reflections will differ from those obtained 

by comparison of relative intensities at one temperature. Such a difference, 

if real, mi be attributable to break-down in the assump~ions of the Debye 

theory and may even be useful in investigating the nature of the break-down 

and in te the range and degree of applicability of the Debye theory in 

any specific case. 

In order to compare the measures of thermal motions obtained here with 

those obtained by other techniques it is necessary to understand the rela

tionship between the actual lattice vibrational spectrum and the thermal 

motion parameter measured in each case. 

Because it is desired that the results shall be definitive for AgCl, 

rather than for a particular specimen, it will be necessary to make meas

urements on a number of specimens from a number of different sources. 
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However, the possible influence of a photochemical effect on the results 

(through creation of defects with conse~uent distortion of the lattice and 

change of the atomic restoring forces and hence elastic spectrum) must al

ways be borne in mind. When studies have been completed on specimens in 

which the photochemical effect can be neglected they will then be extended 

to specimens i.n which the degree of photolytic activity is deliberately 

vari.ed by the addition of selected impurities. 

-19-



Annual Report No. l, Project No. A-389 

THEORY 

I o GENERAL COMMENTS ON LATTICE VIBRATIONS, DEBYE- 8, AND ATOMIC VIBRATIONAL 

DISPLACE:rvlENTS 

A. Lattice Vibrations 

'Ihe motions of the atoms in a lattice are, of course, coupled to one 

another. ro the extent that the motions of the individual atoms may be 

assumed to be harmonic, it is both possible and desirable to express the 

motions in terms of the 3N (actually 3N-6) independent normal modes, where 

11N" is the number of atoms in the lattice. Each normal mode is associated 

with a plane wave traveling through the latticeo Associated with each per-

missible wave direction there are one longitudinal and two transverse modes. 

The longitudinal and transverse waves usually have quite different velocities, 

even though they may have the same propagation vector. The fact that the 

waves travel in a lattice, instead of a continuum, gives rise to dispersion 

even within one type of mode (i.e., longitudinal or transverse). The varia-

tions in the wave velocities and lack of knowledge of the distribution func-

tion, p(v) (from which one may obtain the number of normal modes in the fre-

quency range dv), present grave problems in the study of lattice vibrations. 

B, Debye Model and Debye- 8 

In order to make an attack on the problem, Debye assumed that all of 

the waves had the same velocity and that the function p(v) would be the same 

as that which would occur in an isotropic continuum, i.e., proportional to 

2 
v . This is the oft-mentioned parabolic distribution of states in k space 

( tb . . d f k . 27r) e magnl tu e o l s ~ . In order to obtain the internal energy of the 
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crystal due to lattice vibrations, it is necessary simply to sum over the 

mean energies of the individual modes. The mean energy of a quantum mechan-

ical oscillator of frequency vis given by equation (4). Since the number 

of atoms, N, is very large, the sum over N discrete states may be replaced 

by an integral over the distribution function p(v). In the Debye model, 

this gives 

where 

v 
m 

hv3 dv uaL J v3 hv 
0 0 kT 

- l e 

U is the internal energy 

V is the commmon velocity of the lattice waves, and 
0 

h and k have their usual meanings. 

(5) 

The upper limit, v , of the integral is determined by the condition that the 
m 

total number of modes shall be 3No The Debye characteristic temperature, 8 , 

is defined as the temperature corresponding to this maximum frequency, v , 
m 

by the relation 

8 = 
hv 

m 
k 

( 6) 

Thus, the higher the maximum frequency allowable in a particular crystal, 

the higher the 8 ,. This frequency may be increased either by shortening 

the minimum distance between atoms (i.e., increasing the radius of the first 

Brillouin zone) or by increasing the interatomic force constants. Since the 
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minimum interatomic distances do not vary greatly from crystal to crystal, 

the observed differences in 8 may be expected to be due to interatomic 

force constant differences. In general, then, it may be expected that 

the harder (less compressible) a crystal is, the higher its Debye-8 

will be. 

There are several major weaknesses in the above approach which should 

be pointed out~ the very fact that; crystals do have a thermal coefficient 

of shows that the latt~ice vibrations are not entirely harmonic; 

the normal mode analysis is, therefore, not entirely justified. Much more 

important weaknesses, however, are the assumption of a wave velocity 

and the assumption of the parabolic distribution of states in "kn space. 

Later investigators have sometimes replaced Debye 1s single distribution 

functjon by t;wo or more parabolic distribution functions, each with its 

own cut-off freq_uency. But use of a sharp cut-off freq_uency is yet another 

weak :poi.nt and one which has been widely criticized. In spite of all these 

obvious shortcomings, the Debye-8 is an extremely useful computational 

q_uanti ty., It, appears in many solid-state phenomena. It represents a sim-

ple, average, thermal parameter which may be measured many different ways. 

Further, the Debye theory of specific heats has enjoyed remarkable successes 

i.n accounting for the experimental data" 

C. Relation of Atomic Displacements to Elastic Spectrum 

A of p(v) versus vis called the "elastic spectrum." The relation-

ship between the individual waves wh.i ch make up the elastic spectrum and the 

~ 

mean sq_uare displacements of the atoms is readily shown. Let Z be a unit 
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vector in the Z-direction, which is not necessarily the crystallographic 

Z-direction. Since the lattice vibration waves are all independent of one 

another, the square of the displacement of a particular atom will be the 

sum of the squares of the displacements due to each of the many waves. Let 

A be the vectorial displacement amplitude due to the nth wave, then the 
n 

mean square displacement of t;he particular atom in the Z-direction is given 

by 

l 
2 

n=l 

(A · z )2 
n 

(7) 

where use has been made of the fact that the time average of the square of 

a sinusoidally varying function is one-half the square of the amplitude. 

This equation may be compared wi0h equation (3) where the elastic spectrum 

has been indicated by the continuous distribution function p(v). 

II o EFFECT OF LATTICE VIBRATIONS ON X-RAY INTENsrry 

that of the thermal diffuse scattering. For more detail and for the develop-

ment and justification of the equations given in this section, the reader is 

l 
referred to James , Chapter Five" 

A. X-ray Temperature Factor - Physical Origins 

The effect of thermal vibrations is to vary continuously the phase rela-

tions between the x-rays scattered from any two atoms. The effect of this 

on the observed Bragg intensities can be quantitatively accounted for by 

modifying the atomic form factor (scattering factor) for a stationary atom, 
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-M f , by an appropriate temperature factor, e , as has been done in equation 
0 

(1). Equation (l) may be conceptually misleading, however, as it seems to 

imply that the effect of the thermal vibrations is to smear out the electron 

distribution in a given atom and thereby to increase the average 

phase djfference between different parts of the electron cloud surrounding 

the cular atom. Since the frequency of the lattice vibrations is very 

small compared to the frequenci.es of the x-rays and since the adiabatic 

assump~,ion i made (i oe., that the electron cloud follows the motion of the 

la tt,i ce without any lag) su.ch a picture is wrong i.n concept. 

B. X-ray remperature Factor - Relation to Atomic Displacements 

If a kind of atom is present, the temperature factor, M, is re-

lated to the mean square displacements of the atom as is shown in equation 

(2) where the direction of u is parallel to the scattering vector, i. In 

the Bragg case, this is a direction perpendicular to the Bragg planes. Thus, 

measurement of the x-ray temperature factor constitutes a measure of the mean 

square displacement of the atoms perpendicular to a particular Bragg plane. 

If is not isotropic., then the x-ray temperature factors will be 

anisotropic. Further, there may be causes other than thermal for the dis-

placement of the atoms from thei.r proper c tions. Resid-

ual strains, lattice vacancies, interstitial ions or atoms, substitution of 

atoms of different sizes at some of the atomic sites and displacements due 

to the proximity of crystallite or grain boundaries are some of the factors 

that can rise to a mean square displacement of the atoms which is not 

of thermal and which is not., incidentally, particularly dependent upon 

Since the causes of the thermal and other displacements are 
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independent, the effective mean square displacement, , that can be obtai.ned 

from measurement of x-ray temperature factors is given by 

+ ( 8) 

2 
where ut is of thermal origin and the other terms are from the 11n 11 possible 

other origins. It is clear at this point that the thermally induced dis-

placements can be separated from the others through observation of the 

temperature dependence of the x-ray temperature factor Measurements of 

the x-ray temperature factors at some very low temperature would not in 

2 
themselves be sufficient as ut does not go to zero at absolute zero (because 

of the zero point energy of an oscillator). 

C. X-ray Temperature Factor - Relation to Debye - 8 

By expressing the mean kinetic energy of a particular mode in terms of 

its amplitude and frequency and also in terms of i.ts mean energy as a quan

tum mechanical oscillator, it can be shown that the average val~e. A
2 

of ./ n·' 

the square of the amplitude of the nth lattice wave is by 

A2 = __gQ_ ( l 
n rnNw \ -11w 

n n 
+ ~) (9) 

ekT - l 

where m is the mass of the one kind of atom considered, N i.s the total number 

of atoms, is the angular frequency of the lattice wave., and -11 

The additive term, l/2, arises from the zero point energy. 

A particular frequency distribution of normal modes must now be chosen 

before the total mean-1square-displacement of the particular atom may be 
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obtainedo When the Debye distribution is used, the result for the tempera-

ture factor is 

2M = 4~T [ L ~ { ¢(x) + ~} l 
. v . -

(10) 

J mJ 

where 

¢(x) (ll) 
- 1 

and 

X ·-· (12) 

In eqt!.at.ion (10) each value of j refers to a different wave velocity. Cor-

ng to each wave velocity, sion is made for a different limiting 

As i.s shown by equation ( 5), when more than one wave velocity 

is considEred in the specific heat case, the different velocities contribute 

according to the reciprocals of their cubes. Equation (10) points out that 

in the x-ray case, on the other hand, different velocities (which are dire 

re~Lat:.ed t.o the frequenc.ie s) contributed according to the reciprocal of their 

squares o It.- is customary to consider two velocities as a first approxima-

tion, one for t~he longitudinal and one for the transverse modes. If we then 

define a 8 based on the maximum for each mode, we find 

that the mean characteristj c temperature for the specific heat case, 8 D' is 

by 
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l__ = 1 
83 8 3 

D _e 

2 +-
83 

t 

whereas the mean characteristic temperature for the x-ray case, 

by 

(13) 

8 is x' 

(14) 

where 8 refers to the longitudinal mode and 
.e 8t refers to the transverse 

mode. One result of this difference between the methods of averaging is 

that 8 is always larger than 8 by a few per cent. The exact amount de-
x D 

pends upon Poisson's ratio in a manner reviewed by Jame Dropping the sub-

script on the x-ray Debye- 8 for the moment, we have, for the temperature 

factor, by equations ( 10), ( 6), and (14) 

M _ 6h 
2

T { rl.( ) ~ l 
- 2 'fl X + 4j 

mk8 

. 2 r\ 
Sln '1::1 

2 
~ 

(15) 

With equations (2) and (15) we are prepared to relate the measured x-ray 

temperature factors either to the mean square displacement of the atoms or to 

the Debye temperature, 8 as we choose. Many of the assumptions involved in 

the development of these two equations are certaincto be violated in any real 

case. This circumstance detracts si fi from the physical of 

the numeric results that may be obtained. The numbers obtained, however, 

will still have considerable value for comparison with others as a function 

of directi.on in the crystal, as a function of specimen treatment or 
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preparation. Further, (particularly in the case of the Debye- 8 ) the num-

bers so obtained may be compared at least semi-quantiatively with the num-

bers obtained by totally different techniques. 

D X-ray Temperature Factor - The Constant, B 

It is often convenient to consider citly that part of M which does 

not depend on sin gjA.. It is to be expected that this quantity, B, will al-

ways be a constant for a given direction and a given atom in the crystal. 

By equat.ions (2) and ( ), we see -chat we may express B either of two ways 

2 
8rr 

2 
u 

z 
- B = 6h 2T { ¢( x) + ~} 

z mk82 4 
(16) 

z 

where the subscript z indicates that we have a particular direction in mind 

(not nece the crystallographic Z-direction). Knowing B we may ob-

tain either the mean square di or the Debye-8 from equation (16). 

Further, equation (16) shows a relationship between the Debye-8 and the 

mean square di 

III. DETERMINATION OF B FROM si~ g DEPE.NDENCE OF M 

A. DetE;rmination of a Single, Overall B Value 

According to·the kinematical theory of x-ray diffraction, the observed 

I,, is proportional to the square of the absolute value of the 

F 
-M -2ni(hx.+ky.+£z.) 

f e j e J J J 
j 

(17) 
j 
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where h, k, and£ are Miller indices and x., y., and z. are the fractional 
J J J 

coordinates of the jth atom in the unit cell. In the case of a simple cubic, 

monatomic lattice, made up of spherical atoms, there is but one value of B. 

The assumption of a single, isotropic B is often used as a first approxima-

tion in a more complicated case, too. In this event, one may write 

I - I 
0 

-2M 
e e 

where I is the actually observed intensity, and 

(18) 

is the intensity which 

would have been observed if there were no thermal motions. B may be deter-

mined from a plot of £n(I/I ) versus 
0 

which has slope -2B. If B is 

isotropic_, this is a simple graphical method; in the present and more compli-

cated cases the indivi.dual anisotropic values can be determined by more 

complicated means. 

B. Weaknesses of the Angle-dependence Method 

The I 1 s used in this determination are to be obtained from equation 
0 

(17) with M = Oo Thus, the calculated I and, consequently, the determina
o 

tion of B depend upon a knowledge of the atomic form factors and the atomic 

coordi.nates, x, YJ and z. In simple crystals, such as those with the NaCl 

type structure, the atomic coordinates are fixed by syrmnetry requirements 

and hence are known precisely. The atomic form factors are never completely 

known., but are probably almost al•N'ays known to within a few per cent. Since 

in general the various f.'s will combine in different ways for the different 
J 

reflections_, the lack of precise knowledge of the atomic form factors is 

not necessarily detrimental to the determination of B from a plot of equation 

(18). 
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Much more serious is the lack of knowledge of the factors which relate 

the intensity to the square of the structure factor. For a given experi-

mental arrangement and a given specimen, the diffracted intensity I is given 

by 

2 
I _ C2 l + cos 29 AE]Fl2 (19) 

sin 29 

where 

Q ·- Bragg angle 

A ·- absorption factor 

E ·-· ext,inction factor 

C ··- constant 

IFI :=. structure amplitude 

Equation (19) holds if the necessary extinction correction is not too large. 

The extinction correction is a measure of the degree to which the kinematical 

theory fails to apply to the crystal because the crystal is not perfectly 

mosaic. The absorption factor, A, may easily be the cause of the largest 

error in the present experiments and is the subject of a separate discussion 

later in this reporto 

Co Determination of Individual? Anisotropic B Values 

In some cases the uncertainties in A and in E may be made small enough 

to be ignored, and sufficiently accurate values of B may then be obtained 

from equation (l8)o In the event that B is anisotropic, separate plots of 

equation (18) may be made; and, consequently, separate B values may be ob-

tained for each direction in reciprocal spaceo 
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For a sodium chloride type crystal it is, in principle, possible to 

determine individual B values for the two types of atoms present. The struc-

ture factor in this case is given by 

F = 4( e 
-M -M 

l 2 + f
2 

e ) (20) 

where the is to be used if the Miller indices are all even and the 

minus if they are all odd. If the Miller indices of a reflection in 

this structure are neither all odd nor all even, the structure factor is 

identically zero for that reflection. When the absolute value of F has been 
. 2 " 

( ) Sln ~ determined by the use of equation 19 , it is to be plotted against-~-
f...2 

Two curves should then be drawn through the dataj one connecting the all-even 

indexed reflections and one connecting the all-odd indexed reflections. This 

plot should look something like Figure 1. 

Curves like those in Figure l allow interpolation so that, for example, 

one may determine the value that an odd indexed reflection would have had, 

sin g . 
had it been possible for it to occur at the same --f...- value as an even ln-

dexed reflection has Then we can combine the F+ (from all even indexes) 

sin g 
with the F- evaluated at the same f... to 

and 

CF 
+ 

CF 
+ 

+ CF 

- CF = C 8f
2 

e 
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2 
SIN e 

Figure l. Idealized sin 8 Dependence of IF!. 
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sin Q 
Each of these equations may now be evaluated at several values of ; 

'A 

and, when they are divided through by the appropriate form factor (which is 

itself a function of si~ 9
), the slope of the resultant log plot of this quan

. 2 (\ 
. Sln ~ tlty versus 

2 
will give the value of B for the particular atom. This 

A. 
technique has been used by others for determination of isotropic B values

1
. 

It can be applied in the determination qf anisotropic B values, however, 

providing that there is a succession of even indexed and odd indexed reflec-

tions available which pertai.n to a particular direction in reciprocal space. 

In NaCl crystals the (hhh) reflections satisfy this condition. The 

(hOO) and (hhO) do not, however, as only the even indexed reflections of this 

type are observable. 

No di.rect use has yet been made of this graphical technique in the pres-

ent worko The possibility of its use has had some effect in the planning of 

the experiments. The details of the technique, particularly for the aniso-

tropic case, have been worked out as indicated above; and it is expected 

that the technique will be applied as soon as good relative intensity data 

are available. 

IV a DETERMINATION OF TEMPERATURE FACTORS FROM THE TEMPERATURE DEPENDENCES 

OF INTENSITIES 

A. Some Desirable Features of this Method 

As will be shown below, it is possible to use the temperature depend-

ence of the intensity of a particular Bragg reflection to obtain, without 

reference to any others, the temperature factor that applies to that reflec-

tion. It is frequently experimentally possible, as it is in the present 
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case, to determine the temperature dependence of the structure amplitude 

of a particular reflection with better accuracy than the relative structure 

amplitudes of more than one reflection may be determined. This circumstance 

arises partly be~ause of the uncertainty in the factors A and E in equation 

and partly because of the experimental ease with which the intensity 

of a part.icular reflection may be continuously observed as the temperature 

is changede 

B. Derivation of Required Relationships 

1. Assumptions 

In the following discussion, the possibility that the extinction 

factor may itself be a function of temperature is ignored. The possibility 

and significance of such an occurrence are discussed separately, later. 

It is further assumed that the change in the Bragg angle, G, is small 

enough so that the thermally induced changes in the Lorentz and polarization 
2 

factor (1 + ~os29
2g) may be cted. In the case in which this assumption 

Sln 

is not justified, the following discussion may be corrected for it simply by 

replacing 11the intensity at each temperatureu by 11the quotient of the inten-

sity with the Lo Po factor." As is shown by equation (19), the temperature 

dependence of the intensity under these assumptions is just the temperature 

d d f IF! 2. epen ence o By equation (17) we see that the temperature dependence 

of the structure factor, may have several parts: one due to the form 

factor, one due to the atomic positions, and one due to the temperature fac-

tor M. Use of crystals so simple that all of the atomic positions are fixed 

by symmetry eliminates the contribution to the temperature dependence of F 

of otherwise possible variations in atomic positions. It is also assumed in 
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what follows that the atomic form factors are not temperature dependent, 

excepting to the extent that they are affected directly by thermal vibra-

tions. While this assumption is obviously not wholly justified, it seems 

doubtful that the bonding would change markedly over the temperature ranges 

we are currently investigating (100 to 300°K). In any event it is the outer 

electrons that would be affected; thus, the assumption is better justified 

for heavy than for light atoms and for high order than for low order reflec-

tions. 

With the foregoing assumption, the only temperature dependence of F, 

and hence of the observed intensity, that need be considered for present 

purposes is that due to temperature dependence of the various Mj 's. 

l. Case of a Common Temperature Factor for all M 's 
--------------------~-------------------------j--

a. The parts of M. We consider first the simple case in which a 

common temperature factor applies to all atoms. From equation (18) we see 

that 

dT £n(I/I ) 
d 0 

dM 
·-- 2-dT (23) 

where it will be recalled that M is given by equation ( ). The temperature 

dependence of M has four parts: the factor T, the temperature dependence of 

the quantity in the braces, the temperature dependence of the Debye- e, 
. 2 0. 

Sln v:::J and the temperature dependence of due to the effect of thermal expan-

sion on the Bragg angle. For x::::. 0 the quantity in the braces is exactly 

one; for x l the quantity in the braces is about 1.03. For the tempera-

tures above the Debye temperature the variations in the quantity in braces 

may ordinarily be neglected. However, this is not the case for temperatures 

below Debye temperature4 
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b. Temperature dependence of the Debye- 8 . The temperature de-

pendence to be expected in the Debye- 8 has been discussed briefly in the 

preceding discussion of the literature. It was pointed out that a plot of 

the Debye- 8 versus temperature was expected to show a "wiggle 11 at very 

low temperatures and to fall off monotonically at high temperatures. Paskin39 

considered that part of the temperature dependence of the Debye-

which is due to its volume dependence and found that the expression 

8 

v 2 
8 ( __£) 

0 \ v (24) 

gave a considerable improvement in agreement between theoretical and experi-

mental temperature factors of KCl in the high temperature region. In equa-

tion (24), 8 is the Debye temperature at absolute zero. Its value is 
0 

determined by extrapolation from the high temperature values without the 

"wiggle" previously mentioned. V is the volume at absolute zero and V is 
0 

the volume at temperature. The Gruneisen constant, y, 

y - Vp 
C K 

v 
(25) 

is quite independent of However, this independence 

has been questioned
28 

for the case of AgCl above room temperature. In equa-

tion ( ) p is the thermal coefficient of 

and C is the specific heat at constant volume. 
v 

K is the compressibility, 

For present purposes it is assumed that y does not depend upon tempera-

ture. While this assumption may not be justified, it is still to be expected 
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that the use of equation (24) will represent a partial correction. Substi-

tution of equation (24) in equation (15) gives 

6h
2 

( V )2y { X } M = 2 -- T ¢(x) + -
mk8 \ vo 4 (26) 

0 

c. Expressions for dM/dT and their validity. The derivative of 

equation (26) with respect to temperature is 

where 

and 

f(x) 

2::_ dV 
V dT 

2¢(x) - -x-
e - l 

(27) 

(28) 

(29) 

In equation ( ) the term in "2y 11 arises from Paskin 's factor for the Debye -8 

. 2 Q 
variation and the term in 112/3" arises from variation in Sln It is clear 

'A_2 
that in equation (27) the f(x) term,which is shown in Figure 2,will be domi-

nant, particularly at low temperatures. In fact, if the temperature is low 

so that the temperature coefficient of expansion has essentially dis-

appeared, equation (27) reduces to 
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dM 
dT 

6h2 . 2 
= f(x) Sln g 

mk8 2 )\.2 
0 

(30) 

At high temperatures on the other hand, f(x) becomes very nearly one, and 

equati.on (27) becomes 

dM 6h 
2 

( v )
2
Y [ 2 J ,_ --\v 1 + (2r- 3)pT 

mk8 o -
(31) 

0 

As i.s shown by Figure 2, the function f(x) is a slowly varying function of 

x; it changes only from l to 0.6 as x changes from 0 to 5· Since f(x) is 

actually a function of the Debye- 8, an iterative solution for 8 is neces-

sary in equation (30) whereas iteration is not necessary in using equation 

( 31)" it is in the range where equation (30) applies that the 

assumption of harmonic oscillations is best met. Since the harmonic assump-

tion is essential to the whole treatment of lattice vibrations, it might be 

difficult within the range of equation (31) to distinguish between a break-

down of the normal modes 1 representation and a breakdown of the Debye dis-

tribution of normal modes. In the range of equation (30) on the other hand, 

the normal mode analysis should apply quite well so any anomalous behavior 

must be ascribable to a breakdown of the Debye distribution assumption. 

Since 2Y is than 2/3, equations (23) and (27) show that a plot 

of in(I/I
0

) versus T should have a slope which decreases at low temperatures, 

may be reasonably constant over a mid-range of temperatures, and increases 

with increasing temperatures in the high temperature region. 

-39-



Annual Report No. 1, Project No. A-389 

d. Debye-8 from change in slope. If the slopes can be meas-

ured with sufficient accuracy an interesting possibility arises for de-

termining a Debye-8 directly from the change in slope of Log I versus T 

with temperature and from the character of f(x) in the low temperature 

region. The assumption, for the moment, is that there is a single, con-

stant Debye-8 over this region. From equation (30) it is clear that 

(:\ d (.en Iji ) 
f(x ) dT 0 

l l = (32) = ---

(:)T f(x
2

) d (.en I/I
0

) dT 
2 T2 

This is one of a pair of simultaneous equations in x, the other of which is 

(33) 

These two equations may readily be solved graphically by placing f(x) 

on a log-log plot. We have tried this method of determining a Debye- e 

directly from a change in slope in the case of two or three reflections from 

NaCl~ The results were of the right order of magnitude but were not thought 

to be reliable because the slopes were not sufficiently well determined. 

When we have succeeded in making least squares fits of our data to the best 

smooth curves, we shall attempt to make use of this method again. Some 

further investigation of the significance of the Debye-8 determined in this 

way will also be undertakeno A very interesting aspect of this determination 

-40-



Annual Report No. 1, Project No. A-389 

is that the result is independent of the choice of any particular method of 

averaging over the masses involved; in fact, the masses of the various atoms 

do not enter into it at all. An obvious shortcoming of the method is that 

it assumes that the same e applies at each of two temperatures which may be 
0 

fairly widely separated. This assumption in turn depends upon the parabolic 

distribution by Debye as being a satisfactory approximation to the real dis-

tribution, a circumstance which may often not occur. 

e. Discussion. The use of equation ( ) or one of the approxima-

tions to it [i.e., equation (30) or equation (31)] allows determination of 

e and, hence, of B and of u2 directly from the temperature dependence of the 

intensity of a single given Bragg reflection and allows this to be done as 

a function of temperature. We do know of past studies wherein the difference 

between the intensities of a particular reflection at two temperatures has 

been used to determine a temperature factor; ~e are not aware of any case in 

which the actual slope at a given temperature has been used, either to deter-

mine the temperature factor as a function of temperature or even at a single 

temperature, and we are not aware of any previous suggestion concerning the 

possibility for determining a Debye-8 from the change of slope of the inten-

sity versus temperature curve. 

Up to this point the discussion has assumed that all atoms have the same 

temperature factor in a given direction. Even in the case in which this is 

not true, the number obtained by such an assumption may have considerable 

usefulness; for example, it could be followed as a function of specimen 

preparation, impurities, radiation damage, etc. Anisotropy, or changes in 

the anisotropy, in the thermal motions could be detected by these measurements 
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based on the temperature dependence of Bragg reflections. Further, the 

numerical value for the x-ray Debye~ which is obtained by ignoring the 

differences between atoms and which, thereby, has the effect of averaging 

over the various atoms, is the Debye~ value which should be compared with 

specific heat determinations. 

3· Case of Individual Temperature Factors in NaCl-type Structures 

More detailed information concerning the motions of the individual 

atoms may be obtained, however. In the case of the simple NaCl-type struc-

ture, which AgCl has, it is noted that equation (20) may be written 

(34) 

where 

(35) 

and 

Taking the temperature derivatives of the logs, one obtains 

d ( i/2 d F 
dT £n I , ) a dT( £n ~) 

1 

ill\- C::l --- + 
dT 1 + f e -.0.M 

(37) 

It is clear that if the temperature factors for the two atoms are not the 

same the temperature dependence of the even reflections should be different 
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from that of the odd reflections. It is possible that a graphical solution 

may be obtained for M
1 

and M
2 

from the temperature dependence data. Perhaps 

they can be found in a manner somewhat analogous to that described above for 
. 2 (l 

Sln '::::1 the determination of temperature factors from their dependence. Such 
"-2 

a possibility has not yet been fully explored. Instead, the approach being 

currently investigated, and which is expected to be the one most used, in-

valves a least squares fit of experimental data to a theoretical curve of 

intensity versus temperature. The theoretical curve is to be based on equa-

tions (17), (19), and (26). The adjustable parameters in the least squares 

fit will be one e value for each type of atom present. It is anticipated 
0 

that this least squares procedure will be programmed for a high speed digital 

computer (either the IBM 650 or the Datatron 220) and that it will be rou-

tinely used as a primary tool in the analysis of the intensity versus tempera-

ture data. 

V. CONTRIBUTION OF TDS TO APPARENT BRAGG INTENSITY 

A. Angular and Temperature Dependent Characteristics of TDS 

It is well knownl-3,l3 ... l7, 40 that TDS contributes some intensity to the 

apparent Bragg intensity. The one-phonon TDS contribution is actually peaked 

at the Bragg position. The contribution of TDS to the apparent Bragg inten-

sity, particularly for a crystal with a low Debye-9, such as AgGl has, may 

easily run as high as 30%l5,l6 . Since the temperature dependence of TDS and 

of the Bragg intensities are of opposite signs, a correction for TDS is doubly 

important when the temperature dependence of Bragg intensities is being 

studied. Methods have been offered (Nilsen17, Chipman15 among others) for 

the correction of the Bragg intensities, observed at one temperature, for the 
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TDS contribution. The analytic method depends upon the measurement of TDS 

at points away from the Bragg peak and subsequent computation from these 

measurements of the contribution at the Bragg peak. As Paskin
16 

has shown, 

the computed result depends heavily upon the wave velocities assumed. Chip

man's graphical method15, being a wholly empirical method, is probably to be 

preferred to the analytic methods in the absence of detailed knowledge of the 

elastic spectrum. One-phonon and two-phonon contributions to TDS are ordi-

narily all that are considered. At a given temperature, the ratio of the 

one-phonon to the two-phonon contribution depends on the distance from the 

observation point to the nearest reciprocal lattice point and on the distance 

from that reciprocal lattice point to the origin of reciprocal space. The 

ratio of one-phonon to two-phonon scattering is infinite precisely at the 

reciprocal lattice point, i.e., right under the maximum of the Bragg peak. 

At a given position the ratio of two-phonon to one-phonon scattering is 

40 directly proportional to temperature • Equation (2) of Ramachandran and 

40 
Wooster indicates that the one-phonon scattering at any particular point 

in the neighborhood of a reciprocal lattice point is proportional to the 

temperature, the square of the structure amplitude at that temperature, 
. 2 e sln 
A2 , and the reciprocal of the square of the distance of the point in 

question from the actual reciprocal lattice point. Thus, we might expect 

the total one-phonon contribution over some small region in the neighborhood 

of the reciprocal lattice point to be given by 

(38) 
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where k'is an appropriate constant and R is the properly weighted average 

distance of the region in question from the reciprocal lattice point. Equa-

tion (38) may be assumed to represent the total one-phonon contribution to 

the Bragg peak actually observed with the method used. Then_, the observed 

intensity "I" will be given by 

or 

where k is the appropriate constant. 

kTI e-2M 
+ _ __..;;..o __ 

(39) 

(40) 

B. Possible Graphical Correction for and Measurement of TDS Contribution 

The actual situation is, of course, not this simple. For one thing, 

the contribution of two-phonon scattering has been totally ignored. Secondly, 

the concept of averaging over the various values of "R" is questionable. How-

ever, equation (40) does serve to point out that the relative contribution 

of the TDS to the apparent Bragg intensity might be expected to depend upon 
. 2 ('\ 

SlD
2 

~, that l't ld b t . f'\ 0 d th t th t t d wou ecome zero a Sln ~ = , an a e empera ure e-
A. 

pendence of the apparent Bragg intensity would be influenced by TDS by an 

amount which also goes to zero at sin G = 0. These observations on thermal 

diffuse scattering suggest that the B values obtained from the temperature 

dependence of Bragg intensities may be corrected for the TDS contribution 

graphically. If the error due to TDS actually does go to zero at sin Q = 0, 
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. 2 r\ 
Sln 'd then a plot of the various B values, as obtained, versus should ex-

2 ,2 
• r\ 1\. 

t 
Sln 'd 

trapolate to a B value free of TDS error a 
2 

= 0. Experimental tests of 
)1. 

this possibility are not yet complete. If this method of corre for TDS 

can be shown to be valid, however, it may also be possible to go back and, 

with knowledge of the correct temperature factor, to estimate the actual per-

centage TDS contribution to the apparent Bragg intensity for each individual 

reflection. If such a correction proves to be it will be a valuable 

aid in improving the accuracy of the relative intensity data which are to be 

gathered later on. 

VI. SIGNIFICANCE OF ANISOTROPY OF THERMAL MOTIONS IN CUBIC CRYSTALS 

The assumption that the lattice vibrations are harmonic so that they may 

be represented by the independent normal modes also implies that the mean 

square displacements of a given atom type may be expressed in terms of inde-

pendent mean square displacements along each of three, mutually perpendicular, 

principal directions. This property is employed to write the temperature fac-

tor 11M" in tensor form as 

M = ~ .. h.h. 
lJ l J 

(41) 

where h. and h. are each one of the Miller indices of the reflection con-
l J 

sidered (i.e., h
1 

= h, h
2 

= k, etc.). The symmetry of the cubic crystal re-

quires that the thermal ellipsoid (the ellipsoid for which the principal axes 

are defined by the root mean square displacements of the atom in the three 

principal directions) degenerate to a sphere. In equation (41) this requires 

~ .. to have spherical symmetry. Therefore, if any anisotropy in the thermal 
lJ 
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displacements is found it must mean that either (l) the crystal is not 

actually cubic or (2) the assumption of harmonic vibrations is not justi

fied and, consequently, the description of the thermal motions in terms of 

a thermal ellipsoid and the analytic expression of a temperature factor as 

2nd rank tensor [equation (41)] is no longer justified. Inability to use 

an expression like equation (41) would greatly complicate a crystal struc

ture refinement in which the temperature factors were variables. 

In such a case it would seem to be necessary to determine the tempera

ture factors individually for each reflection from separate experiments; 

perhaps experiments of the type described here would suffice. 
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I o EQUIPMENT DESCRIPTION 

A. Standard Commercial Items 

SECTION 3 

EXPERIMENTAL PART 

The x-ray equipment being used in this work includes a Philips x-ray 

generator, scintillation counter, and associated scaling and recording cir

cuitso A molybdenum anode tube has been used for all work so farj a silver 

anode tube has just been receivedj copper and iron anode tubes are also on 

b.ando The x-ray generator and the associated circuits are supplied with a 

regulated voltage (:t_ l/4% or better) and a separate beam current stabilizer 

is usedo A geiger counter is also available, but the scintillation counter 

is preferred because of its larger range of linearity, because of the uni

formity of response across i t:s window, and because its quantum counting ef

ficiency, particularly for short wavelengths such as MoK, is much higher 

than that of the geiger counter" 

·The P:quipment. includes precession and Weissenberg cameras of Supper 

Manufacture o The film casette of the Weissenberg is ordinarily not used; 

the Weissenberg is instead used as a base for the scintillation counter 

holder a 

B. Special Spindle Drives on the Weissenberg 

The standard motor drive for the spindle on the Weissenberg camera was 

much too fast for present purposes. A motorized drive system in which the 

existi.ng worm gear is coupled directly to a small synchronous (Haydon) motor 

was substit~uted, It is shown in Figure 3. Drive speeds are changed by 
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Figure 3. Special Spindle Drive. 
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changing the Haydon motors. One-half, one-tenth, and one-thirtieth rpm 

motors have been found useful. Since the drive shafts of these motors are 

only fricti.on coupled to the motor in the reverse direction, they may be 

manually advancedo 

A simple attachment was made to the spindle to permit fine manual con

trol of the spindle position. The device is also shown in Figure 3· It con

sists essentially of a metal lever which is friction fitted to the outer end 

of the and which extends down to a position near the work surface of 

the X·-ray generator where it is driven by a tangential screw. One complete 

revolut.i.on of this tangential screw rotates the Weissenberg spindle by about 

12 seconds of arc. 

C Equi.pment for Control of Radiation Character 

Three items of equipment have been used for control of radiation char

acter" They are a pulse height analyzer, a monochromator, and a differential 

(Ross) filter. The pulse height analyzer is Atomic Model 510, slightly mod

ified to reduce considerably the resolution time. The modification consists 

of a change in the value of one resistance at one of the inputs to the anti-

coincidence circuit. 

The monochromator used to date consists simply of a flat piece of sodium 

chloride held in the monochromator made by Phili.ps Electronics, Inc., 

for use with their powder cameras. ~~ture monochromator arrangements are 

expected to employ quartz crystals and holders that are more suitable for use 

with the Weissenberg arrangement. The purpose which was served by the mono

chromator, as used,, was to show the difference between control of the radia

tion character by crystal monochromatization and control by other means. 
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I'he device that has been most used in the present work for control of 

the radiation character has been the differential filter. This consists of 

two fLLters whose absorption edges are on opposite sides of the character

istic wavelengths being employed. A convenient holder for the filter pair, 

shown schematically in Figure 4 and photographically in Figure 7, is based 

on a cap which fiLs ove,r the front of the scintillation countero The two 

filtPro Etr~' mounted in a bar which slides in a. groove in the cap. The 

cbar.gE from or:e filter to the, other is accompli.shed by sliding this bar until 

r,he ng loaded ball riding on the edge of the bar falls into an indenta-

tion and t:hereby positions the baro It was found convenient to line the 

interior front su.rface of the holder with lead (excepting for a small central 

hole " Thi.s redt;.ced t:he ba.ckgrm;nd due ·to scattered radiation and particu

lar.l.y due to :proximity of th-=: main beam when thP: counter was at low angles. 

The two fi.l ter materials t..sually used wi ~:h molybdenum radiation are 

z:irconi vm and ei. ther ,vttriDm or strontium. Si.nce the :pure metals are not 

suffi.ciently stable in ai.r4 some compound, such as the oxide, must be used 

in ·thE C6.S~ of 

rna teria.l frcm 

tri.um and s trcntium ,, We. h&.;ve prepared sui table filter 

mixing it; wi.th acetone-thi.nned "Duco" cement and allow-

i ng i to ~La.rden i.n to a slt..b" The slab was then :::ha.ped to fit the holder 

and was careful::iy thinnEd as needed scraping or sanding., Care was taken 

to ics ~re ·tha.: the sides remained parallel during the thinning period. A 

standard thickness of zirconium me+::.al filter was used for the ot,her filter, 

and t:he two were ba.lar:ced with thr::: aid of a Norelco Diffractometer. A single 

was mo1 ... nted as the specimen in the di.ffractometer and the scintilla

tion cou.r:ter with t;he a.tt.ached fi . .l t.er holder were mo,Jnted on the diffractometer 
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arm. Kirkpatrick
42 

has discussed the conditions for balance in filters of 

this type. Aluminum foil and the emulsion free backing of photographic film 

were used as the third materials mentioned by Kirkpatrick. An experimentally 

perfect balance could not be achieved. The effect of this unbalance will be 

discussed later at some length. 

D. Low Temperature Apparatus 

The crystal is held on the end of a fine glass fiber and is cooled by 

a stream of cold gas as is indicated by Figure 5· This arrangement is due 

to PostJ Schwartz, and Fankuchen43. The "nozzle" provides a central cold 

stream and an annular stream of dry air at room temperature. The inner: con-: 

ductor in this nozzle has double walls with an evacuated space between them. 

Hence we often refer to this whole device as a "Dewar nozzle." As is indi-

cated in Figure 5 there are three gas streams associated with the nozzle. 

The outer stream is the annular sheath of dry air. The cold stream carries 

gas at the lowest temperature attainable. The mixer stream carries dry gas 

at room temperature and is used to control the temperature by diluting the 

cold stream. 

Figure 6 shows the cold gas train. Dry nitrogen first passes through 

coils immersed in a dry ice and alcohol bath and then is bubbled through the 

liquid nitrogen. The escaping bubbles plus the nitrogen vaporized by cool-

ing the incoming gas are collected by the transfer tube before they go into 

the neck of the liquid nitrogen bottle. The liquid nitrogen bottle is a 

standard 2.5 metal type. Collecting the cold gasses at the bottom of 

the neck, as shown, instead of at the top of this neck made the difference 

0 8 0 between -130 C and -1 0 C at the outlet of the Dewar nozzle. The transfer 

-53-



X-RAY ANODE 

OUTER 
STREAM 
INLET 

MIXER 
STREAM 
INLET 

Annual Report No. 1, Project No. A-389 

SPINDLE AXIS 

INNER, COLD, STREAM 

ANNULAR, DRY AIR, OUTER STREAM 

,..,. __ DOUBLE WALLED, EVACUATED JACKET 

'---COLD GAS INLET 
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tubes are double walled glass tubes in which the space between the walls is 

evacuated. These tubes are not silvered or insulated any further. During 

operation some moisture occasionally collects on the outside of the second 

transfer tube -- it is not enough to form drops; no frost ever forms. 

The temperature of the crystal is not measured directly; instead, the 

temperature of the cold stream at the outlet of the Dewar nozzle is measured 

by a thermocouple arranged so that its junction is in the center of the cold 

stream. 1.he thermocouple was calibrated at the boiling point of liquid ni

trogen (-195.8°C), the melting point of isopentane (-159.6°C), the melting 

point of ether (-116.3°C), the sublimation point of dry ice (-78.5°C), and 

the melting point of mercury (-38o9°C). 

0 
When it is not intended to work at temperatures below about -73 C, the 

liquid nitrogen bottle is dispensed with and the last transfer tube is con-

nected directly to the copper coil in the dry-ice bath. In this case the 

gas used for the cold stream is dry air from the same source as that used 

at all times in the outer stream. A continuous supply of dry air is fur-

nished by two banks of sl.lica gel dryers which are automatically switched 

in and out of the line (without surges) and regenerated by heating. Con-

stant flow velocities in the dry air stream are assured by two pressure 

regulators and about five cubic feet of ballast volumeo Flow velocities in 

the cold stream are on the order of 30 to 45 liters per minute. Each stream 

is provided with a flow meter. 

Eo Counter Adaptor for Weissenberg Camera 

The counter holder, shown in Figures 7 and 8, is of Georgia Tech design 

and construction. It provides a stable mounting for the counter with both 
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quick release and fine adjustments in azimuth and elevation about the crystal 

position as center. It is found to be considerably more stable and easier 

to use than one which is commercially available. It is also more flexible 

as the open center in the elevation bearing is large enough to slip over 

the spindle mounting of the Weissenberg. It thus allows the rail, which 

actually carries the counter, to be supported at either the left or the right 

of the Weissenberg camera base. The counter holder is always supported by 

the caset,te carriage so that no forces or torques are applied to the Weissen

'berg spindle as a result of mounting the counter o Ihe construction of the 

counter holder is such that ring and worm gears may be readily attached at 

the elevation bearing to provide a motorized drive in elevation angle. This 

has not so far been done. 

F. Colli.mators 

;Two different "collimators" have been employed. Both have the same 

body dimensions; the dimensions for the "pinholesu are given in Figure 9· 

In each case only one pinhole was employed and was at the position shown in 

Figure 9· The pinhole was a circular hole of 1 mm diameter in a lead plug. 

I'he "rectangular collimatoru employed a rectangu.lar hole in a lead plug at 

the pinhole position shown in Figure 9. The dimensions of this hole were 

:rmn by 2.0 mm and some care was taken to see to it that the sides of the 

rectangular hole were parallel and that when in use the sides of this hole 

were perpendicular to the spindle axis on the Weissenberg. 
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II. THEORETICAL CONSIDERATIONS REGARDING EXPERIMENTAL PROCEDURES 

A. Radiation 

1. Wavelengths Desired 

The wavelengths readily available for use in x-ray diffraction 

range from about 0.5 to about 2.0 ~0 It is desirable to make observations 

on reciprocal lattice points remote from the origin because (a) there the 

magnitude of the effect of the temperature factor is enhanced by the large 
. 2 f"'l 

Sln 'e! ( ) ( ) , value of 2 see the discussion of M in the Theory Section , b. th~ 

f... 
statistical error in any final result may be reduced by making more indepen-

dent observations, i.e., observations of the intensities associated with a 

larger number of reciprocal lattice points, and (c) the general trend in 

* structure factors is that they become smaller with increasing distance, d , 

from the origin of reciprocal space; the further out observations are made 

the smaller will be the error that may be introduced by neglect of observa-

tions still farther out. All observations are limited by the wavelength 

used to a sphere in reciprocal space which is centered about the origin and 

has a radius e~ual to twice the reciprocal wavelength. Thus the total num-

ber of reciprocal lattice points that may be observed, insofar as the wave-

length limitation is concerned, is proportional to the inverse cube of the 

wavelength$ Conse~uently, even a relatively small change in the wavelength 

may make a significant change in the number of observations possible. In 

general, it is also desirable that absorption be minimized. These two rea

* sons, absorption and d , are arguments for the shortest wavelength possi-
max 

ble. 
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If a crystal monochromator is to be used simply to separate the a

doublet from the rest of the radiation, the strongest reflection from the 

monochromatizing crystal will be used. This reflection will occur at low 

angles where the Lorentz and polarization factor will be much more favorable 

for the short than for the long wavelength so that the intensity loss due 

to crystal monochromatization will be minimized for the short wavelength. 

However, under the usual operating conditions, the shorter the char

acteristic wavelength concerned the more nearly it falls in the maximum in

tensity region of the white background. The result is that the peak to 

background intensity ratio may suffer when the shorter wavelengths are used. 

Also to be considered are the angular separation of the diffracted rays 

(which is smaller with shorter wavelengths) and the spectral response of the 

detector. These considerations of background, resolution, and detector re

sponse may make a long wavelength more desirable than a short one. However, 

if (l) the unit cell is small (as is the case in the present work), (2) either 

a crystal monochromator or a differential filter is used, and (3) a scintilla

tion counter which has a 100% detection efficiency over the range of wave

lengths being considered is used, then all of these objections to a short 

wavelength are overruled. 

From the above it would seem that the best choice would be the shortest 

possible wavelength. However, it is desirable to have a range of wavelengths 

available in order that the data may be compared as a function of wavelength, 

particularly when investigating extinction and absorption experimentally. 

There is the additional consideration of the output intensities obtainable 

in x-ray tubes with different anodes. Radiations that have been chosen for 
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use here are AgK (0.5 :A), MoK (.71 ~)and CuK (1.54 :A) radiation. The a a a 

advantages of the silver tube are apparent from the above. The disadvan~ages 

of it in comparison to a molybdenum tube are its high initial price and its 

low permissible target loading. 

2. Spectral Distribution and its Control 

The spectral distribution of intensity in the output from an x-ray 

diffraction tube is partly that of the usual white spectrum, the position of 

whose maximum depends upon the excitation voltage used. On this white spec-

trum there are superimposed certain peaks due to the characteristic radiation 

from the target material. These are ordinarily the ~ and K~ characteristics. 

A single filter with an absorption edge between the ~ and a wavelengths can 

successfully discriminate against the ~without reducing the intensity of 

the a by more than l/2. This single filter also discriminates to some small 

extent against some of the short wavelength part of the continuous, or white, 

background. In general it may be said that the single filter has little 

value in discriminating against the general white background. A pulse hei 

analyzer (PHA) can discriminate quite successfully against the parts of the 

white background that are far removed from the desired characteristic wave-

length, but the response of the PHA and counter combination is not suffi-

ciently sharp to discriminate against ~ in the presence of a. Thus, the 

combination of a single filter and a PHA backing up the scintillation counter 

successfully discriminates against the ~ and also improves markedly the gen-

eral peak-to-background ratio, especially when the shorter wavelength char-

acteristics are used. In this case, though, only about 40% of the charac

teristic a that is emitted by the tube can be effective (50% lost in t~he 

filter, an additional 10% in the FHA). 
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The best possible peak-to-background ratio is obtained by monochroma

tizing either the incident or the detected x-ray beam by diffracting it from 

another crystal. The spectral width of the monochromatized beam may be ex

ceedingly narrow (it depends on the choice of crystal and reflection used in 

the monochromator) and it is even possible by this means to select only one 

component of the a-doublet for use. Such selectivity requires the use of 

high angle reflections, however, for which the reflection efficiency is very 

small. It is usual practice to use a lower angle reflection which has a 

higher reflection efficiency and, consequently, not to separate the components 

of the a-doublet. This maintains an excellent peak-to-background ratio in 

the diffraction pattern, but the reflection efficiencies for the monochroma

tizing reflection are still ordinarily a few per cent at best. Thus the 

principal objection to crystal monochromatization is that too much intensity 

is lost in the monochromatizing process. An interesting feature of crystal 

monochromatization is that the divergence of the beam may thereby be changed 

and focusing may be accomplishedj when a flat, monochromatizing crystal is 

used the divergence in the beam is ordinarily reduced. A flat monochroma

tizing crystal has been used from time to time and probably will be used in 

the future to show the degree to which the results obtained with other tech

niques approach those obtained with crystal monochromatized radiation. 

The differential filter seems to offer a compromise between spectral 

"cleanness" and intensity. In the case of molybdenum radiation, zirconium 

and yttrium filters have been used. The absorption edges of these materials 

are at 0.689 ~and 0.727 ~' respectively. If the filters are perfectly 

balanced, the differences in two diffraction patterns, each of which was 
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taken with a different filter, should be due to the narrow range of wave

lengths between the absorption edges. The procedure is to subtract the 

diffraction pattern obtained with the yttrium filter from that obtained with 

the zirconium filter. If the two filters are not perfectly balanced, it 

would seem in principle to be possible to multiply the diffraction pattern 

taken with yttrium filter by some constant factor before subtracting it 

and yet to obtain essentially correct results. Of course if the unbalance 

were in opposite directions, but of the same magnitude, on the two sides 

of the region between absorption edges, then this constant factor technique 

would not be able to provide correction. 

When the diffraction pattern has to be run separately with each filter, 

as is the case when the total count is measured over a certain angular range, 

the extra time required may be objectionable. However, if a certain total 

number of counts above background is to be obtained this may be accomplished 

much more quickly with the differential filter than with the crystal mono

chromator. These considerations plus the experimental convenience of making 

two peak height measurements with the differential filter have caused us to 

make considerable use of the differential filter technique. An unforeseen 

difficulty was encountered in the use of differential filter with a station

ary counter. It will be discussed later. 

3. Alpha-doublet Effect 

The fact that the Ka radiation is composed of two wavelengths rather 

than one presents a difficulty in all measurements where the breadths of the 

diffraction peaks are of interest or where the functional form of the distri

bution of scattered intensity from a single wavelength is desired. Present 
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interest is in the changes in the observed breadth, B , of the diffraction 
0 

peaks due to changes in the a-doublet separation, d, due to temperature 

changes. In the intensity vs. temperature data for this project it is the 

integrated intensity that is desired yet it is most convenient to measure 

the peak height. Since B is defined as the ratio of integrated intensity 
0 

to peak height, the changes in B are of considerable importance. As will 
0 

be discussed later, it has been shown that the observed B changes with 
0 

temperature are in at least qualitative agreement with the changes to be 

expected from the a-:doublet effect. Unfortunately, the relationship between 

the change in B and the change in d depends in a complicated way on B, the 
0 

breadth of the diffraction peak observed with truly monochromatic radiation. 

This subject has not been investigated fully yet; an analysis which is 

basically similar to that needed here has been made by persons interested 

in crystallite size determination from diffraction broadening. It is dis-

44 
cussed by Klug and Alexander , among others. While analytic relations be-

tween d and B are desired, they seem not to be available. Perhaps it will 
0 

be possible to meet present needs with the plot of B/B versus d/B given 
0 0 

by Klug and Alexander. The magnitude by which the effect may change the 

peak-height-to-area relation as the temperature is changed in the present 

studies seems to be on the order of a few per cent. 

* B. X-ray Beam Geometries 

The following discussion involves considerations of specimen size and 

shape; target size, shape and inhomogeneity; detector window size and shape; 

and collimator design. 

* Up to the time the following was written the author had not been able to find 
any sim~lat discussion ih the literature.. It has since been brought to his 

-66-



Annual Report No. 1, Project No. A-389 

1. Acceptance Region 

Understanding of the relationships between these various factors is 

aided by discussion of the "Acceptance Region," a phrase coined by the author 

in previous discussions of this same topi The present discussion is clearer 

than previous discussion7 and represents some extension of and additions to 

the ideas of it. Each particular set of Bragg planes (or reflection) has its 

own acceptance region; it is the region in which the source of any ray must 

lie if a corresponding diffracted ray is to be received by the detector. It 

is most easily described for a spherical, mathematically perfect crystal and 

for the case of monochromatic x-rays. Figure 10 is drawn for this hypotheti-

cal case. The acceptance region is bounded by the lines a, b, c, and d. It 

is formed from the region between two limiting cones, of apex angle 180° - 29, 

which are coaxial and are separated by the specimen diameter. The lateral 

limits of the acceptance region, indicated by g and h in Figure 10 are set 

by the lateral limits of the detector window (g' and h') and the size of the 

specimen; only if the specimen is of zero size will these lateral limits be 

set by the width of the detector window alone. We define the limits g and h 

as the limits of position for a point source of x-rays such that all diffracted 

attention, principally by Dr. Furnas, that many of the points discussed here 
plus others relating to the topic of x-ray beam geometries have been dis
cussed by Dr. Furnas in the manual which he prepared for distribution and 
use with the Single Crystal Orienter (Goniostat) offered commercially by the 
General Electric Company. 

It is expected that a review of the General Electric manual will appear 
shortly in the usual literature. Discussions between Dr. Furnas and the 
present writer revealed no disagreements on any of the points which both had 
covered. 
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x-rays can enter the detector window no matter from what part of the speci

men they are diffracted. Thus, if the size of the detector window is kept 

constant, the limits g and h draw closer together as the specimen size is 

increased. For the case of a perfect crystal and perfectly monochromatic 

radiation the limits e and fare set by the maximum dimension of the speci

men in the direction perpendicular to the Bragg planes giving rise to the 

reflection. In this idealized case there is no ambiguity in the definitions 

of g and h; if the specimen is allowed to have some mosaic character and/or 

the radiation is not perfectly monochromatic two definitions are useful. 

1- The first definition, which is analogous to that given for 

g and h, is that e and fare the limits of position for a 

point source of x-rays such th~t all diffracted x-rays may 

enter the window no matter from what part of the crystal they 

are diffracted. 

2- The second definition is that e and fare the limits of 

position for a point source such that any ray diffracted by 

any part of the crystal can enter the detector window. 

In what follows these two definitions of e and f, with the definition 

given for g and h, will be referred to as the first and second definitions 

of the acceptance region. Clearly the vertical height (separation of e and 

f) of the acceptance region in definition (l) increases with increasing 

specimen size and decreases with increasing mosaic character and increasing 

wavelength spread. The acceptance region described by definition (2), on 

the other hand, increases in vertical height with an increase in specimen 

size, mosaic character, or wavelength spread. 
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2. Detector Window Size 

The criteria for the size of the detector window are easily estab

lished. The minimum width, that is the minimum distance between g' and h', 

is the sum of two parts: (l) the maximum width of the specimen (or, later 

on, the maximum length of the specimen which can receive any radiation) and 

(2) the arc length which subtends the same angle at the specimen as does the 

maximum lateral dimension of the target. The vertical dimension of the de

tector window is the sum of three parts: (1) the maximum specimen height 

as viewed from the detector, (2) a length which subtends at the specimen the 

same angle as does the maximum height of the target, (3) the length which 

subtends at the specimen an angle e~ual to the D29 brought about by the wave

length spread. Specimen shape enters this picture by making the minimum re

quired vertical dimension depend on the lateral position on the detector 

window and vice versa. As the crystal is rotated about the spindle axis 

(rotation angle "a") the region, hereafter called the intercept region, which 

is common to the target and to the acceptance region may sweep over the tar

get. The corresponding diffraction image (see Figure 10) will move over the 

detector window but will not overlap it if the window has been designed 

according to the preceding criteria. If the detector is not to be stationary 

but is to be moved at twice the angular velocity of the crystal, the "maximum 

height of the target n may be replaced by nthe maximum height of the intercept 

region." 

There is one additional consideration in the choice of the detector 

window size; it should not be any larger than necessary both to meet the above 

criteria and to give adequate tolerance in positioning the window. Further 

enlargement of the windows simply adds to the background level observed. 
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3. Divergence and Convergence 

A pinhole type collimator can serve three functions: (1) to limit 

the specimen's view of the target, (2) to prevent some of the air scattered 

radiation and that scattered from the inside of the x-ray tube and the tube 

window from reaching the detector, and (3) to limit the amount of divergence, 

or convergence, in the incident beam. 

A logical system for distinguishing between the convergence and the 

divergence in an x-ray beam is the following. Radiation from any part of 

the target takes place in all directions. If both the specimen and the tar

get are of infinitesimal size, then all of the rays which leave the target 

and strike the specimen are necessarily parallel, and, consequently, the beam 

has neither convergence nor divergence ("beam" is meant to include only those 

rays which leave the target and actually strike some part of the specimen). 

As the specimen is given finite size, the rays will diverge from the point 

target to reach all parts of the specimen; the angle of maximum divergence 

will be the angle subtended at the target by the maximum dimension of the 

specimen. If, on the other hand, the target is given finite size while the 

specimen is retained as a point, rays from all parts of the target will con

verge to the point specimen; the maximum angle of convergence will be the 

angle subtended at the specimen by the maximum dimension of the target. It 

is clear, then, that if both the specimen and the target have finite size 

the incident beam has both a convergent and a divergent character. The con

vergence is determined by the target size, the divergence is determined by 

the specimen size; whether the incident beam is predominantly convergent or 

divergent depends upon the relative size of the target and specimen. In 
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the event that a collimator, such as a two pinhole collimator, is used, the 

words "specimen" and "target" in the discussion just preceding should be re

placed by the phrases "specimen as seen from the target" and "target as seen 

from the specimen," respectively. 

4. Flat-topped Rocking Curves 

The curve obtained by plotting diffracted intensity versus spindle 

position (a) as the crystal is rotated through the Bragg position is hereby 

designated the "rocking curve." One often hears it said that if the rocking 

curve can be made to have a flat top, the height of this top above background 

will be proportional to the integrated intensity. This statement is true 

only if the rocking curve is made flat-topped in a particular way. That way 

is as follows: Let the target be uniformly illuminated or at least have no 

illumination gradient perpendicular to the lines e and f in Figure 10. Fur

ther, let it have parallel sides and let its vertical extent be larger than 

the vertical extent of the acceptance region according to definition (2). 

Then as the crystal is rotated there will be an angular region of rotation 

wherein the distribution of intensity in the intercept region does not change 

though the acceptance region is sweeping over the target. This will cause 

the rocking curve to have a flat top. Further, since the vertical height of 

the acceptance region is completely filled with radiation, radiation is inci

dent simultaneously upon each part of the crystal from all di.rections for 

which any diffraction is possible. Since diffraction over the whole possible 

angular range in the neighborhood of the Bragg angle is thereby simultaneously 

and uniformly provided for, the intensity received at the detector must be 

strictly proportional to the integrated intensity that would be obtained by 
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rotating the crystal in a strictly parallel beam. (A perfectly spherical 

specimen is assumed in the above.) 

It is to be noted that it is possible to obtain a flat-topped rocking 

curve in which the height of the top is not proportional to the integrated 

intensity. If the vertical height of the target (refer to Figure 10) is 

smaller than the vertical height of the acceptance region according to 

definition (1), then (for the perfectly spherical specimen) while the crys

tal is being rotated so that the entire target lies between e and f the 

height of the rocking curve will not change. Yet, during this rotation not 

all parts of the crystal are receiving radiation from all of the directions 

for which diffraction is possible (for this particular Bragg reflection, of 

course). Thus, in this cas~ the height of the flat-topped region of the 

rocking curve is not proportional to the integrated intensity. Actually, 

in this case the rocking curve would probably not have a top that was really 

flat for two reasons: (1) As the target position moved between e and f the 

region of the specimen effective in diffracting the x-rays would move from 

top to bottom of the specimeno Since not all parts of the specimen have 

the same thickness as viewed from the target, and since (on the kinematical 

theory) the diffracted intensity is proportional to the volume irradiated, 

the diffracted intensity would be constantly changing. (2) Differences 

in absorption due to varying path lengths in the specimen, as the effective 

region moved through the specimen, would also prevent the top of the rocking 

curve from being entirely flat. However, this "wrong" way of providing a 

flat top on the rocking curve could very easily provide a gently rounded top 

which might be mistaken for a flat top. It is important to distinguish 

-73-



Annual Report No. 1, Project No. A-389 

between the two sources of nearly flat-topped character in the rocking curves 

in order to avoid the false assumption that just because the rocking curve 

has a nearly flat top, the height of this top must be proportional to the 

integrated intensityo 

5· Specimen Size 

We have so far determined criteria for the size of the detector 

window and have determined that the specimen should be smaller than the tar

gets Since both the wavelength spread and the mosaic character of the real 

crystal cause d2 in Figure 10 (the separation of the limits e and f) to be 

considerably larger than the specimen dimension; and since the difference 

between d
2 

and the specimen dimension will depend on the Bragg angle, there 

is probably little point in trying theoretically to determine the proper 

specimen size. Experimental measurements of the mosaic spread and the wave

length spread would have to be made in any event; it is simpler to start 

with the largest target that is practical from other considerations and then 

to reduce the size of the specimen until, if possible, the rocking curves 

take on a flat top charactero 

6o Collimator Design 

The role of the collimator has yet to be determinedo If true 

rocking curves are desired, the incident radiation must be rendered parallel 

by_ crystal monochromatization. If the desirable flat top curve is to be 

obtained either no crystal monochromator or one which provides convergent 

radiation, and hence is rather elaborate, will be used. It is clear that 

the vertical dimension of the slits or pinholes in a collimator must be 

greater than the vertical dimension of the acceptance region at the position 
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of the slit or pinhole (2nd definition of the acceptance region is used 

here) or the flat top region of the rocking curve will be lost. Since it 

is desirable to use the full maximum height of the target, in order that 

flat top curves may be obtained at as large Bragg angles as possible, the 

collimator should not touch either the line drawn from the top of the 

specimen to the top of the target or from the bottom of the specimen to 

the bottom of the target (Figure 10). Another way of saying this is that 

the collimator should not limit, in the vertical direction, the view that 

any part of the specimen has of the target. It may be necessary in the 

case of a specimen such as a long cylinder to limit the irradiated length 

of the specimeno This should be done with slits whose edges extend in the 

vertical direction (assuming a horizontal cylinder axis) and are parallel 

in order that the same length of the specimen shall always be irradiated 

even though it may move up and down slightly as it is rotated on the spin

dle axis. Clearly, if no other considerations are involved, it is prefer

able to use a specimen short enough (in length along the spindle axis) so 

that it all may be irradiated., Then the stringent requirements on the col

limator construction may be droppedo 

7. Value of Acceptance Region Model 

The discussions based on Figure 10 show the criteria which must 

be met by the things which determine the x-ray beam geometrieso Whether or 

not these criteria have been adequately met may be determined by experiment~ 

The discussions indicate something of the relative sizes desired for the 

target, the specimen, the detector window, and the pinhole diameters or slit 

widths in a collimatoro The discussions have also provided a model 
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(acceptance region and intercept region) which will be useful in the discus

sions of other things, e.g.J required precision in crystal alignment, ef

fect of target shape in comparing zero layer to upper layer data, and ef

fects of the actual nonuniform illumination of the target and a symmetric 

specimen shape. 

8. Target Illumination Gradients and Sp~cimen Shape 

It is clear that if there are illumination gradients perpendicular 

to e and f in Figure 10 the radiation falling on different parts of the 

specimen at the proper angle for diffraction will not be all of equal inten

sity. Since the total intensity emitted from the intercept region would 

change as the intercept region moved over the target (due to the aforemen

tioned gradients) then the diffracted intensity would change as the crystal 

was rotated even though the crystal might have been arranged to have uniform 

thickness as viewed from the target and even though there were no absorption. 

T.he combination of nonuniform specimen thickness and nonuniform intensity in 

the intercept region could very well cause the top of the rocking curve to 

show more than one maximumo The usual result is that the rocking curve has 

a single maximtun and. no flat region at the top. Visualizati.on of the 1.nter

action 'between inhomogeneity in target illumination and nonuniformi·ty of 

specimen thickness (as viewed. from the target) is aided by consid.erat:i.on of 

the case of the perfect crystal and the perfectly monochromatic x-rays. In 

that case x-rays emanating from a point at distance x down from e in the 

intercept region of Figure 10 will be diffracted only from portions of the 

specimen which lie at distance x below the top of the specimen~ 

-76-



Annual Report No. 1, Project No. A-389 

It is clear that in relation to the comparison of relative intensities 

of reflections which occur at different Bragg angles, one effect of non-

uniform target illumination is to make desirable a specimen shape which is 

symmetric about the spindle axis. Since, as has been stated above, it is 

generally desirable that the extent of the specimen along the spindle axis 

should be short enough so that the whole specimen may be irradiated, the 

choice of specimen shapes is practically restricted to short cylinders or 

spheres. Possible difficulties in squaring off the ends of the short cyl-

inders and keeping these ends accurately perpendicular to the spindle axis 

makes a spherical shape the usual practical choice. 

There are some additional experimental reasons for preferring the 

sphere. If the specimen has a cylindrical shape, the actual shape and breadth 

of a given diffraction peak is affected by the angular divergence between the 

cylinder axis and the rotation axis. Variations in peak shape will affect 

the relationship between peak height and peak area, which, it will be noted, 

must be known: if- use is to be made of peak height measurements alone. 

9. View of Target 

a. Upper layer error. It is clear from Figure 10 that unless 

the target, as viewed from the specimen, is symmetric about the incident beam 

as axis, the intercept region will have different shapes or different dis-

tributions of intensity (or both) according to how far the scattering vector, 

--7 --7 
S, is rotated from the vertical. (The vector S may be considered to be per-

pendicular to the Bragg planes giving rise to the particular reflectiono) 

It is clear that only in the zero layer could all reflections have the same 

view of the target. Consider for the moment the case in which the (00£) 
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planes in a cubic crystal are aligned perpendicular to the spindle axis, and 

consider the Weissenberg camera to be used in the equi-inclination mannero 

~ 

T.hen when a (00£) reflection is being observed the scattering vector, s, will 

lie parallel to the spindle axis and the acceptance region will be 90° rotated 

from that shown in Figure 10. T.he intercept region will be a vertical band 

on the target instead of being a horizontal band as is shown in Figure 10. 

Again, the simplest case which will show the effect under consideration is 

that of the perfect crystal and monochromatic radiation. If the target ex-

' 
tends out of the acceptance region at all, as it does in Figure 10, it is 

clear that the length of the intercept region along lines e and f will change 

~ 

as the S vector is rotated from the vertical. This has the effect of increas-

ing the total radiation power that lies in the intercept region, and conse-

quently, increases the diffracted intensity that will be measured. Thus, it 

would be necessary to correct the observed intensity of any upper layer re-

flection relative to the zero layer reflection, or one upper layer reflection 

relative to another upper layer reflection, for a "view of target 11 error. 

In principle it would seem possible to calculate this correction; in prac-

tice it may be quite difficult to make the calculation because of inhomo-

geneities in target illumination, because of unknown and varying divergence 

of the acceptance regions for different reflections, and because the exact 

size and shape of the target and of the acceptance regions are unlikely to 

be sufficiently well known. T.he correction can be made experimentally 

through comparison of the sets of relative intensities obtained with two 

different crystal mountings, or it may be avoided entirely by bringing all 

reflections into the zero layer for measurement. T.he well known 11 Goniostat, 1
' 
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designed by Dr. D. Harker and Dr. T. Furnas of the Polytechnic Institute of 

Brooklyn, is specifically designed to accomplish this with a single mount

ing of the crystal on its fiber. A. R. Lang45 has described his concept of 

a device which combines the simplicity of Weissenberg geometry with a means 

:for rotating the "Weissenberg," about an axis coincident with the incident 

beamJ so that every reflection may readily be brought into the zero layer 

for measurement .. 

It, might seem at fi.rst glance that if the target were small enough to 

be wholly included in the acceptance regi.on this 11view-of-target 11 error 

would not occur.. It would not if only peak heights were being measured, 

but, as has been discussed above, peak heights of this type have little mean-

i.ng.. Meaningful measures could only be obtained by obtaining the total area 

under a v'rocking curve." (Equi-inclination Weissenberg geometry is assumed 

throughout this discussion.) Relative motion of the target and the accep-

tance region caused by rotation about the spindle axis (see Figure 10) is 

always in the vertical direction. Thus, as the acceptance region becomes 

tilted with respect to its position in Figure 10, the path traveled by the 

small target through the acceptance region becomes lengthened. The amount 

~ 

of this lengthening is a simple cosine function of the angle by which S 

deviates from the vertical so corrections for the view of target error should 

be simple in the event that the specimen had a high degree of symmetry. 

b.. Speci.men shape cor..siderations.. The present discussion of view 
.. 

o:f target also ·bears on desi.ra·ble specimen shapes.. If the specimen' is sym-

metric about the incident beam then the distance between e and f in Figure 

10 will remain constant., insofar as it is determined by specimen dimension, 
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as the Svector is rotated out of the vertical. However, if the specimen is 

a cylinder whose axis is parallel to the spindle axis the distance between 

e and f, which depends upon the maximum specimen dimension in the direction 

.......; .......; 
of the 8 vector, will first increase and then decrease as the 8 vector is 

rota "t,ed from the vertical to the horizontal (i.e., parallel to the spindle 

axis), Thus, there is an additional "view of target" error introduced into 

the relative intensities by a lack of symmetry of the specimen about the 

incident b=-:amo It has previously been established that symmetry about the 

spindle axi.s is required (and it is also required for absorption correction 

reasons). Both of these symmetry requirements can be satisfied simultan-

eously only by spherical specimens. Thus, it appears that the collection of 

the best relative intensity data, even from non-absorbing specimens, requires 

the use of spherical specimenso It is to be noted that the view of target 

error introduced 'by variations of the distance between e and f through use 

of a specimen which is not symmetric about the incident beam cannot be cor-

rected for by a Goniostat nor by Langus instrument. It is further to be 

noted thfit the view-of-target error discussed here applies to peak height 

measurement as well as to integrated measurements. 

c Magnit~de of Erroro The view-of-target error is not neces

sarily large. Previous work done by the author7 showed that a final R fac-

tor ( 71reliability index" in a crysta::. structure determination) of 8 per cent 

could be obtained even when this view-of-target error was neglected.. Since 

a largf'-; of this 8 per cent (which amounts to 16 per cent variation in 

i:r:t,ensi t;y measurements) was due to other factors, the view-of-target error 

in that one case did not exceed a few per cent. The specimens were 
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approximately spherical a:r:d the of tb.e coefficient times 

the specimen dia111eter was about. 0 o 4 i.n the case cited. 

Factors 

Absorpt.ion 

a ... factors for 

the absorption factor, AJ in ion ) } may be the principal source of 

error a set. of st.ruc:~u.re ampli+udesJ l Fj ·' which have been determined from 

m~asureme:nts. If the absorption coeffici.ent and the specimen 

and or:t.entati.on are on factor applicable 

t.o each rsf::Le:ct;ion ma;y be ca1cu:::..a<.ed. Such calcu.la~ .. ions are extremely labo-

rious for all but a few s:pe c.imec For those specimens which do not 

the entire beam.1 t;hE and the cylinder represent the simplest 

cases o Ihe: factor for a ali to the spindle 

axis is a function of the of tb: of the reflection, and 

of t.he JR where t-: is the linear absorp·tion coefficient and R is the 

radius of +.he specimen" Tt,e absorp+·ior::. fa.ctor for a spheri.cal specimen de-

or.:.Ly on the Bragg and en Tables are ava.ilable for both of 

thesP cases. If the specimen i.s not c about the spindle axis, 

then thr:::: factor wi ::.1 be s. comp.l i ca ted function of spindle rotation 

as well as of thA paramet;ers men~.ioned. 

b. Criteria for Some considerable 

effort. may profi be in shaping t-he specimens. The 

accuracy wi t,h which the specimer:s mu.st be shaped depends upon the linear ab-

t-lJ for the and radiation used. 

The accuracy of specimen ehafi.ng may be discussed in terms of the 
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deviations of the actual specimen surface from that of'an equivalent sphere 

(or cyli.nder), shapes for which the appropriate absorption corrections are 

tabu.lated. The radius, R, of the equivalent sphere is to be such that the 

absorption produced by the whole sphere, for a particular reflection, is 

equal to the average absorption produced by the actual specimen as it is 

rotated about the spindle axis. Absorption corrections aotual;Ly applied to 

the data will be those appropriate to a sphere of the size estimated to be 

that of this equivalent sphere. The actual specimens, assumed to be spheres, 

are probably well approximated by ellipsoids. We discuss the factor by which 

the absorption correction so made will be in error because the specimen is 

not actually spherical. One of the extreme cases is represented by the ray 

shown in Figure 11. In this case the extra distance that the ray has to 

travel because of the nonspherical shape is Oo The total pathlength is then 

2R + o and the reduction of intensity due to absorption is indicated by equa-

tion ( 42). 

(42) 

It is clear that the additional absorption due to the misshaping of the crys-

tal depends upon the absolute value of the misshaping and not on the per cent 

deviation of the real from the desired surface. In the worst possible case 

the ray might both enter and leave the specimen at the points where there 

was a maximum deviation of the specimen surface from the ideal surface. In 

this case "o" in equation (42) should be replaced by "25". It is to be noted 

that "o" may be either positive or negative. The most extreme case then 
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ACTUAL 
SPECIMEN 

~-EQUIVALENT 

SPHERE 

11. Equivalent Sphere of Ellipsoid. 
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compares a ray passing along the minor axis of the ellipsoid with one pass-

i.ng along the major axiso By use of equation (42) and by letting the sub-

scripts l and 2 stand for the major and minor axis, respectively, the ratio 

of these intensities is 

(43) 

wher~ £ is the total length of the specimen along the particular ellipsoid 

axi.so Since the value of the exponent will always be small for any case of 

interest, only the first two terms need be retained in an expansion; and 

the error due to the use of the absorption factor for a sphere of radius 

equal to either the major or minor axis of the actual ellipsoid describes 

the specimenqs shape obeys the inequality. 

(44) 

If the radius of the sphere is chosen to lie midway between £
1 

and £2 the 

error is immediately cut in half. For the case of silver chloride and 

molybdenum radiation the linear absorption coefficient is 135/cm. Thus, if 

the maximum absorption error is to be l% the difference between the maximum 

and minimum dimension of the ellipsoidal specimen must be 7.4 x 10-5 em. 

'This represents a rather stringent requirement on specimen shaping even 

though it is calculated for a set of extreme assumptions. The actual situ-

ation is not this bad because the additional volume also diffracts. The ab-

sorption coefficient for silver chloride in silver radiation is about one-

half of that used above, so the use of silver radiation relaxes these 
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requirements somewhat. In any event, however, it is clear that a high 

premium is to be placed on accurate shaping of the specimen. 

Co Absorption factor for general ellipsoid. It would seem in 

principle to be possible to use quantitative knowledge of the ellipsoidal 

character of the specimen, of the absorption coefficient, and of the rela

ti.on of the ellipsoidal axis to the crystallographic axis to calculate the 

absorption factor applicable to each individual reflectionQ 

The integrations encountered, however, are cunibersome and probably 

must be accomplished numerically" Thus, this one problem would call for 

the use of a very large-scale computer. According to the advance program 

for the American Crystallographic Associati.on meeting to be held on July 20-

24, 1959 (at Cornell University), D. R. Fitzwater of Iowa State College will 

present a paper which apparently is concerned with just such a program. If 

Dro Fitzwater has indeed solved this problem his solution will probably be 

of great value to us in our future determinations of relative structure 

amplitudes from observed intensities. 

d., Experimental techniques for avoiding, for detecting, and for 

partially correcting for absorption errors.. Recognition of the absorption 

p:roblP'm and of the fact that it had not yet been overcome contributed to the 

decision to observe first the temperature dependencies of single reflectionso 

As has been noted elsewhere the absorption factor cancels out of the compar-

ison of the intensities of the same reflection at different temperatures. 

'.lliere are several ways of detecting experimentally the variation in 

absorption factors due to specimen shape asynnnetry and at least one way of 

attempting to correct for it. If, for the equi-inclination Weissenberg 

-85-



Annual Report No" 1, Project Noo A-389 

geometry, a reflection is observed for which the S-vector is parallel to the 

axis, the diffracted intensity should be independent of spindle ro

tation. Dependence of detected intensity., in this case, upon spindle posi

tion indicates that the specimen shape is not symmetric about the spindle 

axis (it is assumed that all alignment adjustments have been completely 

made)" . 

Since the Bragg angle for a particular reflection varies with the wave

length used, then the x-ray beams will follow different paths through the 

cryst.al for different wavelengths. If there is an absorption factor error 

du.e to specimen shape-asymmetry, two different sets of relative intensities, 

taken w::Lth different wavelengths, will not reduce to the same relative struc

ture amplitudes. lllis is not a clear-cut test, however, as extinction effects 

would also make the two resulting sets of structure amplitudes differ, though 

not. in the same way. 

Under certain circumstances it may be possible to make corrections for 

asymmetry on the basis of the observed intensities themselves.. The 

au. thor has previously been able to accomplish this with a quartz specimen 7 . 

The crystal symmetry requires certain reflections to be equivalent. A lack 

of s~ch equivalence in the observed intensities indicates a specimen shape 

error" Polar plots of the intensities vs. crystal position may be used to 

detennine the magnitude of this effect as a function of crystal position and 

Bragg Frequently, as many as eight members of a set of equivalent 

reflections may be brought successively into diffracting positions simply by 

rotating the spindle. In the previous work mentioned7, the author was able 

to reduce the specimen shape error from about 4% to less than 1% by applica

tion of this technique. 
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2. Extinction 

ao Origins and usual correction methods. In the kinematic theory 

of x-ray diffraction it is assumed that there is no re-scattering of once 

scattered radiation. The diffracted intensity is proportional to the square 

of the structure amplitude. He-scattering of the once scattered radiation 

wi~hin the same mosaic block of the crystal leads to the effect known as 

primary extincti.on. He-scattering from a different mosaic block leads to 

the effect known as secondary extinction Both of these effects are related 

t.o some power of the structure factor in such a way that the strongest re-

flections have their intensities most reduced by extinction. The degree of 

extinction also depends upon the wavelength, upon the size of the mosaic 

blocks., and, in the case of secondary extinction, upon the spread in the 

angular orientations of the mosaic blockso In the case of a large, perfect 

crystal the conditions of the dynamical theory are satisfied and the inten-

sity is proportional to the first power of the structure amplitude. It is 

to be expected that no real crystal wholly satisfies the assumption of 

either theoryo The kinematic theory is usually assumed, and the extinction 

effects are taken into account as corrections to be applied to the observed 

intensities" There is no suitable theoretical way of making these correc-

tionso Numerous experimental means have been devised. 

Vand
46 

has investigated the functional form of the extinction correc-

ti.onJ has proposed a convenient exponential approximation to the more rigor-

ous form, and has discussed a graphical method of making approximate cor-

rections with plots which involve intensity ratios and assumed structure 

amplitudes" It would seem to be a useful method when the structure 
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amplitudes are fairly well known, such as they are in the later stages of 

the crystal structure refinement~ Vand.v.s approximation (which applies best 

for small crystals completely bathed in the incident radiation and for dif-

fraction at small angles) shows the exponent of the exponential correction 

to be proportional to the s~uare of the structure amplitude, to the s~uare 

of the wavelength, and to the s~uare of the effective linear dimension of 

the mosaic block, and to be inversely proportional to the s~uare of the 

volume of the unit cell. For secondary extinction the angular dispersion 

of the blocks, and an additional power of the linear dimension of the crys-

talJ also enter. 

Gatineau and Mering47 made use of the wavelength dependence of extinc-

tion to propose a correction based on the extrapolation of a plot of £ni vs. 

48 
to zero wavelength. Chandrasekhar has proposed a method of correcting 

for extinctionJ whether secondary or primaryJ which is based on the variation 

of the extinction effect with variation in the direction of polarization of 

the incident beam. Chandrasekhar's method has the advantages that it is 

confined to a single wavelength and to a single reflection at a time; thus, 

there are no errors due to uncertainties in the absorption correction. 

In a determination of the relative structure amplitudes at a given 

temperature the above discussion means that it would be well to make pro-

vision for the use of different wavelengths and different polarization direc-

tions 

bo Possible temperature dependences. A more immediate concern 

is the possibility that the extinction effect may be temperature dependent. 

One effect of primary extinction is to increase the height while reducing 
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the area of a true rocking curve. Since primary extinction presumably 

depends upon 1Fj 2, which in turn is temperature dependent, it would seem 

possible that the diffraction peaks corresponding to the strongest reflec

tions might become sharper as the temperature was reduced. In this event, 

following the peak height alone as a function of temperature would not give 

a true indication of the dependence of integrated intensity upon tempera

tureo 

Extinction might also be affected indirectly by temperature through 

temperature dependence of the equilibrium populations of defects, e.g., 

color centers. Since these defects are produced by the x-ray beam at a 

rate which is essentially independent of temperature and since they anneal 

at a rate that does depend upon temperature, the equilibrium populations 

should be greater at the lower temperatures This effect would make the 

extinction less pronounced at the lower temperatures, in contrast to the ef

fect just mentioned. 

If the temperature range or the rate of change of temperature was such 

that the mosaic block 1 s size would be changed, either by annealing or by 

breaking up, the extinction would be changed as an indirect result of the 

temperature change. The possibility of changes in extinction due to changes 

in the block size can be virtually eliminated by keeping the specimen tem

perature below the anne-aling temperature and by avoiding thermal shock to 

the specimen. 

No matter what the cause might be, a temperature dependence of the ex

tinction correction is undesirable in connection with thermal motions meas

urements; though it may be of considerable interest in studies of imperfec

tions. Experimental tests for significant temperature dependence of 
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extinction may be carried out in at least two ways: (l) in the absence of 

extinction changes the integral breadth (the ratio of the total area to the 

peak height) of a reflection observed with strictly monochromatic radiation 

will not depend upon temperature and (2) in the absence of extinction changes 

the same temperature dependence should be observed with two different wave

lengths. Measurements of the breadth of reflecti.ons as a function of temper

ature have been carried out in several cases and measurements of the temper

ature dependence of the same reflections with different wavelengths will be 

undertaken shortly. 'The search for extinction effects through the temperature 

dependence of the integral breadth is complicated by the effect of the vary-

a-doublet separation upon the integral breadth. Further, if the experi

mental arrangement is such that the observed peak height is proportional to 

the integrated area of a true rocking curve then the ratio of the peak height 

to integral breadth of such an observed peak would not be expected to be 

changed by changes in exti.nction. 

3· TDS 

In the section on "Theory" the contribution of TDS to the apparent 

Bragg intensity was discussed. It was suggested there that the dependence 

of the TDS contribution upon scattering angle might make it possible for one 

to eliminate the error due to TDS by noting the dependence of the results on 

scattering angle and extrapolating to zero angle. The possibility has also 

been noted of using Cole's data27 to correct our apparent Bragg peaks for 

the TDS contribution. 

The fact that the TDS peaking under the Bragg peak is much less sharp 

than that of the Bragg peak itself leads to two possible methods of detecting 
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eX})erimentally the existence of a TDS contribution to the apparent Bragg 

intensi.tyo The two peaks are shown schematically in Figure 12; the observed 

or apparent Bragg peak is found by the superposition of these two. It is 

clear that one effect of the TDS contribution will be to increase the inte

gral breadth of the apparent Bragg peak. Since the intensities in the 

Bragg and TDS peaks change oppositely with changes in temperature, the inte

gral breadth of the apparent Bragg peak should be temperature dependent if 

the TDS contribution is significanto As has been pointed out elsewhere, 

however, the integral breadth may also be temperature dependent for other 

reasons. It is clear from Figure 12 that the most noticeable effect of TDS 

wlll be that of extending the wings of the apparent Bragg peak.. If measure

ments of the intensity of the wings were to be made at points far enough 

removed from the exact Bragg angle, such as at point "a" in Figure 12, the 

intensity observed should be due entirely to TDS and the temperature depen

dence of the intensity observed there would be opposite to that observed for 

the true Bragg peak. Thus, a decreasing intensity at point "a" with decreas

ing temperature would indicate the presence of a significant TDS contribu

tion to the apparent Bragg intensity. In principle it would seem to be 

possible actually to measure the IDS contribution from (1) the temperature 

of the intensity at a point such as point "a" in Figure and 

(2) the knowledge of the functional form of the TDS. In practice, however, 

it is doubtful if the measurements could be made with sufficient accuracy 

to allow quantitative determinations of the T.DS contribution. 

4o Defect 

One effect of defect concentration upon apparent Bragg intensity 

will be to produce an apparent temperature factor due to the static atomic 
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BRAGG PEAK 

BACKGROUND 

Figure 12. T.D.S. and Bragg Peaks. 
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displacements caused by the defects" This would provide one of the additive 

terms, such as u~ in equation (8). A second effect is to change the elastic 

constants. This would result in a change in the temperature dependence of 

u~ in equation (8). The first effect would not influence the determination 

of Debye-e~s from the temperature dependences of intensities; the second 

would) though possibly only very slightly If the defect concentration 

changed with temperature) as would seem to be probable in many cases, both 

the first and second effects named here would themselves be temperature de

pendent and an additional temperature dependence of the observed intensities 

would be brought about thereby. 

In the case of reflections which exhibited extinction the change of de

fect concentration with temperature would be expected to produce an inversely 

related change in the magnitude of the extinction effect and thereby to make 

it, in turn, temperature dependent. In the case of silver chloride, the pro

duction of Frenkel defects by the incident x-ray beam is expected to be inde

pendent of temperature. The rate at which the defects anneal depends upon 

temperatureo The concentration of Frenkel defects in our experiment is, 

therefore, expected to increase with decreasing temperatures. The effect of 

this on extinction can be experimentally noted in ei.ther of two ways. (1) The 

integrated intensity of a reflection so affected would be found to increase 

abnormally with decreasing temperature. (2) The integral breadth of such a 

reflection would also be found to increase with decreasing temperature. 

Changes in the integral breadth due either to the a-doublet effect or 

to a change in extinction due si.mply to the temperature dependent change in 

the structure factor would sharpen rather than broaden the peak with 
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decreasing temperature. Thus, it is experimentally possible to separate 

the several effects. It is apparent that these effects of the defect con

centrations, and changes in them, provide possible means for the study of 

the defects themselves. This possibility will be borne in mind and may 

form the subject of future work, but will not be investigated in the im

medi.ate future. 

Dq Choice of Peak Parameters to be Measured 

1. Area vs. Peak Height 

It is 1assumed in the fo~lowing discussion that the rocking curves 

are not sufficiently flat-topped so that the peak heights are strictly pro

portional to the integrated areas. 

The integrated intensity, or the area under the diffraction peak, 

corresponds to the total power diffracted during one complete passage of 

the reciprocal lattice point either into or out of the sphere of reflection. 

Most formulae for intensity are based on this measure. However, it is much 

easier and quicker to measure the peak height alone. Whether the area is 

to be measured as a total number of counts obtained during a certain angular 

transit of the spindle or as the area under a peak on the recorder trace, it 

takes longer to measure areas than peak heights. 

Measurements of peak heights might also be expected to suffer less from 

the TDS contribution to the apparent Bragg intensity, particularly if the 

reflection is fairly far out in reciprocal space. It is also noted that 

essentially only one phonon TDS scattering will contribute to the apparent 

peak intensity whereas two phonon scattering will contribute significantly 

to the measured area. 
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One of the large sources of error in measurements of integrated areas 

is the uncertainty in background placement. Small errors in placement of 

the background line will produce a much smaller percentage of errors in peak 

heights than in areas. On the other hand varying separation of the a-doublet, 

such as that due to temperature variation, will not affect the area measure-

ments though they will affect the peak height measurements. The extra 

breadth of the upper layer peaks worsens the problem of background place-

ment in area measurements. 

1he Lorentz factor for integrated intensities is well known. It de-

pends only on the arrangement of the experiment and not on the par-

ticula:t experimental specimen. The Lorentz factor that would apply to peak 

height measurements, however, would have to be calculated separately for 

each peak measurement and would be complicated. Such quantitites as both 

angular and spatial distribution of energy in the incident beam and the angu

lar spread of the mosaic block in the crystal would have to be known, possibly 

for each reflection, before such calculations could be carried out. 

It may be possible for one to avoid the need for calculating Lorentz 

factors for peak heights by graphically converting peak heights to areaso 

The , well known Lorentz factor then applies. lhe required graph may 

be prepared from experimental measurements of the ratio, B
0

_, of area to peak 

height, for the particular specimen, as a function of Bragg angle and possi

bly as a function of temperatureo If there is no nview-of-target" error, 

all peak height measurements of a particular reflection will be the same no 

matter in what layer the measurements happen to be madeo Thus ·' if B
0 

may be 

assumed to have a simple dependence on Bragg angle, g, (extinction and 
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shape asymmetry of an absorptive specimen would invalidate this assumption) 

then it should be necessary to measure only enough B
0

's to enable construc

tion of a plot of B
0 

vs. g. Since changes in temperature will also affect 

B0 due to the effect on the 0:-doublet separation, a separate B
0 

vs. g plot 

should be made for each of several temperatures, in the manner indicated 

schematically in Figure -a. Alternatively, a B
0 

vso T plot may be made 

for each of several g's necessary to cover the range of observation1 in the 

manner indicated schematically in Figure 13-b. This general scheme has 

previously been used by the author with some success7. 

2. Peak Height Times Width vs. Total Count or Recorded Area 

Integrated intensities may be measured fairly directly in any of 

at least three ways: (1) Total counts may be obtained over a certain angu-

lar range which includes the peak. 

tensity vs. angle may be measured. 

(2) 

( ') .3 

The recorded area on a trace of in-

Height and width parameters of the 

peak may be separately measured and then multiplied to obtain the area. 

Attention is directed here to the third possibility. The Bragg peaks are 

ordinarily considered to have the functional form of either 

or 

y 
A 

2 2 
1 + k X 

y .~ Ae (46) 

In each of these equations "A" corresponds to peak height and k is a meas-

ure of the breadth of the peak. The total area under a peak which has either 

of these functional forms is then proportional to the product of a height 

with a width measurement. 
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Figure 13. 

e 
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B vs. 8 and T. 
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-97-

r, 



Annual Report No. 1, Project No. A-389 

The width measurement, B01 may be either the integral breadth or the 

width measured at half height. If the integral breadth measurement is to be 

used, there will be no saving in time obtained by measuring the area as a 

product of the height and width parameters (instead of measuring the area 

directly). If, on the other hand, a width at half height may be used, a 

considerable saving of time is possible. Further, since the peak is widest 

at the base, a measurement of recorded area or of total count is more sus

ceptible to errors in background placement than is a measure of area based 

on peak height times width at half height. 

In principle it would seem possible that the peak heights and half 

widths could be determined more quickly than a direct total area measurement 

of comparable accuracy might be made. A technique used in the present work 

for determining the peak height in a reproducible fashion has been the fol

lowing. The intensity was measured to the desired statistical accuracy at 

each of three equally separated points, near the top of the peak, so chosen 

that the central point showed the greatest intensity. The three points were 

then fitted by a parabola which was symmetric about a vertical line. The 

maximum of the parabola was taken to be the maximum of the peak. While it 

may be argued that the actual shape of the peak is not parabolic, the advan

tage of the method is that it is a simple way of obtaining reproducible 

results. 

The peak widths at half height may, of course, be determined from a 

recorded trace of intensity vs. angle. The trace need not extend all the 

way into the background on either side, thus considerable time may be saved 

in obtaining the trace. However, better accuracy and greater speed may be 
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obtained by making measurements at 2 points, one above and one below half 

height, on each side of the peak with a predetermined statistical accuracy. 

The intensity measures at each of the points are plotted vs. diffraction 

angle and the two points on one side of the peak are connected by a straight 

line. A straight line is an adequate approximation to the actual shape of 

the curve describing the peak in this region if the points are not very far 

apart. When the two straight line segments have been constructed, the dis-

tance between them at half height may be measured with good reproducibility 

and sufficient accuracy. These procedures for determining the peak height 

and the width at half height are pictured in Figure 14. 

The measure of integrated area as a product of peak height times width 

works best for strictly monochromatic radiation; the a-doublet separation 

introduces a third parameter not considered in equations (45} and (46). The 

effect of the a-doublet separation on the ratio of peak height to area de~ 

pends on both the separation and the peak breadth. No simple analytic form 

for this dependence is known to the author. This effect has received con-

siderable attention from others in connection with crystallite size deter-

minations and, insofar as the author is aware, the best solution to the 

problem is a graphical one such as is described by Klug and Alexander44 . 

E. Economical Use of Liquid Nitrogen 

Since the local price of liquid nitrogen is $0.90 to $1.10 per liter 

and since the consumption may run as high as two liters per hour, the eco-

nomics of the use of liquid nitrogen are important. 

It is assumed that the crystal is to be cooled by a stream of cold gas. 

The comparisons to be made at the moment are those of various ways of pro-

viding a given volume of cold gas at a given temperature. 
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Figure 14. Fixed Count Methods for Peak Heights and Widths. 
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A stream of gas 2 possibly pre-cooled by dry ice 2 may be further cooled 

either by passing it through coils immersed in liquid nitrogen or by bubbling 

it through the liquid nitrogen (Figure 6). A continuous supply of air dried 

by silica gel is available. However, the vapor pressure of water in equi

libriwn with silica gel is so much hi,gher than the vapor pressure at liquid 

nitrogen temperature that if the air were cooled by liquid nitrogen some 

water would be sure to condense in the coils or in the liquid nitrogen. 

Further, the oxygen fraction of the air would tend to condense in the coils 

or2 in the event that the air was bubbled through the liquid nitrogen, in 

the bottom of the liquid nitrogen bottle. 

Since nitrogen was chosen in the first place to avoid the dangers of 

liquid oxygen 2 the constant build-up of liquid oxygen either in the coils 

or in the liquid nitrogen is considered to be undesirable. Thus air, even 

dried air2 is not a suitable gas for the cold stream. The cold gas stream 

is supplied with dry nitrogen from cylinders. 

It is clear that it is much more efficient to bubble the gas through 

the liquid nitrogen than to circulate the incoming gas through and out of 

the li.quid nitrogen in coils. In the former case both the incoming gas and 

the liquid that has been vaporized by cooling the incoming gas contribute to 

the exit cold stream whereas in the latter case the cold nitrogen gas that 

came from vaporization is lost. 

A commonly used method of supplying a cold stream of nitrogen gas is 

that of immersing an electric heater in the liquid nitrogen and thereby 

boiling off the nitrogen gas. This is not as efficient a method of using 

the liquid nitrogen as is the method which involves bubbling the incoming 
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gas through the liquid nitrogen; the heat energy supplied by the heater in 

the one case is supplied by the incoming gas in the other case; the incoming 

gas which is thereby cooled, adds to the total amount of cold gas available 

from the consumption of a given quantity of liquid nitrogen. Results of some 

rough calculations follow: The vapori.zation of one liter of liquid nitrogen 

per hour will provide a flow rate of nitrogen gas (at liquid nitrogen temper

ature) of about ten liters per minute. But if the heat of vaporization of 

this one li.ter of liquid nitrogen is supplied by an incoming gas stream, 

fi.fteen liters per minute of dry nitrogen at -70°C may thereby be cooled to 

liquid nitrogen temperatures. 

Thus, for the expenditure of one liter of liquid nitrogen approximately 

twenty-five, rather than ten, li.ters of nitrogen gas at liquid nitrogen 

temperature may be obtained. However, the cost of the incoming dry nitrogen 

and of the pre-cooling must also be consideredo Our dry ice costs about $2 

per 50 lb. block and the dry nitrogen costs about $4 per 220 cu. ft. tank. 

With this price structure, the economics favor pre-cooling an incoming stream 

of dry ni.trogen. If the price of li.quid nitrogen were as low as $.50 per 

liter, however" the electric heater method would be preferable. In some 

localities, and providing that sufficiently large quanti ties are bought 

(100 li·ters or more at a time), liquid nitrogen may be bought at the same 

rate per unit mass as dry nitrogen. In that case the only advantage of pre

cooling by dry ice would be to make the trouble of changing liquid nitrogen 

bottles necessary less frequently. In such a case the electric heater method 

would probably be used because of its convenience, even though it would 

necessitate changing liquid nitrogen bottles about twice as often as would 

be necessary if dry nitrogen initially at room temperature were bubbled 

through the liquid nitrogen. 
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The greatest savings in consumption of liquid nitrogen could undoubtedly 

be realized by changing the method of cooling the crystal. However, it is 

felt that the advantages of cooling with the cold gas stream, as is currently 

being done, outweight the cost of the wasted cooling capacity. 

F. Choice of Direction of Temperature Variation 

In measurements of thermal motions by means of their effect on the tem

perature dependence of Bragg intensities, room temperature is a natural di

viding point between temperature ranges that might be considered. 

Certain advantages accrue to either choice of temperature range, i.e., 

either above or below room temperature. 

1. Advantages of Working in the Range from Room Temperature Down 

marized as 

The principal advantages of the low temperature range may be sum-

a. TDS is minimized with decreasing temperature. 

b. The vibrations become more nearly harmonic as the temperature 

is decreased; and, hence, the lattice wave theory applies 

better. 

c. The increased intensity at decreased temperature, due to dimi

nution of the temperature factor, allows measurement of less 

intense diffraction peaks. Thus, more peaks can be measured. 

Peaks too weak to be measured directly at room temperature can 

be measured at the low temperature and corrected to room tem

perature by application of a temperature factor. They may then 

be included in a Fourier series presentation of electron den

sity to reduce the series termination effects. 
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d. If the temperature is reduced there is less chance that 

annealing and recrystallization will take place and thereby 

change the extinction and mosaic spreado 

2. Advantages of Working in the Range from Room Temperature Up 

The principal advantages of the high temperature range are: 

a. At least over the first few hundred degrees the temperature 

variation may be accomplished at less expense than is required 

to accomplish cooling. 

b. The quantity in braces in equation (26) becomes essentially 

constant as the temperature is increased, with the result 

that the temperature dependence of the temperature factor may 

be represented by equation (31). It will be recalled that the 

advantage of equation ( 31), which applies to the high tempera

ture range, over equation ( 30), whi.ch applies to the low tem

perature range, is that equation (31) may be solved without 

iteration. 

3· Conclusion 

It is concluded that both temperature ranges may be useful, but 

that first studies should be made in the low temperature range because of 

the advantages cited above, principal among which is the better approxima

tion to truly harmonic vibrations that may be expected. 

G. Choice of Reflections to be Observed First 

When the relative intensity data from which electron density maps will 

be prepared are gathered, it is expected that observations will be made on 

all reflections lying within a certain sphere in reciprocal space. However, 
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for the determination of Debye-8's or temperature factors certain directions 

the principal directions in the crystal -- are more interesting than others. 

They are the [100], [110], and [111] directions. If any anisotropy exists in 

the temperature factors, measurements of the thermal vibrations along these 

three directions should have the maximum probability of detecting it. The 

physical reasoning which supports this contention is that no matter what the 

bond types, these three directions should include both the maxima and minima 

of the force constants. 

Another consideration with respect to choice of reflections is that a 

selection of all-even and all-odd (indices) reflections should be observed 

in order that the thermal vibrations of the individual atom-types may be 

separated by comparison of the odd vs. even temperature factors. 

H. Number of Background Counts Required to Obtain a Given Accuracy in the 

"True" Peak 

It is well known that the statistical error in the counting of N random 

events in a given time is~. One of the presently useful calculations 

based on this is the calculation of the number of background counts, CB' 

which must be observed in order to obtain a given statistical accuracy in 

the true peak count, CT' for a given gross peak, (CP), to background ratio, 

ao Thus 

c 
a = _E. (47) 

CB 

and 

CT = c + b.C - (CB ±. b.CB) (48) p p 
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The per cent error in CT in equation (48) is given by 

% error = L:-.CP + L:-.CB _ rc; + ~ 
100 c - c - c - c 

p B p B 
(49) 

which, by use of equation (47) can be reduced and rearranged to give the 

desired number of counts in the background as 

2 

c = (~ + 1) ( 
B \a - 1 

2 

100 ) 
% error 

I. Calculations of Weissenbyrg and Counter Holder Settings 

(50) 

The Weissenberg geometry is particularly well-suited to easy calcula-

tion of the counter azimuth and elevation angle settings, the equi-inclination 

angle, and the relative spindle angle required for any given reflection. The 

counter adaptor for the Weissenberg that we use has been designed to carry 

out the Weissenberg geometry by providing rotation in elevation about an axis 

which remains coincident with the spindle axis and by providing rotation in 

azimuth, about the crystal as center, in a plane which contains the spindle 

axis and whose rotation about the spindle axis is a measure of elevation 

angle. Further, the direction from the crystal to the zero of azimuth is 

always maintained perpendicular to the spindle axis. Following Buerger49 the 

azimuth angle is designated v, the equi-inclination angle is designated,~, -and 

the elevation angle is designated T. For the equi-inclination method the 

values of v and ~ are ideally the same.. They may be readily calculated for 

each layer from the known distance (in reciprocal space) from the layer in 

question to the zero layer. The calculation of T reduces to a two dimen-

sional problem which proceeds along exactly similar lines for each layer 
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excepting that the ncircle of reflection" (appropriate slice of the Ewald 

sphere) decreases in diameter with increasing layer number. The procedure 

to be followed is adequately described by Buerger49 • It is to be noted that 

all of these calculations of settings need be made only with slide-rule 

accuracy as they will be experimentally optimized in each case in any event. 

A plot of a representative reciprocal lattice layer, probably the zero layer, 

is useful for the determination of relative settings of the spindle angle, 

a. A circle of reflection and a few reciprocal lattice points are shown in 

Figure 15. Let the reading of the spindle degree scale be a when the posi
o 

tion vector of the reciprocal lattice point R is in the vertical. The 
0 

angle by which the spindle must be rotated to bring a reflection from this 

T 
vertical position into contact with the circle is 2· If the reflection de-

sired is not R , but instead is that designated by the reciprocal lattice 
0 

point R, whose position vector makes the angle ~with the position vector 

of R , an additional spindle rotation of~ will be required to bring the 
0 

point R into contact with the circle. Thus, the actual spindle reading, a, 

will be given by 

T 
a=a +-+~. 

0 2 
(51) 

It is to be recalled that a is the spindle reading obtained when the posi
o 

tion vector of the reference reciprocal lattice point, R , is in the vertical 
0 

position. 

The elevation angles, T, are assumed to have been calculated already. 

The ~ angles may be calculated but may much more easily be determined with 
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Figure 15. Determination of Spindle Settings. 
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sufficient accuracy with a simple drawing of the reciprocal lattice layer 

and a protractor. It is worth re-emphasizing that there is no point in at

tempting to calculate any of these settings with extreme precision as the 

applicability of the results would necessarily be tested experimentally in 

any event by experimental optimization of the settings. 

It would appear that the calculations of the settings for the Weissen

berg are far simpler than the calculations required for the settings of 

the "Goniostat." 

III. EQUIPMENT PERFORMANCE 

Several aspects of equipment performance have been checked and will be 

discussed individually. 

A. Stability and Linearity 

1. Stability 

Long-term checks of the stability of the overall equipment were 

made. Proper settings were made so that a strong, diffracted beam was re

ceived by the counter. All settings were then left unchanged while the re

corder was allowed to trace out the record of indicated diffracted intensity 

for periods as long as several hours. It was found that with no PHA (pulse 

height analyzer) and with the molybdenum anode x-ray tube operated at 45 kv 

and 20 rna there was a long period (one to two hours) drift of± 2% in the 

recorded intensity. When the beam current was reduced to 9 rna the drift was 

reduced to ± 1/2% during a run of several hours duration. Changing the kv 

from 45 to 55 seemed to have no effect. With the PHA in the circuit and 

counting rates on the order of 20,000 counts per second (which is in the 
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linear range) the long-term drift amounted sometimes to ± 1/2% but at other 

times to± 1-1/2%. Often only one maximum in the recorded intensity would 

be observed in a four-hour period. The differences obtained in different 

checks of the stability with the PHA gave preference to leaving it out of 

the circuit. 

However, it is suspected that there were unrecorded differences in the 

window widths in the two cases cited, so that with adequate window width the 

presence of the PHA in the circuit would not add any noticeable long-term 

drift. The only short-term instabilities observed in these tests were those 

due to the random counting process itself. The marked dependence of sta

bility on beam current has caused us to use a 10 ma beam current routinely 

instead of the rated permissible value of 20 ma. 

2. Linearity 

The linearity of response of the overall detection equipment to 

counting rate was checked by the multiple absorber technique. Pieces of 

x-ray film, which are remarkably uniform, were used as the absorbers. It 

was found that even with the PHA in the circuit the response was linear 

within 1% up to counting rates of 32,000 counts per second. Without the 

previously mentioned modification in the PHA, deviations from linearity 

would have been expected at counting rates of about 5,000 counts per second" 

With a Geiger counter, deviations of 1% from linearity would have been ex

pected at counting rates as low as 500 counts per second. Furthermore, 

the response of the Geiger counter is not uniform across the counter win

dow as the scintillation counter response is. 
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B. Malfunction Rate 

l. Binary Stages 

The high-speed binary stages in the "scintillation proportional 

unitn have given a great deal of trouble. The most common malfunction is 

the intermittent failure, on the part of one of the binary stages, to di

video The intermittent nature of the malfunction and the continued opera

tion in the presence of the malfunction make its presence, or absence, 

extremely difficult to detect. Replacing, or in some way interchanging, 

the 5964 electron tubes in these stages would usually correct the malfunc

tion for a time. Unfortunately, the malfunction would occur and be dis

covered again after any period of time which ordinarily ranged from zero to 

about one week. It was finally established that this particular malfunction 

was extremely prevalent and that various circuit repairs or modifications 

that had been performed had failed to correct it, the unit was returned to 

the factory and a borrowed unit was used in its stead. The borrowed unit 

seemed to perform satisfactorily, and after its return from the factory the 

original unit also seemed to perform reliably. Unfortunately, the bad per

formance of the scintillation proportional unit makes it impossible to place 

quantitative dependence on any of the data collected before April, the time 

at which the borrowed unit was installed~ 

2. All Other Electronic Gear 

All of the other electronic gear behaved normally during the year 

excepting the scintillation counter. The photomultiplier tube of this 

counter apparently became gassy after, at the most, a few hundred hours of 

use. A replacement was obtained and has been working satisfactorily. 
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3. Arcing 

Some difficulty has been experienced with arcing in the x-ray tube 

well. The problem seems to be getting progressively worse. Neither dust 

nor condensed moisture, due to the cooling of various surfaces by the cold 

water used for x-ray target cooling, seem to have prime responsibility for 

the arcing. This problem has so far not been solvedj attempts have been 

made to obviate it by operating the tube at less than the desired potential, 

by frequent cleaning of the insulating surfaces, and by keeping alert for 

either the smell of ozone or the sound which would indicate the presence of 

the arcing. 

Co Tolerances in Weissenberg, Counter, and Crystal Settings 

By "tolerance n is meant the amount by which a setting may be changed 

without affecting the diffracted intensity by a measurable amount (< 1%). 

Tests which gave the results to be described were made by observing the peak 

intensity of a representative reflection. The settings to be considered on 

the Weissenberg camera base are ~ (the equi-inclination angle), the spindle 

translation, and a (the spindle angle). The settings on the counter holder 

are T (elevation angle) and v (azimuth angle). The settings which determine 

the crystal alignment are the settings of the two arcs on the goniometer 

head which carries the fiber on which the crystal is mounted. 

It was found that the "plateau" was l-l/2 to 2 degrees wide in T, l to 

l-l/2 degrees wide in v, and at least 0.5 mm wide in spindle translation for 

typical reflections observed in the present work.. No "plateau" is to be 

sought in ~ for this angle is strictly determined by the crystal parameters. 
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However, the position of the crystal along the spindle axis (spindle transla-

tion) and the experimentally determined ~ are not independent. For a given 

spindle position the sharpness of the dependence of diffracted intensity on 

~ 

~ depends on the orientation of the s vector relative to the plane which con-

~ 

tains the incident beam and the spindle axis. If the S vector lies in this 

plane, the dependence is as sharp as is the dependence of intensity on a 
~ 

when the observation is made in the zero layer (i.e., when the S vector is 

perpendicular to the plane containing the incident beam and the spindle axis). 

For zero layer observations, however, any small errors in ~ may be fully com-

pensated for by changes in v and T. 

The crystal alignment procedure usually used involves the use of a re-

~ 

flection for which the S vector lies in the plane containing both the inci-

dent beam and the spindle axis. In this procedure the diffracted intensity 

is sensitive to goniometer arc adjustments as small as two or three minutes. 

However, for a zero layer measurement (and so, in principle, for any measure-

~-ment for which the S ¥ector has any appreciable component out of the plane 

containing the incident beam and the spindle axis) a missetting of one of the 

0 
goniometer arcs by as much as 1 can easily be compensated for by a change 

in a. This compensation may readily be understood by reference to Figure 10 

and the discussion concerning it. The worst effect of the missetting of a 

goniometer arc would be to tilt the acceptance region on the target and to 

move it up or down (see Figure 10) slightly. The up or down variation is 

just what is corrected by a change in a. The 1° tilt would produce no 

noticeable effect on the intensity. 
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It is concluded that adequate tolerances and compensations in the 

settings are provided so that only ordinary care in the use of the instru

ment is required to insure that experimental errors due to missettings are 

insignificante 

D. Performance of Low Temperature Apparatus 

The lowest temperature that has been obtained at the crystal position 

is about 90°K. The distribution of temperature in the cold stream near 

the crystal is sufficiently uniform so that slight displacements (l to 2 mm) 

of the crystal with respect to the central axis of the cold stream would 

produce temperature differences of less than 1°. A similar situation applies 

with regard to displacements along the cold stream. Checking on the temper

ature distribution in the cold stream is not yet complete, but preliminary 

checks indicate that the temperature changes by less than 6° from a posi

tion at the center of the nozzle opening to an axi~l position l-l/2 em 

away. It is thought probable that this change is actually less than 1°. 

The small size of the crystal, the strongly thermally insulating mount~ 

ing (small glass fiber), the flow velocity in the cold stream, and the 

apparent immediacy with which intensity changes when the crystal tempera

ture is changed lead to the assumption that the crystal temperature must be 

within 5°C of the cold stream temperature. Further checks on this point 

will be made, as appropriate, in future work. 

Frosting of the specimen may sometimes be a problem. If, with the flow 

velocities that we use in both the inner and outer streams (> 30 £/min), the 

crystal is no more than 1.5 em from the end of the dewar nozzle, noticeable 

frosting of the specimen will be avoided even for periods of several hours 

at the lowest temperatures. 
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One of the greatest advantages of the present cooling system is the 

ease with which the temperature may be varied. The temperature may be 

changed by 20°C and re-stabilized at the new temperature in a total elapsed 

time of two to four minutes. If the starting temperature is room tempera

ture, the system may be stabilized at 90°K in less than 20 minutes. If one 

is willing to make further slight adjustments, the temperature may be held 

at 90°K ± 1° within 10 minutes after commencing operations. Once stabilized, 

0 
the temperature of the cold stream remains constant within less than 1 with-

out further attention. 

One 25 liter bottle of liquid nitrogen ordinarily lasts for about 25 

data-taking hours. If the temperature of the cold stream were to be main-

tained at the lowest temperature, the one bottle of liquid nitrogen would 

last about 10 hours or less. 

IV. THE SPECIMENS 

A. Choice of Kind of Material 

Sources of single crystal silver halide :material were sought at the out-

set of the project. No sources were found for single crystals of AgF or Agi. 

Some efforts were therefore made to prepare AgF. However, AgCl and AgBr were 

both found to be available in single crystal form. Eastman Kodak Company 

kindly supplied specimens of very pure AgCl and very pure AgBr. Optical 

quality AgCl was purchased from Harshaw Chemical Company. The availability 

of these specimens and the availability of thermal diffuse scattering measure

ments on AgCl (Cole27) led to the choice of AgCl for initial investigations. 

A further reason for the choice of AgCl (or AgBr) is that Eastman Kodak 

Company has offered to supply samples doped in various controlled ways. 
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B. Photochemical Effect 

Although the literature indicated that the photochemical effect of vis

ible light and of x-rays on high purity AgCl single crystals was negligible, 

our early work cutting, shaping, and mounting -- with the crystals was 

done either in a dark room or under a soft incandescent light. After the 

samples were mounted, they were coated with carbon black to protect them 

from the ultraviolet components of the fluorescent lights in the laboratory. 

It was shown that any photochemical effect in the present samples was, 

in fact, negligible at room temperaturej diffracted intensities were not 

measurably affected by bathing an unprotected sample in fluorescent light 

and x-rays for several hours. However, darkening of the samples does occur 

under the above conditions after about 15 minutes at approximately -70°C. 

The specimens bleach out shortly after being returned to room temperature 

even when dark for several hours. This low temperature darkening was found 

to have no measurable effect on current intensity observations. 

C. Specimen Preparation and Mounting 

1. Production and Checking of Shaped, Distortion-free Specimens 

As has been mentioned previously, it is desirable to shape the 

specimens to small spheres a few tenths of a millimeter in diameter. Pure 

AgCl is so subject to plastic flow that considerable care must be taken in 

cutting and shaping it. At room temperature plastic flow is such that the 

crystal simply cannot be broken apart. It can be cut, for example, with a 

jeweler's saw and a kerosene lubricant or with a razor blade into which 

teeth has been filed, but these mechanical means still result in unnecessary 

distortion at the cut. 
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In order to avoid the distortion, the following method is now being 

used. A knife-edged steel disc about 1-1/2 inches in diameter and 5 mils 

thick is rotated with a small motor (Dremel "Moto-tool"). Photographic 

"hypo" solution is an excellent etchant for AgCl. The rotating steel disc 

is kept wet with the etchant as the crystal is advanced onto the disc slowly 

and carefully enough so that a cut is made solely by etching, and the disc 

itself does not actually touch the crystal. The 5-mil circular saw, which 

is available as a standard accessory to the "Moto-tool," is superior to a 

plain disc as the teeth in the saw help to hold a larger amount of hypo at 

the position of use. Small cubes are cut from the parent crystal by this 

controlled etching process. 

Because of the desirability of the spherical shape in minimizing ab-

sorption problems in relative intensity measurements, some special effort 

has been expended in trying to make the cubes into ~herical specimens. A 

commonly used method for preparing spheres consists of tumbling the specimens 

in an air blast on the inner periphery of an abrasive lined cavity. This 

method produced AgCl specimens which appeared to be very nearly spherical, 

but whose surfaces were darkened. Even though the darkened portion was 

0 
etched off and even though the crystals were subsequently annealed at 76o F 

for three days, distortion of the crystals was still quite noticeable in 

Laue patterns. 

Before a sample is finally used for collection of data, a precession or 

Laue picture, or both, is taken to check possible distortion as indicated by 

doubled or badly smeared spots. A polarizing microscope has also been used 

in an attempt to detect a stress field associated with distortion, but pre-

cession and Laue pictures are more suita"ble· .. 
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At present all sample shaping is being done by etching w~th hypo. The 

crystal to be shaped is fastened to a spindle shaft rotated by a Dremel 

"Moto-tool" motor. The rotating crystal is brought into contact with a 

blotter placed on end in a beaker half filled with hypo, as is indicated 

in Figure 16. With this arrangement, any portion of the crystal can be 

given a fairly circular cross section; the high spots are etched off by con

tact with the hypo-soaked blotter. No spherical samples have yet been pro

duced by this technique. The variation in intensity of the reflection used 

for alignment varies by about 25% as our most symmetrical crystal is rotated 

on the Weissenberg spindle axis. A truly spherical sample should yield a 

variation of this type of less than 1%. Since our present measurements of 

intensity vs. temperature are not put in error by lack of knowledge of the 

absorption correction, we have postponed further attempts to make :spherical 

samples. It is hoped that in the future undistorted spherical samples will 

be made by some as yet untried technique. Grinding in the sphere grinder at 

a temperature near the Debye-8 (which is less than 130°K) will be tried in 

the hope that the distortion due to plastic flow will thereby be minimized. 

2. Mounting 

a. Technique. The shaped crystals are mounted on glass fibers 

with any one of several adhesives. The glass fiber is first affixed, with 

wax, to a brass plug which fits the goniometer head. A particular orienta

tion of the nearly spherical specimen may be maintained, while it is mounted 

on the glass fiber, with the following technique: The sample is held in the 

desired orientation by placing it on the adhesive side of a piece of Scotch 

tape. This piece of Scotch tape is taped with other pieces to a glass 
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ROTATING SHAFT 

CRYSTAL 

"HYPO" IN BEAKER 

Figure 16. Controlled Specimen-Etching Arrangement. 

-119-



Annual Report No. 1, Project No. A-389 

microscope slide which in turn is taped to a rectangular metal weight. This 

arrangement is placed on a laboratory microjack positioned so that the spec

imen lies directly under the end of a glass fiber. The glass fiber is held 

in a vertical position by attaching the brass plug, with clay, to the verti

cal side of any convenient object. With a second fiber the adhesive is ap

plied to both the specimen and to the mounting fiber. The jack is then 

raised cautiously to bring the fiber and the specimen into desired contact. 

The whole operation is monitored through a stereomicroscope. Care is taken 

to see that no excess adhesive is applied to the specimen and to see that a 

symmetrical joint is formed. A symmetrical joint is desirable so that as the 

specimen is cooled the contracting adhesive will not twist the sample out of 

its proper alignment. 

b. Remounting for alignment; adhesive pairso When the sample has 

been shaped by any of the methods described above, there are no cleavage 

faces which could aid in mounting the crystal in a desired orientation. Since 

the crystal is cubic, polarizing optics are of no help. A trial and error 

method is used which consists of (1) arbitrarily orientating the crystal be

fore it is glued to the fiber; (2) aligning the crystal initially with the 

use of precession "setting" pictures; (3) remounting and re-aligning with the pre

cession camera if necessary, and (4) making final alignment on the counter

adapted Weissenberg as is described in the next section. A crystal is usually 

remounted if neither the [100] nor the [110] direction can be brought parallel 

to the axis of rotation. 

To facilitate remounting of a crystal, a series of 3 pairs of adhesives 

has been selected. Either member of a pair is insoluble in the solvent of 

the other member. The following table lists the adhesives • 
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Adhesive 

Polyvinyl Alcohol 

Formvar 

Zapon Acquinate uA 11 

(not available at this 
time) 

Formvar 

Carboxymetholcellulose 

Collodion 

Mucelage 

Soluble In 

Ethylene Dichloride 

Amyl Acetate 

Ethylene Dichloride 

Amyl Acetate and 
Ethylene Dichloride 

Insoluble In 

Amyl Acetate and Ethylene 
Dichloride 

H20 and Amyl Acetate 

Ethylene Dichloride 

H20 and Amyl Acetate 

Amyl Acetate and Ethylene 
Dichloride 

If remounting of the crystal is required, it is placed under a brass 

plug and fiber as usual, but it is now held in a known orientation by the 

goniometer head. The second member of the adhesive pair is then used to 

make a symmetrical joint between the new fiber and the sample. When the 

second adhesive dries, the first fiber is removed by dissolving the first 

adhesive. Remounting is sometimes done several times before a satisfactory 

orientation is obtained. 

D. Table of Specimens 

All of the specimens that have been employed to date are listed in 

Table I along with their approximate dimensions. 
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TABLE I 

LIST OF SPECIMENS 

Approximate 
Sample Shape Size Source Material 

5 Rod 2mm long," o5 mm dta" HARSHAW #l 

6 Ellipsoid u6 mm long_, )+ mm dia, HARSHAW #l 

7 o3 mm o2 mm di.a., HARSHAW #l 

Vo DATA COLLECTION 

1., 

A crystal aligoment with the· [220] direct.ion to the 

spindle axis was usually desired in the present work because with this ori.-

entation the zero layer contained all three pri.ncipal directions_, [bOO]) 

[hhO] and [hhh] o It was often found to be advantageous to make the 

gross with the on camera, Final alignment was made by a 

t~echnique described by Io Fankuchen communications)o It makes use 

* of the fact that if the d vecr:.or of a particular reflection is 

exactly parallel to the axis of rotation (L,e".' the spindle axis) and the 

reciprocal lattice poi.nt is placed on the sphere of reflection, the dif-

fracted intensity will not change as the crystal is rotated through a full 

360° abouX the spindle axis (provided that the crystal is spherical) o This 

ali procedure is carried ou. in ce as follows ....;, and v are set 

for the desired reflectiono T is set at zero" The crystal is properly 
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centered by the use of the telescope ( suppli.ed with the Weissenberg) and 

the spindle and goni.ometer head translations One arc of the goniometer 

head is then set parallel to the incident beam and is adjusted until a 

maximum diffracted intensity is observedo The goniometer head is turned 

18o0 and the arc is again adjusted for maximum intensit:yo If the arc posi

tion required the second time differs from that required in the first ad

justment, an adjustment is made in the equi-i.nclinati.on angle, !-io Cor

rectness of the setting of v (the azimuth angle of the counter) is experi

mentally checked as well. When sufficient adjustments have been made so 

that the two posi.tions of the arc required for maximum i.ntensi ty at 

positions l8o0 apart are not different by more than about 1/4°, the second 

arc is set parallel to the beam and the process is repeated" It is not to 

be expected that 11 will be changed when working with the second arc. By 

working back and forth between the two arcs the alignment is refined until 

it is accurate to within less than 5 minuteso 

Re-alignment is sometimes necessitated by the temperature changes. 

When one is first working with any given sample, it is always desirable to 

re-check the alignment, with the procedure outlined at the lowest 

temperature and at each of several intermediate tempera-cureso This is re

quired in order to be sure that the adhesive joint on the crystal is suf

ficiently symmetrical so that no major de-alignment is caused by the tem

perature change, Such checks have sometimes shown it to ·be desirable to 

remount. the specimens. 

It has been found necessary from time to time to ~~touch up 11 the align

menta Ordinarily, if the adhesive joint is fairly synrrnetrical, such touching 
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up of the alignment is not necessary during any one day!s run, even though 

the temperature may be changed frequently by the maximum possible amount. 

Experimental Optimization of Calculated Settings 

The equi-inclination angle, ~, is pre-calculated, but it is experi-

mentally optimized in the manner described above as a part of the alignment 

procedureo The width of the counter window was chosen in advance so that it 

was more than wide enough to receive all of the diffracted beam at any one 

time. The counter elevation angle, T, and azimuth angle, v, are pre-calculated 

approximately but are experimentally optimized for each reflection. This op-

timization is accomplished by changing the setting first in one direction and 

then in the other until the intensity observed drops off by a given amount, 

eug., 10%. The settings required to produce this diminution of intensity 

are noted; the optimum setting is half way between the twoe 

3. Procedures in Making Intensity Measurements 

ae Total count and area measurements. Records made with crystal-

monochromatized radiation of the intensity vso spindle position indicated 

that the intensity continued to fall off slightly for as much as 5° on either 

side of the precise Bragg position (at room temperature) o In principle then, 

a measurement of integrated area or of total count under the peak should ex-

0 tend over an angular range larger than 5 on either side of the peak. The 

time consumed in making such a measure would be excessive. In the measure-

. 60 ments actually made a total range of no more than about was covered. 

Since the spindle was driven at constant velocity by a synchronous motor, 

the time elapsed in driving over a peak could be measured with much better 

accuracy than could the actual angular range covered. Therefore, when the 
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differential filter was used both traces over the peak were made for the 

same length of time. While such a measure of i.ntegrated area probably left 

out some area (outside of this 6° range) which should have been included, 

it was felt that the amount left out would not significantly affect our 

measures of the temperature dependence of the Bragg intensities. As it has 

turned out, the reproducibility in all of our total count measures of inten

sity vso temperature made so far has been so poor that none of the data have 

actually been useable One reason for this is that the electronic circuits 

were behaving in an unreliable fashion, as has been discussed earlier. 

Another possibility.~ which has not yet been fully explored, is that the 

drive system used does not actually drive the spindle at a sufficiently uni-

form angular velocity 

near future. 

This particular point will be checked further in the 

In using the differential filter, it was known that the two filters 

were not perfectly balanced. It was planned that a measure of the degree 

of unbalance could be made and that the background obtained with the one 

(appropriate) filter could then be multiplied by this constant correction 

factor before subtracting the corrected background measurement from the 

total measurement, It was hoped that the measure so obtained would be a 

sufficiently accurate measure of the true intensity. Because of the marked 

angular dependence of this correction factor, which was discovered very 

recently (April) and which is discussed later in this report, it is now 

believed that the background measurements obtained for the total count 

measurements with the differential filter technique are not reliable. 
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b. Peak height measurements. Three different methods of making 

measurements of the peak height have been considered~ 

(l) The spindle angle may be set with the manual lever-and-tangential 

screw arrangement to give maximum intensity as indicated by the recorder. 

Finding of the proper position may be facilitated by deliberately missetting 

the angle enough so that the intensity falls off slightly, first on one side 

and then on the other of a peak; the "proper" setting is half way between 

the two incorrect settings. If the peak has any tendency toward flatness 

at the top, this technique would be expected to give reproducible results. 

The author has found previously that this technique gives results which are 

generally reproducible to l/2% for the peak shapes usually obtained with 

spherical crystals less than l/2 mrn in diameter7 {MoKci r~diS:tiV.:mJ) i@ < '45°}. 

(2) The motor drive may be used to rotate the spindle over the range 

of angles in the immediate vicinity of the maximum of the diffraction peako 

A best smooth curve may then be drawn through the recorded trace and the 

maximum of the peak may thereby be obtained with a reproducibility (unless 

the peak is very weak) of l/2% or bettero 

(3) Fixed counts may be taken at each of three points near the peak 

and the data may be fitted with a parabola; the maximum of the parabola 

locates the peak maximum in a reproducible fashion. This technique has al

ready been discussed in Part II, D 2 of Section 3o 

cG Comparisons of intensity measurement procedures. Since other 

sources of error tend to make it pointless to attempt peak height measure

ments with a reproducibility of much better than l/2%, there is no particu

lar advantage of the fixed count method over either of the other methods; 
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and the fixed count method usually takes longero The method which involves 

moior-driving the spindle has the advantage that a continuous record of the 

approach to the peak maximum and the recession from it is made; there are 

fewer chances for mistakes to be made in finding the peak maximum with this 

technique than with the wholly manual techniqueo Further, it was found that 

in actual practice the ,wholly manual technique was usually no faster than 

the motor drive techniqueo The bulk of the peak height measurements have, 

therefore, been made by motor-driving the spindle over a small angular range 

which includes the maximum of the peako The spindle was then reset, manu

ally, to a position at least very close to the maximum, the other member of 

the differential filter pair was placed in front of the counter, and the 

background measurement was thereby made at that point" It is believed that, 

with the differential filter, such measurements of the background can be 

more successfully corrected for unbalance by a simple multiplying factor 

than can measurements of the background under the whole peak area. When 

measurements were made as a function of temperature, the background measure

ments were not repeated at every temperature; the changes in background were 

immeasurably small. Instead, the background measurements were obtained at 

the lowest and highest temperatures and, at most, one or two intermediate 

temperatures. 

4. Low Temperature Procedures 

Approximately constant flow velocity was maintained in the cold 

stream at all temperatures including room temperatureo The temperature of 

the cold stream was varied by mixing in varying amounts of room temperature 

gas with the gas at liquid nitrogen temperature. The crystal temperature 
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was monitored by a thermocouple placed in the cold stream at the outlet of 

the dewar nozzleo Because it was so easy to change the temperature of the 

specimen, intensity vso temperature data were ordinarily taken on but one 

reflection at a time The intensities were checked at 20° intervals, both 

during cooling and during warming; the intervals were mismatched so that 

the completed data contained measurements at every l0°o Actually two equiva

lent reflections, which occurred 180° apart in spindle position, were followed 

as a function of temperature in every caseo During the first few runs with 

a specimen, the alignment was rechecked at the lowest temperature and 

again at room temperatureo If readjustments of the goniometer head arcs 

larger than about 1/4° were required to optimize the alignment at either 

temperature, the crystal was ordinarily remounted, When it had been demon

strated that readjustment of the arcs of no more than 1/4° were required for 

a specimen, the realignment was no longer performed at each tempera-

tureo In a discussion of the acceptance region shown in Figure 10 and in 

the discussion of the tolerances permissible in the various counter settings, 

0 it was pointed out that crystal misalignments as large as 1 produced no 

measurable change in the maximum peak intensityo 

5o Validation Procedures 

When measurements of the in+ensities of various reflections rela-

tive ~o one another are measured, certain reflections will be chosen as 

standards and their intensities will be che.cked periodically throughout the 

measurementso For example, the intensity of at least one standard reflec-

tion will be checked at the beginning and the end of each data collection 
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periodo If the beginning and ending intensities do not agree within a rea

sonable margin, say 1%, the data collected during the time between measure

ments of the standard reflection will be discarded 

In the present case in which intensity vso temperature measurements are 

made on a single reflection", the corresponding criterion is that the inten

sity measured at the beginning of a run (ordinarily at room temperature) 

must agree with that measured for the same reflection at the end of the run 

(i"e", at the beginning temperature) wi.thin l%a The technique of taking the 

warming and cooling data at 20° intervals which are !lout of phase" by 10°, 

so that the data are "interlaced,~~ is a validation procedure designed to 

point up the existence of any errors due to changes in the characteristics 

of the x-ray generation or detection equipment" The measurement of the two 

reflections, 180° apart in spindle rotation, is another validation 

procedureo In at least one case two observers, on different days, made 

measurements of intensity ve temperature for the same reflection. These 

types of validation procedures will be carried out periodically in the future 

as they have been in the past" Finally, in order that the results shall be 

definitive for AgCl rather than for a particular specimen, a variety of dif

ferent specimens is to be usedo Some of these specimens will come from the 

same parent crystal; some will come from other sourceso 

Bo Experience with Devices for Control of Radiation Character 

Pulse height analysis, crystal monochromatization, and a differ

ential filter pair have all been used to control the radiation character. 

The pulse height analyzer (backing up the scintillation counter) is useful 
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only for eliminating wavelengths very far from the desired characteristic 

wavelengtho It is good for eliminating background noises which originate 

in the circuits themselveso 

2o Crystal Mpnochromatization 

The crystal monochromator gives essentially zero background be

cause it is so highly selective in passing the desired radiation wavelength. 

However, as has been pointed out ... considerable intensity is lost in the 

crystal monochromatization process and the possible divergence and conver

gence in the beam are sharply limited~ As was noted in the discussion of 

the acceptance region and the x-ray beam geometries, it may at times be 

highly desirable to have considerable convergence in the incident beam, One 

noti.ceable result of using the crystal monochromator is that the diffraction 

peaks are thereby much sharpenedo 

The only crystal that has been used for monochromatization so far was 

a sodium chloride crystal that happened to be at hand in the laboratory. 

More serious use will be made of crystal monochromatization in the future,. 

At that time the crystals will be more carefully chosen1 q_uartz crystals will 

probably be used1 and the monochromatizing crystal will be cut according to 

some predetermined design. Curved crystal monochromators mayJ of courseJ be 

used but such use is not now contemplated" One design for a flat face crys

tal monochromator that will be tried is one which has the face cut at a 

slight angle to the planes being used" According to how this crystal 

is oriented, it will either produce a narrow pencil of rays from a fairly 

broad incident beam or will, on the other hand, broaden and somewhat 

homogenize the incident beamo 
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3" Differential Filter 

The differential filter seems, in principle; to be the most desir

able means of controlling the radiation charactero If a filter pair could 

be perfectly balanced, the difference between two patterns, taken one with 

one filter and one with the other, would be due to the narrow band of radia

tion wavelengths which lie between the two absorption edges. This is a 

particularly desirable method for measuring peak heights as nothing need be 

moved except the filters themselves in order to measure both gross peak 

height and background. Thus, measurements of the backgrounds under peaks are 

really much more easily made with a differential filter than with no filter 

at all; in the second case it is necessary to turn the spindle until the 

crystal is no longer in a diffracting positiono It is, of course, a prac

tical impossibility to obtain a perfect balance between the two filters, 

particularly if one expects the balance to be maintained over any range of 

wavelengths. It was initially thought that the two filters could be first 

balanced as well as could easily be done, and then the degree of unbalance 

could be measuredo The measurement of unbalance would then lead to a cor

rection factoro All background measurements would be multiplied by the 

factor in order to correct for the fact that the two filters were not per

fectly balancedo However, it was found that the degree of unbalance varied 

considerably over relatively small angular regions in the neighborhood of 

the Bragg peak. If a moving, rather than a stationary, counter technique 

had been used, these variations would not have been nearly so markedo The 

variations and at least a plausible explanation for them are discussed in 

the results and conclusion section (Section 4, Part II)o As it is, it is 
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felt that the correction factor which was obtained for use precisely at the 

Bragg peak is good enough so that it will not put the true peak heights, 

measured with the differential filter technique, in error by as much as 

1/2% (due to this one cause alone). 

C. Data Gathered 

Many data were gathered expressly for the determination of reproduci

bility. It was initially attempted to obtain reproducibilities, in inten-

sity measurementsJ better than 1/2% preferably 1/4%0 For that reason 

measurements were made with total count techniqueso However, as has been 

pointed out, various instabilities and malfunctions in the equipment made 

it impossible to obtain such reproducibilities. The total count procedures 

were abandoned and measurements of peak heights were made from recorder 

traces. The traces may be read to within about 1/2%. 

The only reflections which have been observed so far are those which 

correspond to one of the three principal directions, [hOO], [hhO], [hhh]. 

Data were taken to allow experimental comparison of the several methods 

of measuring B 
0 

(1) The wholly manual method of counting the number of 

turns of the tangential screw required to change the intensity, as observed 

with the recorder, from half maximum on one side of the peak to half maxi

mum on the other. (2) The method of making fixed counts at 2 points on 

each side of the peak and connecting these points as has been described. 

(3) The method of measuring directly on a recorder trace the width of the 

diffraction peak at half height. (4) The method of dividing either the 

total count or the total area recorded on a trace by the peak height. 

-132-



Annual Report Noa 1 2 Project No. A-389 

Data were also gathered on B vsQ T for several reflections and will be 
0 

discussed in the section on results. 

Peak height vs. temperature data from one specimen were collected down 

0 
to about 90 K for all of the strongest reflections in each of the three 

principal directions. Parts of such data were collected for other specimens. 

The first data at temperatures below dry ice temperature were collected on 

April 21. 

Several records were made of diffracted intensity as a function of time 

of irradiation of the specimen. If the photochemical effect in the specimen 

were large enough to affect the x-ray results, then bathing the specimen in 

the incident beam for several hours would be expected to produce a notice-

able change in the diffracted intensity. No such changes were noted after 

0 
several hours exposure at either room temperature or at -73 C, even though 

0 the crystal became very noticeably darkened after four hours at -73 C. Upon 

warming to room temperature, the coloring disappeared. It was concluded that 

any photochemical effect present did not affect our diffracted intensity 

measurements by as much as 1/2 of lo/o. 
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SECTION 4 

RESULTS AND CONCLUSIONS 

A. Reproducibility in Peak Height 

The reproducibility in the wholly manual method of determining peak 

height was assessed by making successive measurements of the peak intensity 

of a given reflection at a given temperature. The mean deviation from the 

mean was found to be l/2%. 

The reproducibility in the determination of peak heights by the motor

ized method (spindle driven over a small angular range by the synchronous 

motor_, maximum peak intensity read from recorded trace) was determined, from 

a total of seven measurements on three different peaks, to be l/2% (mean 

deviation from the mean). 

The mean deviation from the mean in comparing the intensity of a par

ticular reflection at room temperature before and after the specimen had been 

cooled was found to be 1.25%· This value was based on 74 separate observa

tions, some of which were not made under the best conditions< ofcequ:iJpmeirt be·

havioro It is expected that in the future this type of reproducibility will 

be consistently somewhat better. 

B. Reproducibility in Tbtal Count Measurements 

Insufficient data are available at present to determine the reproduci

bility in total count measurements of a particular diffraction peak. While 

many measurements were made, it was the lack of expected reproducibility 

that pointed up the existence of recurring, intermittent malfunctions in the 

counting equipment. Since these malfunctions have been corrected, no further 

data of thi,s :type ,have yet been 1 taken. 
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C. Reproducibility in the Measurement of the Peak Breadth, B 

Several measurements of B
0 

were made by dividing the total counts in 

the diffraction peak by the peak height. The data were collected with the 

(44o), (444), and (6oo) reflections of sample #6 and are shown in Figure 

22. The scatter of the points about these curves a mean deviation 

from the mean of 3·3%· Undoubtedly, a part of this mean deviation 

from the mean was due to the malfunctions previously mentioned. It is to 

be expected that this error may be reduced in future measurements. 

Several measurements of B
0 

were made by measuring, on the recorded trace 

of intensity vs. angle, the width of the peak at half height. Com-

parison of the width after the cooling of the specimen to the width before 

cooling gave a mean deviation from the mean of 1.1%. However, the error in 

reading the width from the trace is on the order of 2% for the widest peak 

measured, so perhaps the value 1.1% is somewhat fortuitous. 

Several manual measurements of B0 were attempted by noting the number 

of screw turns required to change the recorded intensity from half maximum 

on one side of the peak to half maximum on the other side. The reproduci-

bili in these measurements was determined by comparing the half widths 

after cooling to those before cooling. For the one reflection with which 

the reproducibility was investigated the mean deviation from the mean was 

about 2%. The operation of the manual device can easily be improved by a 

slight modification if it becomes desirable. This 2% figure could probably 

be thereby reduced to < 1%. 
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D. Reproducibility in the Temperature Readings 

The uncertainty in a recorded temperature reading due to the combined 

effects of the inaccuracy in readi~g the scale on the potentiometer and to 

temperature drifts during the various intensity measurements is estimated to 

be of the order of ± 0.05 mv. For the chromel-alumel thermocouple used 

this amount to± l°C at room temperature and about± 2°C at l00°K. 

E. Reproducibility in the Temperature Dependence of Peak Heights 

As is shown in Figures 24-26, the experimental points fit the smooth 

curve remarkably well. A quantitative estimate of the degree to which the 

smooth curve fit the experimental points was obtained by considering only 

the I-axis component of the perpendicular displacement of the experimental 

point from the curveo The mean deviation from the mean so obtained for four 

curves_, chosen to represent the range of fitting qualities that we might 

expect, ranged from .41% in I to loO% and averaged o76%. The four curves 

were the I vso T curves for the (333), (600) (two reflections), and the 

(Boo) reflections of sample #7. 

In another experiment on reproducibility the same reflection of the 

same crystal was observed on different days by different observers. Two ob

servations (at spindle positions 180° apart) were made by each observer of 

the intensity change caused by changing the temperature from room to dry-ice 

temperatures. The mean deviation from the mean of the observed changes was 

1.9%. The observed change was itself 83% of the room temperature intensity. 

0 0 The measured intensity change, due to a 100 K or 200 K temperature 

change, of each reflection i.n all of the compiled data was compared with the 

measured change in the intensity of the equivalent reflection. The mean 
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deviation from the mean change in intensity so obtained was 3·3%; the indi

vidual changes varied from 5 to 250% of the room temperature intensities. 

Specimen to specimen differences in a change in intensity with tempera-

ture were assessed briefly by comparing the (600), (444), and (440) reflec

tions of samples #6 and 7 over the temperature range from room to -73°C. 

The mean deviation from the mean change in intensity was found to be 3-l%. 

IIo BEHAVIOR OF THE DIFFERENTIAL FILTER 

A. Deviations from Perfect Balance 

The differential filter technique seems to afford a means of giving 

monochromatic results without the intensity losses associated with crystal 

monochromatizationo If the two filters are balanced, the difference be-

tween the diffraction patterns obtained with each separately will be due 

only to the narrow range of wavelengths lying between their absorption edges. 

The desired situation is shown in Figure 17-ao Here the thicknesses of the 

filters have been so arranged that the absorptions of the two filters every-

where outside of the range of wavelengths between A.
1 

and A.
2 

are ::the same. 

It is, in fact, not possible to get a perfect balance, partly because the 

relative sizes of the absorption jumps differ for any two filter materials 

and partly because the wavelength dependences of the absorption in regions 

away from the edge are not identicalo Kirkpatrick
42 

has discussed this 

problem and has pointed out the improvement that can be obtained in the 

balance by the addition to one of the filters of a third material whose 

absorption edge is far away from A.
1 

and A.
2

• The addition of the third 

material does improve the balance considerably but still does not make it 
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perfect over all wavelengths outside of the region between absorption edges. 

The situation normally encountered then is more nearly like that shown in 

Figure 17-b than like the idealized case shown in Figure 17-ao 

B. Dependence of Radiation Character at Stationary Detector on Crystal 

Rotation 

The difference between the balances at the long and short wavelength 

sides of the absorption edges can be very serious because the character of 

the radiation received at a stationary detector continually changes, as the 

crystal is rotated, so that the bulk of the received wavelengths lie first 

on one and then on the other side of the absorption edges. A clearer pic-

ture of the situation is by the following discussion. 

Consider zero layer geometry, Figure 18, in which the crystal rotation 

axis is perpendicular to the papero The detector position is initially set 

for a particular hk£ and A and is then kept stationary. If the crystal is 

rotated so that any other set of planes (hk£) makes equal angles with the 

incident and detected rays, it will diffract into the detector a wavelength 

commensurate with ~£' providing only that that wavelength is present in 

the incident spectrum. The various possibilities are readily shown by the 

use of a particular layer of a reciprocal lattice. Figure 19 shows the (hk£) 

layer for a face centered cubic crystal. For the sake of simplicity, and 

without loss of generality, we discuss a particular case. 

Consider the instrument initially to be set up for the (444) reflec

tion. A line from the origin in Figure 19 through the (444) relp (reciprocal 

lattice point) shows the direction along which the position vector of any 

relp must lie if it is to be capable of diffracting any wavelength whatever 
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to the detector. Thus, if a straight edge is laid along the origin to the 

(444) relp and Figure 19 is then rotated under the straight edge (about the 

origin of reciprocal space) the various relps will be in the proper posi-

tion for diffraction as they come in contact with the straight edge. The 

wavelength received by the counter is governed by the fact that any relp 

* will diffract a wavelength which is inversely proportional to its d • 

In Figure 19 a circle is drawn about the origin and through the (444) 

relp~ It is assumed that the filter pair has been chosen so that the char-

acteristic radiation from the x-ray target lies between the two absorption 

edges and that, further, the detector has been set in position to receive 

the characteristid. radiation from the (444) reflection. A circle drawn 

about the origin through the (444) relp then corresponds to the dividing 

line between diffracted (and detected) wavelengths (a) longer than and (b) 

shorter than the region between Al and A2 (in Figure )o As the crystal 

is rotated so that Figure 19 revolves clockwise it is clear that, after the 

(hhh) reflections, the (hh: h+2) reflection which corresponds to the short-

est wavelength observable will be the first reflection to contribute observa-

ble intensity in the direction of the detector Because of the distribution 

of intensity in the incident spectrum, those relps which lie closest to or 

slightly farther out than the circle passing through (444) will contribute 

the greatest intensity. 0 When the crystal has been rotated about ll , the 

(446) will be in a diffracting position and will diffract a wavelength 

shorter than the characteristic" Another 3 degrees of rotation brings the 

(335) into a diffracting position, but this diffracts a wavelength longer 
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than the characteristic., In a rotation of only 3 degrees the character of 

the radiation received at the detector has changed from being predominantly 

shorter to being predominantly longer than the wavelength between the ab

sorption edges of the filter pai.r o Thus, if the balance of the filter pair 

at the short wavelength side differs at all from that at the long wavelength 

side of the absorption edges, one would find that the ratio of the background 

as obtained with one filter to that obtained with the other filter would be 

an oscillati.ng function of crystal rotation. 

C. Effect of Radiation Character Variations on Background Measurements 

The widely used working assumption is that the proper background reading 

may be obtained by rotating the crystal a few degrees off the position in 

which it diffracts the characteristic radiation" It is clear from the above 

discussion that this assumption is not valid; the "background" measured will 

depend upon which planes are in diffracting or near diffracting position, 

what wavelengths they are diffracting to the detector, the relative intensity 

of that particular wavelength in the incident spectrum, and the absorption 

of the filter for that particular wavelength Stated more simply, the usual 

method of obtaining background measurements with a stationary counter is not 

reliable because the character of the radiation received by the detector de

pends in detail upon the amount of rotation of the crystal away from the 

Bragg peak., It is clear also that unless a filter pair were to be used which 

was perfectly balanced over all outside the absorption 

differential filter techni~ue could not compensate for this variation in 

radiation character" 

the 
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examination of Figure 20 above. Further, the difference in balance at long 

and short wavelength sides apparent in Figure 21 is actually fairly small. 

Thus the situation described by Figure 20, the explanation of which has just 

been given, presents a serious limitation to the usefulness of the balanced 

filter technique, even though the filters may be thought to be fairly well 

balanced. 

E. Some Conclusions About the Use of the Differential Filter Techniques 

While the unbalance of the filter used in this case was greater than 

it needed to be, nonetheless, several things are made clear by this experi

ment. 

1. Since a perfect balance is not to be expected in any case, some 

of the variation shown in Figures 20 and 21 must always persist. 

Possibly it can be made small enough to ignore, at least for some 

purposes. 

2. If a stationary detector is to be used, then the arguments set 

forth here indicate that crystal monochromatized radiation should 

be used for either peak area or background off the pe~~ measure

ments and should be backed up with pulse height discrimination or 

some other means for removing the harmonic content. 

3. If the detector is not stationary but is moved at twice the angular 

velocity of the crystal, the differential filter crystal technique 

works much better. In that case, the character of the radiation 

received by the detector shows monotonic rather than oscillatory 

changes with crystal rotation. Slight unbalance in the differential 

filters is then both more easily corrected and less important. 
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4. Larger scale plots of Figure 21-a indicated that the ratio of the 

intensity with the Zr filter to that with the yttrium filter was 

about 1.155 at the Bragg peak. Precisely at the Bragg peak it is 

not to be expected that other relps are contributing any "foreign" 

wavelengths to the detected radiationo (A possible exception to 

this is that other orders of the nominally under investigation 

could be making contributions. However} the higher frequency har

monics can be blocked by the pulse height analyzer.) Consequently 

this correction factor was used in obtaining true peak heights from 

measurements of gross peak heights with the Zr filter and from ·.the 

intensity measured at the peak position with the yttrium filter. 

In those few cases in which it was necessary, for the present data, 

this same correction factor was applied to total area counts. 

III. DEPENDENCE OF THE DIFFRACTION PEAK BREADTH, B0 , ON DIFFRACTION ANGLE 

AND ON TEMPERATURE 

Breadths 

Several determinations of B
0 

as a function of temperature and also as 

a function of diffraction angle were made on samples #5 and #6. Similar data 

will, of course, be taken on sample #7 and all future samples. The angle and 

temperature dependences of the B
0

rs of sample #5, which was a rod, were 

similar to those of sample #6. All of the B
0 

data reported here were coi~ 

lected with the total count method, but were, as has been mentioned before, 

subject to unnecessarily errors because they were taken before the 

intermittent malfunctioning of the counting equipment had been eliminated~ 

However, the data do serve to show a trend. 
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22 shows the measured B
0 

values for three reflections of sample 

#6 as a function of temperature. All three reflections show a "sharpening 

u;p 11 with decreasing temperature such as might be expected either from the 

effect of thermal expansion on the a-doublet separation or from the reduc

tion of TDS with increasing temperature. The scatter of the points in 

Figure 22 about the corresponding smooth curves is an indication of the 

errors in the B
0 

measurements. It is believed that the largest part of 

these errors was due to equipment malfunction, 

Figure 23 shows the dependence of B0 on Bragg for several reflec-

tions of sample #6 at two temperatures. Again the form of the curves is 

qualitatively in agreement with that to be expected from the effect of a

doublet separation or from the TDS contribution" Either of these factors 

would tend to make B0 increase both with increasing temperature and with in

creasing angle. It is thought probable, however, that the a-doublet effect 

predominates in these data. It will be noted that the abscissa of Figure 23 

is actually tangent g rather than the Bragg angle, 9, itself. The purpose 

of making the plot this way is to account ;partially for the variation is 

dispersion, and hence in the a-doublet separation, with angle. 

It will be noted that in Figure 23 the B
0 

at small angles does not 

change ;particularly with temperature. Figure 23 is at least a partial exper

imental justification of the extrapolation technique used later to eliminate 

or in any event to minimize the errors, due to the temperature dependence 

of B0 , in results based at once on experimental measurements of peak heights 

and on theoretical analyses based on areas. 

-149-



I 
1-' 
'Jl 
0 

(600) 

50 

• 
• 

40 

• 
""":' 60 (440) 
1-
z 
.:::::: 
<( 
w 
~ 

:::s. • 
0 

en 50 

40 

(444) 

• 
50 

• • 

40 ~--------~--------~--------~'--------_.--------~'--------~~--------~1 --------_.--------~----------~
1 

200 210 220 230 240 250 260 270 280 290 300 

Figure 22. 

T(°K) 

Temperature Dependence of B • 
0 

:> 
~ 
~ g 
1-' 

~ 
(!) 

1-d 
0 
li 
c+ 

2: 
0 . 
1-' 
"' 
~ 
0 

<:.... 
(!) 
\.) 

c+ 

2.:: 
0 . 
:> 
I 

w 
()) 
\.0 



180 

170 

160 

150 

140 

130 

120 

110 

1-
z 
""- 100 
<( 
w 
~ 

~ 90 
0 

a:J 

80 

70 

60 

50 

40 

30 

20 

10 

0 
0 

Annual Report No. l, Project No. A-389 

2 3 

Figure 23. 

4 5 6 7 8 9 10 11 

>.cos e 

Dependence of B on Diffraction Angle. 
0 

-151-

12 13 



Annual Report No" l, Project No. A-389 

B. Temperature Dependence of Wings on Apparent Bragg Peaks 

As was mentioned earlier, in connection with Figure 12, measurements on 

the wings of the apparent Bragg peaks at positions corresponding to point 

"a" of Figure 12 might be expected to reveal the presence of TDS through its 

temperature dependence. A rough measurement of this type was attempted over 

the temperature range from room temperature to -73°C without result. How-

ever, it is intended to repeat this experiment with more care and over a 

larger temperature range. The absence of a pronounced effect, however, does 

i.ndicate that the principal temperature dependence of B
0 

is probably due to 

changes in the a-doublet separation rather than to changes in the TDS con-

tribution to the apparent Bragg peak. 

IV. PRESENTATION OF INTENSITY VSo TEMPERATURE RESULTS 

In Figures 24-26 the experimentally measured intensity is plotted against 

temperature for each of several reflections from sample #7, the smallest sam-

used to date. By equations (18) and ( ) the slope of any such curve 

will yield the temperature factor corresponding to the assumption of equal 

amplitudes of thermal motions for 'both the silver and chlorine a toms. It is 

to be noted that the curves are not straight lines; this is primarily because 

f(x) in the low temperature approximation given by equation (30) shows sig-

nificant variation over the temperature range employed" 

In Figures 24-26 the crosses· indi·cate. data:. taken ,on aooling·;.the .c,rys.ta+; 

the circles indicate data taken on warmingo The syrnb.bls, a
1 

and a
3

, refer 

to equivalent reflections which occur at spindle positions which are 18o0 

apart. For the sake of clarity in the presentation, all of the intensities 
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from one of these reflections have been, in most cases, arbitrarily multi-

plied by 0.9 in order that the two curves may be shown individually& 

On the assumption that the thermal expansion may be neglected [equa-

tion (30)] a slope, A, which should have the same value for all reflections 

may be obtained through use of the definition of A given by equation (52). 

A 
d/ dT( .£n I/I ) 

0 

* However, the A values so obtained were not all the same, and in Figures 27-
. 2 g sln 

the experimentally determined A values are plotted vso In Fig-
;...2 

ure 27, the A values from just one type of reflection, (hOO), from a par-

ticular crystal are plotted at two temperatures. In Figure 28 separate 

plots are made, at one temperature, for the A values from each type of re-

flection. 

The A values in Figure 29 were determined two ways, but in both cases 

experimental measurements were made only at room temperature and -73°C; a 

straight-line relationship between log I and T was then assumed. In one 

case, the observations were based entirely on peak heights, as they were 

for Figures and 28; in the other case they were baseqr on actual measure-

ments of diffraction peak area. 

'* Because of the angular dependence of the error introduced by the a-doublet 
and by the TDS contributions. 
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V. DISCUSSION OF INTENSITY VS.. TEMPERATURE RESULTS 

A. Significance of Similarity of Even and Odd Results 

It is clear from equation that if the temperature factors for the 

two kinds of atoms are not the same then the slope of log intensity vs. 

temperature should be different for different parities in the indices of 

the reflections. The temperature factor B [see equation (18)], and con-

sequently the slope A [equation (52)] must be different for reflections 

with odd parities in the indices from that with even parities in the indices 

unless~ is zero, i.e., unless the individual atoms have the same amplitudes 

of thermal motions. 

Because our measurements of peak height may be affected by a varying 

a-doublet separation with changes in temperature and because of the tempera-

ture dependence of the TDS contribution, both of which are functions of 

sin G · · · t t d th t tl th A 1 '11 b bt · d --A---, lt lS no expec e a exac. y e same va ues Wl e o alne 

for all reflections. However, the variation in A values fromTeflec.tion"to 

reflection, due to a-doublet separation and TDS contributions, should be a 

sin G sin2 G 
smooth function of Plotting A values vs. some factor such as 

A A2 

and extrapolating to sin G :::-: 0 should give results which are independent of 

the a-doublet error and the TDS erroro 

The fact that, for the (hhh) reflections of sample #6, the values of 

A obtained by extrapolation are essentially identical for both even and odd 

parities shows that either the amplitudes of the thermal motions of the 

silver and chlorine atoms, or at least that part of them which we measure 

with this technique, are very nearly the same. This, in turn, implies that 

the acoustical modes rather than the optical modes of lattice vibrations 
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are the ones which are important and are measured in our x-ray experiment, 

for it is only in the acoustical modes that one expects to find equal ampli-

tudes of vibrations. Since the Debye-8 1s obtained by our experiment seem 

reasonable,, as will be discussed later, it appears that not only are the 

acoustical modes the ones whose changes are measured by our temperature-

varying experiment, but that they are in fact dominant in providing the 

whole temperature factorj the optic modes apparently are not sufficiently 

excited in this crystal to contribute significantly to the total amplitude 

of thermal vibrations. This observation is in agreement with Cole's
24 

statement to the effect that the temperature factors .for'.A.g·and'Cl 'are 

essentially identical at room temperatureo 

B. Anomalies 

The temperature dependence of the (111) reflection seems different from 

all of the others in that there appears to be a point of inflection in the 

intensity vs. temperature curve, as is shown in Figure 26. To date (June 

1959) only the two equivalent reflections from one crystal have been meas-

ured so it is not possible to say whether or not this inflection is real. 

However, it seems plausible that it might beo It has been assumed that the 

atomic form factors,, and hence the bonding, are not temperature dependent. 

Any change in bonding that did occur, however, would be expected to affect 

. sin 9 
that part of the form factor which occurs at smallest values of ---A-- . 

Such changes in the form factor would, in turn, be most observable for the 

sin 9 reflections which occur at the smallest value of j in this case that 
A 

is the (111) reflection. Further, if the change in bonding amounted to a 

change in the degree of ionization, as would seem possible, this would mean 
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that the form factor of one atom would be increased while that of the other 

would be decreased; such an effect would be most noticeable in reflections 

which depended upon the differences of the scattering powers of the two 

atoms~ ioe., those with odd parity_, such as (111), If the inflection in 

the (lll) intensity vs temperature curve is due to electron transfer, 

the technique used here is certainly an intere and relatively simple 

way of detecting it. Because of the possible signifi.cance of this apparent 

inflection in the (lll) data checking its reality is of first importance 

'* and will be accomplished in the very near future . 

A on 

Figures 
. 2 " Sln 10' 

to sin G ~= 0 

-29 show that in general there is a monotonic dependence of 

The scatter of the points about the best smooth curve is 

than might be desired, but it is apparent that such a plot does ac-

complish at least a partial correction for the a-doublet and TDS errors. 

In making these extrapolations it is to be noted that the values of A de-

sin Q • termined at small values of --f...- are subJect to much larger measurement 

errors than are those at the larger values, and hence should be weighted 

less heavilyo 

D. Anisotropy 

As has been pointed out in the theory section, if the temperature 

factor is to be represented by a second order tensor, then in this cubic 

crystal the temperature factor must be spherically symmetric. Deviations 

* Note added in proof: The inflection in the log intensity vso temperature 
curve of the (lll) reflection has now been observed with another crystal. 
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from spherical syrmnetry, i.eo, anisotropy in the temperature factor, would 

mean either that the crystal is not actually cubic, or that the "thermal 

ellipsoid" is not actually an ellipsoid but is a more complicated geometric 

figure. Di.rected bonds in the crystal might be expected to produce such 

deviations from the simple ellipsoid. Comparison of the extrapolated values 

of the slope, A, corresponding to each of the three principal directions in 

crystal #7 (Figure 28) seems to indicate a real difference between the [hhh] 

and the [hOO] directionsu The scatter of the few (hhO) points about the 

best smooth curve through them is uncomfortably large, but it does seem 

probable that any reasonable extrapolation through these points would give 

an A value, corresponding to the [hhO] direction, which would be intermediate 

between that for the other two directions. It is not possible to say, on 

the basis of so few data, whether or not any real anisotropy exists. More 

and, hopefully, better data will be collected on this point during the next 

year" If this apparent anisotropy in the actual temperature factor (at room 

temperature in the above discussion) is indeed real, it indicates that the 

[lll] direction is an easier direction of vibration for the atoms than is 

the [100] directionj and the very existence of such differences in a cubic 

crystal implies the existence of an anharmonicity in the vibrations. The 

anharmonicity must arise from something besides ionic bonding, e.g., 

partially covalent character in the bonds. The point of interest here is 

not the character of the bonds in AgCl, which can be supposed from lattice 

energy calculations5° to show partially covalent character, but is the 

fact that the present technique can detect such de.viations from ionic 

character" 
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If the scatter in the measurements of A can be reduced or if enough 

more measurements are made to give the extrapolated value statistical sig

nificance, the comparison of extrapolated A values corresponding to dif

ferent directions in cubic crystals might be used to indicate 

small amounts of non-ionic character in the bonds of various crystals. 

It is encouraging to note, with respect to the reality of the direc

tional differences in A, that there is less difference between the two A 

values corresponding to the same direction in two different crystals (sam

ples #5 and #6, see Figure for sample #5) than between the extrapolated 

values for two directions in the same crystal ([111] and [100] directions 

in #6, Figure 28). 

Eo -8 's 

Debye-8's were determined from the extrapolated A values by use of 

equation ( 30) with an i tera ti ve procedure for the deter.mina tion of f( x) . 

Before the Debye-8 can be determined from equation (30) it is necessary to 

make some decision as to how the masses of the two kinds of atoms are to 

be averaged. A arithmetic average was used in order to obtain some 

numbers for initial comparisons. The results are shown in Table II. 

The Debye-8 1 s calculated from the data of Cole were based on the wave 

velocities which he reported; those calculated from Arenberg's data were 

based on the elastic constants which he reported. In neither case was any 

averaging procedure used, so these "Debye-8's" are not comparable to 

the Debye-8 thah vtbuld .. be !Obtained ,for, the crystal, "Qy; averaging 

over all directions., as is usually done when Debye-8 1 s are reported. While 

both the elastic constants and the wave velocities may be related to 
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TABLE II 

Comparison of Debye~'s 

Reflections 
or Methods 

(hOO) 

(hhh) 

TDS 

Elastic Constants 

Sp. Ht. 

Optical 

Sample # Temperature 

6 300°K 

7 300°K 

7 l00°K 

7 300°K 

300°K 

300°K 

Debye-<9 

139 

132-206 

129-163 

130 

150,168 

direction, the directional relationships between these quantities and the 

Debye-8 1 s as determined in the present experiments are not no attempt 

has been made to make these directional correlations in Table II. It is 

apparent from Table II that the Debye-8 determined by the present method is 

fairly reproducible from crystal to crystal and that it does depend upon 

temperature, as is shown by the increase in the Debye-8 measured for the 

same reflections in sample #7 at 300°K and again at l00°Ka The agreement 

of the Debye-8 1 s as obtained by the present method, based on the temperature 

dependence of diffracted intensities, are qualitatively in agreement with 

those obtained by other methods" Investigation of the quantitative agree-

ment must await the method-to-method directional correlations just mentioned 
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and must also await a more physically justifiable method of averaging masses 

than the simple arithmetic method used hereo 

VI. GENERAL CONCLUSIONS ABOUT INTENSITY VS o TEMPERATURE TECHNIQUES 

It is clear from the preceding that the technique of measuring diffracted 

i.ntensi ties as a function of temperature is capable of yielding considerable 

information. Reproducibility in the measurements has been almost surprisingly 

good. Debye-8's may be determined, deviations from the Debye model may be 

detected, numbers may be determined which can be related to other parameters 

such as the pretreatment the crystals have received, it seems probable that 

anisotropy in the temperature factors may be detected, and it is possible 

that changes in bond character with temperatures have been detected. Other 

exploitation of the technique is possible, and it is expected that some of 

the further possibilities will be investigated in future work. For example, 

the effect of defects has not yet been explored in even a preliminary manner. 
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SECTION 5 

FUTURE WORK 

Work will continue to be directed toward finding out what information 

can be extracted from the temperature dependence of Bragg intensities, the 

possible applications of this information, and the experimental techniQues 

reQuiredo Among the several specific problems that will be attacked in the 

immediate future are the following: 

(1) Attempts will be made to determine separate temperature factors 

for the Ag and the Cl atoms. The primary means for doing this will be a 

least SQUares curve-fitting procedure, carried out with the help of a high

speed computer, in which the individual Debye-8qs are the variable parameters. 

(2) Future investigations will be made of the causes and the degree of 

the dependence of B
0 

on temperature. It is possible that some temperature 

dependence of the B
0

vs of the strongest reflections will be found to be due 

to changes in primary extinction; if so, an attempt will be made to relate 

the variations in primary extinction to defect concentrations. 

(3) The existence, the reproducibility, and the cance of the 

inflect,ion in the intensity vs. temperature curve for the (111) reflection 

will be investigated. In particular, the possibility that this inflection 

indicates electron transfer will be carefully examined. Literature data on 

the temperature dependence of other physical properties that are closely 

dependent on bond character will be examined. Some measurements of the 

temperature dependence of the dielectric constant may be undertaken. 
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(4) Sample-to-sample differences in the temperature dependence of 

intensities will be sought. In the event that any real differences are 

found, an attempt will be made to correlate them with other known physical 

differences between the samples, e.g~, source and impurity-content. 

It is expected that at some time during the next year a full set of 

relative intensity data (on AgCl) will be collected at some appropriate 

temperature and detailed electron density maps will be prepared from them. 

By use of the temperature factors determined from the intensity vs. 

temperature technique, it is hoped that the electron density maps will be 

made to reveal more information about the electron density in bonds than 

they would otherwise yield. 

It is expected that most of the work indicated just above will be 

performed with AgCl crystals. However, AgBr and other crystals will be 

used as appropriate. It is desired eventually to make detailed intercom-

parisons of the electron density distributions in the various silver 

halideso 

Approved: 

I' 
Vernon Crawford 
Head, Physics Branch 
Physical Sciences Division 

Respectfully submitted, 

H. A. Young 
Project Director 

21 October 1959 
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ABSTRACT 

Research has been continued or the general investigation of what can be 

dete.rrr~ir.ed by x .. ·ray means, particularly from the temperature dependence of 

Bragg x~ray; i.n"':e::J.sities, about thennal vibrations in crystals and their 

inte.ractioEs with otter phenomena of interest in crystal physics. 

out 

Most of the problems experi.mental techniques in making the 

si.cn measurements had ·been dealt with in comprehensive (though not 

cor:clusi ve fo~rm in the last annual report" Attention to working 

the year centered mostly on shaping the 

s and en difficulties encountered in the use of balanced filters. 

VSu measurements were extended to additional 

one doped specimen and., for a few reflections, to 

addi.tional :K,=!"ay wavelengths" 

be 

Or:e resLJlt is that the inflection previously found in the semi-log 

of vso temperature for the (lll} reflection was found to 

in both Eastman av.d Harshaw specimens Both the inflection 

and a. ~arked \. dependence of the intensity vs. temperature measurements 

for ~.he (lll) :refl.ect:i.on are tentatively concluded to be due to defects" 

Some have been made to obtain an analytical expression for 

11 the ncrrnalized slop3of apparent Bragg intensity_, which 
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effec~s and whi~h mi make 

ar2d +.'N"O·-:pJ.J.~::>r.on contri-

e:x:pr-essicn i.ndi.cates 

A :a~~. be e~imir.a ted extrapc.l.a.t:ing A to sin e _, ex;. 

c:f' :-J:::i s k:i"::d .. &.t : ... 00"' K ha& yielded 3. De bye 9 whi. ch i. s in 

a.nd The 

irJ.fcrmat icn about thermal 

ma:c.:y of the 

'Ite De'J;'fe 8 calcula-r.ed .frcm. a temperatu.re factor obtained by the 

lJ.2'1JO.l i.2C:~.l:e~ma.l x~Tay me-t_:hcd en cf structure 

was m""c·.b h::.gher a;;;. T,.,rould be expected as a result 

have ~een tcuched on euffi.cient.ly to indicate the 

rr.ay hc:d, bu~ n so far; have rot. beer:i. dealt wi.th 

1hese include :he of A on en doping, and en 

t.empeTs,. ac·c·~B r,i: and cp~.i c b::::"a.nche s. anha.rmoni-

::f the Debye 8 are cf cular inte:res-s 

fe·fl e:c ... ·tc.n ::;c ref:...:: .:-:t:.or. di:i:':f erer.:.:-:f'. s \ ~n A: which exceed sample to 

bc.th an.ha.rm:::: ni and 

·:TlS ef':"e:c::·.s a:re :po2 ;:;.1bi ::i t:i es tc DE: ccnsidered here) and improved 

a:c..d 



Scl~tic~e tc mary of the can oe greatly aided the ac cwnu ·-

s .sc that sts.tisti.c.ally si.gnificant con-

c~lu.stc::~.2 :::~:;:. be .11a.de about AgCl i r rather than only about particular 

I VSo 

a.dded v.nderstandi.ng of the expected func

sir.. e 
A vs. T, and A vs" --A.- should bring 

::::.2.ss t.ha.r:. bae so fa:r. heen e:::-Kcuntered with analytic curve 

rema.in :.~.nsclved, it has been to 

&.".~i .tn scme -::aees -r,c demcnstrat:e man.:y of the possibilities of the 

+.;herma.l motions o Furthermore:; the additional 

tal aLd. c work done du.ring t.he :year has made it 

and in some d.et,ai.l a. program for 

tc e:cT.clus:i.cns the init.ia.l studies of many of 

A dc?.-<::ermir.a.+:.J. or::. c+' :he T~he:t'TnB".l ccefficierrt. cf e.xpansion of AgCl over 

K is made} by an x-ray met,hod, concurrently 

:o t.he "'- -.rf.o 'I: studi.eeo A paper describing t,hese 

:r:eas,..:..remen:~s.; ;..,rh1\.t ~~rae presented by Mro N.icklow at the 

mee:ti:Jg cf t:te c:E Sciences., :i.s included as Appendix Ao 

Wc:-·k ::-:cr:l:i~ .. ,.c.:s cr. """=,hi.s de"':.,e:":''llinaticn tc :i.nc:rease +;he range, to 

a 2.::-:c::::: + .. hE: ef.fe, and tc make more detailed com-

f.:;r ~:te Fh" Do disse:.ct;a:.icn of Mr Nicklow which was 

cf t:l.J.e Gecr gia Tec".h School of is i.ncluded 

c• ix '~ 
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I 

X~FAY DIFFRACTION STUD::ES OF THERMAL MOTIONS IN CHYSTALS 

I. ST.~TEMENT OF GEJ\TE.EAL PROBLEM 

The problem is the st11dy_. by x~·ray meansy of the thermal 

moti.one i.n crystals ar:.d their i.nteractions with other phenomena of interest 

in cs. E~,rt.icular a·ttention is directed to the temperature 

dependences of incensities. 

II • .SUMMARY OF FIRSl: YEAR EFFOR.TS 

During the fi.rst yea.r of the project;; the necessary general literature 

search was made specific initial problems were chosen and the method of 

i, e" 7 .... he method of basing analyses first on the slopes of 

(x.~ra,y reflection) i.ntensities versus temperature daLa and the principal 

met;hods to be ussd r:, oollecting these data.~ were largely decided on. 

ma,t;erial. 'The background of x·~ray studies of thermal motions in 

s was in'rest a:.: some 1 A considerable amount of effort 

was or. bot.t Lheoretical and experimental considerations regarding 

the ::hoice and of samp.les.:> ·the choi.ce and operation of equip-

men and the dsta. procedures to be used. A large number of 

sources of error were re zed and considered in some detail 

and t~est:.s of some were made. 

Tb.e atta.::.na.b.le rep:::-oduc:ibiij of the measurements was shown t.o be 

c ard devices for circumventing certain 

sources of errcr were suggested. The particular problem of determining 

a Debye·-8 fcom the dependences of intensities was se-

-· l -
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lected as a first the resu.l tf cou.ld so readily be compared 

with the results of •Jctally different methods) and the possibility of 

a r':?asor:able value for t,he Debye 8 in t;his way was demon-

J:be o..-b;:::n;:c -'3X;'i \rar.ious ot:J:::.er topics 1.rere dealt with;~ in. a frequently 

i.r.:. An.r:u.d.l Report: No"' 1 o It was felt t~hat there was a need 

for conne and for~h i.n one pLace and i.n some deta.il ( 1) dis~ 

cussions of rf'.le',:::nt, sec:oion3 of "~-.he li+~erat.u.re (including some t.extbooks) 

s:r-eci. from ~he point of vie~,~r of X·-ray s-<:.udies of thermal motl.ons 

a.r.:.d expositions cf ideas that. had accumulated 

ec ~, di.rector: s previ.ous experience with prec:ision 

&nd x-ray measurement:s but which had previously not 

been written dowr cally,:; and ( 3 the :cesult.s of the efforts of 

tr1e .f:.~ st. year is work in regard t.c sian measure of x·"ray intensi t.i.es., 

s and the J;roble.m and methods of .i.nterpretation 

of those data" '::~e fi.rs t annus.l repcrt w:sF used as a convenient. vehicle for 

As a resu1 of the organiza-t;.ion and 

a part of the second 

year: s ac ~tTi.:y· o ::·h.e :repc rt is i+s inteeded functions very well 

w.1 :bin our labcrs.tor:y ani se·\'era.l reg_uests for copi.es ha.ve been recei.ved 

frcm persons ir ctb7':.r p~;; .. r t6 cf ~:l:':le C01.ln1-ry. 

~.b.is :;:::.e.cond yt:a.r of the projr:c~~: cesearch was continued 

on tLe q_L.E:'.s+-·f.::;n,~. c;' · .. ~; ~"'Lett information ca.n bc. obtained f'rom the temperature 

'' 2 -



Second Annual Report~ Project No o A~ 389 

c:f :~he ntensi.tie s of Bragg f. x-ray) reflections 51 ::2) how the 

data c~n and shou.ld ·be gathered and analyzed;! ·: 3) how the results com-

rare with crys ~-:i.l physical and crystal chemical information ob+,ained by 

o':.be:r techni q_:~.es.., ar:.d · .. how· these temperature dependences may be used 

in varioL-s s + 1.1di es of phenomenao 

A sta+_i.onary counter." s~ationary cryst.a."L mE:tf.:.od was usedo 

:The p r.i n .i nstr1.unentation :inYolved a scintillation counter 

mounted en a Weisse camera base " Ag~ Mo -" and Ct;_ x-ray tubes 

were used w: th and w:L tho'J.t differenti.al fi.l t.ers and a pulse hei.ght analyzer .. 

Sample ma:e:ri a1s were restri.cted -to sing~Le crystals of AgCl (both 

doped and ~'purr-:. and NaClo 

The var.i.ou.s face~s of the second year~ s activity are summarized below o 

The t.reatment of t.he vari.ous is brief; technical detail 

and mu.ch of ~he argmnents are left;1 when a}:-propriat.e 7 to be covered in a 

t.echntcal repo:.rt which is expected to appe9.r within the next year. 

and ·Jle chn.i Factors 

Sc:.veral rela!i.vely- mi.nor .r:·oin ts regarding i.nstrumentation and technig_ue 

were invest..i.ga .. ed~ 

compa. vs T 1,.max:imwn or peak :i.ntensi.tyJ Ip.~ of a Bragg :re-

fle-c:.ion vs SpE'cc:i.men :l r) data collected with MoKP radiation 

to +~hs.t col1ect,ed wi. th Moka radiation .fo.r the same reflections ( { 6oO) and 

} cf AgCl #? · ... i was shown t-haT the temperature induced variation in 

theCX·-doublet. se-para.~i.on p:coduced no measurable effect on the I vs T 

data co11ec~ed ft!J..+:,h tJJ..~.s x"·ray beam 
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It was show:c. that, all of the peaks ( i o eo:~ plots of as 

a functi.on of di.ffract;ing angle at and near the Bragg angle) routJ.nely 

observed with a typ.i.cat AgCl specimen (~# 7) were at least approximately 

fla.t at the.i.r maxima"' but t.ha.t the app:rox.i.mation to flg,tness seemed to 

depend on cr:ysrStl.log:raphic d.irecti.oco No further investigation of this 

has been made o 

Wi.th t.he aid cf a ro:a.tioL :photograph of a typical specimen (AgCl 

# 7) .'' l t was shown ths,r each of ~he dtffract.ed beams observed was small 

enough to fet.~. entirely wt+htn the counter wi.ndowo 

A ., 1 method of preparing spherically shaped crystals of AgCl 

was used with some success" The method consists of packing the usual 

gri.nder:1 descrioed in Annua.l Report # 1J in a dry~j.ce and alcohol 

bath whi.le supplying nit,rogen gas at near ~Li.quid nitrogen temperature to do 

t:.he b1or;,~i.ngo While t.he method i.s slotf (oa -thing the sphere grinder in 

liquid nitrogen made the process even slower)y it does seem to produce 

well shaped crys~~als free from si.gni ficant d.istortion" One crystal of 

approx:imatelyOc mm di.ameter prepared this way (AgCl # 11), after first 

ccn:.rolled etchi.ng ·with photographic 1
,
1hypou was 

Some dif:f"icul :;ies concerning the balanci.ng and use of balanced filters 

were discusse-d i.n Annual He port No" 1" Additi.onal difficulties were ex

perienced thi.s year7 parti.cula.rly i.n connection with attempting to "balance 

a Ni~·Co ( ac Ni co
3
o4) pair for use wit.h Cu.Ka. These may be fairly 

well bal.anced on the diffractometer ;• usi.r..g a, large NaCl crystal as a speci-

men" When +;,hi s r is u.f:.ed on the count;er~·adapted Wei ssenberg,;) with a 

small sphe:rica.i. speci.mer: of NaCl, the results indicated in Figure l are 
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typical., A s.imi.lar effect; was observed with the (111) of AgC1. 

Ihe [ L..oo) re 3ul t is ab8ut \.J·hai:". one wou.ld expect as normal behavior. 

The use of a. analyzer did not si cant.ly change the charac-

::.er shown .tn F.i.gure .1." Whi.le a number of possible causes for the unex-

pee ted behavior have been considered., bo~;h Compton scattering and a A./ 
2 

contribution seFm to ·ae ruled out.~ even though loweri.ng the applied 

vo1 tage to the x ~-ray tube to 12 KV di.d make ';:;he ( 200) look approximately 

lik.e the (400) in .l" It i. s hoped +bat the perfo:rmance of the 

se1reraJ more tes:,s nm.r in mi.nd will p.rovi.de ~;he basi. s for an adeg_uate 

e xp183l9.ti.on of the 1JJJ.expected behavior o.f the ( 200) and ( 220) wi ~h Co 

filtered Cu radiation. 

Co ;I'her.ma:1 Coeffi 

The therms.l coefficient of expar..si.on of AgCl was determi.ned as a 

function of 01rer + •. he range 10o·~'K to 300(;'K" The dete:rminations 

~.re re made wi'=h a.r:. X.··-:('ay me:,;hod on the same mat.eria1s used for the I vs T 

stu.dies. 1.hree 2.9 3, 4 
exist which deal wi.th di.latometric measure-papers 

ments of the thermal coefficient cf expansion of AgCl; none have been found 

which de.a..l wi.th x~ray measLi~rements of r;his coefficient. Mr. Nicklow_. the 

s1.u.der~.t associated wi.th the projec report.ed on our re su1 ts and 

t,hei.r compa.ri son v>i'i. t:h theo:cy and the work of others above room tempera ture3.' 4 

at the A:r:;ri 1:. of the Academy of Scienceso The paper 

with t.b.e :l.ow +~emperature 
2 

on dtd. not become available to us 

until later. Tb.e f:'.ex::-. of the paper as Mro .Nicklow delivered i.t i.s pre-

sented i.n Append.i.x A" Some further data are collected on more 

crys on a dcped crystal, and at +.:emperatures above room temperature o 

The co .... lec~~ed x~ra.y :results and compari.sons of them with the dilatometric 
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resu.l 3·' 4- in ~.he li t:erature wL!_l probably be offered as a note to a 

scien~ific journal. 

vs T data 

A.s is exempli f.i ed by Figure the I vs T data for a particular re-

flection were shor.-~n ·~o be qu.i.te reproducible from specimen to specimen 

even though t.he specimens came from different. sources. (Specimen 10 came 

ci.mens 7 and 11 came from commer~ 

ci ava1.Lable HarshaW" ma.terialo) llii.s reproducibility is such that 

det.ai le.d beha~rj cr of ':~rJ.e data such as the tempera tu:re dependence not 

merely of but of dJ/dT can be .i.nvestigated as a functi.on of specimen type. 

Ih<;=' dependen.ce of the I vs T da;ta on x-ray ·wavelength and on specimen 

doping were Ln.·restiga,ted mostly with respect t.o the (111) reflections. The 

(11 ) studies ·wi 11 ·be d.i.scussed as a separate :·.opic. 

·rhe ( 

to .~.bow a sLi 

Ho~"'ever, since 

:eflec+:J.on of a doped ( 5 fpm of Cu) AgCl specimen seemed 

large.r di / d·T U::.s.n is typical for undoped specimens. 

t.IJ.i.e. one reflection (besides the (111) ) of one 

doped specimen ha.6 been exami.ned so far_, i. t is not yet possible to 

,.:rt.:,a.t;e \<~!he ther dopi.ng a.ct.ua.lly affects ·t-he t.hermal vibration to an 

ex+.ent measurable by our' technique. Many more measurements are plannedo 

Th.e possible depender.ce of the I vs I da.t;a on x~,ray wavelength was 

checked for twc AgCI and one NaCl reflections besides the (lll)o For the 

( 4-oo) a.nd ( ) ref:i.ec~.tons of undoped AgCl.o specimen # 7 there seemed to be 

little or no d.i fferencee among the data collected with AgK , MoK " and CuKa ct a· 

ra.diat,ions. 440) of an NaCl crystal, however, di/dT observed 

with C1JKa rad.i.a~ion in the range below 200°K was smaller than 

tha+~ observed wi.th AgKQj though i.n the range from 200° to 300°K; the 

- 7 -
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results d.iffer·ed 'by less ~-han 3%" Further .investigation of the wave-

lengt.h dependence of t.he di/dT results .is planned" 

E. Beha'~rior of t.he Reflect;ion 

The char!icter of the :;emperature dependence of the (lll) 

reflection has l:Jeen i.nvest.igated i.n some deta.i.l. The i.nflection in the 

reported for one crystal i.n Annual Report No., 1, was found 

to occur wl~h both Eastman 9.nd Harshaw specimens when MoK a 
ra.di.ation was usedo ·I\vo possible causes have seemed most likely~ (l) 

the form fg,ctors we-re changing due to a temperature dependence of bond 

character or (2 the depend"::nce of the equili.bri.um popula.-

tion of the defec~s caused the inves+:igating x-·ray beam was responsibleo 

D.iX'f:Ct.ly i.nfo:r.mation of other such as dielectric constant 

data, a.re: desirable to deterrn.i.ne if there i.s any s.i.gnif.i.cant temperature 

de:pendence of bor·,d chs.xa.cter" Less directly relevant quanti.ties) the 

ca1 
5 6 

and electron mobi.li ty J show no unusual character 

in the neighborhood of the r...emperature at wb.i.c:h the inflection in the 

(lll) has been ot,servedo No low freqt~.ency di.el.ectr.ic constant data for 

the t.emperattu:·e range of interest have been foundo 

I vs T measuremen t~s made wi. th reduced in tensi. ty of the MoKa' with 

AgKa;J and w.i th CuKa ra.d:i.ation and mea.surement.s made on a doped crystal 

did not, beca.~se of poorer coun s+~a~tsr~i cs.9 defi.nitely establish 

the presence or absence of ·t,he inflect.i.on in each case" However-" the 

la~ge slope obt'& .. inf::::l wi h Cu.K radiaticn;· shown in Figure 3, the .lack 
a 

of x~ray wave1 of the (lLC·O) and ( 440) data;; and the 

fact that t.he lcnge.r i.s less penet.rati.ng (and therefore is 

expected ~:o have a hi cross sect1on for defect-·producing interactions 
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with the crystal) suggest that x~ray induced defects in a surface layer 

are responsible for at least some of the peculiarities of the (111) 

behavioro It seems most likely that the unexpected part of the (111) 

behavior is due to the effect of x-ray produced defects on the outer 

electron configuration; it seems unlikely that the relatively small 

difference in the effective thickness of the diffracting layer for the 

(111) and (400) could account for a surface thermal vibration effect 

being observed in the former case and not the latter., However, the 

origin of the difficulties ene:ou.nte:r·ed in attempts to balance filters for 

CulCa radiation (shown in Figure l) should be determined before any con

clusions are based on the data collected with CuK radiation, whether or a 
not collected with a balanced filter techniqueo 

Further studies on these points are contemplated .. 

F.. Studies of "A" 

1.. Introduction 

Much of the work during the year dealt with the information obtainable 

from the slopesJ di/di!.9 of the I vs I d.atao In order to facilitate compari-

sons among reflections, it ·was co~venient to use the normalized slope, A, 

defined in Annual Report Noo 1 by 

A= 

d c·· . ' dT ,In I) 

- - 2 2 
(ein e)/A. 

(1) 

where e is the Bragg angle and A. is the x=ray wavelengtho In the first 

order approximation this is expected to be the same for all reflections 

of a cubic crystalo In many cases A is approximately equal to dB/dT where 

B is the usual, overall x-ray temperature factor (though it need not, in 

11 "~ 
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this usage, ·be isotropic)., All A values used in this report were deter-

mined graphically.. Some results are shown in Figure 4o 

While results are still statistically incomplete., it appears in 

Figure 4 that there are reflection-to~reflection differences which exceed 

sample-to-sample differences in the A values of pure AgCl, particularly 

at the higher temperatured A-vaiues determined from measurements previously 

made in this laboratory on NaCl (Project E-173) also showed apparent differ-

ences among reflectionso Further measurements of the reflection-to-reflection 

differences are planned (l) to put the present observations about AgCl on 

statistically firmer ground and (2) to ascertain whether similar differences 

occur with other materials., 

2.. TDS Contributions and Best Average A 

A thermal diffuse scattering ( ·:rDS) contribution to the intensity 

data is recognized.. Partially successful attempts have been made both 

to eliminate and to evaluate the effect of the separate TDS contributions 

sir: e by use of their expected ----- dependenceo 
A 

The expected one-phonon and 

two-phonon contributior.s are giver: by the seccnd and third terms, respec-

tively in 

. 2 2 
+ k Ts1n 8 + k ( Tsin 8)21 

., . 2 2. 2 

.L A A 
(2) 

where IA is the apparent Bragg intensity, IB is the true Bragg intensity, 

and k
1 

and k
2 

are very slowly varying functions of temperature and are 

Sir! 
expected to depend en A only through the geometry of the particular 

experimental arrangemer.:t, Equa ~ioY.l ( 2) is rewri. tten from one given by 

Ramachardran and Wooster7 and s't.a.ted by them to apply to acoustic vibrations. 

Combining (l) and (2) gives A 9 the result expected for A in the presence of c· 

~ 12 -
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one- and twc~phonon contributicns~ 

where 

A 
c 

dB 
dT 

l + k T<P + k ~ <P
2 

l 2" 

. 28 
41 = s1n 

/...2 

It was because of the type of dependeLcee shown in Equation 2 that the 
. 2 . s1n 8 A values from various reflections were plotted aga1nst 

2 
o As is 

. 28 A. 
shown by Figure 4 J trends with Sln do exist, eve though real 

/...2 

reflection to reflection devi.a tions from a smooth monotonic trend also 

seem to existo Equation (3) shows that the best average value of A 

exclusive of TDS contributions will be obtained by extrapolating the 
. 2 

b t .h gh "h . A 1 . Sln e I F. 5 es curve t rou t e var1ous va ues to 
2 

= ooo n 1gure 

A. (.2)1 the 100° K data of Figure 4 are replotted against Sl.n
2

8 - in order 
A. 

to facilitate this extrapolationo Tb the degree to which Equation (2) 

(3) 

(4) 

accounts for the TDS contribution to the apparent Bragg intenisty, and to 

whic.h the extrapolated curve has the c.orrect functional form, the effect of 

TDS has been elimina-ted 'by t:te extrapolation., Extrapolation to si~ 8 = 0, 

on the other hand, leads to an average A in which there is a one-phonon, 

but not a two-phonon I'DS contributior.o This analysis indicates that it is 

possible~ in principle, to obtain dB/dTJ k
1

, and k
2 

separately from the 

plots of A values, provided that the dependence, if any, of ~ and 

k
2 

on --A.- are knowno T:ne dB/dJi -term contains what is probably the 

principal the:rmal vibration infcrrna.t:i.cn; the determination of ~ and k
2

, 

allows calculation of both the cne~,I-hcnon and the two-phonon contributions 

to the apparent Bragg intensitieso These are also of interest for themselves 

- 14 -
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because of their ori. in thermal vi brati.ons o Further, a means of making 

correcti.ons for the TDS contri.bu~i.on to apparent Bragg intensities is of 

consi de.rable :im:rortance .in all studies i.n which accurate structure factors 

must be deduced from observed relative intensi.ties. Thi.s is a requirement 

which takes on increasing importance as studies are carri.ed out at higher 

and as more crystal structural detail and crystal physical in-

formati.on are by x~·ray means., Gi.ven sufficient reflections, the 

procedure could be carried out as a functi.on of directior. -· an interesting 

point . .in i.tseif. Though the point has not been examined.~ i.t seems on the 

face of i. that. knowledge of and for our method should allow cal-

culati.on of the quantities for integrated intensity measurements 

on both and powders. 

At the moment the weakest .Point in the method descri.bed for handling 

the TDS contribution has to do with the scatter of the A values about 

a simple smooth curve" It may be that something i.n the geometry of our 

arrangement causes and k
2 

to depend on the particular 

reflect.ion" A cr:i:;ical analysis of this point is planneda It may be that 

there are other not considered, which cause the reflection 

to reflec+:;i.on deviations from a simple curre.. Perhaps an analyti.c means of 

determining A from the I vs T data will substanti.ally reduce the scatter. 

It may be that~ a bett.er functional form for A vs sin 
2e / 

2 
(or i. ts reci.procal) 

A. 
can be used for f.itting +;he experi.mentally determined A values., These points 

are to be examined" 1b some extent, the value of the method.5 even as used, 

i. attested to by the good value for the Debye S that was thereby obtained .. 

1he Debye S determination will be discu.ssed separately, where the sizeable 

effect of the IDS contribution on the value obtained by the usual/ isothermal 

X·-·ray method will also be po:i nted out" 



-· 0 

deper:dence of -:;he r..crrnali.zed slope.? A, 

F::::.g·:.;.e 4;; h'::t.s :c.ot.~ 'beer.. wholly explai.ne:i on the basis of the theory applied 

~·- far" As was shoo;vn in Ar.nual JYo. l (P. 39).~ dB/dT is expected 

·'-·,empera.ture o ( -:fue tempera "Sure dependence of 

e~ whic:t. i.n en the yolwne expar..sion of the crystal, 

m.akes a contori.bu --~·.tc:c ~0 . ) ·r.t:ms it is 

::i:!.~fs:~e;nc·c [ 8 lCO"K) - e (30C•°K)] due ·~.'0 volume expansion has r.ot been 

calc!;ia•:,-=> t:sc:&.'i.EE: cf .lack cf kr:.oT-rledge of -':;he thermal c:Jeffici.ent of 

r+~. :i E est.~.ma":.ed. ·t.ha~; t-.:t:l.:3 fac~ ... cr alone will produce no more than 

aboc.: a 5a1.. . JO: ir..crease ir: A (300°K) over A (lCO~K). 

Tt:.::; c:J;::.c:::':'VSti d.!.ffeyo~:-:nce a, .... S:i.n e :-:: 0 is atou+_; 20ojo,. Par-+_;•of the difference 

C!+ 
-L. ..... dependence of tbe 

error, par~ may be due to occurrence 

of mo:;:··e c.r.J.t.ar~~o:::~ ·:::l. i::---~ L~~e "t;r.1e:rma.: vibr·a+.i.on at. 300(JK, and part may be due 

tc of the Ag and Cl thermal 

'!Jbra+_;I.one .• 

+_:li:r·e dependence of dA 
has not been 

. 2e 
d( Sln /A.2 ) 

Inveetiga~;i.or: continu.es of the ca tioc. of t:he dependence 

c~:.sd fro::n Eg_:.::.at.ion 

dA 

d¢ 
(5) 

wl.e::'e a.ga:tL we ha',re "rrJ.T.i. .. :<-:.en 4> fc::· s::.r:.
2e / 

2 
Q :Gack. c•f k.nowl.edg~ of the ma.groi tudes 

A. 
,, " k and ·~··~. 1 and J.r:. r::u.la.r 7 cf whet·.he:!:" .:;r n.ot. are t,he 

same for s-1:::.. hB.f:: e.c far hampe::."ed ·)u:2 :;f such 
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::J_uestions as whether the 

dAjd:; is to be expected. 

It is r!o-::-.e:1 tt.at the fact that the A vs <I> slope at l00°K in Figure 4 

appears tc be tive may be due to errors in obtaining the data and 

draw.i.ng t;hs c~·:Jrve" As more data are gathered and better curve fitting 

it is possible that dA/ at l00°K will be 
d¢ 

show:::: -::.o ·be Z'=:"I'C· or even +. 
nega.~lve. 

G. Debye 8 

l.. Deb:ye 8 .fc~r AgCl 

T':. was s.hown ir. knual Report No. 1, that with certain assumptions 

a - e" could be obtained. from di/dT of a reflection at a 

A De.bye-8 for AgCl has been determined from the best extrapolated A 

.5) so far obtained at lOO"K. It is believed that the resul tJ 

free of TDS contributions. 

Jl.1.e arithmetic average of the Ag and Cl masses was usi::d. As is shown in 

t.hP. table,~ our Debye-8 is in gocd agreement with those calculated from 

8 10 
~s elastic constants (by the method of Quimby and Sutton , and 

) and from Colev::; elastic wave velocities9 determined from x-ray TDS 

measurements .. 

For' comparison purposes, +~he x-ray temperature factor, and hence a 

Debye-8, were determined from the dependence of relative integrated in
. 2e 

( ) 
SlD 

tensi.-t~ies .all a+; room temperature on . 
2 

. The reduced data are shown 
A. 

.in 6 where the of the best straight line yields the temperature 

factor. I". is noted except for the (lll) and the (333), the romaSo 

devic;ti.on f:com the st.raight line is no greater than about 1%.. There do not 

- 18 -
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seem to be reflection=to=reflection d:i.fferences similar to those noted in 

the temperature dependences., (The (lll) and (333) deviations are not 

explained.'/ neither choice of form factors nor absorption errors account 

for them" Though it does not seem likely at this point, extinction may 

be responsiblea) 

The effect of TDS on these isothermal measurements, which is expected 

to be large12, is probably responsible for most of the differences between 

the Debye~ result (178° K) determined from these isothermal measurements 

and those obtained from the TDSJ elastic constants, and di/dT (at 100° K) 

measurements., 

0 A rough estimate of e at 300 K may be obtained from the sin 8 = 0 

intercept of the curve through the 300° K data in Figure 4 o e = 12t> K 

was so obtained .. 
0 

Howeverp the scatter in the 300 K data is rather worse 

than it is in the 100° K data. and, as shown by Equation (3), the one-

phonon TDS contribution is not eliminated by this procedure.. Hence the 

value should not be taken seriously except to note that it is smaller than 

0 
the TDS-free 100 K value, as one would expect (Equation (3) )o This 

value is included in Tabl.e I" A vaiue determined by others13 from 

specific heat data is also included" 

TABLE 

Debye-8 Values 

Reference Quantity Measured Temperature e{oK) 

Arenberg8 Elastic Constants 300° K 145.3 
Cole9 'IDS 300° K 144.3 
Present Work di/di; 100° K 145 
Present Work dijdT 300° K 126 
Present Work Isothermal R.elative 300° K 178 
Blackmanl3 Specific. Heat - 8/12 133 

~ 20 = 
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It is felt that t:te agreement among the first three entries in Table I 

is fi.car .. t and demonstrates tl·.ce underlying validity c.f our approach to 

infcrr-:m.aticil from I vs T data, 

2. Separate 2 Pseudo - 9 1s for Ag and for Cl 

Several attemp-t,e. ~..rere ma.de to obtain a separate "Debye-9 11 for 

eacb. atc•m ty-fe a cc.illl:puter to fi ·:, th~ intensi data to 

JT . 
-K' G - •. \ 

-M , 
2) ( 6) 

constantJ I is the observed intensity at temperature 

T, G con-r_;ains all the c fact·:::rs (whi.cb very little over 

rang12 and are the atomic form factors of 

and Cl, rc: spe the mt.m.:;.s to reflections with odd 

factor fo:::- the ith atom 

It contains 9 ~oth cit.ly ar:d citly (see Annual Report 

No o , o:' t:te :pape:::· delivered at tr.;.s ~Tan.uary Y 1960 ACA for further 

di.:::.cuBs::..cm. of 

i ~_:, would seerr. to determine the best e values 
i 

them be the us table i~ a least SQuares procedure. 

Otl.r ccmp·..:;:•.·.e:~ pre gramrne:r ou-t: that an. 1.11-condi tioned matrix has so 

wi.th ~ digital cc,mputer.. Tb .. e services of an 

were tried wi +.JJ. lack of successo With this computer, 

fs.c:~.or was th'2 l% i:r.1t:erna.l p:~·ecision in the ine.trumento Further 

'1.t cnrve \.ritL. the I vs :r: data will be made~ but not until 

a diffe:ce:nt. and mere prom:i.sing has been choseno ( to a 

for will be ~ried only as a last resort). 

-~ 21 -
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H.. O+.:::t'3~ I~.formatior.. From A vs Plots. 

As c::J.~ be lnferred from Equations (6) and (l), unless f\=M2 .? the value 

of A 0btained fo:;:o a cular reflection wo~ld depend on whether its indices 

were evsn or oddo Since no systelliatic of this type is evident 

in the l00°K date:; o:' Figu.::-e 4, it is conc:Luded that M
2 

is nearly equal to ~ 

an:1 hence tb.e vi bra+:.:!..onal of t!:e Ag and Cl atoms are the 

same a :f t.:.~.e· vibrationaJ.. smpli tude of the chlorine atom becomes greater 

than. that of t:Ce silver as one m!ght expect would occu~ at higher 

tt.e A •.ralu.ss from odd indexed reflections vould be the smaller 

oneso it~ io '\-·"' D.Le that +~he (lll) and (333) A-values, Figure 4.? 

are i:r:;.s"teB.d t:t.an the but the sc.s.tter in the data permit no 

ce.::.t cbserva.ticns o 

Evidence of anha:rmor!i ir, the t.be!"lll.al vibrations was sought by 

looking for a directional dependence in Ao (In a cubic crystal harmonic 

data a:;::-e for each of the t:t"ree principal directions 

[100], [110] 2 and [ll_] at l00°K in 7 and at 300"K in Figure 8o 

While the data .':1Jre: fewe:.::' tha..'1 a:.::'e desirable, r..onetheless 3 different samples 

t 2 Ha::-"sha:1.v and one Eastman) a.~e rep!'esented.. irnere does appear -:.o be a 

d.irectionai dependence at .300°"K (Figu.:re 8)p but not at lOO~K (Figure 7)~ 

Ev-en if' the o.id-index reflections are ignored in F1igure 8, a slightly larger 

v-alue of A a~ sin e = C seems indicated for the [111] direction .. 

nc, such directional dependence is apparent in the (normalized) 

relative :.nterlgi tieG at. 300°K (FigJ.re 6).. In. order to reconcile the apparent 

in. 8 ,,.ti th the lack of it in Fig.xre 6 on the basis of the 

TDS a. ::pecn.liB.rly fort:;;.i tous circumstance would have to be 

- 22 -
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i:c.~•.rok.e:l.: the f'~cactional illS ccntribt:.tio:c to the apparent Bragg intel:si ty 

Qependent (which in itself seems reasonable), 

lnt :s.t t!..~,:; same ·:;ime the sum of the tru.e Bragg intensity and the TDS contri

lrl.::.ticm 1-roul.d have to be d:.rectior..ally inde:pe:udent., Whether or not this 

la.st is rea.sona"!::>le b.as not yet been inYestigated.. Wl1en furthe:r· 

invest,! cf these diffe:rences is made, it will necessarily consider 

nc~~ etr1ly the dist:r·ibution in the reciprocal space of the c:rystai 7 

D'J.t s.lso i t.s :relation to the geometry of the sampling method used in each case g 

If.9 iE F'igu~e 8J tt.e A=values from the (111) and (333) ref'lections are 

on the basis that they are not directly comparable to A~values 

from reflec-t:i.ons of ever:, index because of d.iffering Ag and Cl vtbration 

amplitides_, the directional dependence of A is based on-

obse~a-t,ions of the ( 222) reflection alone o 'Ihe strong agreement among ( 222) 

A"·values from the 3 samples; however, makes it worthwhile to pursue both the 

possi-bili +:.y of deter:::ting a real anisotropy and other reasons for differences 

among :reflec·~;ions v-rhi.ch are greater than the differences al110ng samples for 

a particular reflectiono It would seem that there should be considerable 

infc~.c'Illation to be gain.ed from demonstrating real reflection-to-reflection 

differences if tt.ey a:r·e due to characteristics of the sample material .. 

Io Miscellaneous Observations 

It was ncted that the doped AgCl crystal (No .. 12), which was never 

exposed to light otb.er than a red safe-light, visibly fluoresced in the 

x-ray beam with an. intensity which increased with decreasing temperature. 

irhe point has not as yet 1)een pursued., 

J.. Possibilities of the di/di' Method 

Vario-;_;ts possibilities of the method were apparent at the outset of 
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this s::·c::.::ly, othe:;.:.s f.La.,.,re become as the ~tTork hs.s :progressedo 

Some ·were s-:ated i:r: .A.1ElU6.: Report No .. l" ;:::Le f'ollo-w:i.ng are a number of 

which nc.1w seem meet :fea.eibleo 

lo The I VS T di/d':r as a fu.:nc-t.ion cf temperature.? are 

useful tc fc:l..low as a fu.nction of specimen and experimental 

CQr.;:li tions and may yield the temperatu.re dependence of the condition 

b o ·Tempers:tllre deper.der:ce of bond character o 

Tempc;ra.t:.::c.re of defect concen~ration" 

d., Effect of defects on tl:er.rnal vibrations, 

eo Effec+:. of on therm.S.: vibrations" 

of d.is~ortion a.nd thermal vibration 

contributions to -t.;he appa.rent Debye-Waller temperature 

g., Effec+:, of lat-!-::!.ce disto:!<tior.s on thermal vibrations 

a.nd the dependence of this effecto 

values mg,y be de~:e:rmir.ed" Fer NaCl type structures, at any 

rate.9 these points apply: 

a.. A some .... .;imes use:fu.l value can be obtained from the 

tempPrature ( di/dT) of a reflection .. 

b o A De.bye~e value free of errors due to TDS contributions 

to in~.ensi ties can now be obtained from 

mea..S'lJ.rement:.s on several reflections in some 

case:s"' It will probably be possible to obtain such 

a value J.n all cases after the present work has pro

gressed further. 
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c. Sir,c.e the De.bye~B's determined as in (a) and (b) above 

to a. cular ~empera ture, the tempera t"c.re 

of t;Le De.bye-El may be obtained. 

fA c~crs at lm .. r tempera tu:r·e s; and :ter:ce 

~.:ts::·:mal vi bra:ticn may be mu.ch more easily determined by 
. 2 

the d.l/ dT me:;hc;d tb.ar.. ·by th<::: more usual me~hod involving the sin e 
"-2 

d T/d·ii mp+·,'hr-d ,.J... ..... . .._, ... l.J. ......... shows promise of detecting the 

b:Y."eakdown of the Debye ass-u.m];r:,ions (p:!:'incipally those to the effect 

that tt.e atomic the:rms,l vibrations are harmonic and that the distri-

h~tion o:f no:r-mal modes in 1'k~spaceu' :i.s parabolic) by means of the 

ar;.d di::ectional depervience of the q_:1anti ty; A, defined 

( 3) .. 

5. It seems t.hat the constan.-+:-.s required for calculations of 

the effec·ts of one=phonon and two-phonon contributions to 

i:ldividual Bragg :i.n-<:.er.si ties can be determined from analyses 

cf the A value e... Fc.:r.ther work on this point is required .. 

6., ·mere mnoY be addi·{..:;:i.on':ll details of character in the I vs T data, 

.not sc fs.r accounted fors which can yiei.d additional information 

about +.;he specimens.. 'lli.e ii/di; method is particularly suited to 

:p:::inting up detsils of charac·+:.er and to allowing determination of 

the various quq,nti ties s-t;ud.i.ed -:~c be made as continuous functions 

of 
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IV. PLANS FOR FUTURE WORK 

It; is r..m..r to estimate specifically what will be re-

To some kind of cor:clusion several of the phases of 

the work novl ir; progresso These provide a convenient framework 

for the :p:rog.:"S .. i'Tl for future work.. The topics aroe no-t. necessarily 

ln order of T.t:;.e re of these problems and the 

development of thes~ detailed plans fo:::: attack en them:~ cons-titute a 

part of the work. ·J:he prog:t.·am for future 1t70rk is therefore presented 

in considerable detailo 

B. Balanced t.er Problem 

Attempts will be made to find the cause of the difficulties experienced 

in to balance a Ni-Ce) filter It is that the 

cause be ider-t.ified and :i.ts if any, to the di(lll) l 
dT va ues 

:::·bserved vli tt Gc.Ka :radiation be ascertained. A possible connecti.on with the 

inflectio::.l observed in the I(lll) vs T data with MoKa radiation will also 

be i.n mini. 

C.. Determination of A 

A functi.on i. s needed -+~o which the I vs T data can be fitted by a 

systema+.ic procedure (eog. least squares) and which can be differentiated 

t;o yield Ao ;IT..e h:;et function would include one-phonon and two-phonon TDS 

contr~butions and thermal vibration parameters for each atom type. 

Efforts to obtain or to recognize such a function will be continued.. A 

si.mple polynomial will be used only as a last resort., 
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In c:cde:r to improve the statistics in the determination of A for each 

reflection, di/dT data will be collected from two additional pure AgCl 

Data c::n already examined in part will be rounded out 

so ~_:hs:r~ di/:i'I data on a,ll observable (hh£) reflections of 5 vepure 111 AgCl 

samples will be on h.s.ndo 

~ne effect of extinctioL and any other factors which prevent our di/dT 

' 12 
measJ.rements from valid measu:;_"es of ~~~-r will continue to receive 

consideration~ So~e experi~en~al tests for extinction may be performedo 

Particular" a~tention 'tlill ·be to the apparent dire ct,ional dependence 

2.. Average Value 

A c, c curve fitting procedure is desired for 
. 2 

the A vs Sln e data.. T.h.e fUECtional form to be used should allow 

val::d 
sin e sin e 

~c --- =- 0 and to --- ~ oo., It will certainly 
A. A. 

include ·the ex-pected behavior cf the r:IDS contributions, which is herein 

disct:..ssed. If no ac~ceptable function can be found) a simple 

polynomial will be used as a last resort.. Least sg_u.ares procedures will 

probably be employed with the help of a high speed digital computer. The 

· e · 2e · SlL t d jdm d. + l~ b · d S ~ A · SlD range l.n ~- of ,he I · ..... a .. a wi ..L e ex-cer.de o epara ve "';;s A.
2 

curves for different d:i.rections may be requirea.o 

Some ( hl<,£) h, will be collected in order to improve further the 
2 

sin e 
placement of the A vs ~ curite.. Further, (hk.£) da'ta corresponding to 

directions close to the [ 111] di.rection may give additional evidence for 

or the existence of an anisotropic average A. Other averaging proce-

d1.~~:res may also be consideredo 
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D.. Interpretation of A-Value Results 

Plans for further study cf the TDS contributions to apparent 

A-values and of the determination of Debye-B 1 s from I vs T data are discussed 

separately .. 

The ~1estion of reflection-to-reflection differences will be examined 

further-·., V.lhen the full sets of (hh.£) di/dT data for 5 AgCl crystals 

are available, the question of reality of apparent reflection-to-reflection 

differeLces can ·be better examinedo Real differences will be compared with 

those found in other cr-ystals, e,go NaCl and AgBr, particularly if they 

are not accounted fo::-:- by TDS effects<> The significance of any reflection

to .. ,.reflection differences ( inclti.ding the temperature dependences of the 

differences) still remaining after TDS, vibrational anisotropy, a:r:d the 

differen::!es in Ag and Cl vibrational amplitudes (or Na and Cl or Ag and 

Br) are accounte~ for will be particularly sought. 

Tb.e question of possible anisotropy in the A-values will be further 

examined 1-rith the advantage of better statistics, better curve fitting 

proceduresJ' data on f 1arther out reflections of the (hhh) type, and data 

OY.l. (hk.J) reflections corresponding to directions near to [111]. 

The possible dependence of both the analytic procedures used and the 

utility of the results on sample material will be consideredo Some A-values 

and possibly De1;ye=B vs will probably be obtained for NaCl and in order 

to allo'"" comparison in this respect~ 

The temperature dependence of (1) the individual A's, (2) the average 

A's, (3) the shape, slope, and placement of the best A vs e curve, and (4) 

directional differences (if any) will receive particular attention., Attempts 

will be ma.de to explain the observations. In addition to TDS, the effects 

- 30 ~ 
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of su.c:t things as the temperature dependence of e, anharmonicity in thermal 

vibratior..s.9 differences in the Ag and Cl thermal vibration arnpli tudes, and 

the tempe:ratu:re de:pe!:dence of these differences (particularly if not pre-

dieted by a simple parabolic elastic spectrum) are to be considered. 

E. 1IDS Contri buticns to Apparent Bragg Intensities 

1" Elimina;t;ion of TDS Effect on A At Any One Temperature 

Attempts will. be made further to improve the extrapolation procedure, 

which now seems capable of yielding an average A value (A) free of TDS 

effects;! by considering in more dets.il the TDS contribution to individual 

reflections" 
. 2e 

The expected dependence of the TDS contribution on Sl~2 will be 

c:ritically examir..ed-" especially with regard to the relation between the 

reciprocal spatial distribution of TDS intensity and our detection geometry. 

A particular quee.tion -t;o ·be settled is whether or not k
1 

and k
2 

(Equation 

(2) ) do in fact depend on sin 8 for~ experimental arrangemento Another 
t.. 

particular question is whether there is any directional dependence of the 

I'DS effect on A" 

It is expected that the improved knowledge of how the TDS effect should 

vary from reflection-to=reflection and the more and better data will make 

possible a fruitful c~rve fitting procedure. The best procedure and best 

data obtained will be used to determine the TDS-free A values at 300°K and 

o·:~her temperatures of interest. 

2. One-Phonon and ~wo-Phonon TDS Contributions to Apparent Bragg 

Intensities 

·u~e possibility of determining usable values of k1 and k2 (Equation 

(2) ) by extrapo:ationJ first to sin e =co and then to sin e = o, will be 

- 31-
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furthe!' explored., If the dependence of the kts on choice of reflection 

is found to be s:i.mple cr non-existent:; imp:::::'oved data and improved know-

of the expected :ms contribut:ion should make possible the determina-

tion of valid k~so ·rt.:.ese k~s wil.~ be ·used to ccrrect the individual A 

values f'or TDS effects., Better averaging of ~he A v s and more critical 

wl.ll be rna.de possibleo 

Effort.s ,,.;rill be made to deduce the relations ·between 

the IDS coLtT.'ibu~ions fm..,_nd in th-:: di/dT me-t-hod and the TDS contributions 

to intensities cbse:rved wi"':.h other ex-perimental geometries, 

eo g, ir..tensi-:;ies obtained. from curve so 

A n1JlTiber of points involving the 'IDS contributior-s to the individual 

A values are of interest, These ir.:.clude (l) t:te degree of responsibility 

of TDS for ref:.:..ection-to~reflection differences; including apparent aniso
. 2 

SlD 8 ( . tropy and det::dled character of the best A vs A.
2 

cur~re comparlsons 

among with different e~s w~ll be of interest here) (2) the 

question of whg;:;, thermal vi'b:;:-a.tion informa. tion may be obtained from a 

knowledge of the TDS one-phonon and tv.ro-phonon contributions themselves 

(3) the contrihu.tion of TDS effects to the apparent temperature dependence 

sin2e 
of the individual A7s and the best A vs ? curve (4) the nature of and 

'A,_ 

infor:rna.tion t0 be obtained from temperature dependence of the one-phonon 

and two-phcnon contributions including the temperature depen-

de:J.ce of k
1 

and (5) the comparison of the TDS effects on measurements 

and reslil+;s of the di/dT method with those of the isothermal relative 

intensities method (a co::::venient check will be the best Debye 8 

obtained with ea.ch method) ar:·.d. ( 6) the possibility of makir..g other applications 

of ~he knowledge of k
1 

and k
2

o 

- 32 ~ 
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F. Debye 8 

The problems of determining Debye 8's from x-ray measurements and 

of interpreting the results will be given further attentiono The best 

A-values, presumably free of TDS effects, will be used to deter-

mine the best si::J.gle 8 for AgCl at each of several temperatures. The 

observed temperature dependence will be compared with that expected from 

. 14 
the volume dependence discussed by Paskln " Knowledge of the thermal 

expansion aLd the Gru~eisen constant will be required. 

Ft:trther atterr,pts will be made to obtain separate "8~sH (actually 

only convenient parameters and not Debye 8 7s at all) in several ways 

including the following~ 

(a) :Bu:r"ther attempts vlill be made systematically to fit the 

I vs T da.ta of single reflections to Equation ( 6) J 

separate 1'8 us ~v for Ag and for Cl will be the adjustable 

parameters in this procedure. Hopefully, the TDS con-

tribution will be removed from the data usedo In any 

event7 the individual results will be plotted against 
' 28 Sln 

:\.2 
in a.n effort to improve the average over several 

reflectionso The calculated volume dependence of 8, 

necessarily based on knowledge o:f the thermal expansion 

and the Gruneisen constantJwill be includedo 

(b) The possibility of obtaining separately the and Cl 

temperature factors by comparison of di/dT results 

for eve~-indexed reflections with those for odd indexed 

reflections will be further investigatedo The ad~itional 

data on (hk£) reflections for which k f h will be of 

value hereo 
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More study is required on several problems concerning the propriety 

of procedures used or assumptions made in determining Debye 8Rs in our 

work" These include 

(a) the proper method for averaging individual, pseudo-8's 

(ioea, the parameters which take the same place in in-

dividual x-ray temperature factors, M., for individual 
l 

atom types that the Debye 8 does in the x-ray temperature 

factor, M, for a reflection) to yield the recognized 

Debye e (this will include a detailed consideration of 

how~ for present purposes, M, depends on the M. 's) 
l 

(b) the method to be used for averaging atomic masses. 

This will depend on the method of averaging the pseudo 8's, 

the manner in which M depends on the M. 's, and the relative 
l 

vibrational amplitudes of the different atom types. Clearly 

the latter may be temperature dependent as the relative 

occupation of the different branches of the elastic spectrum 

is expected to be temperature dependentQ 

Go 1I'hermal Expansion of AgCl 

Some additional work on the x-ray measurements of the thermal expansion 

of AgCl is desired if the results are to be offered for publication even 

as a note$ Measurements will be made on at least two reflections from a 

doped (5 ppm of Cu) AgCl crystal from l00°K to 300°K to see if the thermal 

expansion depends significantly on small variations in crystal purityo A 

number of the data already collected below room temperature will be re-checked. 

At least two reflections of an undoped crystal will be followed up to about 

300°C. The d vs T (dis the interplanar, or Bragg spacing) data will be fitted 
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to a 4th order polynomial by a least square procedureo The results for the 

thermal coefficient of expansio4 as a function of temperature and a critical 

2 3 4 comparison of oar results with those obtained dilatometrically by others ' ' 

will be offered for publication as a note or similar short communication. 

The results will be used in calculation of the expected temperature dependence 

( dl~.e to volume expansion) of the De bye e" 

H. Possible Effects of Defects. 

A number of possible effects of crystal defects on the I vs T data 

and the results obtainable from o'bservation of these effects will receive 

considerationo All of the effects may have an apparent temperature dependence 

because the eq1..';.ili"bri.um population of defects may be temperature dependento 

The following effects are specyifi cally includedo 

l.o Effect on thermal vibrations" 

Art effect on the force constan~and hence the vibration amplitude is 

expected" 

2., Effect of v~static 1' displacements on the temperature factor" 

Displacement of the equilibrium positions of the atoms due to the 

presence of defects is expected to increase the apparent zero-point 

energy and hence the apparent temperature factor at any temperatureo 

If the defects take up positions that are ordered along certain 

crystallographic directions, an apparent anisotropy in A-values 

could result. Data taken from far out in reciprocal space will be 

most valuable here. 

3 Effect on apparent atomic form factors. 

If the defect concentration is high enough in the irradiated volume, 

an observable effect might be produced on the outer electron con-
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figuration. A temperature dependence of the magnitude of the effect, 

due to a temperature dependence of the equilibrium population of 

defects? will produce an apparent temperature dependence of the 

atomic scattering factor. This is most likely to be observed with the 

reflections which occur nearest the origin of reciprocal spacea 

4a Effect of dopingQ 

TLe expected observation is that doping will enhance the other 

effects due to defects. 

5o Effect on depe:cdence of results on x-ray wavelength. 

It is expected that the more strongly absorbed radiation produces 

a higher concentration of defects in that volume of the material 

with which most of the radiation does interact. As long as the 

incident photons have an adequate energy which is near an absorption 

edge, it is ex~ected that the various effects of x-ray produced 

defects will be more noticeable with the longer wavelength x-rays. 

An apparent angular dependence of the wavelength dependence may be 

produced if, as seems likely, defects are more easily produced near 

tb.e surface of the specimeno 

Further st"J.dies will be made relative to the di/dT behavior of the 

(lll) reflection of AgCl. While it now seems probable that the observed 

·behavior is due to defects, additional information on the temperature 

dependence of other physical properties will still be sought in order to 

rule out the possibility of a temperature dependence of the normal bond 

character" Knowledge of the effect, if any, of the x-ray beam on the 

temperature dependence of the apparent dielectric constant would be of 
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considerable interest in interpreting the di(lll)/dT data. However, the 

experimental difficulty of making the measurements, particularly since 

the specimen should be of such size and shape that the radiation field 

remains quite strong throughout its volume, make the task too large to 

be performed as a part of the present program. One of the questions that 

will be investigated is whether or not the inflection noted in the I vs T 

data collected with MoKa radiation is due to the same cause as is the 

large di/dT values found with CuK • a 
J. Other Points 

lo X=Ray Wavelength Dependence of di/dT 

In addition to that caused by defects, there may be a dependence 

of the di/dT results on x-ray wavelength for other reasons. Extinction 

effects and their possible temperature dependence will be kept in mind. 

Some direct tests for the presence of significant extinction should be 

performed at some time during the programo This does not appear to be a 

pressing problem at the memento 

Because of the wavelength dependence of the effective penetration 

depth, certain surface effects may produce an apparent wavelength de-

pendence of the di/dT datao The principal surface effect expected is 

a change in the thermal vibration amplitudes due to distortions near the 

surface. A possibility which will be considered during the next year is 

that of making electron diffraction I vs T measurements analogous to those 

now made with x-ray diffractiono The very small penetration of the electron 

might make possible observation of surface effects on the thermal vibrations 

due simply to the proximity of the surface. The angular dependence of the 

wavelength effect and the dependence of A vs T on wavelength for various 
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reflections are points particularly to be investigated experimentally. 

Comparisons, in respect to the wavelength dependence of the results, among 

pure AgCl, doped AgCl, and NaCl specimens will also be madea 

2o Isothermal Data 

Additional data on the best relative intensities (from AgCl) at 

300°K will be gatheredo Ine observed deviation of the (lll) and (333) 

intensities from the patter~ of the others (Figure 6) will be investigated 

in respect to reproducibility, occurence at l00°X, and reason for occurence .. 

The most nearly spherical crystals will be used t~ minimize the influence 

of absorption, the possible existence of significant extinction will be 

examined, and comparisons will be made with the best set of A-values in 

an effort to ascertain the reason for the (lll) and (333) behavior. 

Collection of relative intensity data from powdered material will be considereda 

Ko Time Required and Technical Report 

Not all of the above outlined investigations will be brought to a 

conclusion during the course of the next year. However, it is hoped 

that enough conclusions can be reached so that a Technical Report can be 

isst:i.ed in about 9 monthso The report will deal with much the same material 

discussed in the paper delivered at the January ACA meeting, but will present 

the material in a more conclusive form. For example, the questions of 

reality of reflection to reflection differences, of the existence of aniso

tropy in A, of the Debye 8 at 300°K, and of the reason for the inflection in 

the {lll} I vs T data should be fairly conclusively answered in the report. 
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V" LONG RANGE PLANS 

Ao PhoDo Dissertation 

As has been pointed out in the past, Mr. R .. M .. Nicklow is basing his 

dissertation for the Ph.D .. degree in physics on project work.. The disserta-

tion proposal which he submitted for the approval of the Graduate Faculty 

of the School of Physics is reproduced in Appendix B .. 

Bo Further Studies 

Long range plans for future work include continued investigation of the 

question of what can be learned from the temperature dependence of Bragg 

intensities, extension of the studies to a variety of other crystals and 

to temperatures above room temperature, and extension of the method to 

the study of various crystal ph~sical phenomena for themselves. 

Defects, particularly those constituting radiation damage, may provide 

a fruitful field for investigation with the di/dT method. A study of surface 

vibrations, particularly as the melting point is approached and as a function 

of various specimen treatments and contaminants, may also be an especially 

fruitful field for investigation through observation of the temperature 

dependence of Bragg intensities. It would seem that electron, rather than 

x-ray diffraction, would be most appropriate for such studies. The possibi-

lities for making the necessary quantitative measurements are to be explored 

during the coming year with just such a long range prospect in mind. 

VI" RELEVANT PAPERS THAT APPEARED DURING THE YEAR 

The two papers which have come to our attention during the year as 

. 15 16 being most closely related to our work are those by Chlpman and by Roof • 

They are related in that determinations of Debye 8 1 s were made from I vs T 
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dataQ The approaches used have been quite different from ours, though. 

Chipman has made use ~the temperature dependence of Bragg intensities in 

a very nice determination of the temperature dependence of the Debye 8 of 

aluminum, lead, and ~-brass. He makes corrections for TDSj he follows only 

one reflection; his analysis uses incremental differences rather than slopes; 

and he uses powdered specimens. He finds a temperature dependence of 8 beyond 

that predicted from its volume dependence. 

R. B. Roof has made use of I vs T data to determine the Debye 8 of 

Puo2 • A powdered specimen was used. No corrections for TDS were made. 

The treatment of the data. amounts to fitting it to 

(7) 

where is the intensity at temperature T and 8 is the single, adjustable 

parameter in MT' the x-ray temperature factor at temperature TG 8 is 

apparently assumed to be independent of temperature. Observations were made 

on several reflections at several temperatures and the agreement among the 

results for the various reflections is good. 

VIIo OTHER ACTIVITIES OF PROJECT PERSONNEL 

Mr4 Nicklow, the graduate s~udent associated with the project, attended 

the Cornell meeting of the American Crystallographic Association (July, 

1959), delivered a paper on one aspect of project work (reproduced in Appendix 

A) at the Georgia Academy of Sciences meeting (April, 1960), and gave a seminar 

(May, 1960), at a regular, weekly, School of Physics seminar in which he 

summarized progress to date on the project, and pointed out some of the 

next steps which would be taken and which would be a part of his dissertation. 
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The attendance at a major meeting, the delivery of the paper, and the 

delivery of the seminar talk were each the first of their kind of activity 

for him. As such, they conveniently point out some of the contributions of 

this project to graduate training. 

The principal investigator attended one meeting at project expense, 

The Washington meeting of the ACA in January, 1960, at which he delivered 

a paper uTemperature Dependence of Bragg Intensities: Debye 8 of AgCl", 

a report on project work. Copdes of the paper were appended to Quarterly 

'Report No~ "6, --~ Mar en 1960. 

Approved~ 

Vernon Crawford 
Head, Physics Branch 
Physical Sciences Division 

Respectfully submitted, 

R. A. Young 
Project Director 

September 1960 
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THE THERMAL COEFFICIENT OF EXPANSION 

OF AgCl BETWEEN l00°K and 300°K 

R., Mo Nicklow and R., Ao Young 

INTRODUCTION 

The thermal coefficient of expansion, a., of AgCl was required in 

ccn.nect:cn lATith the interpretation of data collected in a current x-ray 

diffracti.on et:Jd;y cf thermal motions in c.rysta.ls"' The value of the 

coeffic.i.ent was as a. fl.m.ction of temperature over the range 

to 

A search cf ::.he li.terature revea.:;,.ed no measurement of a. for AgCl 

Meas'Jrements have been made, however.~ on poly-

, and on s crystal AgCl P .. G .. 

abcYe rccm The measurements of 

The x"ray d~.ffract.icn stl_idy of therma..l motions in crysta.ls is 

made on s.ma.::..l .:3 AgCl 

desirable to meas~re a. for sma:l 

It was therefore 

crystals of AgC.l, making it 

conveni.en-1::. t;:) use an x·-ra.y d.iffracticn method for the measurement of 

a a,s a funct i.on cf temperature between 100°K and 30C°K and as a function 

of Ic directicno :t was thought that i.f the x--ray beam 

:r::-roduced defects at .lccattons in the crystal, the a. might 

ha.7e an ap_t:,arent d.i.rrecti ana: J.ependene: e" 

TE:EORY 

The d.efJni.tion of the thermal coefficient of expansion in terms 

cf -:-.he distance-" d, bet1•reen a set of is 
l ·jd . .!.. 

where T a 
d dT 
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If is substituted into 

dT 
0 

dd de 2-dr s1ne + 2d cose dT 

•,;here 

e Bragg ang:l-e 

the temperatu.re de:ri va+:.i ·.,"":__ of Bragg 1 s law, the following is obtai.ned 

fer a, 

de 
a cot e edT 

here e at 

EXPERIMENTAL PART 

The mea.Pu.rements were made on a rod AgCl s crystal 

1 mm and 0, 5 mm in diamter, using 

either C~l cr Cr radiatton and a General Electric XRD5 x"~Tay unit 

wi.th a s e crienter ( Goniostat) o 

C1 l radtaticn was used for ref.~.ecticns of Miller indices, 

and Cr radiation was used fer "those cf .low ·.Miller indices so that e 
and hence D. e, wcu.l.d be maximizedo 

The vas ccc:..ed by a cold stream which consisted of a 

var iab:.e mi.xt 1J.re of dry n gas at liquid nitrogen temperature 

The stream temperature was monitored 

l.cK 

and dry air at room 

by a tc w.itbtn + 2 0 

The maximum intensity cf a reflection. at temperature was 

determined after zation of the crystal orientationo The Bragg 

of the ref.lect ion 1.JHS determined arithmetically averaging 

the , on either side of the maximum, at which 90% maxiri.rum 
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intensity was observed. The method is illustrated by A l. 

While cooling the sample, 28 was determined at temperatures sepa-

rated by intervals and while warming, 28 was determined at 

20° intervals interspaced with the cooling seto Thus, values of 

28 were obtained at 10° temperature intervals between l00°K and 

300°Ko 

RESULTS AND DISCUSSION 

Data Collected 

Figure A 2 is a plot of the data collected for the (444) reflection 

of AgCl sample #13 The maximum deviation of the data points about 

the smooth curve shown is less than l% .. 

28 versus temperature data were collected from the (400), (6oo), 
(220)J (440), (222), and (444) reflections of AgCl sample #13 making 

possible the determination of a(T) in each of the three principal 

crystallographic directions. Differences in a(T) determined from 

reflections in the same direction provide a measure of experimental 

error. 

Data Reduction 

68/6T was determined graphically by measuring the slope of 

the best curve fitted to a plot of the data at temperatures differing 
0 0 0 

by 10 intervals between 100 K and 300 Ko a was then calculated at 

each of these temperatures by multiplying 68/6T by cot e
0

, where 

e was evaluated at 0°C. Since cot e changed less than l% over the 
0 

entire temperature interval, the use of cot e seemed justified. 
0 

Figure A 3 is a plot of a(T) versus temperature where a(T) ave ave 
is the average of the individual a(T)'s obtained from the above six 

reflections. The average was taken because there appeared to be no 

consistent variation of a with crystallographic direction. The vertical 

linee. represent the rms deviation of the individual a's from a and 
ave 

amounts to approximately l% at 300°K and 10% at the lower temperatures. 
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Discuss."!..on 

\hTe 1.<;ere unable to find an equation relating the thermal coefficient 

of expans.:.cn tc whi.ch was valid over ·a temperature range 

'"'hich incll;ded the Debye temperature, the Debye temperature of AgCl is 

lh5°Ko Hm"'ever, we feel relatively certain that a, should 

decrease ~rt::h since it results from anharmonic 

ther'ffia.~. vi brat ions and the anharmonici ty is expected to decrease with 

decreasing 

.E"Ilen the exact temperature dependence of a, has not been 

the Gr1jnei:3en relation 

)' where 

)' .~ Gr1'J.r.Leisen constant (temperature independent) 

V . volume 

K -:: compressi.bi.li ty 

heat a.t constant volume 

ind:ic.s,tes that the dependence of a, should be similar to 

that. cf the speci.fic heat of a solido FigureAh shm.rs the a,(T) we 

measured fer 

ed 

heat, d , of a solid.. Both are 
v 

nst the ed11 Tie' where 9 is the Debye 

faccording to the Debye theory, C is the same function 
v 

0 f rr for a~~ soli dB and C vs Q T. for AgCl , · .L;e v was not available at the 

time)o 

Both curves drop 

tc e o Al tho:J.gh the drop 

i·s at .~~.east tati.ve 

theory" 

below a temperature corresponding roughly 

in the a,( T: ) curve occurs nearer to 8, there 
IS .. 

between our measurement of a,(T) and 

Any direct 1.ona1 dependence which a. might have in AgCl due to a 

. .~..ocation of x""'ray p.rodnced defects was obscurEd by the 

errcro 



30 

20 

10 

0.2 0.4 

6 

5 

4 

3 

2 

0.2 0.4 

Figure A4. 

Second Annual Report, Project No. A-389 

0.6 0.8 

0.6 0.8 

1. 0 

1.0 

1.2 
T/8 

1.2 
T/8 

1.4 1.6 1.8 2.0 

1.4 1.6 1. 8 2.0 

2.2 

2.2 

Comparison of the Specific Heat, C , of a Solid with 
the Thermal Coefficient of Expan§ion, a, of AgCl. 

-52-

2.4 

2.4 



Second Annual 

shows our measurement of a.(T) below room temperature 

and those of Sharma above room temperature., The difference between 

the t\.vo curves to room appears to amount 

approximately 5%o 

We intend to measure a.(T) above room temperature so that a more 

complete Al can be made with the measurements of Sharma and 

Conclllsion 

In conclus 

l" We have measured the thermal coefficient of expansion of 

Age:-! b l00°K d 7:J1Q
0

r.r t . . _ etY.7een an _;v r:.. o a preclSlOn from 1% near 

to lC% near 

2, We have found that the temperature dependence of a.(T) agrees 

qualitatively with what is by the Grurieisen and that 

our measurements at 300 °K agree 1fli th the measlirements of Sharma to 

11/ithin 5%" 

3o We do not f:i.nd any dependence of a. on crystallographic 

direction than error .. 
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APPENDIX B 

nTHESIS PROPOSAL" 

A study of Thermal Vibrations in Crystals 

by means of 

Dependences of Bragg Intensities 

Proposed Content of Ph .. D., Di.ssertation of Ro MQ Nicklow 

Advisor - Dr .. Ro AQ Young 

::n principlez the entire vibrational :spectrum of a solid can be 

deduced from observations of diffusely scattered x-rays or inelastically 

scattered cold neutrons, The measurements are difficult to make because 

of the low intensities involved and are usually subject to large and 

poorly determined corrections} e.,g, Compton scattering in 

the X·- ray case o 

It is therefore intended to make an experimental and theoretical 

study of what knowledge about thermal vibrations can be obtained from 

measurements of the temperature dependences of Bragg (x-ray diffraction 

maxima) intensities" The bulk of the intensity measurements will be 

obtained frcm crystal samples at temperatures differing by in

crements 1,.1hich will be small enough to allow the determi.nation of the 

slope·' d.I / dTz of the vs .. temperature datao 

The most closely related works of which we are aware are those of 

R B R f J Bl d D R Ch' B2 B th . t . t d B ., , oc , ro an .. 0 lpman o o lnves lga ors measure ragg 

intensities of polycrystalline samples at a few different temperatures .. 

They then used ratios of the intensities measured at these various tempera

tures to determine} respectively} the Debye9 of Pu0
2 

and the temperature 

dependence of the Debye9 of several metallic specimenso Chipman com

pllted correctton.s for the TDS*· contributions to the apparent Bragg in

tensities at a given temperature.. His computations were based on 

measurements of the TDS intensity near the" Bragg reflections. Roof 

made no TD3 corrections to h.is i.ntensi ty measurements.. Neither 

·*Thermal di.ffuse scattering 
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"Thesis Proposal" (continued) 

Ro Mo Nicklow 

investigator has made any attempt to base his analyses on slope (di/dT) 

information nor to use the intensity versus temperature measurements for 

the investigation of any crystal properties other than the Debye 8. 

Both of these papers appeared after the present Georgia Tech program on 

uX-ray Studies of Thermal Motions in Crystals" had been startedo 

The intensity vs. temperature measurements will be carried out 
0 0 

principally over the range of 100 K to 300 K. Preliminary intensity 

vso temperature data (collected here) have been remarkably reproducible 

(: 1/2%) for x- ray data, and have yielded a value for the Debye e of 

AgCl which is in good agreement with that derived from elastic constant 

measurements reported in the literatureB3 • 

The principal treatment of these data which has been used so 

farB4, B5 takes some advantage of the experimentally obtainable precision, 

but does not completely take account of the details of the contribution 

of thermal diffuse scattering (T.D.S.) to the apparent di/dT's' nor of 

the effect of thermal expansion on the Debye e. It is expected that 

improved treatments of the data can be developed and will be employedo 

The following points are particularly to be emphasized in the pro

posed work .. 

lo The relationship of the lattice vibration information 

obtained from the intensity vso temperature· method to that obtained 

from T .. DGS .. , inelastic scattering of neutrons, specific heat measure

ments, resistivi.ty measurements, Raman spectra, etc .. will be investi

gatedo 

2.. The determination of the thermal diffuse scattering contribution 

to the apparent Bragg intensities from the effects on the di/dT measure

ments, including the possible separation of the one-phonon and two-phonon 
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Ro Mo Nick.l0\4 

ccntribution.s, will be undertaken.. This will be followed by an investi.~ 

of the signif:3..cance of the separate contributions so determined .. 

3o A determination of the extent of the breakdown of the Debye 

ion·3 _, eo go the 

e~c o 1-vill be 

breakdowns affect 

be a min.1mum 

A vari.ety cf a.nc 

therrnal coefficient of 

and a. brief study of 

of a.nharmonicity :i.n thermal vibrations, 

Determinations of the extent to which such 

c·f the c!ata for other purposes will 

in this connection. 

problems_, esg. a determination of the 
0 0 

of AgCl over the range 100 K to 300 KJ 

various factors (other than thermal vi.brations) 

h . h + , b + t di Wl' .11 w lC con .. ,rl ~J ..... e o / dT·' be undertaken, 

AgCl will conti.nue to be one of the princ specimen materialso 

Other materia.le which have the Na.Cl type crystal structure will also 

be used., 
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.ABSTRACT 

Research has been continued on the general study, primarily by x-ray 

intensity-vs-temperature (I vs T) measurements, of thermal motions in crystals 

and their interaction with other phenomena of interest in crystal physicso 

Critical re-examination of experimental techniques has led to a better 

understanding of background intensities and subsequently to the solution of 

several persistent problems including (1) difficulties with balancing filters, 

(2) abnormally high relative intensities of the (111) and (333) reflections of 

AgCl, (3) the "anomalous" behavior of the (111) intensity of AgCl as a function 

of temperature and of wavelength, and (4) the peaking, large size, and angular 

dependence of the under-peak backgrou0d observed with balanced filterso 

A graphical method ("curvature method") has been developed for comparing the 

temperature dependence of the normalized temperature slope of log I vs T, A(T), 

with the theoretical prediction, f(x), by means of log-log plotso Results indi-

cate that the "curvature method" is very sensitive to discrepancies between 

experimental observations and theory, and that the Debye-Waller theory does 

not adequately describe the temperature dependence of Bragg intensities for 

.AgCl e 

. 2e 
Further analytic investigation of the dependence of A on ~ for an NaCl 

1\2 

type crystal, including a certain simple thermal diffuse scattering contribution, 

has resulted in a graphical method which can be used to separate the contributions 

of the individual atom types to the slope of log I vs To No data as yet have 

been analyzed by this method. 

Thermal expansion data for AgCl, NaCl, and Al in the 100° K to 300° K 

temperature range were obtainedo The AgCl data were used to determine the Debye 8 
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through comparison of the experimental results with the Mie-Grllneisentheoryo 

The discrepancies found between theory and experiment indicate a breakdown 

in the simplified Mie-Grllneisen thermal expansion theory used, or the Debye 

lattice vibration theory, or both, for AgClo 
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X-RAY DIFFRACTION STUDIES OF THERMAL MOTIONS IN CRYSTALS 

Ie INTRODUCTION 

A. Review 

The general problem continues to be the study, primarily by x-ray means, 

of thermal motions in crystals and their interaction with other phenomena of 

interest in crystal physicso Particular attention continues to be directed 

to the temperature dependences of Bragg intensities. Among the more specific 

areas of interest are: 

(1) Techniques for making precision measurements of Bragg intensities both at 

a single temperature and as a function of temperature~ 

(2) The determination both of various types of information that may be ex

tracted from the experimental results and of the analysis methods for 

doing so, (which methods make particular use of the available precision 

and continuity of the data by dealing particularly with di/dT, the 

temperature slope of the apparent Bragg intensity, I)3 

(3) The influence of a wide variety of factors on the results (eogo, crystal 

perfection in a dynamic theory sense, lattice defects, thermal diffuse 

scattering, etco), including the possible study of the factors themselves. 

(4) The comparison of various results obtained from temperature-dependence-of

intensity studies with those obtained by ourselves and by others by other 

means. 

In past years much of the technique has been worked out, some promising 

analytic methods were established and some encouraging results were obtained 

from temperature slope data (such as those for the Debye 8)o Attention was given 
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to a variety of factors which might influence the apparent di/dT and its tempera

sin e ture and A dependenceo The general promise of the method (i.e$, that of 

study of thermal motions through their effect on di/dT and the study of other 

phenomena in turn) was demonstrated, and a number of specific problems and 

observations of particular interest were pointed out$ 

B. Summary of Third Year Results 

During the period of this report, the third year of the project, substantial 

progress toward the general goals was made in several specific ways which will 

be discussed at greater length in later sections& 

The major accomplishments of this third year are: 

(l) Solutions were obtained to several outstanding and persistent problems 

(see enumeration below). 

(2) Material was gathered for two technical reports: "Balanced Filters for X-ray 

Diffractometry" and ''Background Intensities in Single Crystal Diffractometry," 

and a paper was planned on the latter to be presented in August, 1961 at 

the annual meeting of the American Crystallographic AssociationQ 

The technical reports were actually issued and the paper was given after 

the end of the present annual report period but before the present writinge The 

contents of these technical reports, which bear on matters of technique and 

previously (generally incorrectly) made determinations of background, are of 

general interest in the field of x-ray diffraction and crystallography. They 

are particularly pertinent to precision measures of Bragg intensities. 

(3) A promising new analytic technique for application to continuous Bragg-

intensity-versus-temperature data was evolved and tried briefly& We refer 

to this new technique as the "curvature method.'' 
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The several outstanding problems that were solved include: 

(l) Previously mentioned difficulties with balancing filters (see, for example, 

Po 28 Annual Report Noo 2), 

(2) the previously much discussed but unexplained "anomalous" behavior of the 

(111) intensity of AgCl as a function of temperature and of wavelength, 

(eogo, Figure 10, Annual Report Noo 2), 

(3) the abnormally high relative intensities of the (111) and (333) reflections 

of AgCl (Figure 6, Annual Report Noa 2), 

(4) the peaking, large size, and angular dependence of the under-peak back-

ground observed with balanced filters, pointed out in Figure 1 of Annual 

Report NOo 2o 

Among the other accomplishments of the report period are the following: 

(1) Further analytic investigation of the character of A (the normalized tempera
< 2 

ture slope of the Bragg intensity) as a function of~(~= ~)was carried 
A . 

out for an NaCl type crystal with several results: 

a) A simple graphical method was thereby discovered for separating the 

contributions of the two atom types to the overall temperature slopeo 

b) A much clearer picture of the character of A vs ~ expected from simple 

theory, even with a certain simple IDS (Thermal Diffuse Scattering) 
I 

contribution and as a function of temperature, was obtaineda 

c) As a result of (b) it has been made clear that the A vs ~ curves pre-

sented in Annual Report No. 2 could be substantially improved on, 

though the Debye results would not be greatly affected as a consequenceo 

(2) Use was made of the thermal expansion data on hand for AgCl, NaCl, and Al 

(much of which was collected during the report period) to attempt a deter-

mination of the Debye 8 through comparison of the observed temperature 
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dependence of thermal expansion with the prediction of the Mie-GrUneisen 

theorye The frequently poor results obtained are informative in regard 

to the limitations of the theory, and, by inference, the applicability 

of the Debye assumptions to AgClo 

Progress was also made along several other specific lineso Some further 

refinements of experimental technique were made, many more I vs T data were 

collected for AgCl, some I vs T data were collected for other specimen materials, 

and additional thermal expansion data for AgCl, NaCl, and Al were collected 

and analyzedo It was found necessary to improve the accuracy of our temperature 

measurements and efforts to do so were initiated~ Attention was given to 

the problem of determining suitable analytic methods for fitting curves to the 

intensity vs temperature data and tc the thermal expansion datao 

Our interest in the thermal behavior of the diffracted intensity from 

perfect crystals was considerably heightened during the year, partially through 

visits from Bo Wo Batterman (Bell Labs) and H Cole (IBM Research Center), both 

of whom are actively investigating dynamic theory effects First steps (con-

sisting primarily of arranging to obtain from Dr@ Cole a crystal suitable for 

use as a "Cole Monochromator" and information on a suitable holder for the 

crystal) were taken toward making possible the direct experimental study of the 

effect of extinction as a function of temperatureo The temperature dependence 

of dynamic theory effects may in fact become a major subject forour investiga

tions~ 

Many of the topics just treated in summary form are, along with other topics, 

treated individually in the following pageso 
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IIo EXPERIMENTAL TECHNIQUES FOR INTENSITY MEASUREMENTS 

Ao Introduction 

Substantial progress made in matters of technique has solved several out

standing problems not previously recognized as being connected with techr.iqueo 

The progress mentioned has to do principally with a recognition and study of 

the components of background intensity in single crystal (counter) diffrac

tometryo This work has also pointed out an intensity measurement error, 

sometimes of major proportions, which has been generally overlooked in single 

crystal diffractometry and has provided some additional valuable criteria for 

selectionofscanning techniques& 

Bo Balanced Filters 

The difficulties with balancing filters, pointed out in Annual Report Noo 1, 

have now been eliminatedo It had been mentioned that filters balanced on the 

Norelco diffractometer {and later on the Go Ee goniostat) appeared to be unbalanced 

when used on the counter-adapted WeissenbergQ There were also differences in 

the character of the background under the Bragg peako These apparent discrepancies 

have been shown to be not errors at all but just what should be expected as 

a result of the different background composition and sampling in the 28 scan 

technique (used with the Norelco diffractometer and the Go Eo goniostat) and the 

w-scan techniqueo The apparent unbalance was due primarily to a large off-peak 

background component of non Bragg-scattered radiation of the characteristic 

wavelengtho The filters were in fact well balanced, and improved collimation of 

the incident beam markedly reduced this particular "miscellaneous" background 

component a 
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Certain additional troubles in balancing filters, even with the goniostat, 

had been mentioned in previous reportso These troubles, which had for some 

time effectively prevented us from balancing a Ni-co filter pair, (see, for 

example, Po 28 of Annual Report No. 2), were found to be due to (1) harmonic 

(including sub-harmonic) content in the crystal-monochromatized beam used to se

lect wavelengths and (2) lack of a systematic procedure for going about the 

balance process. 

Proper selection of monochromatizing crystal planes and x-ray tube voltage 

eliminated the background problems. For example, the (lll) of Si is a good 

choice because neither sub-harmonic wavelengths nor ~/2 are then possibleo 

Since the (lll) is a very strong reflection a favorable ratio of Bragg-scattered 

to non Bragg-scattered radiation at the detector is maintained. With this 

choice of Bragg planes ~/3 is the first harmonic wavelength that can be diffractedo 

When the x-ray tube voltage is then set at just under 3 times the excitation 

potential of the desired wavelength the diffracted beam will be truly monochromatico 

The systematic balancing procedure devised assumes such a monochromatic 

beam, makes use of a third filter material which has no absorption edges near 

the filter pass-band, and involves the specification of a particular pre-

balance condition to be obtained before the third material is addedo A thorough 

discussion of the systematic procedure, the theoretical basis for it, results 

obtained with it, and other experimental points to be controlled in the process 

of balancing filters constitute Technical Report Noo 1, 11BalancedFilters for 

X-ray Diffractometry," issued 15 June 1961. (i.e., 15 days after the end of the 

present report period)o The abstract of that report is here included as Appendix A. 

- 6 -



Annual Report Noo 3. Project Noo A-389 

C. Background Intensities 

A re-examination of the question of background intensities in single crystal 

diffractometry led to the recognition of several separate components and to some 

investigation of the dependence of the individual component on several parameters 

such as temperature, angle, scanning technique, instrument geometry, etco 

A principal result is that, in the w-scan (moving-crystal, stationary-

counter) and peak-height (stationary-crystal, stationary-counter) methods in 
i~ 

particular, there is often a substantial harmonic contribution to the apparent 

Bragg peak which is itself peaked at the Bragg positiono The harmonics involved 

may have wavelengths both longer and shorter than the principal wavelength being 

used and the ratio of harmonic wavelength to principal wavelength need not be 

an integer but only a rational fractiono Since pulse height analysis is not 

sufficiently selective of wavelengths in general, a balanced filter technique 

appears to be required adequately to assess these harmonic contributionsa 

The balanced filter method is also particularly suited (and perhaps necessary 

if crystal monochromatized radiation is not used) to the elimination of errors 

due to the strongly angle dependent relative amounts of Bremsstrahlung included 

under the main peak at low angles in both w-scan and 28-scan techniqueso (As 

the diffraction angle is decreased the entire Bremsstrahlung (white radiation) 

"hump" tends to become compressed under the main Bragg peako At low angles in 

particular the peak breadth is due almost entirely to instrumental geometric 

factors and not to wavelength dispersion, and therefore changes very little with 

angle.,) 

iE-
Unless truly monochromatic incident radiation is usedo 
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When balanced filters are employed howeve~in contrastto generally used 

procedure, it is in general necessary to make 3 measurements of background in 

order properly to determine the actual background under the apparent Bragg 

* 
peak. Thus 4 measures are required correctly to determine the Bragg intensity: 

with each member of the filter pair one off-peak measure and one measure of 

either the peak maximum or of the integrated area under the peak are requiredQ 

In addition to solving some outstanding problems (to be discussed shortly) 

and indicating how one may improve the accuracy of precision intensity meas-

urements, the new understanding of background provides new criteria for the 

selection of equipment parameters and use modes. Some of the results are: 

(1) An w-scan technique should never be used without balanced filters or 

other suitably wavelength-selective technique unless the absence of 

harmonic and other Bremsstrahlung peaking at the Bragg position has been 

specifically demonstrated. 

(2) Similarly, in the absence of such demonstration, the balanced filter 

technique must always employ at least 4 different measures for each reflec-

tion, 3 of which are required for determination of backgroundo 

(3) The 28-scan technique may be used without balanced filters except at low 

anglese 

(4) The balanced filter w-scan technique is a relatively easily carried out 

procedure capable of yielding high precision results and quite suitable for 

general use~ 

(5) The peak height method is an inherently poor method, even if the background 

is properly determined (which is not the case in current general practice) 

* The procedure still neglects much of the thermal diffuse scattering contributions 
at the peak position. 
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particularly because of probable arisotropy of the mosaic spread i~ most 

crystals" 

(6) The minimum detector apert'J.re in the w-·scan increases with angle because 

of wavelength dispersion but is independent of mosaic spread; the 

minimum detector aperture in the 28·-sca.n is essentially independent of 

angle but is dependent on the mosaic spreado Thus, for a given crystal, 

if the mosaic spread is not too large there will be some angle above which 

the 28-scan will be preferable to ~he w-scano If the mosaic spread,is large, 

the w-scan may be preferable all the way ~p to the angle at which the 

required aperture becomes too large adequately to resolve the various 

reflections 

(7) For truly monochromatic incident radiation the w-scan would generally be 

preferred for mosaic crystalso If the crystals had essentially zero 

mosaic spread the choice would be dictated by other considerations, such 

as the region of reciprocal space around the relp for which sampling was 

desiredQ 

(8) It is advantageous to "collimate", in a sense, both the incident be~m and 

the detected beam even with the broad beam technique usually used in single 

crystal diffractometryo The purpose of this collimation may be stated 

as being to limit the view which the target, on the one hand, and the 

detector, on the other, have of the region o.round the specimen, without 

limiting in either case the view of the specimen itselfo 

This re-examination of background in x-ray diffraction experiments also 

contains implications for single crystal film techniqueso The present work on 

background intensities has, as of this writing, been discussed fairly extensively 
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in Technical Report No. 2 "Background Intensities in Single Crystal Diffractome-

try" dated 27 July 1961, and finally released about 1 September 1961" Some 

of the principal results were presented at the 31 July - 4 August 1961 American 

Crystallographic Association meeting in Boulder, Coloradoo The abstract of 

that paper, which was submitted during the present report perio~ is here 

reproduced as Appendix Bo The abstract of Technical Report Noa 2 is here 

reproduced as Appendix C, even though the actual writing of the report was 

done after the end of the present report periodo 

D& Outstanding Problems Solved Through Improved Understanding of Background 
Composition 

The resolution of previous difficulties with the balancing of filters 

has been discussedo We select 3 other persistent problems for discussion here, 

all of which turned out to be background intensity effectso 

In figure 6 of Annual Report Noo 2 it was shown that the apparent relative 

values of IF111 1 and IF
333

1 for AgCl were inexplicably large by about 10%o 

When the background was properly measured to take account of the harmonic 

components the apparent values for IF111 1 and IF
333

1 fell into line with the 

others. The (111) and (333) reflections were particularly affected because, 

in this NaCl type structure, they are relatively weak reflectionso 

In figure 1 of Annual Report No. 2 there was shown the diffracted inten-

sity profiles from the (200), (220), and (400) reflections of NaCl. In each 

case the profile was determined twice, once with each member of the filter pair~ 

It was shown in that figure that the intensity profile obtained with the 

~-filter (ioe~ the member which strongly absorbs K~ radiation) was peaked at the 

Bragg setting and varied in relative size from about 2/3 of the ~-filter profile 
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for the (200) to nearly zero for the (400). It has now been established that the 

filters used for those profiles were not properly balanced so that the relative 

size of the «-filter profile for the (200) should have been nearer 1/3 than 

2/3o However, the «-filter profile, which in its peaking represents the 

* harmonic and certain other Bremsstrahlung contributionsto background, is a 

very substantial portion of the p-filter profile even when correctly balanced 

filters are usedo Further, the dependence on (hkt) shown by figure 1 of Annual 

Report Noa 2 persists. It is now recognized that the peaking of the «-filter 

profile is due to harmonic as well as the previously mentioned other Bra~g

diffracted Bremsstrahlung contributions. A quantitative expression has been 

found to describe the dependence of the relative magnitudes of these contribu-

tions on angle, (hkt), aperture, and a variety of other factorso The expres-

sion is given in detail in Technical Report Noo 2 and provides at least a 

plausible qualitative explanation for the just mentioned features of figure 1, 

Annual Report No. 2o Even the asymmetric character of the «-profile has been 

explained - the profile of the "other Bragg diffracted Bremsstrahlung" con-

tributions is asymmetricabout the Bragg position forK«. 

Finally we turn to the temperature behavior of the (111) of AgCl, which 

has been mentioned at some length in Annual Report Noo 2, Annual Report No 1, 

and the paper given at the January 1960 meeting of the American Crystallographic 

Associationa We are concerned with the intensity, I, plotted as a function of 

temperature, T, over the range 100° K to 300o K for the (111) of AgClu A highly 

** reproducible inflection had been found in the curve when MoK« radiation was 

* iaeo, that due to wavelengths outside the filter pass-band but yet diffracted 
in the same order as the pass-band wavelengths. 

** even among specimens from different sources and including one doped specimeno 
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usedo Further, the average slope seemed to be too large to be commensurate with 

the slopes found for other reflectionso Since the measurement statistics 

were not as good when AgKo( was used, it was r.ot possible to be sure whether or 

not the inflection was presento It did seem, though (as may be seen from 

figure 3 of Annual Report Noo 2) that the average slope with AgKo( was somewhat 

smaller, approximately commensurate with the results from other reflectionso 

The slope obtained with CuKo( radiation, as is also shown in the same figure, 

was impossibly largeo Further, two sets of measurements made some months apart, 

and for one of which (the one shown in the figure) pulse height analysis was used, 

gave substantially different resultso Considerable thought had been given to 

the possibility that radiation induced defects might somehow be responsible 

for the observed features of the (111) di/dT behaviorD However, it now appears 

conclusive that these "anomalies" in the slope are due to the effects of harmonic 

contributions to the backgroundo It appears likely that the inflection is also 

due to the same effectso The explanation is that each individual harmonic con

tribution has the temperature dependence associated with the Bragg planes from 

which it is diffracted~ All harmonic contributions to the (111) intensity are 

diffracted from higher order planes, ioeo, (222), (333), etc. for which larger 

temperature factors applyo (No sub-harmonics are possible in this particular 

case)o Thus the intensity as measured with a p-filter alone (or no filter) 

reflects in part the temperature dependence of reflections from higher order 

planeso The x-ray tube was normally operated at 40 KV for Ag, 45 KV for Cu, 

and 45 to 50 KV for .Mo . .Many harmonic wavelengths were excited when CuKo( 

was used; the use of pulse height analysis diminished the effectiveness of the 

higher harmonics in particulara Thus the composite (uncorrected for harmonics) 

- 12 -



Annual Report Noa 3, Project Nou A-389 

(111) temperature slope was greatest when Cu~ was used and was diminished by 

the use of pulse height analysiso When MoK~ was used only one harmonic, \/2, 

was excited, hence the measured average slope was greater than that due to 

diffraction from (111) alone but was not nearly as large as it was with CuK~ 

radiation (plus harmonics)o When AgK~ radiation was used, no possible harmonic 

was excited, hence the measured (111) slope was free of harmonic contribu-

tions .. When the CuK~ data were re-taken with the benefit of properly balanced 

filters, correctly used to determine the harmonic contributions, the slope was 

very much smaller and was, within experimental error, equal to that obtained 

with AgK~ and expected on the basis of results with other reflections. Technical 

Report No 2 discusses the harmonic contribution to apparent temperature slope 

more thoroughlyo 

The inflection in the (111) I vs T curve obtained with MoK~ is not as 

easily explained as is the large slopea It happens that to date no direct 

experimental test of the presence or absence of the inflection when the harmonic 

contributions are removed from the MoK~ data has been made. (It is thought 

that a similar inflection could be present in the AgK~ and CuK~ data but not 

noticed because of the poorer measurement statisticso) If the inflection is 

in fact due simply to harmonic contributions it would appear that either the 

non-linear temperature dependence of the temperature factor or some temperature 

dependence of form factors is required to explain it~ 

Another effect of the harmonic contributions which is of particular 

interest in I vs T measurements is that on B , the ratio of integrated area to 
0 

peak height. Since the harmonic contributions have generally much larger B 1 s than 
0 

does the pure K peak, it is clear that the apparent B of the composite peak 
~ 0 

may thereby have a temperature dep~ndence of which the sign depends on whether 
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sub- or super-harmonics contribute more o The temperature dependence of B shown 
0 

in figure 22 of Annual Report Noo l may possibly be due to the effect of sub-

harmonic contributions The effect of harmonic contributions on composite 

profile is discussed and demonstrated in Technical Report No. 2o 

E. Temperature Control and Measurement 

Temperature control of the specimen is obtained through blowing a gas, 

usually either dried air or dry nitrogen, over ita The specimens are (to date) 

always small crystals, usually approximately spherical, with a maximum dimension 

of about OQ3 mm or lesso It has occurred to us, and we feel it is worth 

writing down, that in addition to being convenient this temperature control 

method is in fact a particularly good one, in a thermodynamics or heat-transfer 

sense, in comparison to other possible heating or cooling methodso The moving 

gas amounts to a nearly perfectly agitated, fluid bath of the correct temperature 

and effectively infinite heat capacityo The movement of the gas also facilitates 

heat transfer between the specimen and the fluid bath and hence enhances the 

dynamic temperature response of the specimen. With the surface held quite 

rigidly at gas-stream temperature then either poor infrared transmissivity or 

fairly good thermal conductivity will assure that the body of the specimen is 

also very near to gas-stream temperature even if the temperature difference 

between the specimen and its surroundings outside the gas stream is large (assum-

* ing, of course, that heat conduction along the mounting fiber is not significant). 

* That the argument given here does in fact apply has been indicated experimentally 
at about 100° K, A chromel·-alumel thermocouple made of 3 mil wire was found to 
give the same temperature indication whether the junction was placed l em out
side the Dewar nozzle with the leads perpendicular to the flow direction or 
several centimeters inside the nozzle where it was essentially surrounded by 
surfaces of the gas stream temperature and several em of the leads were also in 
the streamo 
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If the temperature difference is small then there is no question of radiation 

heat transfer anywayo 

One may find in standard works on heat transfer such as those used by 

mechanical engineering or chemical engineering students, discussions of heat 

transfer between flowing fluids and objects of various shapes as a function 

of flow velocity and position on the object~ The treatments for spheres and 

low Reynolds numbers (approximately the case of interest here) indicate that 

generally excellent heat transfer may be expected all over the surface, and 

that the heat transfer at the back surface is as good or nearly as good as it 

is on the front surfaceo ( 11 Front11 and "back" are based on the flow direction). 

The position on the sphere where the heat transfer is least is where the flow 

velocity is greatest, iue., at the "sides" of the sphere as viewed along the 

flow directione The foregoing heat transfer considerations have encouraged 

us to direct the gas stream along the axis of the mounting fiber rather than 

perpendicular to it as we had been doing It is to be expected that much of 

the mounting fiber adjacent to the specimen will also be held at temperature 

through direct contact with the gas streamo We now take advantage of a 

particular construction feature of our counter-adaptor (for the Weissenberg) 

to direct the gas-stream along the spindle axiso This new geometry allows us 

to bring the end of the "Dewar nozzle" to within 085 em from the specimen during 

x-ray examination and also offers some other experimental conveniences. We 

have no direct indication of the possible magnitude of thermal gradient in the 

specimen used hereo However, wo~~ done on another project with similar gas

stream geometry and with quartz specimens indicates that the gradients in that 

case are less than 10° C/mm at 6ooo C and are probably less than 4° C/mm, ioe. 

the specimen temperature is probably uniform to within 1° C or less. 
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A problem has been encountered in regard to the absolute accuracy of our 

temperature measurement, however. It was not initially anticipated that any-

thing more than precision would be required. However, it turns out that in 

connection with the thermal expansion analyses, in particular, accuracy is 

also required~ Accuracy of temperature measurement, and particularly of tern-

perature difference measurements, is also desirable for the temperature slope 

of intensities analyses and particularly for the new "curvature method" of 

analysiso 

The thermocouple calibration attempts made during the present report 
if 

period have been shown to be inadequate, so no more will be said of them here. 

The things that were established during the report period were (1) that good 

calibration was required and (2) that the thermocouple used apparently did 

in fact measure the gas-stream temperature to within better than Oe5° C (see 

footnote, p. 14). 

F. Need for Written Expositions of Single Crystal Diffractometry Techniques 

The general level of interest in single crystal diffractometry is rising 

rapidlyo Perhaps surprisingly, much of the needed exposition of techniques 

can not be found in the literatureo Dr~ Furnas' manual for the goniostat, "Single 

Crystal Orienter Instruction Manual" is almost the only place where one may find 

substantial discussion of techniques for intensity measurements with single 

crystal diffractometers. It is known to the writer that a number of persons 

are presently, of necessity, independently working out or temporizing with 

many of the same aspects of technique because they can not be found in the 

* Primarily because of initially unsuspected uncertainties about certain "fixed" 
points used and because too few fixed points between dry ice temperature and 
room temperature were used. 
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literature.. (We are using the term "technique" in a broad sense here to include 

not only procedures but also instrument design and the theoretical bases for 

the choices made.) The rapidly developing interest in automatic single crystal 

diffractometry makes acute the need for having the basic considerations and 

many of the special considerations of greatest interest adequately treated 

in the literature~ We believe that our work on background intensities repre

sents a contribution along this line, particularly since it points out 

significant errors in certain approaches which are fairly widely used, but we 

feel surprised that it had not already been doneo Apparently this is the 

reaction of most people who find it necessary to work out some aspect of single 

crystal diffractometry technique, ioeo they are surprised it has not been done 

already, feel they must have overlooked it in the literature or it is of very 

limited interest, and hence neglect to publish'their resultso The result is 

that soon two or three other groups work out the same things and also do not 

publisho However, it is clear from conversations, from the papers now being 

presented at ACA meetings, and from the requests for our results on techniques 

that interest in these matters is no longer limited to the very few and is 

rapidly becoming even less limitedo All of our spare copies of Annual Report 

No. 1, which dealt in part with these matters of technique, are now gone and 

several more requests are on hand. We also hope and expect that the general 

interest in precision intensity measurements as a function of temperature will 

increase substantially in the next few years. Thus it would appear worthwhile 

for us to update the portion of Annual Report No. 1 which deals with single 

crystal diffractometry technique,to extend it somewhat (to include additional 

topics since treated and our current best practic~ particularly in regard 

to temperature-dependence-of-intensity measurements), and to issue the result 
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as a technical report. It may be that, because of their allowable length and 

detail, Technical Reports or their equivalent, rather than the regelar literature, 

may be the most appropriate medium for communicating these matters of techniquea 

One would hope, of course, that each author would place a brief resume or other 

indication of the content of the report in the regular literature as well, so 

that the existence of the report may be made more widely knowno 

IIIo NEW ANALYTIC PROCEDURES FOR I VS T DATA AND OTHER RESULTS 

A. A vs p Character and Separation of Contributions to A 

1~ Introductory Comments 

An analytic method has been found which makes possible the separate deter-

mination, from temperature slope of intensity data alone, of the contribution 

of the two temperature factors in an NaCl type structure. It is convenient to 

discuss the method in conjunction with other aspects of the dependence of. A on ~0 

The thermal motions of the two atom types in an NaCl type structure are, 

* in general, not identicalo Even in the simple theory this difference will make 
. 28 

A, the normalized temperature slope, dependent on ~0 (~ ~1 ~ )a 
~ 

We investigate the first and second derivatives of A with respect to ~0 

With the help of particular choices of the form of the various expressions we 

find (1) we can separate the effects of the two temperature factors by a suit-

able extrapolation technique, (2) there are simply located points of inflection 

and discontinuity in A vs ~' and (3) several observations about the expected 

character of A vs ~ may be made which can facilitate curve-fitting with experimen-

tal datao 

* Although at room temperature the two kinds of motion are very similar in both 
AgCl and NaClo 
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2 sin e 
We start from I~ IFI and ignore thermal expansion effects on ---A--- o 

d(lni) = 
dT 

d 
2dT (lnF) ( 1) 

f2 
where~=~' AM= M2 - M

1
, and the plus sign is used for reflections with even 

Miller indices .. 

d(lni) 
dT (2) 

where B = ~ 2 = M/~o I, IFI 2, f1, f2 and M have their usual definitions 
(sin 9)/A 

which can be found in previous annual reportso Recalling the definition of the 

. 1 d(lni) 
normal1zed temperature slope, A, A =-,2~ dT , rearranging and using primes 

to denote temperature derivatives: 

I 
I fill A = B ± 6M 1 

_e_ + 
~-

1 

' . dB dB Recalling that M = ~ and tak1ng -- = --- = 0 one obtains: 
d~ d~ 

then 

bM 
e -
~+ 

fill 6M 
l dA 

d~ 

~ ± 1 

We are now in a position to make several observationso 
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2. Separation of Contributions to A 

I t 

A ---? smaller of B
1 

and B2 Cl'-+00 

Since~will generally be known fairly well, both B~ and s; may be 

separately determined by extrapolation first to cp = oo and then to cp = 0 ~ 

3~ Character of A vs m Curve 
I 

(6) 

(7) 

ao If either 6B or 6B is zero then A vs cp is a horizontal straight 

line., 

b. The slope of A vs cp is never negative for the case of odd parity 

of the Miller indices and is never positive for the even parity 
I 

case (6B and 6B always have the same sign on the basis of the 

simple theory used here). 

c~ The curve asymptotically approaches a horizontal straight line as 

cp tends to infinityG The approach is from the bottom for the odd 

partiy case and from the top for the even parity casee 

do For the usual situation in which 6B (and 6B
1

) are positive if~< 1 

there are no singularities or points of inflection througho~t the 

entire positive range of cpo 

e. (1) A singularity (odd parity case) or an inflection point (even 

parity case) occurs at 

-~ 
q> - 6B • (8) 
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(2) Since in the usual case a positive 6B is associated with an 

I< 1, the singularity or inflection will not usually occur 

in the observable positive region of~· 

(3) In those cases in which the heavier atom has the larger vibra-

tional amplitude, so that a positive 6B is associated with an 

~> 1, the singularity and inflection will occur in the posi

tive and possibly cbservable range of ~& The experimental 

observation of these effects may be used for two things: 

(1) to demonstrate that the heavier atom has the larger ampli

tude and (2) to determine the magnitude of 6B, by use of 

equation (8) to approximately the accuracy with which the ~ 

location of the singularity or inflection can be established. 

(It is presumed that ln/will be rather well known in advance.) 

If 6B were to be established by, for example, the extrapolation technique 

described earlier, equation (8) could be used experimentally to determine ln/. 

i4e., the log of the ratio of atomic form factors. The interaction of anomalous 

dispersion effects with this analysis, particularly if the effects were chosen 

to change the sign of if- 1), might also be of particular interest. 

4e Further Observation with the Help of a Sketch 

A qualitative sketch of A vs ~ may now be constructed and will aid further 

observationsa Figures 1 and 2 are such sketches From an analytic point of 

view the distinguishing features of the A vs ~ curves are the singularities and 

points of inflection; the sketches are therefore made with reference to these 

points as fixed pointso The point where ~ = 0 is then treated as a dependent 

variable in the sketchesu Because the designations 1 and 2 for the atoms is 
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arbitrary the case of LIB> 0 and/> l is redundant with LB < 0 and/< 1, 

as an exampleo 

Further observations followo 
I I 

(1) For the even parity case the value of A always lies between 81 and 82 o 

(2) For the odd parity case it is possible for A to be negative for some 

positive cp value even when the lighter atom has the larger vibrational 

amplitude (LB > 0 forf< l), the requirement being that B~ <j-s;. (i.e. 
I ! 

81/82 < f 2/ f l)., 

(3) As 68 4 0 (see figure 2) 

(a) the singularity becomes sharper and moves towaTd either + oo or - oo 

depending on the sign of 68, and 

(b) the curve for the even case approaches its asymptotes more slowly. 

(4) The difference between A (odd) and A (even) at various cp 1 s might be used 

as an expeTimental check on the sign of 68, the proximity of the singu-

larity to the observable range of cp, and the proximity to the asymptotes 

which lie between the two types of A valuesu It is given by 

I 

268 (9) 

At cp = 0 (9) becomes 

A - A (even) (odd) (10) 
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In the particular case for which~= 2/5 (roughly true for AgCl) at ~ = 0, 

(ll) 

The expected dependence of A on parity is hereby shown as a function of 
1 

~B , the difference in the temperature dependences of the two temperature 

factors. A lack of significant difference of A (even) and A (odd) at ~ = 0 
i 

is therefore a good indication that ~B is small and that the observation 

range is far eno0gh from the singularity and/or point of inflectio~ so that a 

straight line is a good approximation to the A vs ~ curveo A better approxi

mation, of course, is an exponential as is shown by letting ebNI in (9) become 

>> ·~with the result 
IJ 

""' 

( 12) 

From the preceding discussion it appears that for the even parity case 

A vs ~ may never have a positive slope such as is shown in figures 4 and 5 of 

Annual Report Noo 2. 

Perhaps contributions of IDS could change this situationo We consider the 

effect of the particular TDS contribution discussed in Annual Report NoG 2 and 
i~ 

included in IA (apparent intensity) as 

(13) 

where IB is the true Bragg intensity, the temperature dependence of which we 

have just been discussingo K
1 

and K
2 

are slowly varying functions of tempera

ture, may be treated as constants here, and refer respectively to one phonon and 

two phonon contributionso 

,~ 

Equation (2), p. 12, Annual Report Noo 2. 
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With the notation used and results obtained on the preceding pages: 

Then 

I 

I + ~B A = B
1 

- .;;.;..!:M __ _ 

;z.± 1 

( 14) 

(15) 

As ~ approaches infinity the last term in (15) vanishes and thus contributes 

nothing to2the slope at infinity. At~ = 0 the TDS contribution to dA/d~ is 
K 

- T(K2 - 21) and thus for the even parity case the slope of A vs ~ at~ = 0 

must always be negative. Hence the curves in Figures 4 and 5 of Annual Report 

No. 2 are probably incorrectly drawn, at least for the 100° K cases. 

Even though the TDS contribution to A is limited to 1/2 K1 at~= 0 and 

to 0 at ~ = oo we have not established whether the contribution might not be 

substantially larger at intermediate values. Let A
8 

be the A value arising from 

the true Bragg peak. Then 

( 16) 

the latter part of (14). 

From (15) it may be shown that 
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= 0 (17) 

when -K + J 4K -K 2 
~ = 1 - 2 1 

2K
2

T 
(18) 

The extremum values of (A - AB) are then 

( 19) 

The one possible singularity, which obtains only for the special case of 

4K K2 t 
2 

= 1 , occurs a 

(20) 

which is safely in the unobservable (negative) region of ~0 

For (21) 

there will be no extremum in the positive range of~ (for 4K
2 

< K
1

2 
the roots 

given in equation (18) will be imaginary)o It is expected that (21) will 

generally apply for the AgCl and other specimens studied hereo Hence in our 

plots of A vs ~ we may expect the IDS contribution to be monotonic in ~' 

provided that the experimentally effective K
1 

and K
2 

values are in fact inde

pendent of ~, 

The IDS contribution to A will vary from - K1/2 at ~ = 0 to 0 at ~ = oo. 

The TDS contribution to dA/d~ will vary from 
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(22) 

to 

0 at cp = oo " (23) 

It would appear then that the slope of the overall A vs cp at cp = 0 (even 

parity case) could be positive at sufficiently high temperatures,. However if 

t.he slope were posi ti.ve due to IDS it would be marked! y temperature dependentG 

The situation shown in figure 4 of Annual Report No. 1, in which the higher 

temperature shows the more negative slope at cp = 0, is therefore impossible on 

the basis of the simple theory treated here Another way in which the data in 

that figure may be in disagreement with the theory is that A(333) at room 

temperature appears to be larger than the A(even) values~ According to our 

theory this could only be possible if the vibrational amplitude of the Ag atom 

were greater than that of the Cl atom- as, of course, is a possibility. If 

that is the case, however, then, since I6B/ is undoubtedly small, the singularity 

in the A(odd) curve and point of inflection in the A(even) curve occur at such 

large values of cp that the limited cp range covered by our data will not support 

a valid extrapolation to cp = oo. Thus perhaps it should only be said that the 

I I ~B 
A( even) curves in figure 4 lie somewhere between B1 and (B1 + 1 +l - K1/2). 

Ba Curvature Method for Analyzing I vs T Data 

It was first hinted in Annual Report No .. 1 (po 40) that the temperature 

dependence of the function [cp(x) + x/4}, which appears in the Debye-Waller 

Temperature factor, might be used to determine a Debye Temperature at low 

temperatures~ During the present year we made a direct attack on this idea 

with interesting results~ 
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From Annual Report No. 1 we have 

6h
2 

A= --2 f(x) 
mk8 

(24) 

from Debye-Waller theory for the monatomic case neglecting thermal expansion 

and thermal diffuse scattering, where A is the normalized temperature slope of 

intensity (= -~~ d ~~I), his Planck's constant, k is Boltzmann's constant, m 

is the atomic mass, and f(x), which comes from the temperature dependence of 

[~(x) + x/4}, is given by 

f(x) = 2~(x) _x_ 
X 

e -1 

xis 8/T, and the Debye function, ~(x) is given by 

1 IX 'Td'T 
~(x) =- ~ 

X t: l o e -

A plot of f(x) was given in Annual Report Noa 1 (figure 2, p. 38). 

(25) 

(26) 

It 

is a non-linear monotonic function of x which is unity at x = 0 (T = oo), about 

Oa97 at X= 1 (T =e), and about 0&5 at X= ?o Equation (24) shows that, 
ir 

neglecting the possible temperature dependence of 8 and m, the normalized 

temperature slope A will have the same temperature dependence as does f(x) 

and will become observable at temperaturesbelow 8; 

~ ~ (constant) ~T f(x) o (27) 

i~ 

m could be temperature dependent if it referred to the effective average atomic 
mass in a diatomic substance. 
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Carrying out the indicated oper·ations we find 

dA _ 6h
2
. ~ dx _ 6h

2 ~ (- ~) , 
dT - mke2 dx dT - mke2 dx T 

(28) 

~ ::: _Q_ [g Jx ...lfK - _x J 
dx dx x ~ 1 x 1 o e - e -

2 X 
= _ l [f(x) _ x e J 

x (ex_1)2 , (29) 

and 

(30) 

Then 

d(lnA) = 
d ( lnA} = _IdA or l d(lnT) A dT' d(ln:y) 

(31) 

d{lnA) 
2 X 

= [ 1 x e J ~ -1 l - - f(x)(ex-1) 2 ){-+co 
. 

d(ln:y) 
(32) 

We note with approval that the unknown quantity m has disappeared from the tern-

perature 11 curvaturen of intensity as written in equation (32) and we are left 

only with a calculable function of Xo 

The more interesting form at the moment is equation (24), however. The 

graphical approach based on it will further clarify the significance of 

equation (32), and vice versao Equation (24) says in effect that except for a 

scale factor A is the same function of x that f(x) iso Now we can plot f(x) 

as a function of x, that is 8/T. We know from experiment the value of A as a 

function ofT and hence of 1/T or any constant times 1/T, including the unknown 

e: If we plot log A as a function of log 1/T and, to the same scale, plot 
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log f(x) as a function of log x, the two curves should be exactly super-

imposable by translation. The amount by which the A curve must be translated 

along the log x axis to produce superposition will represent the log of the 

constant by which the argument of A, 1/T, must be multiplied to make it equal 

to x, i.e. the translation will be log e. 

Similarly the required translation along the f(x) axis will represent the 

log of the scale factor, which ::1lso contains 8" However, the scale factor 

contains m as well, a quantity which may not be known due to lack of knowledge 

of the proper averaging procedure to be used in case more than one kind of atom 

is present. However, in principle, one could determine 8 from the x axis 

translation and then use this 8 and the f(x) axis translation to determine m. 

We have not yet tried this type of determination In those cases in which m 

is known the two translations may be used to check on each other. 

There are several particulariy attractive aspects to this "curvature 
1~ 

method"" 

(1) It does not depend on a knowledge of the average atomic mass, only on the 

assumption that the average mass is a constant. 

(2) It is precisely at low tempe:rature where the Debye temperat·c.re is most nearly 

constant (provided the temperature is not to8 low, say T < 8/lO), thermal 

expansion may be neglected, the harmonic assumptions are best satisfied, 

IDS contributions are minimized, and the isothermal x-ray method fails 

(because of insufficiently accurate data) that this method is at its best. 

(3) As for the slope method itself, this method in principal requires the meas-

urement of only one reflection, which may be chosen far out in reciprocal 

space to give high sensitivity, and is free of many of the experimental 

errors which beset isothermal relative intensity measurementsG 

* d
2

I so-called because it involves in fact even if not explicitly. 
dT

2 
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(4) Even a certain kind of extinction effect will cancel itself out in this 

method. This extinction effect is the one which Parthasarathy (1961) 

suggests on the basis of a quasi-dynamic theory approachG He argues that 

-2M -M for a perfect crystal the factor e becomes replaced by e for inten-

sities and suggests that for intermediate cases 

-PM 
IT = IT=o e (33) 

where P is a constant independent of temperatureo If so then equation (24) 

becomes 

P6h2 
A = 2mk f&2 f ( x) 

where we retain the operational definition of A 

A= 
L d(lni) 
2 cp dT 

(34) 

( 35) 

and the only effect on the curvature method is the insertion of the additional 

scale factor of P/2o The x-axis translation required to superimpose A(l/T) 

and f(x) curves is in no way affected. Possibly, if Parthasarathy 1 s suggested 

behavior should turn out to be right, one might use the curvature method and 

a knowledge of m to determine P, a kind of measure of crystal perfection. At 

the moment however this particular edifice of argument is rather too full of 

11 if:sn to be taken very seriously .. 

Unfortunately all of the results obtained with the curvature method during 

the report period were based on intensity data which are now suspect because, 

as was shown by our work on background intensities, inadequatemeasures of back-

ground were made~ Thus the results on hand are not suitable for critical 
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interpretation~ However, they still hold some general interesto The A values 

required for making the log A vs log 1/T plots were obtained from graphical 

determinations of the slopes of I vs T curves. Figure 3 shows a result which 

is fairly typical of those obtained so far for AgClo The solid curve is log 

f(x), the points are A(l/T) values. The typical (for present AgCl data uncorrected 

for harmonic contributions) features are 

(1) The log A curve appears to have too m~ch curvature - ioe~ it is not possible 

to get both high- and low-temperature ends to fit the log f(x) curve 

simultaneouslyo 

(2) The x-axis translation required to produce the best fit at the low tempera

ture end yields an x in the neighborhood of 2 for T = 300° K. This x would 

give a 8 value too large by nearly a factor of four (it is known from other 

work that 8 (AgCl) is probably in the range 130 to 160° K). 

(3) If the fitting is done at the high-temperature end a 8 is obtained which 

is substantially smaller bet is still too large by about a factor of twoo 

Figures 4 through 6 show additional AgCl results and 7 shows results for a 

few reflections from a single crystal aluminum specimeno In each case the 

format of the figures is similar to that of figure 3, except that in many 

cases the f(x) curve is shown in the two positions corresponding to the 

best fits in the low and l:igh temperature regions separately. 

The positioning accuracy along the x-axis for a given set of data is 

surprisingly good, particularly at the low temperature end of the curve where 

the repositioning uncertainties in this graphical method appear to be about 
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It is interesting to note in figure 5 thatthe composite data for the three 

AgCl No 7 reflections appears to fit f(x) well over the whole temperature range. 

The indicated 8, however, is far too large even so. 

That the method is capable of yielding "correct" results is indicated by 

the result for the (10, o, 0) of Al (figure 7)" For ~he set of data collected' 

for this particular reflection the Debye 8 values obtained from the curvature 

method and from the temperature slope method (i.e. directly from the A values) 

agree both with each other and with the literature values (based on specific 

heat and other methods). Here there is no question of either the value or con-

stancy of m, as there may be with AgCl. Figure 8 shows the 8 value indicated 

by the temperature slope method for several Al reflectionsa 

Since these intensity data for Al have since been shown to be unreliable 

(for reasons beyond those having to do with background), particularly for the 

stronger (lower order) reflections, no inference is intended here that the data 
~~ 

tell us anything about aluminuma , They do show that the data which gave the 

"right" result with the curvature methcd, the (10, 0, 0) data, also indicated 

by the temperature slope method no change in the Debye 8 between 300° K and 

100° Ka Hence it appears that the curvature method is capable of yielding 

2 good results, given good data and no temperature dependence of me • 

Why then are the 8 results so 11 bad 11 for AgCl? If the discrepancies were 

due to the uncorrected-for harmonic contributions would be expected to 

vary considerably from reflection to reflection and, probably, generally to be 

it 
Valid data for these same reflections are to be collected during the coming 

year .. 
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less or of opposite sign for the higher order reflections. During the coming 

year new I vs T data for which proper account is taken of harmonic background 

* contributions will be collected for these same AgCl reflections& 

In the meantime, however, it appears that harmonic background contributions 

can not account for any major portion of the "errors" in the 8 1 s obtained by 

the curvature method. 

It also seems unlikely that the actual Debye 8 changes enough with temper-

ature to cause the A(x) curvature so to exceed the f(x) curvature8 

Extinction effects are a possibility, but they, too, seem unlikely to 

explain the fairly consistently (from reflection to reflection) very large 8 

values indicated by the curvature at, for example, low temperatures. The fact 

that the results are "worse" at the lower temperature would also seem to rule 

out anharmonic vibration effects as a cause" 

In AgCl, however, there are optic lattice vibrational modes present, 

there are two different atomic masses, and the effective average mass, m, in 

equation (24) may change with temperature as the relative excitation of the 

various optical and acoustic modes changes with temperaturea However, we do not 

see large temperature-dependent differences between the A values for odd parity 

reflections and those for even parity reflections such as one would expect 

(see discussion A vs ~ character for more detail) if the relative vibrational 

amplitudes of the two atom types were markedly temperature dependent .. 

It appears quite possible, then, that the curvature method may afford a 

particularly sensitive test of tne breakdown of some of the assumptions in the 

~~ 

In fact, as of this writing, the data have been collected though the analyses 
have not yet been done. 
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simple theory used here. The kind of data being collected in this work does 

have sufficient precision to permit the use of the curvature method with the 

attendant advantages pointed out at the outset of this discussion. When new 

data corrected for harmonic background components are available, and particularly 

if extinction may be shown experimentally to be either absent or independent 

of temperature, one may hope to try to use the curvature method not only to 

indicate the presence of a breakdown in the assumptions but the extent of the 

breakdown and what modificationsto the theory are required. 

IV. THERMAL EXPANSION STUDIES 

A. Introduction 

Work has continued on X-ray measurements of the thermal expansion of AgCl 

in the 1000 - 300° K temperature range. 

The measurement of thermal expansion has become of interest in itself for 

(1) evaluating some experimental techniques, e.g. temperature measurement, 

(2) the results themselves and their implications to lattice vibration theory, and 

(3) the determination of the Debye 8 for comparison with the results obtained 

from intensity vs temperature measurements. 

We now have available a program for the Burroughs 220 computer which fits 

experimental dhkt vs T data with a polynomial of order one to five, takes the 

derivative of the computed polynomial at selected temperatures, and then divides 

the derivatives by the d computed at 0° C to give directly the coefficient of 

thermal expansion at the selected temperatures. 

Originally the purpose for our measurements of the thermal expansion of AgCl 

in the 100° to 300° K temperature range was to permit the calculation of the 
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volume dependence of the Debye 8; no AgCl thermal expansion data in this temper-

ature range could be located in the literature at first. However, when Sreedhar's 

(1954) data became known to us it was found that our data did not agree favorably 

with his. Additional thermal expansion data were then collected from a total 

of three AgCl crystals, one of which was doped with Cu impurities in an effort 

to determine the effect of X-ray induced defects (if any) on our measurements 

and to permit a critical comparison of our results with those of Sreedhar. These 

data were also needed before a note could be published in a journalo Additional 

thermal expansion data were also obtained from AgCl in the 300° to 600° K tem-

perature range and from NaCl and Al in the 100° to 300° K temperature range for 

the purpose of evaluating our experimental techniques. Similar measurements 

had been reported in the literature by several investigators (Sharma (1950), 

Strelkow (1937), Buffington and Lattimer (1926) ) and are apparently on firm 

ground. 

Although our thermal expansion data for NaCl and Al agree much better with 

* those reported in the literature than do our AgCl data, there are still slight 

differences. To explain the discrepancy in the NaCl data would require an 

error in our temperature measurement of several degrees Kelvin at 100° K or a 

shift in sample position of about 0.004 in. between room temperature and 100° K~ 

After taking into consideration various aspects of our experiment it is felt 

that the most likely source of error on our part is the calibration of our 

thermocouple (see footnote page 16). The recalibration of our thermocouple will 

employ a platinum resistance thermometer recently calibrated by N.B.So as a 

standard. 

* Our high temperature AgCl data agree within experimental error with those 
found in the literature. 
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B. Theory 

A bri.ef search of the literature for a theory of thermal exp·ansion with 

which to compare our data revealed that the Mie-Grfineisen theory is probably 

best suited and is frequently used by other investigators. In this theory it 

is assumed that (1) when the atoms are at rest at their equilibrium positions 

the internal energy of a solid depends only on the volume, (2) the atoms are at 

rest at their equilibr1um positions at T = 0° K, and (3) the temperature deriva-

tive at constant volume of y (the Grfineisen constant) is zero. The Mie-Grllneisen 

theory then yields 

(36) 

which is a low temperature approximation derived from the more general relationj 

where 

v-v E/Q __ o = __ o...__~--

Vo 1 - k(E/Q ) 
0 

~ = linear coefficient of thermal expansion 

KT =compressibility 

CV = specific heat 

V = volume 

Q = V /yK 
0 0 0 

E = vibration energy of the atoms 

k = constant 

(37) 

and subscript 11 0 11 refers to T = 0° K. In the Mie-Grfineisen theory y is given 

by 

Y = - y_ (a't) 
E av T 

(38) 

where 't is the vibrational free energy of a solid. 
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The above assumptions are probably not met by any real solido They do not 

take into account temperature-induced changes at constant volume in the binding 

energy or force ~onstants, which changes would be expected as a result of the 

dependence of the electron distribution in the bonds on temperature and the 

thermal vibrations of the atoms. It is also well known that atoms are not 

motionless at T = 0° K and that y is usually a function of temperature$ In 

spite of the obvious shortcomings of the theory, equations (36) and (37) often 

desc.ribe thermal expansion in an adequate and simple form so that they are often 

used for evaluating thermal expansion datao Discrepancies between theory and 

experiment should not be alarming howevero 

An interesting method, due to Ao Taylor (1960), for comparing thermal 

expansion data with theory involves the use of equation (36) in a manner similar 

to that used in our "curvature method"" Assuming that the major temperature 

dependence of the right side of equation (36) is due to CV then, 

« ~ (constant) C v (39) 

The Debye theory of specific heats has been quite successful in describing the 

temperature dependence of CV of most solids in terms of the "reduced" tempera

ture T/8(=1/x); thus a plot of log« vs log T should be superimposable upon a 

plot of log CV vs log (1/x)o The amount by which one plot has to be moved along 

the abscissa to superimpose upon the other will permit 3. determination of e. 

It is interesting to note that thermal expansion occurs as a result of 

~he anharmonic lattice vibrations so that the Debye e obtained the above 

method is actually based on this anharmonicityo However, the concept of the 

Debye e originated in a lattice vibration theory which is only valid for harmonic 

vibrations. 
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It will also be of interest to compare the 8 obtained by the above method 

with that obtained from the slope and curvature analyses of our ir.tensity vs 

temperature measurements. 

Figure 9 is a plot of log~ vs log T for AgCl (circles) superimposed on a 

plot of log CV vs log (T/8). The Debye 8 obtained is 300° K, approximately a 

factor of two larger than expected. Even though the data are suspect due to 

possible temperature measurement errors, it is felt that the possible magnitude 

of such errors is much less than could possibly explain such a large discrepancy 

* in 8o It is felt rather that the discrepancy is primarily due to a breakdown 

in the assumptions of either the simplified Mie-Grllneisen or Debye theories, 

or both, for AgClo It is interesting to note that Ao Taylor finds no discrepancies 

for SiC, which has a 8 ~ 1430° Kv It is our opinion that for AgCl the discrep-

ancy in 8 obtained from a curvature method analysis of both the thermal expan-

sion and intensity vs temperature data provide an interesting demonstration that 

a breakdown in the assumptions of the Debye theory of lattice vibrations exists. 

V. OTHER PROGRESS 

A. Data Collection 

Work has continued on collecting I vs T data on several AgCl sampleso In 

addition some similar data were collected on single-crystal AlQ Al sho~ld 

provide a convenient check on the validity of some of our a~alytic procedur·es 

since in it there is no question of average atomic mass. Further the specific 

* The recalibration of our thermocouple, which was performed after the end of 
this report period, reveals that this is indeed the case. 
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heat (Griffiths, 1914), elastic constants (Jones, 1949), and lattice vibrational 

spectrum as determined both by X-ray TDS methods (Walker, 1956) and inelastic 

scattering of cold neutrons (Carter, 1957) are well known 

As was implied earlier, however, most of the data collected have since been 

found to be unreliable; it is now recognized that the background problems dis-

cussed in Technical Report No. 2 largely invalidate most of the precision data 

collected prior to February 1961. In addition to that, all of the data collected 

with one particular instrument over a period of several months (December 1960 

to May 1961) have had to be largely discounted because of intermittent mal-

functions and non-linearity in the detection circuitry. Since the aluminum data 

were taken with that instrument no significance can be attached to the discrepancies, 

where they occur, between results obtained and those expectedo Results shown 

in figure 8 are useful only to show that the "right 11 answer can be obtained at 

least sometimes with our slope method and that, for this simple material, when 

the "right" result is obtained from the slope method the curvature method yields 

the same result (see discussion of curvature method for further details)o 

The "loss" of so much of our "best" I vs T data collected over the last 

three years made acutely felt the need fer faster ways to take such data. At the end 

of the report period plans were being formulated to partially automate, in 

simple fashion, some of the data-taking procedures. As of this writing (October 

1961) some relatively simple additions and modifications to the equipment have 

been made with the result that the actual data-taking process has been speeded 

up by more than a factor of 3a Nearly all of the I vs T data on AgCl that were 

previously (before the re-examination of the background question) considered 

valid have now been recollected with proper (see Technical Report Noo 2) back-

ground assessmentsG 
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B. Curve Fitting Considerations 

In past reports, particularly Annual Report No. 2, the desire for analytic 

curve fitting ·procedures for I vs T data, A vs ~' and thermal expansion data has 

been emphasized. In the case of the I vs T data and thermal expansion data, 

in particular, the-points of interest are the first and sometimes the second 

derivative of the "best-fit" curve. It appears that in general the problem of 

analytically fitting a curve to experimental points in such a way as to yield 

reliable derivatives is quite difficult. While we have not made any real search 

of the literature on this point ourselves, the experience of our applied 

mathematicians (Dr.'s J. Walker and J. McKay, Private Communications) and other 

groups (Blanks, et. al., 1958), is that even a well damped fitting function such 

as, for example,Tschebyscheffpolynomials do not yield generally valid results. 

If the correct functional form were known, of course, there would be no 

such problem about unreliable derivatives; the known functional form provides the 

rule for interpolation between the experimental points and hence properly con

trols the derivatives both at and between points. 

In the case of the I vs T data for AgCl it is now clear, from the compari

sons of A(T) and f(x) made in connection with the curvature method, that the 

functional form we provided for I vs T was probably not correct. It is there

fore not surprising that we had little success in trying to make a least

squares fitting of our data to the (incorrect) fu~ction (see Pc 21, Annual 

Report No. 2). 

In conclusion then, it appears that, until the actual functional form of 

the variables is better known, there is little point in trying to use analytic 

curve fitting procedures on either our I vs T data or our thermal expansion 
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data with the hope of getting usable derivativeso The better approach seems 

'~ to be a straightforward graphical approach such as we have been usingo If 

an analytic approach is to be used for the determination of slopes it probably 

should be applied directly to first differences rather than to the experimental 

values themselves. It can be argued that whatever experimental information is 

available about the slope is contained in these first differences anyway, 

so no loss of accuracy in slope determination will be encountered by fitting 

them directlyo 

C~ Crystal Perfection (Dynamic Theory) Considerations 

The question of both the existence of extinction and its possible tempera-

ture dependence has been of interest throughout the work of this project. 

We are of course interested in extinction because of its possible effect 

on our I vs T data and their subsequent analysis by slope or curvature methods. 

We are also interested in extinction as one of a number of "dynamic theory 

effects," i~e., effects which can be explained only by the dynamic and not by 

the kinematic theory of diffraction. We are particularly interested in the 

role of thermal vibrations in the dynamic theory and look forward to experimental 

work, no doubt involving the temperature dependence of various dynamic theory 

effects, along that line. 

Parthasarathy's (1960) result for the temperature factor of a perfect 

crystal has been mentioned. He makes an interesting suggestion to the effect 

7t-
An interesting point of technique for graphically obtaining slopes was provided 

us by Mr. Bruce Warren of the Georgia Institute of Technology. Consider a plane 
mirror such as a silvered microscope slide placed across the curve and perpen
dicular to the paper. The mirror surface will be perpendicular to the curve 
at the point of contact when the curve and its mirror image appear to form one 
unbroken smooth curve. 
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that for a real crystal the temperature factor might be given by 

-PM 
e 

wheTe P is a constant independent of temperature and 

(40) 

1 ~ p ~ 2 (41) 

For the ideally mosaic crystal P = 2; for the perfect crystal P = 1. As was 

pointed out in connection with the discussion of curvature studies, such an 

extinction effect would not affect the curvature analysise On the other hand, 

it would affect the slope analysis and presumably one could find P for the 

particular reflection by comparison of the two results. 

If it turns out that such a P exists, or if it exists even as a slowly 

varying function of temperature, and can be found or approximated from the temper-

ature dependence of a single reflection this comparison of slope and curvature 

results could possibly be a valuable means for (1) determining extinction cor-

rections for relative intensity data in special cases, (2) following extinction, 
I 

(and hence crystal perfection), as a function of various treatment parameters 

in the presence of changing temperature factors, In any event it seems likely 

that our present slope and curvature analysis methods will provide the means 

for showing whether P is or is not independent o temperature, a point which is 

of some interest in itself" 

As a first step toward making a direct attack on dynamic theory effects 

we started collecting a few I vs T data pn single crystal Si which is expected 

to exhibit considerable extinction. No results are available yets Si and Ge 

are particularly good choices not only because they are available in highly 

- 51 -



Annual Report No. 3, Project No. A-389 

perfect form but because Dr. Batterman of Bell Labs has recently undertaken a 

study of the-temperature dependence of some dynamic theory effects in these 

materials. He is particularly working on the effect of temperature on line 

profiles (as determined by high resolution double crystal spectrometry); it 

will be of interest to compare our results with his and perhaps to share 

specimens. 

There does exist one way of making experimental determination of the 

extinction for single reflectionso This is Chandrasekhar 1 s (1960) method, which 

makes use of the fact that in the dynamic theory there is a reflection inten

sity dependence on incident beam polarization which is additional to that found 

in the kinematic theory. One therefore wishes to use a plane polarized 

incident beam and to be able to rotate the plane of polarization. The use of 

a diffracted beam as a source of polarized X-rays is a possibility, but rota

tion of the plane of polarization entails rotation of either the specimen or 

the X-ray tube and monochromator about the diffracted beam as axis. 

A much preferred arrangement is made possible by use of the Borrmanneffect. 

Cole (1961) has described the use of the Borrmann effect to provide crystal 

monochromatization~ One of the attractive features is that the anomalously 

transmitted beam is parallel to and offset very little from the incident beam. 

Furthermore, this anomalously transmitted beam is completely plane polarized and 

the plane of polarization may be changed simply by rotating the crystal about 

the incident beam. Since the anomalously transmitted beam is essentially coaxial 

with the incident beam, then neither the specimen nor the X-ray tube need be 

moved when the plane of polarization is rotated. The rotation of the plane of 

polarization in the beam incident on the sample is then as simple as is the 

rotation of the plane of polarization in a polarizing microscope~ We were favored 
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with a visit from Dro Cole in March 1961. It turned out he had been using just 

such a rotatable polarizing monochromator for about one year~ He has kindly 

sent us a suitable crystal along with plans for his rotatable holder and, as 

of this writing, we now have such a monochromator in operation. We have been 

referring to the device as a Borrmannmonochromator because it employs the 

Borrmann€ffect, however, it is more appropriate to call it a Cole monochromator 

as it seems to have been Dro Cole's development from the beginning. We there

fore recommend the use of the term ncole mcnochromatorno 

There are of course no results to be reported here on the use of the Cole 

monochromator and Chandrasekhar 1 s method to assess extinction as a function of 

temperature~ We hope to apply this method and our slope and curvature methods 

to some of our samples during the coming yearo 

VI. FUTURE WORK 

A~ Temperature Measurement 

A first task in the following report period will be the recalibration of 

our thermocouples. The recalibration will make use of a platinum resistance 

thermometer in order to eliminate possible uncertainties in "fixed" melting 

and freezing pointso 

Bo Data Collection and Analysis 

Now that our experimental techniques are fairly well established it is 

expected that during the coming year relatively more attention will be given 

to data interpretation~ The procedures discussed in this report pertaining 

to slope and curvature analysis will be used to study TDS effects and to 

separate the individual contributions of each atom type to the AgCl data. 
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Where obvious discrepancies between theory and experimental results occur (such 

as is expected with the curvature analysis of AgCl data), attempts will be 

made to de-te-rmine the-nature and extent of the discrepancies so that the simple 

theory can be modifiedD Such modifications may involve taking into account 

anharmonic vibrations and the difference be~ween the real vibration spectrum and 

the Debye spectrum, Some other, more specific points of interest which will 

be pursued are: 

(1) a separation of the one-phonon and two-phonon TDS contribution and an 

investigation of the lattice vibration information obtainable from a 

knowledge of K1 and K2 , (equation (13)), 

(2) the dependence of the recognized Debye 8 on the individual pseudo 8 1 s 

pertaining to the two atom types in AgCl, 

(3) the temperature dependence of 8 and the comparison of this dependence with 

(a) that predicted by Paskin and (b) that obtained with other experimental 

techniques, 

(4) possible dependence of A on crystallographic direction~ 

All of the AgCl and Al intensity-vs-temperature data that are on hand will 

be recollected with improved background determinations. With the use of the 

anticipated partially automatic data collection procedure, the recollection of 

these data should not be very time ccnsumingo Some data will be collected with 

the use of a Cole monochromator in order to assess the possible change in 

extinction with temperature3 Data obtained from an especially pure Si sample 

may also be of interest in this last case~ 

Our work on AgCl seems to indicate that the simplelattice vibration theory 

of Debye breaks down for this substance. To investigate this point further, 
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it is desirable to compare results obtained for AgCl with those obtained from 

solids, such as Al, for which the Debye theory should be a good approximation. 

KCl may also be of interest hereo Even though it is diatomic, both the 

scattering powers for x-rays and the atomic masses are nearly equal for the 

two atoms .. The simple theory assumptions of a simple cubic structure with one 

atom per unit cell are therefore well approximated by KClo The breakdown (if 

any) of the Debye theory in diatomic solids having mass ratios different than 

and NaCl) also deserves investigation. 

C. New Directions 

Relatively little has been done in the way cf treating the dynamic theory 

with temperature motion as a function of temperature, either experimentally 

or theoretically Our interest in this area continues to grow and has been 

further enhanced by our contacts with Dr Cole and Dr. Batterman. As the work 

on the slope and curvature methods applied to ideally imperfect crystals reaches 

conclusions, we will probably shift the project emphasis more and more to the 

role of temperature motion in dynamic theory effects. 

Soon after recalibration of o~r thermocouple and possible reanalysis of 

the AgCl, Al, and NaCl thermal expansion data, we intend to submit for p~bli

cat1on our results for the coefficient of thermal expansion of AgCl in the 

100° to 300° K temperature rangeo The publication probably will be a short 

note and will include a comparison of our results with those obtained by 

Sreedhar (1954)" 
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The need for written expositions of single crystal diffractometry techniques 

has already been mentioned. It is hoped that a technical report pertaining to 

this subject can be published during the next year~ 

VII. OTHER ACTIVITIES 

During this report period the principal investigator addressed the Poly

technic Institute of Brooklyn "Point Group" seminar on February 9 in New York 

City and the Washington Crystal Colloquim meeting at the National Bureau of 

Standards on February 10. The topics chosen for discussion were almost entirely 

based on the work of this project. The measurement of background was discussed 

at both meetings. In addition, our work on thermal expansion and on the slope 

and curvature methods of analysis of intensity-vs-temperature data were discussed 

at "Poly" while our work on the systematic procedure for balancing filters was 

presented at the Washington meeting. 

Mr. Nicklow, the graduate student associated with the project, delivered 

a paper at the 1961 Southern Metals Conference which was held in Atlanta on 

April 24, 25, and 26, 1961. The ~alk pertained to possible metallurgical appli

cations of intensity-vs-temperature measurements. 

During this past year we were favored with visits from Dr. H. Cole of IBM, 

Dr~ Bo Wo Batterman of Bell Labs, Dro George Vineyard of Brookhaven National 

Labs, and Ephraim Segerman of the Lever Brothers Company in New Jersey. The 

informal discussions which we had with these gentlemen concerning our work and 

theirs were very informative and encouraging. We thank them for the discussions. 

- 56 -



Annual Report No. 3. Proiect No. A-389 

In particular our interest in dynamic theory effects was further enhanced by 

our discussions with Dr. Cole and Dr. Batterman~ 

Respectfully submitted, 

K. Ao Young ' 
Project Director 
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APPENDIX A 

* Balanced Filters for X-ray Diffractometry 

Ro A. Young 

Engineering Experiment Station and School of Physics 
Georgia Institute of Technology 

Atlanta 13, Georgia 

Abstract 

The theoretical basis and the experimental specifics are presented for a 

generally valid, systematic procedure which achieves simultaneous balance of 

x-ray filter pairs over a wide range of wavelengths. Kirkpatrick'; 

third material is necessarily employed. Corollary topics discussed include 

the preparation of filters and holders, criteria for balance, methods of test-

ting for balance, and the role of pulse height analysis in the balanced filter 

technique. It is shown how a number of points of possible experimental diffi-

culty may be recognized and overcome. Results obtained by following the 

described procedure are presented. 

1Kirkpatrick, Paul, Reve Sci. Instrum. 12, 223 (1944). 

* Technical Report Noo la 
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APPENDIX B 

* Background Intensities 

R. A. Young 

Engineering Experiment Station and School of Physics 
Georgia Institute of Technology 

Atlanta 13, Georgia 

Abstract 

The contribution to apparent Bragg intensities of harmonic and even sub-

harmonic wavelengths in crystal - monochromatized incident radiation is generally 

1 recognized (Batterman). However, in current practice at least, the fact appears 

usually to be overlooked that harmonic wavelengths contribute to the observed 

intensity at the Bragg setting even in the ordinary, filtered-radiation 

techniques. In certain popular methods this harmonic contribution will be peaked 

at the Bragg position. Neglect of this contribution would have produced an 

intensity error larger than a factor of two in one example on hand. Thew-scan 

and peak-height methods of single crystal diffractometry are particularly affected. 

Pulse height discrimination alone is inadequate to correct the problem; it 

appears necessary to use balanced filters and to make measurements both on and 

off the Bragg setting. 

An expression is presented for the dependence of the harmonic contribution 

on counter aperture, structure factors, Bragg angle, and other parameters. The 

qualitative correctness of the expression is demonstrated by experimental results. 

While the present discussion is concerned principally with single crystal 

diffractometry, there exist obvious implications to film methods as well. 

1 B. W. Batterman, Rev. Sci. Instru., 26, 393 (April 196l)o 
* Paper presented at the Augu~t, 1961 ACA meetinga 
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APPENDIX C 

Background Intensities in Single Crystal Diffractometry 

Ro Ao Young 

Engineering Experiment Station and School of Physics 
Georgia Institute of Technology 

Atlanta 13, Georgia 

Abstract 

The question of the component parts and character of the background in 

x-ray diffraction has been re-examined in some detail. The components are 

divided into two classes: those which may be peaked at the Bragg position, 

principally the harmonic components; and those which do not peak at the Bragg 

position, here called the miscellaneous componentso 

The contribution to apparent Bragg intensities of harmonic and even sub-

harmonic wavelengths in crystal - monochromatized incident radiation is. 

1 generally recognized (Batterman). However, in current practice at least, the 

fact appears usually to be overlooked that harmonic wavelengths contribute 

to the observed intensity at the Bragg setting even in the ordinary, filtered-

radiation techniqueso Neglect of this contribution would have produced an 

intensity error larger than a factor of two in one example on hand. Thew-scan 

and peak-height methods of single crystal diffractometry are particularly 

affected~ Pulse height discrimination alone is inadequate to correct the prob-

lem; it appears necessary to use balanced filters and to make measurements 

both on and off the Bragg settingo The common method of taking as the whole 

background the intensity obtained by off-setting the crystal alone completely 

misses these harmonic contributions. 

1 BoW. Batterman, Revo Scio Instru. ~' 393 (April 1961). 
* Technical Report No~ 2n 
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An expression is presented for the dependence of the harmonic contributions 

on counter aperture, structure factors, Bragg angle, temperature, and other 

parameterso The qualitative correctness of the expression is demonstrated by 

experimental results The consequences of neglecting this component are 

discussed in several connections and are dem.onstrated in some" 

The control and measurement of the mis:ellaneous component is also con

sidered. Particular attention snould be given to the counter aperture size 

and to both incident and receiving collimators even with the large beam used 

in single crystal diffrac~ometry 

The circumstances under which each scanning method may be used are 

examined It is concluded that the peak height method is inherently a poor 

methodo It is strongly recommended that a balanced filter technique be used 

with thew-scan at all times and in some 8ases with the 29-scan 

is then slightly preferable for other reasons. 

The w-scan 

Detailed procedures for correct background determination witn balanced 

filters are presented. 

While the present discussion is concerned principally with single crystal 

diffractometry, implications to film methods and to powder diffr3ctometry are 

also pointed outa It is concluded that backgro~nd measurements aie best made 

on the Laue streaks and that all strong reflections should be made to appear 

on zero layer photographs where the full extent of these Laue streaks may be 

seen 
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ABSTRACT 

Primarily through abstracts of reports and published papers, this 

final report recounts project work done from 1958 through 1966 on x ·ray 

studies of thermal motions in crystals. Principal use was made of the 

temperature dependence of x-ray Bragg--reflection intensities. Precision 

was emphasized. Both new experimental procedures and new analytical 

procedures were developed to produce and to exploit the precision inherently 

available. Instrumental design and use strategy, X·-specimen temperature 

control, understanding and control of the background, and wavelength control 

received extended attention. Analytic techniques were developed to yield, 

from "continuous" intensity-vs-temperature data, absolute Debye temperatures 

and separate measures of Na and Cl (or Ag and Cl) atomic thermal motions in 

crystals with the NaCl structure. The resulting information was surprisingly 

detailed. For example, comparison with calculations based on the elastic 

spectrum of Al showed the experimentally observable quantities to be 

sensitive to a 5% scaling error in one branch of that spectrum. 

In an ancillary effort, the thermal coefficient of expansion of AgCl 

was determined over the range 120-710°K and the activation energy for 

Frenkel defects was determined. 

Extension of the studies to perfect crystals and slightly distorted 

perfect crystals was initiated and is the subject of an unfinished Ph.D. 

thesis. 



I. INTRODUCTION 

The dominant theme throughout the life of the project has been the exploi

tation of the precision with which changes in x-ray diffraction intensities 

can be measured for the purpose of studying thermal motions in crystals 

both as (i) time averages of the vibrations of individual atoms and (ii) 

lattice vibrations. Comparison of the intensity of a reflection at one 

temperature to its intensity at another temperature (or under some other 

condition of environmental change) avoids many corrections that otherwise 

would have to be applied to the measured relative intensities. In this manner 

the change of intensity can be determined with far greater precision and 

accuracy than the intensity itself is known. The technique has proved to be 

almost surprisingly successful, especially when a single reflection inten-

sity was monitored continuously while the temperature was changed. For 

example, in the case of aluminum it was shown that the $econd derivative of 

intensity-with-respect·to-temperature was sensitive to a 5% error in the scale 

factor of one branch of the elastic spectrum. 

To a very large extent the work has been, necessarily, devoted to the 

development of both experimental and analytical techniques for acquiring 

suitable data and for extracting the desired information from them. Even the 

development of the experimental techniques required a certain amount of 

analysis. The most interesting of such processes and results have been describ

ed in the p;1pers and reports produced on this project, a complete 

list of which is given in Section VII. In Section II we have collected the 

abstracts of those papers and reports which dealt primarily with experimental 

techniques. There are two general aspects, (i) matters of instrumental and 



diffraction geometry, of wavelength control, and of proper background 

measurement in which some advances were required in order that intensities 

could be measured with the required precision and (ii) methods of control 

ling the specimen temperature with suitable precision and sufficiently small 

thermal gradients. 

Not finding suitable measures of the thermal expansion coefficient of 

Agel below room temperature in the literature, we recognized that our ex

perimental apparatus lent itself to such measurements. Initially thinking 

to spend only a few days, at most, on this subject, we found that each 

technique improvement and each result showed more promise and more interest. 

The eventual result was that we acquired what appeared to be the best data 

available for the thermal expansion of silver chloride over the entire range 

from 120°K to 710°K (18° below the melting point). We then were able to compare 

the results to theory with a view towards anharmonicity in the thermal vib

rations and towards the thermal generation of defects near the melting point. 

The abstract of the resulting paper constitutes Section III of this report. 

Both Agel and Al were studied as examples of the ideally imperfect 

crystal and the results are reported in the Ph.D. thesis of Robert M. Nicklow, 

issued as Techinal Report No. 3. More importantly, this report describes the 

derivation and application of most of the analytic techniques developed 

( for extracting the desired information from the data). In fact, except 

for the experimental techniques developed, this rather large report presents 

all of the scientific results up to the time of its issue. Several papers 

should result from this report, one dealing with lattice vibrations and 

the temperature dependence of Bragg intensities in aluminum, a some·-

what similar one on silver chloride, and one dealing with correction of Bragg 

2 



intensities for thermal diffuse scattering contributions. The first paper has 

been published and its abstract is included in Section IV along with the abstract 

of the Technical Report No. 3. The second paper is presently in draft but 

is being delayed pending the possibility of including some additional calcula

tions better relating the results to the probable elastic spectrum. The 

third proposed paper is probably no longer timely and publication plans have 

been dropped. 

The success of the experimental and analytical approaches with the imper

fect crystals, and certain features of the theory used in the analyses, sug

gested that a study of thermal motions in perfect and nearly perfect crystals, 

for which the dynamical theory of diffraction must be employed, would be 

fruitful. Of particular interest were (i) the form of the temperature factor 

for the ideally perfect crystal and (ii) the dependence of certain of its 

coefficients on the degree and type of imperfection introduced into the 

crystal. This work has formed the basis for the Ph.D. dissertation in physics 

for William E. Krull. Though the experimental work was essentially complete 

some time ago, the thesis is not yet fully written. However, an abstract of 

it is provided in Section V. 

In Section VI of this report there are listed the research personnel in

volved and the degrees earned by students associated with the project. Section 

VII is a complete list of the publicatiom and reports issued on the project. 

3 



I I • TECHNIQUES 

A. X-Ray Diffraction and Instrumental Geometry 

(i) "X-Ray Diffraction Studies of Thermal Motions in Crystals,'' R. A. Young, 

Annual Report No. 1, Contract Nonr 991 (00) and 991 (06), Office of 

Naval Research (Physics Branch) 31 May 1959. 

Abstract 

The general problem is the study, by x-ray means, of thermal vibrations 

of the atoms in crystals and their interactions with other phenomena of 

interest in crystal physics. 'llie first experimental studies deal with the 

temperature dependences of the motions in AgCl as revealed by their effect 

on the Bragg intensities. Extended consideration has been given to the 

baCkground of the problem as found in the theory of and the literature on 

thermal motions of atoms, or lattice vibrations, as related to x-ray meas

urements of Bragg intensities. 

A method for determining temperature factors (and hence Debye-B's) 

from temperature dependences of x-ray intensities is derived and experimen

tally illustrated. A second method is suggested. 

Possible effects on the data of such things as (1) thermal diffuse 

scattering (TDS), (2) temperature dependence of primary extinction, and 

(3) defect concentration are considered in some detail. Possibilities for 

assessing or studying the same factors through their effects on the apparent 

Bragg peaks are noted. 

Equipment design and performance, design of experiments, experimental 

techniques, and characteristics of the specimen, etc. are discussed in de-

4 



tail, especially in connection with accuracy and reproducibility. 

Particular attention has been given to means for shaping the specimens 

without distorting them. Economical use of personnel time and materials 

has been considered. 

A conceptual device referred to as the "acceptance region" model has 

been developed and utilized to determine the requirements on and the factors 

affecting the x-ray beam geometries. 

Intensity data were collected for (hhh), (hhO), and (hOO) reflections 

0 0 
of AgCl at 10-degree intervals over the temperature range 90 K to 300 K. 

Variations in diffraction peak breadths with temperatures were observed 

and are discussed. 

Reproducibility in the intensity vs. temperature measurements was of 

the order of 1/2 to 3/4%. 

The amplitudes of thermal motions of the silver and chlorine atoms were 

found to be quite similar, in agreement with observations by others. This 

result is interpreted to mean that the acoustic (rather than optical) modes 

of lattice vibrations have dominant importance to x-ray observations of the 

present type in AgCl. 

An inflection in the semi-log plot of intensity vs. temperature was 

found in the case of the (111) reflection. The possibility that the inflec-

tion may indicate a temperature induced change in bond character will be 

investigated. 

The errors introduced by TDS and a-doublet separation (both of which 

are temperature dependent) in the measures of Bragg intensities vs. tempera-

5 



ture were partially overcome by a technique involving extrapolation to 

sin Q = 0. 

Evidence for anisotropy in the thermal motions of the atoms in AgCl 

was not conclusive; further effort will be expended definitely to support 

or to reject present indications of anisotropy. Existence of anisotrqpy 

would probably indicate anharmonic thermal vibrations. 

Approximate Debye-e's have been determined from the intensity vs. tem

perature data which are in reasonable agreement with literature values ob

tained by other means. 

The general technique of extracting crystal-physics information from 

careful measurements of the temperature dependence of the Bragg intensities 

continues to show promise. Contemplated applications of the results includes 

preparation of detailed electron density maps (for which the temperature 

factors will be determined from their temperature dependences), first of 

AgCl and then of other materials. The study of various kinds of lattice 

defects and crystal imperfections will follow. 

6 



B. 

(i) 

Sonderdruck aus: ,Zeitschrift fiir Kristallographie", 118, 3/4, 1963 

Herausgegeben von G. E. Bacon, M. J. Buerger, F. Laves, G. Menzer, I. N. Stra~ki 

Akademische Verlagsgesellschaft, Frankfurt am 1\'Iain 

Balanced filters for x-ray diffractometry* 

By R. A. YOUNG 

Engineering Experiment Station and School of Physics 
Georgia Institute of Technology 

Atlanta, Georgia 

With 6 figures 

(Received August 27, 1962) 

Auszug 
Es werden die theoret.ischen Grundlagen und die experimentellen Bedingun

gen filr ein allgemein gtiltiges systematischcs Verfahren zur Auswahl von Kom
pensations-Filterpaaren (balanced filters), die fiir einen weiten \Vellenlangen
Bereich verwendbar sind. dargelegt. KIRKPATRICKS Kunstgriff, einem der Filter 
eine dritte Substanz heizufiigen, \'~tird notwendigerweise angewandt. Die Dis
kussion schlie13t die Herstcllung der Filter und der Filterhalter, die Ausg1eichs
kriterien, die Methoden der Ausglcichspriifung und die Rolle der Pulshohen
analyse bei der A.rnvendun~ von Kompensationsfiltern cin. Es wird gezeigt, wie 
manche experimentello Sch\vierigkeit erkannt und behoben werden kann. tiber 
Ergebnisse, die auf Grund des angegebenen Verfahrcns erhalten wurden, wird 

1 berichtet. 

Abstract 
The theoretical basis and the experimental specifics are presented for a 

generally valid, systematic procedure which effectively achieves simultaneous 
balance of x-ray filter pairs over a wide range of \Vavelongths. KIRKPATRICK's 
technique of adding a third material to one of the filters is necessarily employed. 
Corollary topics discussed include the preparation of filters and holders~ criteria 
for balance, methods of testing for balance, and the role of pulse-height analysis 
in the balanced-filter technique. It is shown how a number of points of possible 
experimental difficulty may be recognized and overcome. Results obtained by 
following the described procedure are presented.· 
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(ii) "Balanced Filters for X-Ray Diffractometry," R. A. Young, 

Technical Report No. 1, Contract Nonr 991(00) and 991(06), 

Office of Naval Research (Physics) 15 June 1961. 

Abstract 

The theoretical basis and the experimental specifics are presented for 

a generally valid, systemati~ procedure which achieves simultaneous balance 

of x-ray filter pairs over a wide range of wavelengths. Kirkpatrick's (1944) 

third material is necessarily employed. Corollary topics discussed include 

the preparation of filters and holders, criteria for balance, methods of 

testing for balance, and the role of pulse height analysis in the balanced 

filter t8chnique. It is shown how a number of points of possible experimental 

difficulty may be recognized and overcome. Results obtained by following the 

described procedure are presented. 

8 



C. Background Measurement 

(i) "Background Factors and Technique Design, 11 R. A. Young, 

Transactions of the American Crystallographic Association, Vol. 1, 

42-66 (1965). 

Abstract 

The importance, effect, and control of random errors in background mea

surements, plus geometric requirements for proper measurement, are con·

sidered in terms of the signal-to-noise ratio and the various experimental 

variables affecting it. By appropriate choice of instrumental conditions 

the signal··to-noise ratio can be substantially improved in many cases without 

any loss in net intensity or increase in time required. The use of a crystal 

monochromator always increases the signal-to-noise ratio but it does so 

at some cost in net intensity. A chart showing the relationship of gain 

to loss in use of a crystal monochromator is provided for guidance of the 

experimenter. This loss makes the use of a monochromator disadvantageous 

for reflections which have a good signal-to-noise ratio, e.g.>l, without it. 

The monochromator offers significant advantages for the study of weak reflec-· 

tions. 

Three sources of systematic error are considered, extraneous wavelengths 

(e.g. m/n harmonics), structure in the background and thermal diffuse scattering. 

All can be sources of major error. The first two can be eliminated or ob

viated experimentally. The latter can be minimized and calculations of its 

effect can be checked by properly chosen erperimental procedures, here des 

cribed, which involve temperature dependence. However, TDS can not be so 

eliminated and it remains a potential source of serious error in precision 

determination of Bragg intensities. 

9 



C. Background Measurement (continued) 

(ii) "Background Intensities in Single Crystal Diffractometry," R. A. Young, 

Technical Report No. 2, Contract No. Nonr 991(00) and 991(06), 

Office of Naval Research (Physics Branch), 27 July 1961. 

Abstract 

The question of the component parts and character of the background in 

X-ray diffraction has been re-examined in some detail. The components are 

divided into two classes: those which may be peaked at the Bragg position, 

principally the harmonic compone0ts; and those which do not peak at the 

Bragg position, here called the miscellaneous components. 

The contribution to apparent Bragg intensities of harmonic and even sub

harmonic wavelengths in crystal - monochromatized incident radiation is 

generally recognized (Batterman, 1961). However, in current practice at least, 

the fact appears usually to be overlooked that harmonic wavelengths contri

bute to the observed intensity at the Bragg setting even in the ordinary, 

filtered-radiation techniques. Neglect of this contribution would have 

produced an intensity error larger than a factor of two in one example on 

hand. The w-scan and peak-height methods of single crystal diffractometry 

are particularly affected. Pulse height discrimination alone is inadequate 

to correct the problem; it appears necessary to use balanced filters and to 

make measurements both on and off the Bragg setting. The common method of 

taking as the whole background the intensity obtained by off-setting the 

crystal alone completely misses these harmonic contributions. 

An expression is presented for the dependence of the harmonic contri

butions on counter aperture, structure factors, Bragg angle, temperature, 

and other parameters. The qualitative correctness of the expression is 

demonstrated by experimental results. The consequences of neglecting this 

component are discussed in several connections and are demonstrated in some. 

The control and measurement of the miscellaneous component is also con

sidered. Particular attention should be given to the counter aperture size 

10 



C. Background Measurement (continued) 

and to both incident and receiving collimators even with the large beam used 

in single crystal diffractometry. 

The circumstances under which each scanning method may be used are 

examined. It is concluded that the peak height method is inherently a 

poor method. It is strongly recommended that a balanced -filter technique 

be used with the w-scan at all times and in some cases with the 28-scan. 

The w-scan is then slightly preferable for oth~r reasons. · 

Detailed procedures for correct background determination with 

balanced filters are presented. 

While the present discussion is concerned principally with single 

crystal diffractometry, implications to film methods and to powder diffrac

tometry are also pointed out. It is concluded that background measurements 

are best made on the Laue streaks and that all strong reflections should be 

made to appear on zero layer photographs where the full extent of these Laue 

streaks may be seen. 

11 



D. Specimen Temperature Control 

(i) 

449-453, JULY 1966 

X-ray specimen temperature control with gas streams 

R.A. YOUNG 
Georgia Institute of Technology, Atlanta, Georgia, U.S.A. 
MS. received lith February 1966, in revisedform 13th Apri/1966 

Abstract. The convenient gas-stream method can be thermodynamically desirable, mini
mizing thermal gradient problems, providing stable temperatures for isothermal experiments 
and providing rapid yet well-controlled dynamic response to programmed temperature 
changes. Inert atmospheres can be employed with some additional advantages concerning 
protection. Equipment design and use considerations are presented. Experimental con
figurations effectively used and specimen temperature-control results obtained in the range 
90-l000°K are described. 

12 



D. Specimen Temperature Control (continued) 

(ii) "Counter Adaptor and Furnace for Weissenberg Camera," R. A. Young, 

"Advances in X-Ray Analysis," Vol. 4, Proceedings of the Ninth 

Annual Conference on Application of X-Ray Analysis held August 10-12, 

19 60' p. 219. 

COUNTER ADAPTOR AND FURNACE FOR 
WEISSENBERG CAMERA* 

R.A. Young 

Georgia Institute of Technology, Atlanta, Georgia 

ABSTRACT 

A rugged and versatile counter adaptor for a Welssenberg camera is described. 
It bas performed well in two years of daily use which has included collection of in
tensity vs. temperature data with conventional cold-stream techniques. 

Advantage has recently been taken of the adaptor design to mount, directly on 
the Weissenberg base, a furnace device which blows hot air along the crystal mounting 
_axis. Crystal temperature may be held constant or easily varied over the range up 
to about 700°C, with no obstruction of the X-ray beams and no readjustment of the 
furnace position, while the entire zero layer and close-in upper layers are explored. 

(Note: Though the furnace was developed and used on another project, 

the counter-adaptor was initially developed for use on this project.) 
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III. THERMAL EXPANSION - MEASURE~IENT TECHNIQUE, RESULTS, INTERPRETATION 

(i) 

Reprinted from THE PHYSICAL REVIEW, Vol. 129, No. 5, 1936-1'943, 1 March 1963 
Printed in U. S. A. 

Thermal Expansion of AgClt 

ROBERT M. NICKLOW AND R. A. YOUNG 

Georgia Institute of Technology, Atlanta, Georgia 
(Received 17 August 1962) 

The thermal coefficient of expansion of AgCl has been measured as a function of temperature from 120 to 
710°K (melting point= 728°K) by means of x-ray diffraction from small single crystals. Above 300°K the 
results agree well with the dilatometric measurements reported by Strelkow. Such agreement indicates that 
the concentration of Schottky defects in AgCl is not large enough to influence significantly the thermal 
expansion below 710°K. The thermal expansion for the entire temperature range is described rather well by 
Griineisen's theory, ( 1) if it is assumed that thermally generated Frenkel defects contribute significantly 
to the high-temperature thermal expansion, and (2) if two parameters in the theory are chosen to give a 
good fit to the low-temperature (T <300°K) x-ray data. Attempts to determine the activation energy of 
the Frenkel defects from comparison of the thermal expansion data with theory indicate that certain 
constants of the theory are probably temperature dependent. Below 300°K the x-ray results differ signifi
cantly from the dilatometric results reported by Sreedhar. Low-temperature x-ray measurements of the 
thermal expansion of AI are, therefore, included and compared with existing data in the literature to demon
strate the validity of our experimental technique. The especially convenient experimental technique used is 
described. 
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IV. THERMAL MOTIONS IN THE IDEALLY IMPERFECT CRYSTAL 

(i) "A Study of Lattice Vibrations Through the Temperature Dependences 

of X-Ray Bragg Intensities," R. M. Nicklow and R. A. Young, 

Technical Report No.3, Contract Nonr 991(00) and 991(06), 257 PP• 

(1964). 

Abstract 

New experimental and analytical techniques have bee~ developed 

for the study of thernal vibrations through measurements of the tempera-

ture dependences of Bragg intensities. These techniques have been applied 

to the study of thermal vibrations in Al, KCl, and AgCl in the 100 to 

0 300 K temperature range. These techniques involve the collection of pre-

cision intensity data at temperature intervals which are small enough to 

allow useful determination of the slope and curvature of the intensity 

versus temperature data. From these slopes it is possible to obtain 

meaningful values for the temperature derivatives, dB/dT, of the Debye

Waller factors for both a monatomic (copper type) structure and for each 

type of atom, individually in an NaCl type structure. The temperature 

dependences of these temperature derivatives were also experimentally 

observed and were particularly significant. 

These intensity-vs-temperature results have been related in a 

straightforward way to the elastic frequency spectrum, and detailed 

'comparisons have been made with predictions based on the actual spectra 

in two cases. To facilitate comparisons with other methods, we specifically 

discuss the indicated Debye temperature, e. Our results provide determina

tion of e(x-ray) as a function of temperature for both the monatomic and 
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diatomic cases. A value for e(x-ray) so obtained at a given temperature 

is absolute in the sense that it does not depend on the values which are 

appropriate to other temperatures. 

Our own review treatment of the theory relating thermal vibrations 

to Bragg intensities is presented and some extensions of the theory are 

made in the process. Specifically treated are the cases of primitive 

and non-primitive (e.g. face-centered) cubic Bravais lattices containing 

both one and two atoms per lattice point. Expressions which relate the 

temperature slope of intensity to the temperature derivatives of the 

Debye-Waller factors for these crystal structures, and which relate these 

temperature derivatives to the frequency spectrum and e(x-ray), are pre

sented and discussed. Anharmonic contributions to the Debye-Waller factor 

are treated. An analytical method developed for separating the contribu

tions of the two atom types in an NaCl type structure to the observed 

slopes of intensity versus temperature curves is described. 

Attempts to fit the x-ray data with an expansion in terms of the 

moments of the frequency spectrum failed. Possible reasons for this 

failure are pointed out. 

A rather extensive investigation of the thermal diffuse scattering 

(TDS) contributions to the Bragg intensities measured in this study was 

made, as corrections for the TDS contributions were necessary. Particularly 

examined were the possible effects of all experimental parameters, e.g., 

sample size and shape, beam divergence and inhomogenity, counter window 

size, etc., on the TDS contributions. Expressions have been derived 

which can be used to determine both the one and two phonon contributions to 
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the Bragg peak intensity. The results of specially devised eX]erimental 

tests indicate that TDS contributions in this study were determined to 

within 5 to 15%. 
Detailed studies were made on three separate materials: (1) 

Al, a simple monatomic structure, for which the elastic spectrum was 

well-known; (2) AgCl, a simple diatomic structure, for which an elastic 

spectrum was also fairly well-known; and, (3) KCl, a simple structure 

closely approaching the idealized simple cubic, one atom per lattice point, 

model initially used in the derivation of the Debye-Waller factor. 

As expected, for all three materials e(elastic) > e(x-ray) at the 

temperatures where they could be compared. The discrepancy (according 

to Blackman) between theory and experiment which once existed for KCl, 

viz., e(x-ray) > e(elastic), has been removed by our data. At room 

temperature e(CV) is approximately 25% larger than e(x-ray) for AgCl. 

This large difference is presumably due to the existence of optic 

branches in AgCl which constitute a high frequency peak in the vibra-

tional spectrum and which contribute more to e(cV) than to e(x-ray). 

Comparison of the intensity versus temperature results obtained 

for Al in this study with calculations based on Walker's vibration 

spectrum for Al indicate that dB/dT is sensitive both to anharmonicity 

and to some detail in the character of the low and, possibly, inter-

mediate frequency portion of the vibrational spectrum. For example, a 

five percent increase in the frequencies in the transverse branch of 

Walker's spectrum, suggested by the neutron inelastic scattering results 

of Brockhouse and Stewart, makes a significant improvement in the 
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agreement between our calculated and observed results for e(x-ray). When 

first-hand anharmonic effects on the elastic spectrum are also 

included, the calculated 8(x-ray) versus temperature curve is in excellent 

agreement with our experimental curve. Anharmonic effects of higher 

than first order were not found to be significant in Al in the 100 to 

300° K t t empera ure range. 

The experimental results obtained for AgCl show that d(BA )/dT 
-- g 

is larger than d(BC1 )/dT by approximately 20 - 30% in the 100 to 300° K 

temperature range. This result is in substantial agreement with our 

calculations which are based on Cole's dispers-ion curves for AgCl and 

on Brillouin's expression for the wave vector dependence of the atomic 

vibrational amplitude ratio in a one-dimensional diatomic lattice. 

According to these calculations the optic modes contribute significantly 

to d(BC1)/dT and to the temperature dependence of 8 (x-ray). However, 

these contributions were not well determined. Therefore, no attempt was 

made to estimate the size of anharmonic effects beyond first order in the 

AgCl, even though the temperature dependence of8(x-ray) could not be 

entirely accounted for thereby. 

For KCl it was found that, between 200 and 300° K, 8(x-ray) agrees 

well with the high temperature value calculated by BlaCkman and has a 

temperature dependence which is fully accounted for by first order an-

harmonic effects on a Debye spectrum. As the temperature decreases 

below 200° K, e(x-ray) increases more than can be accounted for by first 

order effects alone. This increase is presumably due to differences 

between the real vibration spectrum of KCl and the Debye spectrum. 
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The intensity versus temperature data were obtained from small 

(maximum diameter- 0.5 mm) approximately spherical single crystal samples 

with a counter adapted Weissenberg camera and a Philip's x-ray unit. 

MoKa radiation, balanced filters, and a scintillation counter were 

used throughout the work. The geometry used was such that all parts of 

the sample could usee" all parts of the x-ray target and the counter 

intercepted all of the diffracted beam. The bulk of the data consisted 

of measurements of peak heights versus temperature. The desired inte-

grated intensity versus temperature information was obtained from these 

data and measurements of the temperature dependence of the ratio of 

integrated intensity to peak height. The integrated intensities used 

for the determinatiop of this ratio were obtained by the w-scan tech-

nique. All the data were obtained from zero layer reflections. Con-

trol of the sample temperature was achieved by means of a gas stream 

directed onto the sample. 
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(ii) 

Reprinted from THE PHYSICAL REVIEW, Vol. 152, No. 2, 591-596, 9 December 1966 
Prirated iD U. S. A. 

Lattice Vibrations in Aluminum and the Temperature Dependence 
of X-Ray Bragg Intensities* 

R. M. NicKwwt AND R. A. YouNG 

Georgia Institute of Technology, Atlanta, Georgia 

(Received 24 June 1966) 

x-ray intensity data have been obtained from aluminum single crystals at temperature intervals that 
were small enough to allow determination of d(lnl)/dT in the 100-300°K temperature range. From these 
measurements the temperature dependence of d.lf/dT {or .M'), the temperature derivative of the Debye
Waller factor .M was determined. These derivatives are related in a straightforward way to the frequency 
distribution g(v) and hence to an equivalent characteristic temperature 0.w. Comparisons of experimental 
results with calculations based on actual approximate frequency distributions for aluminum indicate that 
the sensitivity of 8.u• to the shape of the frequency distribution can be experimentally significant. These 
experimental results for 8.w are in very good agreement 'vith calculations based on a frequency distribution 
derived by means of an 8-neighbor Born-von Karman force model from a previously reported analysis 
of neutron inelastic scattering data. Calculations using a simple one-neighbor force model based only on 
elastic constants were inadequate. In the 100-300°K range the entire temperature dependence of the ex
perimental8.w can be accounted for by anharmonicity associated with thermal expansion. The experimental 
and analytical techniques used make possible the determination, at a given temperature, of a relatively 
accurate and unambiguous value for 8.W''· The determination does not depend on 8w values at other 
temperatures. 
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V. THERMAL MOTIONS IN PERFECT AND NEARLY PERFECT CRYSTALS 

(i) "Role of Atomic Thermal Motions in Diffraction from Nearly Perfect 

Crystals" (Ph.D. Thesis of William E. Krull, writing-up in progress). 

Abstract 

An investigation has been made into the effect of thermal motions on the 

x··ray intensity diffracted from near-perfect crystals (dynamical diffraction). 

The major effort of the experiment was directed to the symmetric Bragg case 

(reflection geometry) using germanium crystals and MO K~ radiation. Additional 

facets of the investigation included the substitution of silicon for germanium, 

alterations to the geometry, the effect of edge dislocations and fast neutron 

irradiation and the effects of altering the wavelength of the radiation. 

Two methods were used in the investigations. The first of these consisted 

of measuring the integrated intensity from a set of Bragg planes as a function 

of the temperature (I vs T method) in the range 100 to 400°K. This method 

provided a direct determination of the temperature dependence. As employed 

in this experiment the method was unique in that the temperature interval 

extended both below and above room temperature. The second method consisted 

of measuring the integrated intensity for a series of planes in a single 

crystal at a fixed temperature (isothermal method) and then relating these 

measurements. This method had not been previously used for dynamical diffrac

tion analysis. 

The conclusions of this experiment are as follows: 

1. The I vs T resutlts for germanium confirm that one can account 

for the thermal motions in the theoretical expression for diffracted intensity 

by writing the structure amplitude F as 
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where IFo I is the value of the structure amplitude at zero temperature and M 

is the Debye factor. 

2. Similar measurements on silicon were inconclusive because of a 

lack of reliability in the data but did not disagree with the above result. 

3. Edge dislocations up to 106 /cm2 in germanium had no effect on 

the temperature dependence when Mo Ka radiation was used. 

4. Exposure of silicon to fast (>1 mev) neutron damage produced a 

significant effect on the Mo Ka intensity diffracted when the exposure ex·-

19 2 
ceeded 5xl0 n/cm . 
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observable quantities to be sensitive to a 5% scaling error in one branch of 
that spectrum. 

In an ancillary effort, the thermal coefficient of expansion of AgCl 
was determined over the range 120-710°K and the activation energy for Frenk31 
defects was determined. 

Extension of the studies to perfect crystals and slightly distorted per
fect crystals was initiated and is the subject of an unfinished Ph.D. thesis. 
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