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Chapter I 

Introduction 

A. Neutron Diffraction

'ieutron diffraction experiment s -’Pre first performed 

over 25 years ago. Klsasser augmented in 1936 that neutrons 

could be diffracted by solids, and thio was demonstrated ex­

perimentally in the same year by hnlband and Frehwer1', and 

Mitchell and Powers, using radium-boryllium neutron sources. 

Those early experiments proved that neutrons.. were diffracted 

by solids, but did not give quantitative data since the 

available neutron sources were of very 1o-t intensity.

Since intense neutron beams have become available 

from nuclear reactors, the propertiea of neutrons have been 

extensively used to study the solid state. The equivalent 

wavelength for low energy neutrons is given by de Broglie’s 

equation

A ~ h/mv (1)
-’here h in Planck’s constant,

in in the mass of the neutrons, 

and v in the velocity of the neutrons. 

Diffraction effects are produced when the wavelength is of the 

name magnitude as the atomic dimensions (i.e., of the order of 

1 R ). Most of the neutrons in a reactor arc in thermal 

equilibrium with the moderator at a temperature T. These

1.



Figure 1:1

Diagrammatic arrangement of Che neutron diff actometor

and its nrsnoc Vteu equipment.
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thermal neutrons have a ..axwollinn distribution of velocities 
with a root-;aonn square velocity given by the equation

? a va = 3/2 k T (2)

From equations 1 and 2, it follows that
A*= ha / 3 m k T (3)

For T - 40°C, tho ’.-uvelongth la equal to 1.45 A which la 

of the desired magnltulo.

A beam of neutrons can be obtained from a reactor by 

means of a port through tho reactor shield (see igurc 1.1). 

Tho energy distribution of trio neutrons cuorging from the 

collimator will be a slightly moalfiod in.Twollinn dictrioution 

since proportionately more neutrons of high energy will emerge 

(Saoon and Thc-.rUc, 1949). The general nature of the neutron 

spectrum in illustrated in iijUme 1:2.

Counting 
Rate

Figure 1:2. Wavelength Spectrum of the Neutrons 
emerging from a Reactor (Bacon, 1955)



in order to obtain -. all ranolvod diffraction --saba

from a crystal sample, it in ne co sc ary to limit. the range of 

anvelengths of the incident neutrons to n narrow’ ban J. This 

banc h-.j be selected from the -lie range of wnvelca.gtho -.vail— 

able by diffracting the neutrons from a large single crystal, 

the .nonochrom-.tor. Cnly those neutrons • hlch n-tisfy the 

bragg equation

nA" 2 d sin 9

ill be diffracted through an angle 2 9, where n is the order 

of the reflection, d In the intex^lanax’ cuncing of the erystal- 

lographic pianos, and $ is the angle between the incident beam 

and the reflecting plane-. or.uully the wavelength band in 

centered, to the high energy side of the peak of the di -a-lbu- 

tion functions as illustrated In figure 1:2, so that the A/2 

com >onont of the diffracted cgoti 1c small. Tho mnnochro.r.atlc 

Beam 1.' then ready for alffraction ntudioo.

..ost of -h t we kne:; about the cantlal uiran jc.. :* of 

atoms in a crystal h^.c been determined using h-ray .iffraction. 

kite oqul .sent required, for (-x’ay stualcc is much, more co.agn*jt 

than a neutron - Iffr ctometor and the Intensity of the beam 

.k’om a tyaicj .1 . ^'.cj generator Is many times ;;ro'.tcr th .n the 

neutron beam froa the most go-ei-fnl nuclear renot-nr. For 

these reasons, neutron diffraction la only usea to co a le aent 

the _ata which can be obtaineu using . -ray diffraction.

•■-raya are .scattered by electrons co that the picture which one 



obtains from diffraction io that of the electron density 
within the crystal with the atons appearing as rather diffuse 
peaks. In tho ca :e of neutrons, there are two Ixioortant scat­
tering interactions. The first is a short-range int'motion 
vlth the atomic nuclei, and the second la an interaction be­
tween the magnetic moment of the neutron and electrons hi oh 
have unpaired spins. Thus the neutrons asee*’ the atomic nuc­
lei, and, in the cane of pr-raaagnetic ions, a few of trie elec­

trons in the outer shells. This latter interaction has lec( 

tn the use of neutron diffraction to study the magnetic struc­
tures of certain materials such as the smn jaiioni of a to ic 

magnetic moments in f^rr-'mjae tic end natifeiTOW'5 jnetic oryotaln 
deutron diffraction is also important in solid state 

research duo to the fact that atoms have different scattering 
amplitudes for '.-rays ana neutrons. -ray oentt ’ring nmpli- 
tudec arc approximately proportional to the atomic numbers 
e*cept in the vicinity of •. critical absorption edge. n the 
other hand, neutron scattering amplitudes vary considerably 
from elc.w'nt to element, and even from lootone to iaoto o. The 
gonera.3 trend of the scattering amplitudes can be given in tei’m: 

of tho nuclear radius, but the eristenoe of ®tr?ng re ■'•nances 
associates, wlt^i the scattering roeosa p'-eatly effects the ;na ;- 
nituaes and the h.a-.ea of the .icattex-lng ®.::r. litudes. Ihio 

difference in cho nature of trie scattering allow® on® tn differ 

ent into teV’cen ate..10 which h .ve v®ry al Pilar >-r ccatt 'rln:'•
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?li tudcs (i.n., those '’hich ore ■.f’acmt in the -‘Orin To 

table), for exccr >le, manganese and iron. Another once in 

which the difference in .scattering amplitude is an advantage 

is in the location of light atoms, in particular, hydrogen in 

the presence of heavy atown. k—ray diffraction techni: non can 

seldom locate tie single electron ns anointed with the hydrogen 

atom since the effect of the hydrogen electron io 1 Holy to be 

lost in the background of czpcxatnentnl uncertainties. The 

neutron scattering croc•-section of n hydrogen nucleus, on the 

other hand, la of the nniao order of magnitude as that of most 

other nuclei, co that it is p->2Gible to determine the position 

of the hydrogen nto.no with good accuracy. duch information in 

invaluable in any study of the unique role • Inyed by hydro ;en 

in the structure of matter.

i'outrons con also be used to study the vibrational 

snootrum of atoms in n orytnl. “ith -rayo, tho energy 

changeo, nrioing fx*-'; interactimn “1th lattice vlbrntlnno are 

negligible in oo.nrcri.con with the energy of the l-rny photons, 

but with thermal neutrons, the energy ch .ngrn noy be cc sjar- 

able to the energy of the neutrons, l study of these energy 

ohnngos leads to information about tic vibrational moir:: of the 

cr/nt ;l lattice.

D 1 oolites

Jatr^iite, the crystal studied in this tiled-, la a 

member of tho zeolite family. The oryatala in thia fofaily 
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r.re formed from silioon-ovygen nnl aluminum-o’vgen tetranedra 

vnioh ’.re linked together" by sharing 07 gen atoms to form an 

o’on frame’*ork structure containing interconnected cavities. 

The aluainuni tetra! ;edm have a net negative chai" *e which is 

balanced by loosely bound positive inns in the cavities.

Zeolites originated in hot, voter-bearing lav-.s. 

goat of the minerala in the lava crystallized. out of solution 

na feldspar, which is also made up of silioon-oxygen and 

nluminu■.•-oxygen tetrahedrn, but with a lens o en franc*»ork. 

For.nation of tne zeolites took pl oc la the dilute solution 

which was left, and they crystallized in such \wj as to 

leave room for some of the water in their a wities.

three main types of -eolixo framework occur. These 

are: 1. thx'ee-uimenMonal frimoworks made up by linking the 

tetraheara into four-and eix - membered rings which are Joined 

to form n robust structure in three aimen.ilons.

2. ln>ainar fr;:i.v?r;or?-s which are maue up of closely knit 

cheats of tetraheura

3. fibrous fr ime-'orke contalziing chainn of tetrahehra 

which are loosely cross-linked to each other.

Intere-ut in 'zeolites arise 3 from tr«oir ion exah-isge, 

dehyui’atLon,end molecular-sieve properties. 'ho positive ions 

in tho channels may be exchang<‘d for others merely by soaking 

the crystal, in a solution of the approprince salt. Thus a 

r.odium-contalning zeolite xrill soften hard vat or by o'ohangin:: 



the codiwa for c .IcIim. The uter mol'culec containsfi in the 

otruoture can Cmn move through the chunnMn in the oi- j A A. 

If the watex* io driven off by hooting ^he cry 'tal, a alight 

niU’in’W'gC' of the crystal ’./ill result, but the basic framework 

structure rexidina intact. Therefore the v’B.ter can be ree.d- 

sorned when the crystal in cooled. ether aioleculoc can also 

'co ndoorbeu by the zeolite. Thic adsorption la selective, 

being dependent on the dinnietex- of the channels in the oxystal. 

For example, octane uoleoulcu any -mca easily through the 

structure vixen Inx'gcx* molecules such ns iso-octane cennot ent­

er the crystal. ,lnco the dlnacter of the channels can bo 

changed by varying the tempex*\tux»n, ox' by exchanging t'ne gooi- 

tlve ions -nich partially Block the ohanneln, rool-itoo ci.n bo 

effectively used as molccular-slevea.

Barly work on the zeolites van carx’led out in the 1930’s, 

but they have been neglected since then. Guia'ent intei’cst in 

the molecular-sieve c.nu cation-endi »nge rupci'ties has loci to 

a A'o-examinatiori and extension of the vork on. these cxystuls.

In the last three yours, ^-i‘-y studies of thi'ee cxyst-.l.:- hl ch 

are typical of the three typos of zeolite ri'amc-.-orks have been 

reported. Th^ae arc

1. Uimtraite - robust structure in three dluiensionu 

i- hng, ^9* 1 mu. .Ji»iltji, x.

2, . hillV••□Ite - laminai4 framework

(.Otoinfink, 1962)



Jutrollto - fibrous fro-iio' orb 

(Jeier, I960 -;nd Kang, 1961) 

A onuplete lint of earlier references io given by Fang (1961). 

C ilatrolit®

The structure of natrolite, Ka^Al? Jl^O.^ .SlgO, wao 

first proposed by ruling (193^)* The silicon—.orygen and. 

rJ.umLnuu-a.<ygon tetrnhedra are linked together to forra chains 

parallel to the c axis os shown in figures 1:3 anu 1:4. Taylor, 

kook and Jackson (1933) determined the approximate location of 

all the atoms in the structure except the ix/drogena, and Jeier 

(I960 J subsequently determined the accurate locations fox* these 

same atoms. The crystallographic data for natrolite ax-e cun- 

marir.ed on page 13.

?x’o different systems of channels ■--'.ro found in natrolite 

The channels pwallol to the c azin shown In Figure 1:4 have a 

minimum free dlame tex- of p.oS H, and ti.o channels provided by 

th.o openings brt-.-eon no 1 .hsouring chains sacz;n in Figure 1:3 

have a ulnLaun di vseter of 2.60 P. The dehydration r.nc. cation 

exchange pd onouionx can to attributed to diffusion along the 

latter system of ohannols.

iZ'h,/'lration ntudieo on natrolite have been carried out 

by i cy (1' 32), ..llligcn and b'eioor (1937), dolyuuil and 

kiriynux (1953), - eng (1955) an& Zukhncvich ot cl. (1961).

These studies inuiented that the ’rater is fixed in the /cruc- 

ture at room tem-ornturc. As the temperature of the crystal is
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Figure 1:3. The chains in natrolite. The lower SiO^ tetra- 
hedra of a chain are linked to the upper AlOj^ 
tetrahedra (shaded) of neighbouring chains 
(after Meier, I960).
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o OXYGEN OF
WATER MOLECULE

Figure 1:4. (001) projection of the natrolite structure. 
The repeat distances are a/2 and b/2 in this 
projection. The AIO4 tetrahedra have been 
shaded (after Meier, i960).



. nc e ■. : , t’ ■ x moleci - svolv as 1 ' rated In

1:5. M temper tv.rc curv v ... ob­

tain oti. . an e:n ez-imc it conauotcd in sur a,/. i 1g

Temperature (°C)
Figure 1:5. Water loss versus temperature curve for natrolite.

Pan ; (1961) at tew ••ted to solve the structure of dehydrated nat- 

j oiitc ’fcjiovi '.ucaere.

in view of t/e Interest in tho dehydration - ■?;> - rann, 

end or cause the we or molcce'1.e is fi: ed in the structui’f at 

roori ter. emture, it * aa (iocidod to 'ocete the h/aro ;cn atomo 

in the v'.tor molecule using neutron diffraction, to- >■ •'.nion 

f;tudier. vain • nraTo-r ■■ ' i 'nr tie reyn >-.r,cp technic vc1" '-cr* '-.lao 

t dortaton to • '- y t’:® cAait'.• ' ' -luxinu • nit'»r. (let®.'" and 

. enn.lngton, "f6?} and to r--;'.'\ao t: o d av"./’ 0® of thr - ■'•■ r mole 

aule at different to. ipernturoo ( etc® and Jant, 1952).





■V g .ai"” xluj

An ideal source of neutrons for neutron diffr otion 

studies would reduce an intense, monoehroraatic, amlV-1 

beam of neutrons with •-. wavelength of the same order of 

magnitude -3 uistanoo of aaxar Sion of trio atoms in a 

crystal. A beam of neutrons with np..<ro:; irately thn<e 

oharaoteriotics can be produced using a nuclor reactor, 

.ost of the high energy neutrons ’reduced in a reactor -ire 

3I0 ed down to thern1'! energies by waking many co', li ilonn 

with a moderator. These thermal neutrons have a inwellinn 

distribution of veln-vltles, and fnrtunate\ , th' sen 

velocity onrrve on-is to a 1 avelength of the desired mag­

nitude.

A beam of n^utron.n '-.nd rays is removed from 

the re tor through an air col man, or c^llijator, eiroot'd 

at the core. .eutrona in a narrow anorgy rwige are 

diffi'actea fro-: the collimated benia by a "in.;l-+ oi-y ta’,

the mnnoohroMatnr, and the neutrons ’.nd gn .xan r yo remaining 

in the undoflect'’ci beaa? are in a concrete shield.

The deflect/iu. b’aia in ruituble for uif?r-ction atv.wiec. 

Cr>:!7 Ihr py (p,e -. fi, >uro ;»: 1)

The coUi .actor aoae.nbly is hold in one of the 

I'onctor boa..1 ortc, and provides an a..-on passa ;e for neutrons 

from the corn of the x-^actnr to the ext* mol face of the

14.
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hi?lding wall, hear the cor?, n 31 foot long steel 

funnel of I-1 degrees convergence allows the ootimum 

number of neutrons to ent^r the noillmntor. Thin latter 

portion of th? assembly is 1 inch -. iun by - inch high, and 

extends for 6 feet through the centre of a steel tube. 

These dimension” limit the horizontal divergence of the 

emerging beam to 1.60°$. A reduced divergence of either 

0.78° ox*  0.52° can be obtained by inserting one or two 

•).01B” steel slats into grooves in the collimator. stream­

ing of neutrons along the surface of the collimator 1g pre­

vented by a step from 4 to 6 inches in diameter. The -.’hole 

assembly in supported along the axis of the beam port by 

steel rings, and alignment between the funnel and collimator 

io maintained by two steel do-’els.

*The horizontal divergence in equal to ?fl where /3 
is the angle given by the ratio of the collimator width 
to the collimator* length.

The beam >ort is directed towards the centre of trie 

reactor core and an roaches to t^lthin a few Inches of the 

core. The diameter of the aluminum tube which Unes the 

bean port increases in steps from b to 10 inches, ihe 4 

inch dinmeter near th? cor? allows the high gemma rny flux 

to b? attenuated In the region surrounding thn funnel, ”ith- 

out creating cooling srobloras. Additional reduction in the 

gamma ray flux and. adequate dissipation of heat is provided 
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by tho t,To steel shielding ;lujn nearont tho nam. At tho 

exit end of the beam port, a one foot long load plug was 

placed to absorb low angle Y-mys that are scattered near 

tho end of tho collimator. The remaining shielding dugs 

oonaist of oluminua cans filled with barytes concrete, The 

bo run port exit is covered by a half-inch steel plate which 

poBsooe.es an aperture with a shutter to provide a nearly 

leak-tight closure in the event of serious water leakage 

into the beam port. This shutter can be controlled from 

the top of the external shielding blocks (ace figure 2:2).

ionochrnanting Cry :t.al

heutrono of a wide energy spectrum emerge from the 

collimator, and are incident on the monochromating crystal. 

Those neutrons -hi ch satisfy Bragg’s law for the particular 

orientation of the crystal --ill be reflect-jd, 'while the 

majority pass through the crystal and are captured in the 

external shield. Tho uionochromating crystal is a single 

crystal of copper about 1' inches ’..-ide by 5 inches in 

length (see figure 2:3). The surface of the crystal is cut 

nt approximately 6 degrees to the (111) plane to increase the 

intensity of the diffracted beam by reducing its width (see 

Fankuchen, 1937). Accurate adjustment of the crystal, ?ith 

thr^e degrees of freedom, can be made from outside the ex­

ternal shield (see figures 2:2 and 2:4). Two of the degrees 

of freedom, rotation about and translation along th® axis of

poBsooe.es
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Figure 2:2. Monochromator Controls (in box) and Shutter 
Control (cable in background)

Figure 2:3. Monochromator and Exit Tube
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ADJUSTABLE CRYSTAL SUPPORT.

Copp e r .Crystal

MC.Master Un iversity.
Neutron Diffractometer.

Figure 2:4 (a)
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the collimator, allow tho secondary Leam to be aligned with 

the exit tuce - hich in net into the external shield. The 

Yhird adjustment, rotation about the vertical aria, allows 

the monochromator to be go oriented that neutrons of the approp 

rlntc wavelength pass down the exit tube. Thia tube can be 

placed in one of two ositions making angina of 22° and 30° 

with the main beam co that the secondary monochromatic beam 

can be chosen • 1th a wavelength of 0.20 ft or 1,08 ft.

The external shield consists of four barytes con­

crete sines stacked one on top of the other. The second slab 

from the bottom is nt the height of the beam port, and has 

a 2‘ x 2’ " 7* cavity at tho point where the beam emerges 

from the collimator. This cavity contains the monochromator 

w'nlch is surrounded by blocks of boric .cid in paraffin to 

attenuate fast neutrons and absorb the slow neutrons which 

are not refloated down tho exit tube by the monochromator. 

In the path of the main beam, the concrete shield is five 

feet thick and should be adequate for a collimator nperature 

much larger than the one described, and for n reactor power 

of 5 megawatts. The thickness of the shielding nt the aides 

of the monochromator cavity is less than the calculated re­

quired value, but this region will be blocked by the external 

shielding material around the exits of the adjacent beam 

ports.
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Mt Tube (ecr figure 2:5)

The secondary beam diffracted by th© monochromator 

passes through a steel exit tube set into one of the two 

stepped holder tubas in the external shield. The apf. r ture 

in the exit tube is eccentric so that, by rotating the exit 

tube in its holder, its height can be accurately aligned to 

match that of the collimator. The exit tube which is not in 

use is blocked by a steel encased concrete plug. 

3 The Diffractometer and >c«ociat©d Control Girauitr.

The crystal under study is mounted in the neutron 

beam on an arc system on the axis of the diffractometer, a 

modified General Klactric BAG X-ray opeotrogoniometer.1 

Crystal ..lanes are adjusted to a reflecting position using 

the arc system, and by rotating thorn about tho axis of the 

diffractometer using the crystal orienter2 located below the 

arc system, Toutrons diffracted by the crystal are detected 

by a mF., counter mounted on the rotatable arris of the diffracto 
3 

meter. formally the movements of tho counter and crystal are 

couple tt to rotate in -a horizontal lane about tho same axis, 

the counter rotating at twice tho speed of the crystal so 

that all neutrons diffracted by a .^articular act of parallel 

planes are detected.

^Jee A , endix A for descri tion of modifications
2 Re A/w^ndix B for description of crystal orionter 
-/3ee Appendix C for desori 'tion of counter

-revision is made for operating the diffractometer in



r



23.

n automatic inode. Neutrons emerging from the exit tube are 

monitored by a fission counter^ and the output from this 

counter is used to control tne o .oration of the diffractomet­

er. dulses

fed through

from the fission counter and the 

the eystCido shown in figure 2:6, 

BF counter arc a
end the outputs

of the ayutemo are recorded on both, scalars and a t’o-pen ro- 

cox’dex', the latter providing a visual check on the operation 

of the diffractometer.

'.hen a preset number of counts la reached in the fis­

sion counter system, a tri pg- t pulse from the □reset scalar 

cto >‘?. the printing scalar and causes the total number of 

counts recox’ded on the scalar to be printed by a digital re­

corder. At the same time, the counter is advanced to a 

nex position. A pulse from the printing scalar resets both 

scalars to zero, and counting recommences. At -iredetermined 

noeitionn of the BF-s counter, a total is printed, corres ond- ✓
ing to the integrated count accumulated xince the last total 

was printed. .At the end of a scan, the crystal orienter re- 

pooitions the crystal and a new scan enmuenoeo. The following 

variables in this process can be controlled by the operator:

1. The length of tiiae s ent nt c ch step in tex-mo of 

inte, .rated neutron flu: recorded by the fission counter.

2. 'the • iuth of each ntep. H to 6 minutes of arc

of counter .movement)

^Por ATLuendix D fox' desoriotlon of fission counter.



CONTROL AND MEASURING CIRUIT



S FOR THE DIFFRACTOMETER figure 2.6 £
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3. The total number of decrees included in the scan 

of a diffraction "peak, and. the direction of scan.

4, Tho orientation of tho crystal about the axis of 

the diffractometer, seventeen orientations of the crystal 

can be oct on the orienter in advance.

1rozrammor

Data Is collected automatically undex* the control of

a programme!* consisting of two components, a rotary relay and 

a crystal orienter (see figure 2:7 for circuit diagram). The 

rotary relay consists basically of two microswitches ’-hich can 

b? closed Independently when the table of the programmei* is in

any one of 180 possible positions. The relay advances one pos­

ition at the end of every degree can of the BF counter,

and at preselected positions, the microswitches are closed.

One nf the switches opez*ates the total key of the digital re­

corder, end the other operates the crystal oxienter, and re- 

verses tho direction in which the diffractometer scans. The 

crystal orienter locates the crystal in one of seventeen pre- 

aeleoted orientntlonn about the axis of the diffractometer, 

in preparation for a scan, and, operating in conjunction with 

the rotary relay, it permits the diffractometer to operate in 

a completely automatic mode for extended periods.



.iguxe 2:7

Control ianel and Associated Circuits

Junction of Components:

A- rotary relay advance

u- crystal oricnter on - off

0- dif fr act Quieter on - off

i>~ . royr^m.-ier on - off

reverse diffractometer drive (manual)

> - program imor

ratchet relay to reverse diffraotometei' drive

A- crystal orienter advance (manual)

I- choice of continuous or step scan

J- solenoid to operate crystal oriental'

(- drive motor for oryotal orienter

L- limit awibChea

arivo motor for diffractometer

B- step scan control solenoid.
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CONTROL PANEL AND 
ASSOCIATED CIRCUITS

STEP SCAN 
CONTROL CIRCUIT 
SEE FIGURE A.I
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CAWS :r III

Ton t ing of A naretus 

This ohnntor describes the experiments --Meh -"ere 

performed to study th® characteristics of th® neutron diffmo- 

tomcter, end to prepare the equipment for the collection of 

data. First, we will consider the properties of the monochro­

matic beam emerging from the exit tube, Plxpcrlmente were 

performed, to maximize the number of neutrons in the beam, to 

examine the distribution of neutrons in the beam, to deter­

mine the vavel®ngth % of the neutrons, and to determine the 

second order contamination of the beam (l.e., the percentage 

of neutrons with a wavelength 2/2). 

once the monochromator vac nl-ced in oeition, the 

intensity of the monochromatic beam could be adjusted using 

two of the degrees of freedom of the monoohroantor. Frelln- 

inary experiments showed that the third, degree of freedom, 

translational motion Z, had no effect on the intensity as long 

as' the crystal remained in the beam. O and X vere ,djuat®d 

ns shown in figure ?:1, using the fie .ion counter ae a detector 

There was little cou ding between the two degrees of freedom 

and the maximum intensity was relatively insensitive to 

changes in^, UMn ; constant over n range of 20'. jC was get 

in the middle of this range, and the oom-Mete monochromator 

rocking cuz-ve shown in figure 3*2 woe made, riot® tne lack of
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Figure 3:1

•Aligning of ;lonoohz;n'nator

Bevernl scans of the type shown in curve A were 

made for different values of ^4 The maximum counting 

rate in each case occurred for 9 = 13.30. Curve 2 

ohovs the variation of the maximum counting rate ns a 

function of Y.
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SCALE READING
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symmetry to this curve. Thia 1c likely due to ti;e line-. ;e 

structure which can appear in large crystals grown from the 

melt (’eiso, hastingB and Corliss, 1951)* A fibrous structure 

aligned in the direction of growth occurs x/ith the various 

lineage n^ionu, differing in orientation by as much as 30 

minutes.

The flux alctributlon in the beam was examined using 

the _r- counter. To make those measurements, trie or 7 counter 

and its mounting cradle wore removed from the arm of the 

diffractometer, and remounted so that the counter could be 

moved aciO-G the beam while its axis remained parallel to the 

direction of the beam. /ei’ticnl adjustment of the counter 

was made with the mount lug cradle. These two degrees of 

freedom permitted the counter’ to be moved through a large 

portion of the beam. .1 norics of scans via made with the 

counter* liiaited by a 2mm. diameter slit, to giv? the flu" dis­

tribution curves shown in figure 3!3» Tn addition, the centi*al 

scan x—x was repented with a 10mm. z 10m.a., and a 15mm. x 15mm. 

-lit placed at the mouth of the e: it tube (see fi jure 3:4). 
Tho avrr-ge flux through the 10mm. x 10mm. slit la 5 x 10^ 

noutrons/cm.^/scc. for a reactor power of 1 megawatt. This 

value was obtained using the calculated efficiency nf tho 

fission counter (9.13J.

I The a ver’'go wavelength of the neutron beam deter— 

>:;inod by locating the maxima of the diffraction ;e Is for four



Figure 3:3

Flux distribution in the beam emerging from

the exit tube. The contours indicate relative values only.



Flux Distribution (viewed facing reactor)



Figure 3:4

Flux MatriLution. Mth milt a

The accnia wnying curves give the flu- distribution 

along the central. -.can. shown in Figure ?:?. Hurve A 

ic the distribution • 1th no ■'lit at the mouth of tho evit 

tube, curve B is the diutxAbution ’ A th a 15 mm. y 1.5 m’u. 

slit, and curve C in the distribution with n. 10 mm. y 10 mm 

slit. The maximum countin'; rate is annrovi <r’t©ly the name 

in aid three curves.



Flux Distribution with Slits
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orders of the (1)0) reflection from a cuartz sample placed on 

the diffractometer. These measurements gave the value 

^.*1.037 — 0.001 A. The A/2 contamination of the beam vraa 

checked using the (200) reflection from a JaCl crystal. The 

ratio of the intensity of the 2/2 peak tn that of the 'X peak 

was leas than 0,4/,

Counter* e.nd Aonocinted Alootrnnlcs

The geometry of a BF^ counter causes the ef­

ficiency to vary considerably across the face of the counter. 

In order to determine the most efficient portion of the BFo 

counter, a beam of neutrons 2mms. in diameter was directed 

along the counter* parallel to its -vie. Three scans were 

wade rorosc the beam to jive the efficiency curves as sho'n in 

figure 3:5. For subsequent measurements, the slit in front 

of the counter vas adjusted so that neutrons entered the most 

sensitive portion of the counter.

A series of experiments wan conducted to deter sine the 

best oettingo for the preamplifier, amplifier, discriminator 

and high voltage. The results of these experiments are summar­

ized in figure 3:6, From these curves, the* final settings ’-ere 

chosen to give the smimuui counting rate vlth geoa discrimin­

ation against background noise. (Subsequent checks on the 

operation of the system '.-ere mad? by testing to see that the 

peak in the energ " jcctruia occuxreX at the same threshold level 

• s shown in figure 3:6. The continuously variable ! .T. a - 11-a



Figure 3:5

Efficiency of BF^ Counter 1

The variations in the efficiency of the BF- 

counter across the face of the counter wore meaGured 

in the manner described in the text. The sensitivity 

of the counter 1c almoct conctant in the area enclosed 

by the contour marked 10, e cent for the region 

ourrnunding the wire which note as the anode of the 

counter. in this region the efficiency of the

counter drone to near zero.
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EFFICIENCY OF BF3 COUNTER # I
(VIEWED FROM FRONT)

RED MARK

SCALE 5"=l"



Figure 3:6

Rnectri fror, vy Counter ; 1

The accompanying spectra ; ore determined using 

n single channel annMyzer. In each case, the gain 

me ^fijuited so that the maximum counting rate oocured 

for a threshold level of approximately 7.65,

At voltages lower than 1700 volte, there ie poor 

separation of background pulses and pulses resulting 

fiom neutron induced reactlono, At high voltages, 

ovex1 2000 volts, the range of pulne energies Increases 

and the counting rate decreases, A final operating 

voltage of 1 00 volte vaa chosen.



B F3 COUNTER TYPE BP29 #|

OPERATING VOLTAGE 
-- 1700 V 
- 2235 V

THRESHOLD LEVEL
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to the counter allows the gain to be accurately adjusted if 

necessary.

Pulses from the BF3 counter system were examined 

using an oscilloscope. These pulses had a rise time of 2 

microseconds, and n total duration of 10 microseconds.

If these pulses are replaced by equivalent square pulses of 3 

microseconds duration, then the probability of two ■ulses 

occuring nt the eye time is given by folsson's formula 

P - nt exp(-nt) where n la the number of pulses per second, 

and t is the tine duration of the pulse. Ordinarily the max­

imum counting rate for a diffraction peak does not exceed 
-3 

10,009 counts per minute corresponding to P - 1.33 >• TO co 

coincidence losses can be neglected.

Fission Counter and Associated nctrnnlos

The variables in the fisclnn counter system are limit­

ed to the presninlifier and discriminator settings since it is 

necessary tn use the .maximum ,'nin of the amplifier (24'J0x) to 

obtain suitable sized pulses (n?>ronimately 10 volts high). 

The preamplifier was set to give the maximum counting r te, and 

the discrhalnator iras net ns indicated in figure 3:7.



Figure 3:7

Sueotrum of Fission Counter

The numb r of counts recorded per unit time by 

the fission counter system wee noted as the discriminator 

setting wee rained from 0 to 60 (curve marked, integrated 

count). The change in counting rate for every change of 

5 in the discriminator setting was used to obtain the 

energy distribution of pulses recorded by the system (curve 

marked AC).



FISSION COUNTER

DISCRIMINATOR SETTING



Chapter IV 

^reparation of Crystals -nu Collection of Lata 

Selecting -.nd .aWn:-? a Crystal

Crystals of natrolite were selected fyn;« a roup 

of large terminated crystals from Aroy, L.nngesundsf jlore, 

Jnmy. The samples had - ell developed (110) fnc»a, and 

.■.^r preferentially in the [003] direction. On the basis 

of the •■'-ray results and predicted hydroge \ atNa /ositions, 

it t?aa expected that the hydrogen atone s’ oul > be -mil re­

solved in the (001) and (110) projections, ©o crystals 

•ere prepared to give data for these projections.

h'.tOrcHoptions from several uncut crystals - ere 

examined on the diffractometer to compare the duality of 

the cx-yatalo and to obtain an estimate of the extinction 

correction (see the discussion of secondary extinction 

latex’ in thio chapter). A crystal ”no selected which 

gave intense reflections without producing a large amount 

of extinction. Triic sample vas polished by hand to form a 

cylinder 4,5 mms. in diameter by 20 mme, in length. An 

attempt was made to increase the mosaic spread of the 

crystal by diwpln ; it in liquid air, but no change in the 

Intensities of the diffraction peaks could be observed.

hnl.7 one large crystal was -zatlnble which was 

suitable fox* collecting data for the (111) nrojeotinn.

38.
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The (lln) face of tills sample vac cemented to a metal rod 

for mounting in a lathe, and the crystal was cut with an 

” .irbrnsive*’ unit to form i cylindex’ 4mm u. in diameter by 

7.5 mms. in length.

Mi. ;nln;" the. Crystal

The crystal to be examined vaa mounted on an arc 

system so that the axes of rotation of the arc crosjed 

near the contx'e of the crystal (which required the use of 

an aluminum spacer in the ca e of the shorter* crystal). 

As a preliminary adjustment, the axis of the natrolite 

crystal was optically aliened with the axis of the diffrac­

tometer. Once a diffraction peak had been located, the 

axis of the crystal woo accurately aligned by moving each 

arc through sov Til degrees until, the position was found 

which aa: imixed the counting rate. Alignment is simplified 

if the aria of rotation of one of the tv.o arcs is parallel 

to the normal to trie reflecting plane so that only the 

second arc affects the intensity of the peak (neglecting 

end and extinction effects), With less favourable 

orientations, there '.'ill be coupling between the e^fecto 

of the two arcs and the /-setting which makes aligning 

the crystal more difficult (/ la the angle givln; the 

orientation of the crystal about the axis of the diffrac­

tometer). In thia case, it is necessary to observe four 

eouivalent peaKS located approximately 90° apart, and to 
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sy.itnwntlonl ly vary all three coupled variables until the 

hia: i .;u:u intensity for each of the peaks is obtained.

Figure 4:1 shows trie scans used to align tho large 

■'s o -Itb natrolite a^yle :‘2, The axis of rotation of the 

small arc made an -angle of loss than 5 degrees with the 

normal to the reflecting plane so that oounlin ; between 

th? two arcs and the /-setting vao almost negligible.

■ Main-bion, .of .oak Phage.;?.

The shape of n diffraction peak is detex^lned by 

the geometry of the diffractometer and by the character- 

istics of the monochromator and the crystal under study. A 

detailed examination of the 2>enk sh giea '.’ill yield an eoti- 

rnato of tho mosaic spreads of the two crystals, -.nA more 

important, it will aid in choosing the angle vi^red by the 

• .n-lyzing oountex- the angle auotended by the analy­

zing counter elit at the crystal sample). 

Calculated ..oak The os

deutrons emerging from a collimator 1" wide by 

72” long with ncn-ref3acting walls would have an angular 

distribution function of triangular shape with a total 

viuth. 2^'^-1.6° as :;ho /n in figure 4:2. mince the nag’ e of 

divcx\;rnee of the collimating o/ Joni is of the same order 

of magnitude as the critical angle for total reflection 

( - 0.17* foi’ iron), the distribution function is mou-

ifled as e-own. For oimplicit/ in making calculations, the



FIGURE 4.1

(DEGREES)
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FIGURE 4.2

SIMPLIFIED DISTRIBUTION FUNCTION USEDIN CALCULATIONS
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resulting distribution. function is ap -roxlmated by a reo- 

t angulnr function of full width, 2*0 = 0.97 .

The taonaic cr rend of the monochromnting crystal 

can ce estimated fro.;i the rocking curve shown in figure 3:2. 

Using a rectangular distribution function for the collimated 

neutrons, Kill in (I960) shoved that the half width at half 

height of the rocking curve H is approximately ecual to 

1.17^ where 2^ is the standard deviation of the Gaussian 

distribution function describing the angular distribution 

of the mosaic blocks in the crystal. From figure 3:2, 

2M| = 37 ‘ so that 7{^ 16’.

illir. also gives expressions for the shape of the 

double reflection curve as a function of the angular pos­

ition of the second crystal, Ms calculations have been 

extended to give the shape of the diffraction peaks from 

the second crystal as represented in a 29 versus / plot, 

deutrons reflected from the monochromator have an 

angle of incidence 9 = Go+* A i^vhere 8e is the mean 

3raug angle, *-is the angle between the axis of the colli­

mator and the path of the neutron und'r consideration, 4 

is the orientation of the reflecting mosaic block relative 

to the mean orientation of the blocks, and is the angle 

defining the mean orientation of the mosaic blocks relative 

to 9rt. c< ic li -Ited tot* , and A is limited tot77, 

Let 2 y represent « small deviation fro.’u the rie''.n 29g
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4- °C

and let 7O be the mean wavelength ooryrgponding to

A= 2 c( sin 9

= 2 c( sin (de + A 4- 4** )

~ 2 d sin (b0 +X+ */2 )

= Ao + i d X COS ©b + °^L coS

= AoCl + ^co‘t©B4- cat Q 0 )

and ©C ore assumed to be small.
Using X , A*, 0 □’ and /31 Cor the second crystal

ingle of incidence - rg1 +* 2 X + Az 4-fl 1

Angle of diffraction - 29 b 4- 2 X'4- 2 '

• • 5rn.gr; angle - 9e + y + V* - an ;1p of incidence 

.'. X = ( A 4/3 ) + ( A' 4 7) + X /?

^oi/2.
\lan A = A o £ I 4-6^ + */a) Cdt © - id'sin (Qq +^+

0b]
.*. ( ^4-^/2; >• = K+X ' ox X1 = Y.1-1)4 (*/;) K

• here k = cot 90 /ot 4^

Also y'-A' 4

^'s X (1-2) -A' + (^/?)k

is li Ated to ± (I>71 + l</?|)
y la limited to t (I ^(k-DI + l*n/a(2l<-0l}

z?'io to i {m Ck-a)| F l?l'l+ K«(l<-I)l]

X Is Limited tn i (RI + 1 “'"AlJ

These relationshi n give oalculated ••onk ahaoea ns lllustr-tou
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in figure 4;3,

jy, ppi mont? 1 . on.-; bhe, er;

.<e/cml scans with different /— nettings ••ore made 

through each of three intense peaks to obtain the I'ocuits 

shorn in figure 4:4. lor these scans, the aperature of tho 

analyzing counter was limited by a narrow slit, 1 m>.. in width, 

A fit of the expression for - /3 ' to the experiment­

ally determined peak shape gives a reasonable v .lue for the 

mosaic spread ( - 11*), cut this may bo regarded ns fortu­

itous since the ey»resaions for Y and do not giv? values 

for 2? ’^4 vhio.h agree with th? values given earlier. 

Tho lack of cv ntltnU vc agreement is not svr •rising since 

no account hr.n been taken of the exact shape of the c,',l- 

llmatei beam and of the fact tii-t the monochromator only cub- 

tonus a United angle at the second crystal.

The minimum width required for the slit which limits 

the opening to the analyzing counter can be octnined directly 

froia the ©••.perimental peak shapes. It is almglz the ”16th 

of the ■■•enk parallel to the 2d ay is.

. .e- riura, ;rnt of the Intnncitlos of thr biffr' etion

The intensity of each diffi" ctlon peak was obtained 

by steo scanning through each peak and tho surrounding back­

ground. The contribution of the incoherently soattoi’ed 

neutrons to tho integrated Intensity of the peak was obtain­

ed from the average background count, and subtracted from, the
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aewsuroti intenelty. All equivalent reflections -orc mured 

to giv- na value for the intensity.

jota fox* the (oOl) projection •.•ore collected out to­

ri angle of 2R a 120°, a total of 1'0 reflections. 105 re­

flections out to an angle of 7^ - 140° were me-aux’od for the 

(110) projection. In order to make a correction for chnn sec 

in the efficiency of the instrument - lloh occurredduring the 

.several loathe reculrod to collect the date, a standard peak 

’..a.: measured nt the beginning of each automatic run.

1r ox- -t Lon Jorraotion

The offestivo absorption in a crystal is made up of 

Vo corj. onents, true absorption, and incoherent scattering, 

'■he •'.■^sorption oross-nectlons of the atoms found in n .trolite 

arc ./-.all, o that the effect oi* true absorption can bo 

neglected. Incoh'ir^nt scattering is win y awi to the ydro- 

j,on nuclei •.1th .a incoherent scattering crons-neotlon of 

26 barns for the neutron energy used. The ab.-nrptlon coeffic­

ient is ^ = ( 6 A//? ) /M.W.

whore 6 = cross-section pex* molecule in cm.'' 

M x Avogva-o’s nuwbex'

p~ on....-Ie density - 2.2 g..c/ac. for natrolite 

A.W= Lol ocular , rci ;ht of the S'a.iple material

For natrolite, - 0.3' aha corresponding absorption

correction obtaino i. fro.' the International Tai lea fra' -r:Ly 

Cryatnllo ;r~p’r/ Volume II has a tiariHu:n value of 1.5L« -jo 



correction for *'bcnrytim me pa-Tied Mince th? average cor­

rection in email compared to the standard deviation of the 

data. Begleet of this correction : ill reduce the te>: amture 

narnmetern by a voi-y email amount, but should have no effect 

on the positional ■■'fira>r«etere.

Fatinotton

"?hcn a bean of neutrons pr.Bsrn through a cry-tal nt 

the proper angle for Bragg reflection to take place, there 

will he a continual interchange of ener ;y between the pri­

mary and secondary Deamo. .In a perfect crystal there rill 

he a phase-leg of 180° between the primary and t"ice .reflect­

ed bea;a travelling in the direction of the rri: ary cf'u.a which 

lends to e reduction in the amplitude of the primary ken:.:. In 

a crystal made u - of niocnia blocks, the blocks near the sur­

face of the crystal "ill partial hy shield the lower Mocha 

oriented In the or.no dli’ectinn, tut e-cb hl co’; scatters in- 

deuendently. The reduction in the intensity «f a beau- due to 

coherent scattering in a perfect crystal or single 'Soo-lc 

block ic termed ori.'a^ry extinction, and the reduction in in- 

tenoity due to coherent scattering in a mosaic crystal is 

termed ''.nonndex'y extinction.

The effect of cr./ctal hapc on . ecsndnry extinction 

has ' r'cn treated to.; ‘ auAlton (1?5?)» Rhd is reviewed here for 

the c'-cc “f a cylindrlcrJ ci’ysta’'.

■f a O.rtesl''.n co-ordinate system io defined with 



50.

n parallel tn the incident ’-earn ''nd a .to?lol to th? Gif- 

fracted beam, then
.1 =-(X +6 ) P« + 6 4 X T PH + 6 p»

n + 6 ) p. + 6 pri Z Po 6

where 1# = no--er per unit .area of ;»riia-.ry beam at the point

1 H = poorer per unit area In ■ iffmoted beam at the 

point (m,m)

>u - linear coefficient of true -.'ogorption

- . 6 (AS)

; = ( *X3 / V? ein 2.0) cm“^ for equatorial reflections

7 = unit cell volume

51 - wavelength of neutrons

W(A9) - distribution function for mosaic blocks Ln terms 

of A© > the deviation of a mosaic block. from the 

moan 3ragg angle 9

? - amplitude of the diffracted beam from a unit call 

of a ox'ystnl asau.'iin.j an incident beam of unit 

intensity

Boundary '’onlitions:

= ?® a1ong the surface of incidence o 0
r = 0 al nag t;,o surface opwosito the surface of H “

emergence of the diffricted ben/i 

eoondary extinction coefficient is defined ao

E s R / QYA where H - the integrated intensity obtained 
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experimental!?/’ for the rotating-crycstnl method.

:’he differential ecuncions given above are difficult 

to solve in general, cut the approximate expression

- cxp(-8 £D/37T ) can on obtained for the special ease 

2^ = 0°or 130° and z< - 0. D is the diametox* of the crystal. 

The error obtained 'ey using this expression is less than 2/ 

fox* 6D^0.2 aim lean than 5/ fur 6 D 9.4. humerical in­

tegration nt other angles showed that the extinction coeffic­

ients of reflections at aifferent Lragg angles vary by only 

about 3;•• for 6D - 0.59 (corresponding to an of approxi­

mately 0.7).

Joteruin.at.ion of Lz^inction Correction

Oix hkO reflections were measured accurately using 

both the large crystal from which the data fox- the (001) pro­

jection '-.05 obtained, and a second crystal of siQallei' diameter 

wisich '.v-in assumed to produce no secondary extinction, ibis 

second crystal was 1 mm. in diameter oy 10 aims. in length, 

bo attempt was issue to shape the small crystal so it vae not 

a pex’fect cylinder. /

The ratio of the intensities of the diffraction peaks 

measured with the two crystals ir. given in Table i. pirrse 

ratios were plotted versus the into .sity measured uni ;g the 

large crystal (see rigux'e 4:5), the curve - ey,p(-l. 

:■■ lC-6i) was fitteu to the points. The extinction correction 

1/i. 5 io plotted versus I in Figure • .%.
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EXTINCTION CORRECTION



fable “. Ratio of the Intensities of Reflections .:a a.' . 
with a large end small crystal

Xi M

' 
I-’ X * Ratio l \r ?■ 

small

6 h 0 ?4.uP 20.9 21.1 I 0.6
12 4 o 43.3T ZZC • 2 20 • 1 1 0.3

6 6 0 28. 57.2 20.1 i 0.3
1. 0 0 27.^9 82 • o n - o + g a
4 1.0 0 V. "0° 117.0 18.6 ± 0.3

T ): A .lO O/O i 'y * n• > •L-r 0 —>> • u Q XL. M 'J • 4-

♦ I is the intensity me vSUi’bu using the 1 w
 I th
 

c’-
i 

H
' 1 i 1

The extinction correction for the second projection 

w-.c determined by comparing the intensities of the reflections 

which are common to the two rejections. Table II gives 

the ratio of the corrected intensities from the (001) pro­

jection to the unoorrected intensities from the (110) project­

ion. Jo systoinatic variation of these ration with intensity 

can be observed, so it was concluded that there "as a neglig­

ible amount of ertiaction -ith the second crystal.

The method of obtaining an extinction correction des­

cribed above can not bo regarded as totally satisfactory since 

it is based on the osnum--ti »n that there is nn extinction 

with the small crystal. This assum tlon could be tented by 

no . aria ; correcponding peaks from several different siaea 

of crystal, but this would be very time consuming. In future, 

it io hoped that extinction corrections can be determinej more 

satisfactorily by varying the path length of the neutrons in 

the crystal under study using a three circle goniometer (' illic, 

1961).



Table II. Ratio of the Intensities of the Reflect ions ’-Rich 
are common tn the (001) and (J 10) project lone

1* k 1 I v Bet lol

9 0 CO z 3,09
4 4 0 19 1.39
6 6 0 53 1.81
o 8 3 36 1.83

10 10 0 317 1.85
o 12 0 6 1.64

16 16 0 70 1.67

4 I is the corrected intensity measured. with the Hrgr> cry st o'
us ed for XXiO \ Oui / vrejection

t This is the ratio of the corrected Intensities from the 
(001) projection to the uncorrected Intensities fro?, the 
(110) projection.
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Annlyds of the Structure 

Assuming t.h?t the intensity of the incident br io 

unitv, the etructure footer or amplitude of the diffr-ctod 

beam fr?T p unit cell of ? crystal ir given by the expression

I'(hkl) - £ " r bre-n 2 TT1 (h"r + 'yv + lzr) (1)

'•here hkl - th'1 ‘’ll! er indices of the r^flcetin 1 pl r." 

b = the scattering length of the v th atom

’•r> y a " the AO'itinnaT narometer.n of the r th “ton 

expressed r.s fractions the corres ontling 

col 1 c ijens I ons

T = a factor Introduced by the thomnl notion of 

tne nto ..8

If the motion of tbo ?tojis io leotronlo 

Tr =• pyn (-a,. nln^/->?)

:'hore &r lo the teitraerature factor of the r th atom

Bv = 8 F Up-here Ujin tho mean ncuaro diHnl?c?mnnt of th? v th 

atom in the direction of the scattered vector (nee for e.vnmple, 

Jnwe? 1948 Ch.5). The dcneit.y of the eootterlng matcrtnl at n 

■'. oint (;•: {A) ’'Ithln ° vn.lt cell .'nay h<> ewLn term of 

the otxaintvr? factors os folio'’'’,
/□(•er;) =. J- >£$?(hkl) 2 TH (h';+kY+17,)] (2)
' Vc x K |

vhore Vt la the volume of the unit cell. Thus If the structure 

factors are kno^’n, one can solve the crystal structure through 

the une of the above equation.
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However, in a diffraction ex eriwent, one measures the 

integrated Intensity of the inflections rather than the 

structure factors. For the case where the crystal is rotated 

through a reflecting position, the integrated intensity or 

number of neutrons scattered la the -ragj reflection is re­

lated to the structure factors by

xiS - (ln7X | F I ) /a)sin 2w (3)

where I = the incident Intensity o
M - number of unit cells per unit volume 

co ~ trie angular velocity of rotation 

V = volume of specimen 

iztinctinn »nd nbcorption effects have been neglected. -jince 

the structure factor enters the expression fnr the integrated 

intensity na the square of its magnitude, one can determine 

its magnitude out not its phase. This io the essential prob­

lem in .solvia ; . crystal stxucturo.

It is usually more convenient to woxS: in two Hi.ensiono 

than in thr1’© during the initial stage, of a structure anal— 

ysls. /‘or the (001) projection, ecuationa 1 and 2 can ue 

rit t en

~ 4Tp br ex? 21Tl(h:1.+ Kyr) (4)

/O(XX) - 4 i s’(hicO) exp aiTKh . + Xi; (5)

irhei’e v is the area of the unit cell in projection.

If the projection has a centre of symmetry, the above e;— 

aensions can h© further simplified to
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- vhkG) — j 0 cos 21T(iiXy, ■+■ Ky_; (6)
Xi *• —

^(ax) - J. £ F(hkO) coc ZirChX + Kx} (7)
A h k

ihe struts lure factors in this case have no imaginary ■ part 

ana the problem of detexuining their phaseg io induced to 

the roblei.; of determining their signa (f or -).

'■c Jiffarence ■ .yutbesis

If the phases of the structure factor- '.'Ois morn, it 

■ould be pcs.- idle to obtain a yz-ojection of the crystal struc­

ture using equation 5 with the oba erven. structure factors Fn> 

anu hence to obtain the positional paramo tern of the atoms alr- 

oetly. in practice, tho usefulness of tnio methoa is limited 

.yj Vue false detiill arising from aiffx'action zings which 

poyeai’ arouna iiidiviaual atoms when only a finite number of 

terms is taken in the rouriei* scries. This effect is analo­

gous to the one obcervea when an object is viewed tiirougii a 

aieroscooe with a finite auerauure. The image of a point 

..'.ouroo will appear as a spot of finite width surroundea by a 

nuucar of diffraction rings of aecwenelng intensity and am\>- 

litulos whlc? ax-e alternately negative and positive. Ihie 

f .lee uet d.1 can be x^aucuu through tre uno of the uiffex^nce 

oyntheniri. ^uu,. o?e e re. Jaco F (n A) in equation > with the 

aiff ;rcno -o n Gkl) hr ..wean the- o'oeerved structuro factors 

and. aaleulatcd structure- factors based on a model of the ci'y- 

> cal i. <.xucuui‘c-. ia‘ inj.-' moct.'x uOvs not contain axl of tno 

atoms in the structure, then the resulting synthesis of
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wlV ohm: only thow .to watch "p-o not included. .Anos 

both a number 'f atom.-. an t their -ww'.o Wd diffract Lon rings 

do not ay ear in the ■>:■ •Jen* 1 m, the remain’tng atoms are better 

rornlved and Uvi ■..Averted than they -:oul bo in a con .into 

Fourier synthor-i ■. .AVorence aynthecec are pariAculurily 

uijpful for locating ate is with low ccat-tex'lag ox for

removing ths distortion uue to overla > it one in rejection.

The difference :ynthe.;is also ..lavi^on -a sensitive 

• .a ■■ o . fox* refining the positional and thcr-ial para. ot rs of 

th< atom ... If our mouwl cent al is all of the nuou:;, then ths 

v. 1 j . erenoe ?< ii «>;•. ■ j 1 .* ic ..enbC tme dl^. erence xn .- j .bwOG*i*7(j 

density >e?;een the true structure and our model, ana ch-.nges 

can be me to in t?;o ,?ar-‘ .inters to reduce thio residual acattcr- 

ing d'arfity.

.-ir-iin •: .-.nJ TP;, toro ' * :tox* .

'. o offox't m-'lr to -.obtain the ’'bnolutc values of 

th.e into tod la Vai-xtles of tie ? Iffr '.ctloa '•s.’ia, so that 

onjy th.e relotiv''' magnitudes of the atrueture f“-ctors * ere 

Lnown fro.i tie e? j er Lao nt'*-.? ci^tn. Those obsf'X'ved etructure 

f- ctors a-!* nc lol tn the e- "1 craWa th'i-uctuxe factors for 

the dlf^^rnnco eynthngr:: by multif-lyin.; o by /., ’’ric-re

“ I-cl al' t*‘e <v ’W to-'. er .ture factor J le in­

correct, or hr.G initially been tn .'>n equal to zero, tiien tuo 

above t A. od of scaling .’ill only ./Lv-r gooa igrweaeut Ween 

the otrnoturo factors for ’.eiilum angle reflections, the ratio 
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of F_ to Fn will either increase or decrease systematically 

with 0, depending on whether B is high or low. Since the ef­

fect of thermal motion on the structure factors is given by 

Tr= exp(-Brsin Q/%), the correction to be applied to B can 

be obtained from
K |F0| - | Fc | exp(-/\B sin2©/^) 

or ln(K |Fo|/|Fo|) - - A3 sin?9/^ 
i 2 2If lh(K|F0|/ |FC|) is plotted against sin~e/^ , the slope 

of the graph will give the required correction to B. Indiv­

idual temperature factors Br can be determined from the residue 

left in the difference synthesis about the point where the r th 

atom is located. This residue is compared with the differences 

between calculated peak shapes obtained using the appropriate 

scattering length and different values of the temperature fac­

tor.

Least Squares Refinement

The difference synthesis is a good heuristic technique 

of refinement since the effect of parameter changes can be 

followed closely, but the method is cumbersome in three dimen­

sions and takes no account of the differing accuracies of the 

observed structure factors. If the Fo’s are normally dis­

tributed about their true values, then the best atomic para­
meters are those which minimize Rz - £ W (hkl) (F0-Fc) 

where the weight v is inversely proportional to the sauare of 

the probable error of the corresponding Fo. Let u^, u?, —un
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be the n parameters occuring in F_ * hose values are to be 

determined, Jhen K’ is a minimum o(J-b 2» —n>-

The parameters must he chosen to satisfy these n conditions, 

Suppose wq otart with n set of trial parameters close tn the 

correct set but differing from them by th© amounts €• . o
We can define A (U j f € j ) = H ( u j F ( Uj)

"hore Vc/^u^ - ^Fc(uj+e^/iUj
Therefore R’ - £ W [A u: - &(u- + €:)V

”na r«/°!
iF‘/»ui£j} iF‘4u; =o

From these n simultaneous equations, the values of can be 

calculated. .-Jince n is often of th© ord^r of 100, a large 

digital com utor is needed to solve the equations.

Refinement of (001) Projection of Petrolite

The (001) projection of natrolite han a centre of sym­

metry and belongs to the plane group pgs. In this projection, 

o’ = a/2 and b’ - b/2, and application of the symmetry oper­

ators reduces the structure factors to the for.i

A = 4 cos 2 7Tb x cos 2 IT ': y 3=0 h + k = 2n

zi - -4 sin 21Fh x sin 2 IT •; y 3 =0 h 1 k = 2n + I

where 1/ b^A and j1- XTt br3 are the real and

imaginary components of the structure factors. /Also the 

Fourier transform of t?)e structure factors becomes 
I r- H ’ **» oo Ke 2n

z? (7>Y) =4- Li (30) + 2(^h F(hO)oos2lihX F(OKj.;Oc2n ) 
t0 oo h*K*Sb*l

+ r/hi<)c<>$mxc<>smy-^<!< HhKjsiniTrhxsin auky]
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structure factors and were calculated using the

Bendix GI50 computer.

Refino.iient of the projection was conducted in the 

manner deecrioed previously. Figure 5;1 shows the initial 

difference synthesis with the two hydrogen atoms clearly 

shown 'ey two large negative peaks. The reliability index 
•iven by n a ^unj 26.0/ at this stage. Reflections 

£ I Fc I 
whose intensities were not significantly greater than the 

background intensity wore neglected. In Table 1 are listed 

the parameters used in this and subsequent syntheses. For 

second synthesis, a hydrogen atom was placed in the model 

structure at tho position indicated by the larger negative 

peakloee Figure 5:2). Blnoe the temperature factor chosen for 

thia ato.ii won too low, a positive peak remained when the hydro­

gen atom woe subtracted out. Aajuatmento to other temperature 

factor's were made as indicated in Table 1. The second hydro­

gen atom ”32 Included in the model used to obtain the third 

synthcoi.i aho*'n in Figure 5:3« Further adjustment of the in- 

aivluunl ana overall temperature factors gave the final differ­

ence synthesis shown Ln ’-igure $:4. The reliability index at 

this stage in the refinement was 8.2; . The signs asooci ted 

with the calculated structure factors -cere np lied to tho nb- 

norvod ctructuro factors to obtain the Fourier synthesis oho^n 

in figure 5:5. A difference synthesis sho:’ing onl;. tine hydro­

gen atoms la given in Figure 5*6.
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Table • - era niters from refin

* editions! r

Ml Jift'ex'onae </ntho

emcnt of (0>l) projection

?a'''.meterEs

sea Least

j.

jquares

II

'S % 0
0 0

0
0

’ir zo
“2

• . 306
.422

.3076 

.4211
. 3076 
.4211

Al
y^

.075

.187
• •) 7^ 8 
.1874

.0746

. ] 87°

^4
.045 
.137

.0460 

.1364
.0461 
. Ij64

/ •r c
^5

. 14].

. 365
. 14j 5
. ?64o

. 1405

. 364o

(x
^6

,107 
.06'

.1^62 

.0697
.1962 
• 0697

i? .413
.305

.4131

.3057
.4131
. 3058

nX Xq
y3

• 360 
. 454

.360 3 
«4349

. 86O 8 

.4550
v‘
TL XQ

Yr ^379 .1126 
. 3774

.1126

. 3776

Na r',n .442
.061

.4446

.;Jcl2
. 4447 
.0611

i:l X11 
^-1

1 na*
^28^ .1020

.2902
.1023
.2905

1 ? 'fl? .20 01 
. 3?0

. 2029
• 3753

.2033 _

. 3768

* “2 ' 
T Hi i

as not 
ms not

inoluueu until tne 
included until the

thira uiffex-enue synthesis 
second difference syntheels
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Table 1 (continued)

.1 xioriuu j. huaueiiGrs

lirfei'enoe uyntliCEils Least bquai'es
cormsoond to

Figure 5;2 Figure 5;9 figure 5:4 I il
K» 23.7/ R= 15.1/ Ft? 3.2/ -^7.79 1^7.6^

1.0 1.0 0.9 0 • 48 0.51
1.0 . 0.0 0.9 0.7 0.64 •0.65
1.0 A --V 0.8 0.75 j .So
1.3 13 1 . 3 1.4 3.37 1,40
T' 1 2 1 0 0.8 0 • 4 y h 0•J • -r 4.
1.3 1’3 1.3 0.9 0.7l> 0.7?

1.2 n) 0.9 0.76 0 • 74
1* 3 1.4 1.1 1.22 1.25
1.3 K3 1.3 1.72 l.?6
1.3 17 1.3 1.1 1.33 1.36

—. 1.7 3*11 3.00
— 1.3 n n 3.56 3.59
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figure 7:5

Fourier /yntheeis of (001) .rejection

(contours arc double the interval of those in the previous

figures)





.igure 5:6

-rojecuiou of g, ana

{contour2 vi name interval ia figure 5:5)
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For atoms surrounding ( .
X_a' = a7a 4- Xa cos* - $ b sin*

Z = Z +

General positions:
X 2 -> X+ Z -t, % + ^+2 -X-? z4 +2

"X $ 2 X+ Z Zy + Xj^-^j^+Z-"7 z^+X.^^+z 

b'ote that onoh atom appears twice in this projection.

Application of the symmetry operators in this projec­

tion reduces the structure factors to the form

A - 4 cos 2 Th x cob 2 II 2:

3 - 4 con 27Th x ain
h + JI = ^'n

A - B = 0 h + -J s2n+|
ana the Fourier transform of the structure factors becomes

= ac Ef^°) + HfhVF(ho)| cos ifky

+ cosiHhXcos + 6(h-P) cos iirPx sinMte)]
I I J

rrogmins were written for t’ne Bendix G15D computer to calculate 

tooth of these aeries nc well as to calculate the quantities:
Fc = A'^+o'1, Ao = Ae %, Bo = BcS^ f Fo-Fc, Ao- Ac, Bo-Bc

The atomic coordinates in the monoclinic cell ’-eye

calculated from Geier’a X-ray results for all the ntomc except 

the hydrogens, and are listed in Table 2, along t/ith the 

■jaraxueters for other cycles. These calculated parnmeterG 

along with the temperature factors obtained from the final 

difference synthecis foxj the (110) projection t;ere used as the 

input for fne first difference synthesis. The positions of 
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the hydrogen atoms -.re not well defined, in thl'7 projection as 

can be seen Figure 5 J 7. For the second synthecio, the 

X coordinates of tne hydrogens '..’ere calculated from the results 

of the other projection and the Z coordinates "ere .average 

values taken from the two pair of hydrogen atoms. Hydrogen 

atoms one ana three, ana two and four should ba separated by 

c/4. hefineaent of the temperature factors was carried out 

in tx;o further syntheses, the last of which is shown in 

Figure 5:8. The final reliabi?-ity index was 9.0/, not includ­

ing reflections for which FQ ~0.

An attempt to comolete the refinement of the parawetero 

using the least-squares program was unsuccessful owing to the 

large amount of over La . between the atoms.

Three jiiaonf.ional Analyr.in

As the final stage in the analysis, the data for the 

two orojoctione was combined and a three dimensional least- 

squares refinement was carried out. x and y coord Ln at os fron 

the least-scuaren refinement of the (001) projection and 

z coordinates from the (110) projection were used as the input 

foij the first cycle of refinement in three diaenr.ion. The 

second cycle of refinement reduced it to 7»7t and produced no 

significant changes in the parameters. Ilie final parameters 

and theix* standaru deviations calculated fro.a the lcnct-squarea 

totals are listed, in Table 3 nlon.j with the final yai'ameters 

obtained by Meier. These parameters were used to calculate
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Table 2. ^-ir meters from refinement of (110) pr:ijooti

a b. .

Z1
0
0

0
0

Oki

hl 'Q
U
O

3̂ M
 ]

• 1343 
.4 77

di, *

z2
• 5
.25

.50

.25
Ou.’ 7-2 

“12 .2497
. Of- c? 
. 2467

-^n
7 3

.0530

. 3681
. 0 504
. 3720

0|V A1 0. a "
13

.0537 

.4 ■ z

r-t Cx 
0V

?a 
a

'4 
z4

.1356 

. 11c 1
.1356 
.1220

Ow* 914
s14

.1411
• 2166

.’-393

. ’219
e 1 4AX

95 r
• <560
. 3'19 .’<20

Oy t;15 
"15

.4o?l 

. 38 60
.4072 
. 3'328

Al ‘
96 
" G

’ 11 IT : 1120 Oy 1 z16 
416

.0473

.1360
.0398
.3 328

■ 1
z„ <

.4'190 
• 3594

.4.95 

.3595
0VJ J17

17
.•^57 
.1085

.2433 

.1045
0, • :<n 

Zp
.4544
. 1094

.4563

.1095 „is
-18

.3671 

.3585
. 3711
. 3545

°ll XQ 
zn

.1120

. 3511
.1073
. 3454

ha X1 n
ZTO

• 1903
. 3626 .1951 

. 3658
°u ’ ^0 

‘10
.2.472
.1011

.2505
• 0954 ? 20 

'■'20
. 2487 
.1120

7437

a - ^^rameters calculated from x-ray results (.ioler, I960) 
b - 1-arametcrs calculated from final neutron results
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Taele 2 (continued)

Uoiupnrison of hydrogen stow coordinates obtained from 

difference synthooia dl, und from final three dimensional 

least-squares refinement.

_?iffepence jy nthe6i Least uauares

H| — u 
s*i

.19^5 

.0^33
. 1940 
.0262

-Jn orx St
r*
" as

. 2850 

.1700
.2381
.1740

•- in *11

•• S3

.4065

.2933
.4104
.2782

' IV
Zxy

.4150

.4200
.4181
.4240



Table 2 (continued) Therms:1 parameters 3 (in 9 2^ 
/

• j . D. 3. ' p j. A ■ 3 o. :. ;? 4 ilnal 3-j. 1.3.

31. 0.9 0.8
0.8

1.0
0.9

0.47

0i|| 0.7 0.5
0.5

0.7
0.5

0.59

Al 0.3 0.5
0.5

0.7
0.5

0.50

0, 1.4 1.0
0.9

1.0
0.7

1.07

°u 0*8 0.6
0.6

0.6
0.6

0.30

Out 0.9 0.9
0.9

1.2
1.1

0.90

0w o.9 0.7
0.7

1.0
0.8

0.89

ov 1.1 C
M C

M 
• 

• 
r~! H

C
M Cl 
o 

•

1.08

' VI 2.0 2.3
2.3 N

> W
 

kJ
V) l.?8

Na 1.1 1.2
0.8

1.5
0.8

1.12

H1 312 2.7 9aQ ✓ M
 

03

V
•2 3.2 2.5 2.7

3 2.8 1.9 1.8 3.73

K4 2.8 2.3 2.3



Figure 5:7

iffGronc-e iynthesin '1

(110) ?roj eot1on

Contour” represent relative neutron nonttei-ing density only.
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i inal •q’g which are Hated in Table along with the observed 

structui‘Q factors. 1 Inaos from the fin al structure 'factors 

vers applied to the observed structure factors for the (110)- 

frejection to obtain the Fourier projections shown in Figure 5:9. 

The final Fourier 'projection for the (001) projection ’rill be 

almost Identical with the projection s!m in Figure 5:5 since 

only two structure factors of small magnitude have final signs 

which are uiffaront fx'o.n those used to calculate yb(XY) for 

the projection.
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Tabi >' 3. Fin -tl ar-Tae tepH

A ti oi u
: Inal ‘ht, 
(with at

Oul 
and

a eoru' 
de

7____

ainntc?
viations) val­

ue?
in ?/

0orrr\r:« 
given b;

Zv

mJinj goo
/ Heier (1

.7

rJin.?, ten 
960)

7

val
ues

in ft

A, \ / 0 ) J. 47 0 VJ 0 1.07
Gin 0.1542 

(0 • 0uU4) (0
2111
9 ’93)

9 • 6?.? j 
(0•oo?5)

0.59 (o Loon?) 0.2112 
(0.0002)

0.6131
(0.0010)

1.00

• >• . t. , J.0373 
•10.0004)

0
(0

0944
0004)

0.6120 
(0.0024)

0.50 0•^^7^ 
(0.300?)

0.0936
U.GO ;2)

0.6119 
(3.0011)

1.12

C, 0.0230 
(0.9003)

0 
(3

0633 
3003)

0.3595 
(0.0024)

1.07 0.0227
(0.0004)

O.O6;3? 
(3.0094)

0.3594 
(0.0024)

1.31

• *
11 0.3703 

(3.0 3 3 3)
9 

(0
n 8?i
) )02)

,0.5954
(3.0023)

u • 3U 0.0704 
(0.0004)

n 0 ? 8?4 
(. 0 00 3 /

0.6011 
(0.3323)

1.10

'.0980 
(0.1303)

0 
(0

■0251 
0002)

0.496? 
(9.0023)

0.90 0.0c86
(0.0004)

-*'*?!■**
(>.ooo4)

0.4997 
( >.0920)

1.55

^|V ■3.2066 
(•'. A0 3)

0
(0

1530
9903)

0.7219 
(0.3023)

0.89 0.2063
(0.0002)

0.1526 
(O.OOOA)

0.7166 
(0.0022)

1.24

* V 3.1804
( 3.0 393) (0

“275
0003)

0.'328 
(0.0022)

1.33 0.1799 
(0.3002)

0.22?2 
(3.0004)

0958oO 
(9<90?0)

1.8?

VI 0.0562 
(o.u004)

0
(0

1894
0004)

3.1045
(0 o9028}

1.78 0.0564 
(0.0005)

O.IS93 
(0.0 304)

0.1085 
(0.0038)

?.5O

Ja 3.2216 
(0,0004) (0

0 311
0004)

0.'15r 
(0.0037)

-L • .L^'. 0.2203
(0.0003) (0.3002)

.10 120
(0.0016)

2.00

rU » 0.0513
0.300?)

0 144 3
300 S)

0.3232 
(0.3032)

p a 3

-5p 0.1312 
(0.0007)

0 
(0

138 3 
0008)

0.1740 
(3.0041)

3.73
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'Able b (continued)

;• A 1 r’o ‘ 0 h k 1 Fn Fc
9 14 D 1089 10 '4 6 22 0 553 6?7

14 0 1773 1334 8 22 0 461 505
14 0 10 22 0 447 384
14 0 '763 "724 12 22 0 139 181

; 5 14 0 76. ■ 830 14 22 0 354 163
1? 14 0 1550 1544 16 22 0 435 529
14 14 0 1^8 191 18 22 0 472 465
16 14 0 321 363 0C-- 24 0 J 183
IB 14 0 1070 919 4 24 0 872 781
20 14 0 853 854 6 24 0 374 ’86
22 14 0 850 815 8 24 0 1760 1806

2 16 0 5'1 644 10 24 0 1? 33 13 38
4 16 0 1140 1075 12 24 0 618 565
6 16 0 130 172 14 24 0 483 4’1
8 16 0 264 186 16 24 0 1 139 1126

10 16 0 1338 3386 9 26 0 336 449
1? 16 0 910 . 877 4 26 0 616 636
Th 16 0 478 581 6 26 0 242 236
16 16 0 2740 265? 8 26 0 583 523
18 16 0 968 942 28 0 4?0 431
20 16 0 14A? 1242 28 0 377 304
22 16 0 369 160 G 28 0 635 677
24 16 0 551 710 Q 28 0 804 679

2 18 0 208 257 1 1 1 1431 1454
4 18 0 1780 1712 3 1 451 407
6 18 0 1762 1848 5 5 1 182 958 13 0 1092 1103 7 7 1 1143 1107

10 13 0 137 301 0 9 3. 1474 1384
12 18 0 336 366 11 11 1 1477 1476
14 18 0 40? 377 13 13 1 1254 1335
16 18 0 35^ 404 15 15 1 1097 1048
18 18 0 263 939 37 17 3. 14’4 1351
20 18 0 342 353 19 19 1 714 675

2 20 0 814 376 ’1 21 1 33 353
4 20 0 357 530 •1 7 2 9c 6 879
6 20 0 409 646 4 4 2 1971 1900
fl 20 0 612 679 6 6 2 405 400

io 20 0 10’8 1085 8 8 2 1738 1641
12 20 0 1081 1077 10 10 2 2574 2.661
14 20 0 60 0 595 . 12 12 2 45° 2?t
16 20 0 139 401 14 14 2 850 774
18 20 0 544 606 16 16 2 896 70S
20 20 0 1300 18 36 18 18 2 1363 1291

2 22 0 1038 059 20 20 2 293 300
4 p 9 0 135 24 22 22 2 426 317



81.

Table 4 (continued)

> 1 'o vo
1 1 3 1043 107?o 3 1271 I273
5 5 3 10 37 1076
7 7 a 331 177o 9 3 160 54

li 11 a 1089 998
i? 13 a 391 502
15 15 3 277 341
17 17 '* 1626 I63?
19 19 3 944 1010
n 21 3 855 807

0 0 4 3? 34 3321
2 2 4 390 848
4 4 Zj. 319
6 6 4 2286 2 J? 4*1
8 8 4 920 931

10 10 4 616 495
12 12 4 282 318
14 14 4 2133 2221
16 16 4 483 467
18 18 090 .• - - z 805
20 20 4 885 0 35

1 1 5 402 5'00
3 *5 5 597 528
5 5 5 1613 1531
7 7 5 2.47 240
9 9 5 573 661

11 11 5 288 145
13 13 5 1032 994
15 15 5 611 594
17 17 5 105';. 90 8
19 19 5 858 654

2 2 6 1197 1138
4 4 6 2354 2395
6 6 6 451 429
8 8 6 5?4 4?9

10 10 6 2104 1996
12 12 6 1029 1031
14 1.4 6 500 604
16 16 6 950 8^4
18 18 6 793 772

1 1 7 600 458
3 o > 7 687 679
5 5 7 410 376
7 7 7 217 327

h k 1 f'o " c
r 0 7 722 697

11 11 7 1173 105°
13 13 7 774 7 <4
15 15 7 787 302
17 17 7 956 860

0 0 3 4955 5094
2 2 8 1026 1056
4 4 8 586 600
6 6 8 1281 1304
8 8 8 83° 871

10 10 3 1430 1441
1? 12 8 47 -■ 53:<i
14 14 s 23r; 6?0

1 1 9 929 10 ’3
3 Q 9 519 471
5 5 z 2?4 314
7 7 0 

J 790 7700 0 
J 0 1569 1513

11 11 n 137? 1 304
13 13 950 9P2

2 10 1110 1127
4 4 10 635 793
6 6 10 546 533
8 8 10 155^ 1586

10 10 10 1129 966
1 1 11 470 386
3 3 11 456 606



Chnnter VI

A is cur. si on of Sosuits

The n 'mrysont bet’roon the oh'snx'vnd nnd mlcnl ntcu 

structure fn.otom listed In Table & is nenerally unite ’ood. 

Th« avny-ge value of 15b - ^cl io th me tiraoa the e.ott noted 

standard deviation of based on counting statistics nlna®, 

rut this ie to be er ect*d in vlo" of certain experimental 

errors, and the difficulty in obtaining aoourate cori-ections 

for extinction end background effect”. One of the eyseri— 

mental. errors in duo to the A/2 ?nraa>onent of tly neutron bn am. 

Thin coroonent is knovn to be lean then o./f of the onnnon- 

ent, but if a at yon ; reflection due to the 71/2 aomnonent in 

suooris’ipmnd on n •■eok reflection due to the /(noirioon^rt n 

lo.r‘e error '’ill ynevlt. The d”flet-noy In the method used

to correct for extinction hn>' teen dlaausaod enrli”?. In the 
r

of the back :ro’in<’, the d tfflovlty in obtainin ': ''.oavr'trt 

cov-mctlone ■'ria^c Deoause it is not hno' n ho” the inoi ■ ctio 

nc’>tt^rtn.* no''.s ’■■'» under the yefient 1 on du” tn its

coAior^nt co •■nonent.

T’lr. P5nr,l n.t” jlc '‘norAin tea nl.talned min,-' ‘■■.—r"7"

"n-1 neutron Conner d in Tihl.e 3. **hilv tlirco of the noi» 

itionnl MwvnotftrD differ by mom than t'-ice the larger nf 

the t’‘o e’tl eted standard deviations. These difference 

82.



83

may be significant but they ao not alter the details of the 

crystal structure as discusfea by .tier (I960).

all of the temperature factors obtained using neutrons 

are muca lover than th? ann-cs.onalng values obtained using 

X-rays. ..Ince film techniques •••ere ur.ea with h-rayo, *nd 

counter techniques ; ere used with neutrons, a eyBtematie dif- 

ference in the values of obtained might be expected. The 

ratio of trie determined from the two sets of temperature 

factors ft r an intezuedi&tc value of 6 is constant enough to 

confirm the fact that the aifferenun is mainly systematic.

The average ter-era cure factor in .also lover than tho 

average values quoted for dallax- structures detez^innd using 

neutron uif fraction and counting techniques. This differ­

ence can likely bo attributed to the difficulty in obtaining 

accurate corrections for background and extinction effects as 

discussed earlier, 

siaesq. !?:; •< ..?. t.-g-dure

The neutron diffraction results confirm tho details 

of the nluminosilicate framevork as given by Icier. The 

average interatomic distances of 1.62 ft fox* the .ui - G bond 

and 1.75 ft Al - 0 bond remain unchanged.

i rom a coa^iG.eratl m of both the interatomic uist mce 

bet .son th? "’ater aoloculo and the surrounding oxygen atoms 

in the frame; orh, and the electrostatic charge distribution, 

i.cler suggested that the watez* aolecuxe is linked to < , and 0*
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by hydrogen bonds, The “cention of th-^ hydrojen . tamr. in­

dicated. in Figure 5:' shows that this suggestion correct. 

T - bio 5 Hets the hen? Ir-njths ana any? nssociatoc "ith 

th'- vnter molecule, an-' 'Ipura 6:1. illustrates the configura­

tion of the molecule. The o:.yjsns '.re llnh-nd by bent hydro- 

pn bonds, with the hydrogens lying aLmost in the 'V.'-O lane.

Pond Lengths

Table 5. bond Lengths ■•?<. Angles fox- tho '.•.t'-./ lolecule In
_________Hatred ite,________________ ______ ________ _

:^VI “ ' 1 2.84

2.34

t 0.03
i^Qli '

O^i - uv 3.01
2^96

°VI - 0.98 * 0,02 Gv( — hp 0.97-

h, - 0t 1.87 ± 0.02 H*> •• 0 v 2.13

1 - 4 - •1.56 0.03

Bona Alt >10 3

°i ■ VI “ v 1.36-.2' ° I*
1 Ws r '• 0

H1 ■ f ■■- VI ” 7 16?19 °

n, .- H| - Oyj 163.oo

■>.i x. £x_- 154.?°
•■ - this thesi- 
c - i icier (1^0) 
e — / {hnevich al (19'61)

0?

Several neutron diffraction studies of hydrated com­

pounds have emphasi«ed the oonnta.ncy of ahnne nf the ••ntor 

molecule. The hydrogen bonds are bent in oilier to maintain 

a tetrahedral angle of about 109° for the II - - - 9 nn^'le.
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Figure 6:1. Hydrogen bonds in natrolite.

Table 6 summarizes the available information about bond 

angles in hydrates by comparing the .1 - 0 - E angle in the 

water molecule -'ith the environmental angle 0-0-0 which 

the neighbouring oxygen atoms subtend at the centre of the 

■'.’atei’ molecule. GuSO^. 5bT2° ^e only crystal studied 

•■hich has 0-0-0 angles which are significantly greater 

than the tetrahedral angle. The results of Bacon and Curry 

for this crystal show that the water molecule resists 

attempts to ooen out the H - 0 - H angle as effectively as 

it resists closing-up. In natrolite, the 0-0-0 angle is 

even greater than the similar angles in copper sulphate, so 

that the almost tetrahedral angle obtained for the water mole­

cule is a more pronounced example of the way In which the 

molecule maintains its favoured shape in spite of an environ­

ment '’hich attempts to open out the H - 0 - H angle.
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Taele 6. .onu .angles In hydrates

•jUbetunce Angle

“his thenin

}; — /j t4 •c “• IJ

j ice
leterecn and Lovy (195?p)

’ L°.W / J. > -*•

ion.9 • 1/lb’^®

-aeon anu (195^)
107 0 11^0

L-Z /v • - 1 J / / J 0 - 1 1 K J
. _ J°Cr)

;. ...oon C' x* l .Ly 2^^

103° 
lo?°

0
' '^7 

102°

K •' • -- i 1 « a f 
(195^)

X 0 
i'ju

... 01 *'•

■3u 11,.?' t-
. 0tex-son and i lly5r'->)

108°

.to J i a nd Hv.ndlri (IS 5^)
z O

i. jL

Cv:J0*.5Ktn
-. CICO:\. '11151 \ * I (.L )

1.11® 
106 0 
109 0

121°
122°
199 0

• 1 A* 13 10 • '- 1 10 c °

A coramrlnon of the available 0 - A and f - !i —0 bond 

low-ths indicates that ther^ is a clo r»n r^l^tipn^hi^ betv^en 

thorn* An the 0 - H —distance clcorer.a^n, the A - K dintnnoe 

incranson, -'or lar ;r o - H —-0 distances, the hydrogen ntom 

r^;nalnn connected vith the ”otor biniecu^.^, bvt an

this distance in d^cren.;ed, the hydrogen atom is shared by th^ 

tro oxy^enc. Atoji and -unalo,(1958)>have compared the V*o
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”id lengths for iievcm! crystal •.

Iha hydrogen bonus in n-trolite 'ire of th? long xintl* 

hex'efoi'e, t o eyuect the 0 - n distances ’to be short, ana 

hie its indeed. the case. Iha lengths of 0.94 ft nna0.>8 ft 

iR not significantly different from the vdlue found for 

rec vater iiolcculcs in nte i...

1. 'he details -if th' aluminosilicate I'm.... <i.l in 

natrolite co determined from the •i-outr-on diffraction 

cite. '\ jree it.s v.“.ose previously usterr'i-inea KX'om

•■—r : j .lit'. >

. Fhe hyarogan oo-'i.t link the ■"ster -koleculc- to 

*.ii. i y.

'i'iis ’ -.tor .uoleoalc- resists atteu >ts nf the larjo 

eavironucat .'' angle C - C - c to open the - - ;!

angle.

4. the C- ■ 11 stances in the a,:’ter molecule ore short 

in lag ■ 1th th? long C - ' —•.? diet uiCC.l.
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- uodifioations to ^pectrojonloiaster 

The diffractometer is a standard --oneral '.lectric 

wr- X-ray opootrosonioueter moaified so that it can scan in 

steps as veil as continuously. The direct ariv1 of the 

stana-ara instrument vac replaced by a slip clutch, ana the 

motion of the driven siuc of the clutch is controlleu by a 

solenoid activated locking pin. The driven aide of the 

clutch can to locked in position at the end of every revolution 

(one revolution corresponds to a counter movement of 1 minute 

of arc) so that the via ch of each step in n conn can be con­

trolled by varying iuo length of time that the solenoid is 

o^erntin^. this o/eratinj time is controlled by the cathode 

coupled .aonoatnble u..ltlviLratox, shorn in Figure Ail, hich 

a Horn th-? instrument to scan in steps of 1 to 6 minutes of 

arc when a 100 r.p.m. di’ive motor is used.

. > / •a^-1? 1 - ucccription of Crystal .’ri enter

The crystal orienter is a co.y of the one desi-sned by 

e.cvy and retc-rson at the Can Xiarc national Laboratoi’y (see 

dar-rstt, 1754). it io jiade u? of seventeen stacked rla^s 

forming a drum, a drive motor located at the 'coco of th.o 

orienter, o...oratos turoUuh a alia clutch and turna the droit 

about its a. is. hen one of the lu;: connected to a oh ring 

.dakes contact with a steel finjer, the drum is held in place. 

The finder can be lined u.' ’. ith each rlnj in turn by activat­

ing a solenoid connected to the? finder. In this ”cy, the arum



STEP SCAN

CONTROL CIRCUIT

F I G URL A . I
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■nA tho cr/otnl mounted on it can be oriented nut oinat ioally 

in seventeen predetermined positions, The drum eon also be 

orienteu manually ucinj a i ox.a gear located at the bane of 

ths uruu.

:. r - Counter Type .•..•.-29

The fl counter, supplied by tho compere!'ll products 

division of Atomic Sner.5y of Ganadr. Ltd., lc a oylinuer 13 in- 

cheo in lenjth by 1 inch in diaaie ;ex- f illed to eO cm. of 
i0, y. pressure v-ith i.1 j enriched to cv-x- 90/- in ‘ (see • o - 

l*r and Tunnicliffe, 1*59)• The active length of the cylinder 

is 6 inches, and this gives a sen:itivity of a;»w.i.ritely 

5 h- fox- axially direetes neutrons. Figure 3:5 shoe- the pulse 

uli'it ri cut ion cux've fox' counter yl. --tray neutronx .x*n ore— 

vented irora ent rlaj the slue of the counts*- by o 2 inch thich 

shield of boron carbide in _,nr\ffin.

The cathoue folio xr ui*-n:n in l igux e c: I is ^ttnoh^'l 

uii'ectly to the 'Gael of the count' r and cou loo trie 

count"i" to the ’ c;llfyinj oix nuito.

Ap ■ ; - i luslon dount ?x- ’•.yxo F TJ - 2/90 .10

The fleoion counter, also ou lied by the coeni-srci'Al 

..•r-oductn di vision of • toruio 'n< rpy of dannua Atu., la a lane— 

. arallol~:;latc type (seo ..clenuie, 1959). ^neh plate of the 

counter is oo!;.tod vith a 1.5" uiradeler- circle of uranium enrioh- 

eu in u to Aivo nn efficiency of 0,13>- for the detection of 

theraal neutrons. The .ul.ee distribution curve fox' thin counter
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is ehc-n in i’ijure j:7.
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