
A PRECISION STUDY OF TIIE I,IOLYBDElW,;;,1 AliD TU1iGSTEN Kc;. 1 X...RAY LilOO• 

. .:\ND A ME.ASUREME11T OF '1'l1E REFLECTIUG PROPERTIES 

OF' THE (510) PLANES OF Q.UA.~ZJ 

BY THE MBTHOD 

00' TllB 'lNO CRYSTAL X-RAY SPECTROYETBa 

Thesis by 

William Junius West 

1n Partial Fulfillment of the Requirements 

For the Degree of 

Doo·t;or or Philosophy 

Ce.J.ifcr-nia :Uisti tute of Technology 

?a.ac.dona, California 

1948 



ACKMO\H.EDGMENTS 

The sueoess in achieving the high accuracy of the measurements 

obtained in this study was made possible by the high precision two oryatal 

x-ray speotrometer designed and. built by Professor J. Vi. M. DuMond 

assisted by Mr. Douglas Marlow.-

It is with g;reat preasure thB.t I e.okriowledga my indebtedness to 

.Professor DuMond i'or his adviae e.nd guide.nee on many ot--the experimental 

techniques developed in 'this study. I appr~oiate his interest and his 

sug1;estion of' this thesis topic and the opportunity it he.a given me or 

asaooiatini; with him. 

Mr• Leon Shsnfil assisted in obtaining part of the experimental data. 



ABSTRACT 

Using a pr~cision t-«o crystal x-ra.y apeotrorooter II the Ki:><, lines of' 

molybdenum. and tungsten ar..d the (310) planes of quartz were stud i ed 

primarily for the purpose of oalibrating the ourved . 0r"Jste.1 e;81i'n'na r ay 

spectrometer, designed and built by J. w. M. DuMond• so as to holp provide 

a precision linkage between the glllml'!l8. snd »arny rogions. Absolute 

dete I·minationa of the Bragg angle, for MoKtA1 and 1'1Xc,. 1 r-eflected f'r0111 the 
/ 

(310) planes ot quarts are d&ecribed. These wsre undeJ'te.ken (1) to 

standardize the' tungswn K apeotrum with higher acouraoy in terms of the 

Siegbahn x,.re.y soale of wavelengths, and (2) to yield on this soale e. 

preoiaion determination of the grating oonatent of tha quarts (310) planas. 

The wa~elength for tho VfK o1. 1 line \11'8.S found to be 

~Koli . = 208~675 ± 0.008 x.u. (Siegbahn s.oa.le) 

The grating oonetQ.nt of the quarts (310) planes was determined aa 

d18o = 1171.637 ± 0.020 x.u. (Siegbahn scale) 

The reflecting properties or the ( 310) planes. of quartz in the 

unstreo·sed oondi tian were measured experimentally in the wavelength 

range 0.1231 ~ ~~ o.11oi and a ompn~ison made to the NWlts oaloulated 

trC111 tho theoretical diffraction patterns for the partioular quartz orystals 

used. It was found that the integrated retl.eoting power did not deoree.se 

with the first power or the v1e.velength (as predioted by theory). but to a 

power slightly lese than unity'. This result differs .fran the work er 

Da.vid A. Lind who found that the integrated reflecting power deoreased a.a 

>.,,2 for an identioal quartz plat• to the ones used here, but in the 

streued condition a.a found in the curved crystal spectranetor. • 

'l'he devslopsnent ot' Q xenon filled Geiger oounter is presantod. This 

ootmter W&.s used as ta highly eft'ioient d.etector of' the x-rays. 
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PART I 

INTRODUCTION 

The accuracy of a curved crystal focussing spectrometer is de• 

termined, 1n part, by the aocuraoy of "the wavelength .standard used 

to calibrate the instrument, or the grating oonatant of the or-1stal 

plane■ used. Generally both are desired. 

The two meter curved orystal focussing spectrometer designed 

8Ild built by J. w. M. DuKond(l) for~uae in the gamma ray rezion employs 

the (310) planes of quarts. fheae quartz planes· are t hree 1nohes 

square and 1 an thick,- they were chosen because of their strength, 

and because their (310) planes havemodere.tely ~ood reflecting power 
0 

·and a lattice spaoing ot only 1.177.A. This small spacing gives large 

disperdon, which is desirable when the spectrometer is used in the . 

gaimna ray region. Because or the large dispersion it is not mechan­

ically desirable to build the instrument .large enough to include the 

Jloloc. 1 line, which ia veey accurately known, for a wavelength standard. 

The WKo< 1 line is uaed instead. 

This study is concerned with (1) an accurate determination of 

the WK°' 1 line and the ( 310) grating spa~ing ot que.rt1 f <'!r calibrating 

the curTed oryatal g&m1I1.a ra.y apeotrometers and (2) a measurement of 

the properties of the diffraction pattern from the (310) planes ot 
0 

quartz (in the unstressed oondition) 1n the nvelength range 0.123A~ 

0 
~~ o.710A. The reflecting power or a crystal in important when the 

problem of intensities is oonsidend tor the curved oeys_tal spectrom­

eter used 1n the gamma ray region. These quartities .are determined 

by the method 0£ the two crystal x-ray apeotrometer. The cr;stal 



plate• tested are presumably identical to tho ones used in ths gamma . 

ray epeotromBter. having been cut from the same blook of quartz .. 

Tha reflaoting power vs. ~ of one or the plates haa bean ~eaeured 

by David A. Lind.( 2 ) in the stressed condition as round in th~ curved 

crystal speotrometer. The reflecting power vs. ~ studied here is 

to give additional information to the curved crystal study to help 
/ 

-✓ 

determine whether or not the meohanism of reflection is altered when 

the crystal is ourved. 

Pe.rt II will treat the theory of reflection fl'clm plane. unstressed• 

perfect crystal•• and also plane. unstressed orystale with one dis­

order. the mosaic crystals this is uaually the most important type 

of disorder. 

Part III will treat the theorJ of the two ery-stal x-ray epeotrom­

eter. As will be shown there. it is impossible• with the method used• 

to obtain the single orysta.l d1.£:rraotion pattem from the result ot 

the two crystal -x,.ray epeotrometer. The method will be to use the 

thaoretioal ditfre.otion patterns ot a single crys-tal and f'rom these 

derive the theoretical results for the two crystal x-ray speotrO!ll9ter. 

Theee will be compared to the experimental results. 

Part IV treats the experimental apparatus and method. 

Pe.rt V discusses the reaulta tor w.velength determination of the 

Tungsten K., 1 line, and the determination ct the grating constant for 

the (310) planes of' quarts • . 

Pe.rt VI disouaeea the two oryatal ~re.y diffraction patterns ob• 
. -

tained and gives a comparison to the dittraotion patterns expected 

• from theory. 



PART II 

X-RAY DIFFRACTION IN CRYSTALS 

It haa. been shown by macy investigators that crystals vary oon­

siderably in the degree towhioh they approach a perfect orystal. 

By a perfect crystal is meant one inwhieh the atomic periodicity is 

continued with no interruptions over the extent of tha crystal. The 

degree of perfectness of a crystal oan be determined by comparing its 

x-ray diffraction pattern with theory. Investigations have found only 

a fn orystal• that shCllt' good agreementC3),(4) aZld then only fOf' ~ 

greater than o.11o.L The accepted reason for the majority of non­

conformity with the theory of a perfect crystal is that disorders exist 

within the crystal. Theeo disorders are usuallilf classified as sub­

stitution or displaoement. ·By substitution is meant the change of the 

scattering power of a given atomio site. gensrally by occupation by a 

foreign atom. By diapl&osment ia meant that the scattering site, are 

not periodic but are displaced. Small differences or electronic oon• 

f'iguration from atom to atom are ne~leoted. Thermal motion adds with 

Compton scattering to increase background soe.ttering. The diaordsr 

that is ascribed to most of the discrepancy ia that of the mosaio 

structure. This type of crystal is'composed ot maey small perfect 

crystal blocks whose directions deTiate slightly from the mean. 

The diffraction of x-~a from perleot and moaaio crystals will 

be considered here. The method will follour essentially that of 

Zachariaaen. (5) M. v. Laue• (6 ) and Brillouin.(?) 

The development will not be rigorous aa this ia found in the 

texts cited. The method will be to outline the steps so ·!;ho.t the 



terms in the reaultillg di.f'f'raotion equation will ba 'def'ine<l and oan 

be used. The perfect ery$tal is treated first and then e:.tended to 

the mosaic structure. 

RECIPROCAL LATTICE 

It baa been found th.at the use ot a reoiprooal lattice greatly 

8impli:f'ies the problem of diffraction. In the direot lattice 

XL • ½.~ + L.z~ + ¼&s 
gi vea the position of the lattice points where Li• 12• ~ are integers 

and a1• ~• a3 give the directions of the thrff oblique oool"dinatd 

and their magnitude gives the length of the sidee ot the parallelopiped 

terming the unit cell. A point within the unit oell is giYen by 

-- -- ... -r = Xi~ + Xa~ + za•3 

whejoe IX:jl < 1. The equation ot a crystal f'aoe ia given by 

h1Xi + ~ + h3Jes • k • 0 

Where the ratios h1ah21h5 are oalled the Millel'" indioea Wl"itten 

(bi_ ~ . h3). The unit nonm.l to this fao•• drawn outw&l"ds 1a given 

by 



For the partioule.r sequences of planes (B1 Bz . H3 ) the normal to 

this sequence is l'u = Bi'6'1 + 82li'2 + H3l>°3 and the spacing between planes 

. l 
;is 4a • jliij • Thus for each 1Jequenoe of planes in the direct lattice 

there exists a veotor lfs based on the reoiprooal vectors li'1• b2• li'3• 

The assembly of points giTen by the vectors !'a oorrasponding to all 

the eequanoea of planes in the direct lattice is oalled the reciprocal 

lattice. 

PERIODIC FUNCTIONS 

Because the variation of a physical property from point to point 

in a crystal 1a periodic• a function representing such a property must 

satisfy 

A convenient method of representation is by expanding the function 

in a Fourier aeries 
00 -1211(H1 xl + ~~ + Ha::·:3) 

~(xl~Zs) -~~%1~H3• 

where ~ is usually complex. Because af '5ic • tsjk this can b& Wl";i-ttan 

-1211<!"u· r) 
~ 

Bu•r' • fu•r + L1H1 + 121¼ + L383 - i'H.r + integer 

and the condition ot Eq. 2.2 is satisfied.. 

The ooefficienta of the Fourie~ series are determined by multi-
1211!'11•. r . 

plying Eq. 2.3 bye and integrating over the unit call. Thia 

is possible beoause ot the orthogOil&lity or the exponential .functions. 



If the .function that is expanded by the Fourier series is roal, 

then from Eq. 2. 4 S?-a c % • whe :re H means -H1 , ~, -Hz and l'.,H ~ is 

the oomplex oonjuga.t.e or ~ 

LAUE VECTCR EqUA.TION 

For a one dimensional grating the condition for diffraction ex­

pressed in veotor form is a1• (iB
1 

- k0 ) = u1 where i'1 is the spacing, 

'I'!' 1- . ,:__ 1-
~o 111 1 Uo 1s inoident wave veotor, end Ali • -X UH the diffracted wave 

vector and Hi is an integer. For a three dinensional grating there 

are thrae such equations, where the general. form is given by 

WH = H1li'1 + ¾~ + H3b3, and is the normal to the diffraoting planas0 

This is called the Laue vector equation. As li'ul • ll'0 1 = ½ , l'n 
bisects the obtuse angle between the two wave veotors1 and as lfa ia 

normal to the diffracting planes, then each wave vector makes equal 

angles with the diftraoting planes. Taking the absolute magnitude ot 

eaoh side of Eq. 2.5 gives Bragg's equation 

If the closed triangle defined b-/ Eq. 2. 6 is oonstructed in the re• 

oiprooal lattice• a sphere can be construoted with radius I~•½ 
wit~ the vector k

0 
terminating at the origin of the reciprocal lattioe1 

see Fig. 1 (p. 7). It the sphere pa.ssee through a rsoiprooal lattice 

point. there is a corresponding 'B'n for that point and Eq. 2. 5 is satis­

fiedo A diffraction maximum then exists. fhere a.re many vru-iations 
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• 
of reflection 

Fig. 1. A section of the reciprocal le.ttioe with origin o.t o, 
and with the direction of the incident x-ray beam as PO. When the 
sphere of reflection passes through a lattice point e.s shovm, a 
diffraction maximum exists. 



possible to get diffraotion nill.Xima.. The sphere of reflection oan be 

increased or decreased in size by changing the wavelen~h 8 for its 

radius is I ic0 1 = ½ • or the position of the sphera oan be rotated 

about the origin of the reoiprooal lattice by changing the direction 

of ko• In either oa.se a diffraction maximum will occur w·hen the 

sphere passes through a reciprocal lattice point. ln t} ,is study the 

magnitude of 1cc is held consta,~t and its diraotion will have only one 

degree of freedom. 

SCATTERING OF X-RAYS 

Before discussing the interference produced by the crystal, the 

scattering by the a lamentary prooasses will be outlined. There are 

many types of' soattering or x-rays by substances. but the only type 

of interest here is that scattering done coherently. If an electron 

which is held to an atom is ca.used to oaoillate by a plane wave or 

monochromatic x-rays. the soat'Gered intensity is given by the olassioal 

J. J. Thom8on formula 

e2 1 + coa2Q 
Ia= Io"""'."! R mo 

The polarizability °' e• which is the dipole moment induced per ~it 

field~ ia 

where Q is the soattering; angle and R is that distance f.rom eleotron 

to the point of observation. 

If the entire atom is oonsidered. and the restoring foroas and 

interaotion between electrons ~glectad. then tha instantaneous ampli­

tude of soatterin.g is given by 



1atom. 1e~•
1
••rj ' . ' ~-~ i 

nere 1'8 ia the soattered amplitude of a·eingle eleotron and the summa-

tion add• up the phases from the electrons in the atom. The phase is 

important aa the wavelength ot x-rqa ia ot the order of magnitude of 

the aize ot the atom. But. aa- the eleotrona are in oontinual motion 

in the atom. to obtain the coherent term or the scattering Eq. 2.6 

mua~ be averaged over the variable positions of the electrons giving 

. the mean amplitude ot scattering aa E00h • E• ~ <pj 

where <f> j ·/ ½•i'i•i'3ci't' 

and o-jdv 11 _ the probability ot .tinding the j~ electron in volume 

element dv;am I00h • 18 I~ ~jl
2 

The atomic scattering power ia de.tined aa 

to - ~q,j 

When the binding force and a dcunping term are taken into consideration 

these reeulte are modified to 

~ ?j 
t • L.- --1ia>-;2pao---k--, 

lo 1 • {...1'.) • 1 ...1'. 
'fa)o Cl>o 

. where ca>0 • 2ttPc,• l,10 i1 the impreesed trequenoyJ 

'Vj • ia the oharaoteriatio frequency tor the ~ eleotron. Thia olaeaical 

picture neoda mocUf ication to aatiaty the quantum mechanical pioture 

ot the atom. Thia adaptation hae been carried out by H. Heinl (a) giving 

_ f • ~ 'P3(l + Fj + it'12j) • r0 
+i(~j + 11tj) 2.1 

where l== and q are the oontr1butiona from anomalous scattering and 

their importance dependa on the nee.mesa ot the frequency of the in• 

oident x-raye to the oritioal x-raya absorption edges of the atom. 



The explioit form of 'r j and q j as developed by Honl will be p:. asen'i.ed 

latero 

STRUCTURE FAC'rOR 

The structure factor, F, ia defimd in terms ot the unit oell. 

It is the ratio of the resulting amplitude of scattering froni the 

atoms in the unit oell 1n a given direction to that of a sin~le elec­

tron. 
~ 1'i-i\: 

F • L_fke 
It 

tk is the structure faotor per atom as defined by Eq. 2.7, and the 

exponential term gives the proper phase for eaoh kth atom when scat--
taring is observed at a particular direction, a 11 2n(k - ko) and is 

the bisector of the obtuse angle between incident and scattering wave 

vector, ~ is the position veotor of au.eh a.tom in the unit cell. Whan 

calculating the structure faotor FH tor a partioular set of diffraoting 

planes 'i • 2-r!°a• The polarizability ia now given by 

• o< • - ---Y (l + ~ j + 1~ j)gj 
mlo 

where (l + F j + i'7l 3) is the term due to anomalous dispersion and is 

the same as in Eq. 2.7 and 

~jrn • L ~k~ - rk> 

is the electron diat~ibution function of type j ill the unit oell, and 
1~ 

0-j is the distribution function for typ~ j eleot~on in the~ atom. 

DYNAMICAL THEORY OF X-RAY DIFFRACTION 

The dynamical theory of x-ray scattering includes the etfeota ot 



absorption and the interaction between the incident and scattered 

radiation which are negleoted in the simple theory of diffraction. 

It is to be pointed out that there is a distinct diff'eronoe in the 

system where no diffraction takes place and when there is diffraction. 

In the second case the internal incident wave and the diffraotad vravea 

form a coupled system, and the solution for this coupled system results 

in a set of linear equations (the number depending on the number of 

diffracted waves); the simultaneous solution of these equations definea 

the possible "modes" due to the couplings that is, the permitted values 

for ( 1) the index or ref re.ct ion for the internal incident and diffracted 

waves and (2) the corresponding ratio of the a.rnplitudes of the internal 

incident and diffracted waves. 

The method of solving the problem of finding the energy in the 

di.f'fraoted wave as a function of the direction ot the inoident wave 

raquiras three stepas (l) joining the phase of the internal and ex­

ternal incident waves at the incident boundary, (2) finding the per­

mitted ve.lues for the index or refraction and the corresponding ampli• 

tude ratios for the internal incident and diffracted waves consistent 

with the coupled system, and (3) applying the boundary conditions for 

the particular use and shape of the crystal. Let the external incident 

wave vector be k0 e, and the inteF~l incident and diff'raoted wave 

vectors be ~ 
0 

and ~ Ir JoL'ling th.a inoidant waves at a plane boundary 

givoa 

ko6o 
~ •lc'e+-n 
t'O O ?! o 

where the magnitudes ot ~ 0 and ko 8 are related by the index of re-



fraction 1 + o0 • ~ 0 = ko(l + 50 ). 'ii is the unit vector normal to 

the crystal faoe pointing h1• and '6 0 is the dir'ectiou oosine of the 

extarntll incident wave veetor k0
8 • Inside the orystal Laue's -reotor 

equation is GB a ~o + i 8, • combining this equation with the one for 

~ 0 above gives 

2.11 

Thus when the permitted values of 00 are known the internal diff'raoted 

wave vector is determined. 

When no diffraction takes plaoe a0 •½'to (see Eq. 2.13) vtae~e 

l +½Vo is the average measured index of refraction. When diffraction 

takes place the possible values ot o0 are determined by tha conditions 

of sell' oonsistenoy betwsen inte .. -ual inoide-nt and dif'f'rao-t;oo waves. 

Inside the crystal the differential equation for the displaoement 

veotor obtained from Mauell'• equation ie 
- - - l d2.0 
"'IX ("'7 x.0) ••,- 2 e o dt 

where the magnetic permeability is assumed to be unity and the current 

density ia zero. The dielectric oonsto.nt, c • is related to the 

polarizability per unit volume, o<. , by 

4n« 
c • l + 4TI ~ l + 4TI' oc:: 

r-Tc< 

where o( is small. As o(, is periodic, having the same period as the 

lattice, 4no< ia expa.Dded in the Fourier series 

~ -12n!it-r 
'1r = 4r.o< • ¾ '1rue 

alld .! ,z 1 • 'V• The displaooment vaotor oan also be expanded into 
E 

'2.13 



a Fourier series whioh represents the internal incident wave and f.A...T'lY 

number of dif'fraoted waves. 
J:J • z. b

118
1Wot. 12n-~u-'r 

H 

Substitution ot Eqa.2.i3 and 2.14 in Eq. 2.12 gives a set of linear 

homogeneous equations which represent the self consistency between 

incident and diffracted waves. When there is only one l'a satisfied 

1n the Laue yector equation this set reduces to two equations. For 

a non-trivial solution of the ratio of amplitudes to exist requires 

(20
0 

• y
0

)(20if - y
0

) • Yu-+'s' ain2X. 

and the non-trivial solution ia 

· na • 200 • 'lo 
o; fir ainy._ 

where 1 + 0 
0 

and l + 6s are the refraot1 ve indices ot incident and 

diffracted waves am are related by Eq. 2.11. • Eq. 2.16 is quadratic 

in 00 and givea 

6
0 'L 1 { .. I . ;-i 

oo•J •t •• - • ::v, + a2J 

q and a are defined later 81'ld 00 • j 't0 for no d1f£raotion. 'X. is 

the angle between W0 and ~ H• "f....• 'I when 1>0 is normal to the plane 

oonta.ining ~ 0 and ~ 11 (normal polarization) and ;(. • T • 2Q when in 

the plane of ~ 
0 

and ~ B (parallel polarization). 

There are. then. possible two incident and two diffraotad waves. 

Suppose the boundaries are plane and parallel• aDd the diffracted 

wave leaves the faoe opposite the face the incident wave enters. The 

boundary oonditiona &re1 At n•r a O the normal components of the 

displacement vectors and tangential components of the eleotric veotors 

must be continuous aorosa the boundary. As the d1eleotr1o oonstant 



1• approximately unity 

J)t·+D"•E• 0 0 0 --n·r • o 
The diffracted wave must vanieh at the incident boundary 

At the exit boUlldary the intenaitiea an equatecl going aoross. 

Satisfying thaae conditions the dittraotion equation obtained. 

ia 

1a ia the 1ntenai ty of the external dittraoted wavo and I 0 • ia the 

intensity ot the external incident wave. 

1 ii-iB 'a'o 
-b•l+_ .• ,b~~ a·to• as 

'l( 0 and '( H are the dil'eotion coeinoa ot inoident am dit'fraoted wans. 

b • +1 for the ditt'raoting planes normal to the oeystal faoe. 

b • •l for the dif't'raoting planea parallel to the taoe. 

Jt • 1 fw nonaal polarisation 

. X • ooa 2Q • for parallel polariaation 

u + iw= ~ a= 1Jko ~Q 
0 

I • · _!~_\tr + 'b o< 
-,--,,o t t 0 • thiolmeea ot cryata.l plate 

o<.~ 2(0i, - Q)ain 2°'t ~ ia the iragg angle t .or ,..fleotion 

YD . aD1 iif are detenninecl by the method ot Bq. 2. 4 from Eqa. 2.13 • 

and 2.9. 



-1s-

l>I1'FRACTIOJI EQVATIOB FOR TBB (310) PLA.Nl8 CF QUARTZ 

The oryatala are optiG&lly flat plat.a 1 nm thiok and the (310) 

diffracting planea are normal to the taoe (b • +l). Por oryatala 

that have an inver11ion center 'ta•• ii Bild 'ta+r • I 'ful 2, Whereb)" the 

oaloulationa are eomfthat simplif1e4J quvta doea not have an invera1on 

center am .ao both terme muat be oaloulatect. The oontrlbutiona due 
_/ 

to anomalous scattering are 1nolude4. Por these crystals the variables 

in the dittraction equation are 
• ...2.v,i.... 

' A 'fJl'l'I{ 

• • (Gt • 9}sin 29a 
At eaoh wavelength q is conatant . am: the diti'raotion pattern 1, mea-

aUNd using as the indepetldent variable the angular deviation (OJJ • Q) 

of the inoidct we.Ye .veotor f'rm the poeiticm given by Bragg'• oon. 

dition ot reflection. To be able to compare theory with ezperiment 

'tu and ii must be calculated tor eaoh waTelength. . Thie is done . in 

• th,e tollowinga 

When anomalous diapersion ia present 

' 
:t • - :::= 2 (1 + f ;1 H"l ,sli.1,1 2.u 

trem ··Eq. 2.9. So V oan b4t written f • V1 + 1.- whe,re both;,• &n4 ,q.r 

are real and can be represented b;y rouriel" serie1 • 

. am 'fa I and -..• are both oanplex• thQ 

Ya • c-... 1 + i"iu, • ) + 1 (VJrr" + 1tm,") 



... 16 .... 

'111 = (~' - i'1ra1') + 1 Ct11r" - i1lra1") 

Wh81"8 the oondition that it •· and f' 8.N r~al tr• D 'VJ!'• r ~ • ''1i;."· 

and limeans -Hi•~•~ is ueed. So 

'11'1 • IVii'l 2 - 1'1ra"l a + 21 ['Vur'Vuz. .. + ~ •~j 

2 { I 'Vu" 12 ['1ritr ''IV 9! + ' •qr, I~} • I Vii I I l - 1!T'T + 21 ~· Hr 12 Hi Hi J 
TB t-tH• 

• \'tu•I 2 { i - >< 2 + 21➔ 
where )< and o are defined by oomp&.r'ing to the preoeding oquation. 

Using the :method ot Eq. 2.4 Wld substituting for the values of'¥' e.nd 

f' from Eqa. 2.13- and 2. 9 the values .fer 'Yu• and V/B" are 

Substituting for Qj defined by Eq. 2.10 

.• -- .... --. . -121w,B :r1,, - i2t1Bll rk . lllltiplying the integrand of sach bye -e arid inter-

changing the order ot the two finite swmn;e.tions gives 



where q,jk • f o- jk(r • i'k)ei2tlii(i' • i"k)dv.. 

The magnitude of the terms (1 + "'i :,> 1 jk and IT/. j? jk are oalou ... 

lated using the reaulta of ijonl (&) • who baa d•rived the expressions 

tor s= j e.n4 /fl_ j tor the two .oleotrona 1n the I •hell ao 

2rx - -
21

;-'[ ' ~ (:i21og 11 - 4zl) - . 1 I (2x2 + x3 1og( ~~•tr ' 
. • (1 •A) % - (1 •Ll) X ~ 

1121 .... r u,a x1 l 
~ 1 • 9 lei -A>2 • c1-t1>1S 
where 'lt • 1i' and ~ depend• on the k:1D4 ot at• and ha.a been determined 

by Honl. 

In Appendiz B 2 f x and 2~ It ha'Ve bHn oaloulated . for tbs range 

of wavelength 0.12d ~ li. ~ o.11o.L Both 2r, am 21 Jt: deorease with 

deoree.aing wa,relength. 
0 

Por >. • o.710A, 2q1 • o.067 ud 2fx • 0.001 • .As 2fx is small 

compared to t k o the f j terms are dl"_opped. Tho anomalou1 terma are 

very muoh leaa tot the I, 'tyl"J electron am so only the contribut~on 

trom the I electron• need be oonaideNA. Thua 

'f j • 0 i • K• L• II eto. 

f lt . j•~ 
~j. . .. . . 

0 - • j • L. r.. •• eto. 

tUJd the values tor t8 • and Vs• beoome 

'1L., • -411-2, ~ t • o e 12tl'g:~ 
TB "hlll>o l k k . • 

--• • -4tre2 ~ 2,n ,,_ k•12tlil·~ 
"ll ·2 L lltTK • . "fdto . 

When L ¢ i'· • tk O • The maximum value ot cf, 1k will be when l. ii large • 

ocmpared to the rad.ii ot the It shall eleotron•• and the oontributioa 

ot the two eleotrona add 1n phaee ao <} 1 k • / cr1 ~v • 1. • 'f i. k < l 



for shorter wavelengths. Using th.o maJ,'\l!~Jm value, whiuh. is ei. fairly 

good approximation for the wavelet..gth~ u.ael\" t1'ere rea.1ltse 

'1L..t • -4TTe
2 ~ t O 121!'u·'ric 

TH YD>c,27 k
8 

. 

"'--• • -4rre2 , ~Al k i21lif iic 
TJI 2L--·LK8 

VJii6)0 k 

Theae summation.a are ealoulated 1n Appendix B, giving for A. • o. 11of 

-411e
2 1 { 1 Vs' • 2 y -10.49 + 1 1s.as1 

a\, 

_.,_2 1 { } '+u", • ! "f -0.011 + i 0.112 
8\\, 

-4ne2 l f } Va • • 2 "f -10.so + 1 is.so 
Dl6lo 

and 

-4tre2 1 ( j i1f • 'lfll>o'J. "f -10.38 • 1 18. 76 • 

Referring to Eqa. 2.18 

fi • 6e99 X 10-2 

0 • 6.98 X 10-3 

)<. am o both decrease a1 >.. deoreasea. So 

1 • l XI 2 ~ 1 

and then 

Referring now to the variables contained in the diffraction Eq. 2.16 

and defining '1 as y !! J.. 
1 

• b-t IC I 'Vu'I 
~------------,,-----,,--

.,. + iw • J rb I V ~l I 2 { l + 21c} + y2br \ ~' I 2 

".::::K'b-r \tu'I J l + y2 {1 + 1: o 21. 
1 + y ') 

where o ha_a been ahown to be small. and defining A as 
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A • aK I '1ra'I ¢ • nkoK IWH'I to 
~o 

V + iW • ¼ \/ 1 + y2 f 1 + 1 C 21. 
i + YrJ 

av• A J1 + y2 

cA 
- ·J=ll!l!i~~ 

Ji+ i~ 
2.16 now become■ 

ls . -eoto aul-A ✓ 1 + ,y2 + ainh2Jl :a2 
-• • "ll"o 2 lo• (1 + y ) • 

2.20 

The variation ot A with the thiolmess of the crystal is given by-¥ 11: ~• 

Thus tor A large the oorrespoilding change in At for a ; change in A 

will be of the order of the irregularities in the orystal thickness 

• from point to point. The crystal plates used in this sxperiment we~e 

l mm thick and for A. • o. 11of, A a 40. The term ain2A ✓ l + -,2, in 

Eq. 2.21 changes from O to l when A • y• The OQrreaponding ohe.nge 

in the oryetal thiolmeu would be A t 0 . • 3 z 10-S om, which is of the 

order ot nagnitude of the irregularities in the crystal faces. Sinoe 

s1n2A ~ l + ,y2 osoillatea rapidly between O and l trom point to point 

on the crystal face, it ia replaced by ita average value ½• 
When oA. is small ainb2 oA can be replaced by the .first v 1 +r 

term in ita eeriea expanaion. For the quart• orystala used in this 
0 0 

experiment at A. • o. 7101, oA a o. 277 and at ~ = o. ioot. oA • o. 00676. 

With an orror or 1 per oent a1'ld lesa in the wavelength rBl'lge 0.123 .S­

~ ~ o.11at 

inh2 oA o2A2 
• -~';!ll!l!!l!l!!ll!!!!!i+!!!!!y~2!"9 • _l_+_i,1_ 

With these approximations the diftra.otion equation (Eq. 2.21) 



tor the partioule.r crystals used 1n thia expe~iment beoomes 
• l t:,o to - 2 2 

_! • .- o .(l + 2o A ) 
lo• 2(1 + y!) l + Y'2 2o22 

The exponential term gives the true abaol'ption of iihe beam in passing 

through the oeystal. The term in oA givea the effect ot the anome.loua , 

aoattering on the ditt'raotion pattern. 1lben /' 0 • 0 an4 oA • 0 the 

ciitfraotion pattern is juat that or awitoh. The ebange in th• shape 

ot the clitfraotion pattern when the value of 0A ia obanged fioom O to 

o. 277 ( the me.simum w.lue tor the wavelength range used in thia study) 

11 illustrated in Fig. 2 (p. 21). 'fhe peak valu•• of the curve• differ' 

by only 15.4: per oent. Al 7 increase• the two ourvea n.pidly' approaoh 

eaoh other. A untul feature of thi1 dittraotion curw. that rill 

be UN4 later. 11 that it 1a aynnetr,toal about. 1 • o. 

PROPDTDS at !Bl I>IPTRACTIOJI PATUU 1'Q BB CCMPARED TO EXPERDUT 

At 6f1¥ om wavalength the deteotor ( count.r) that measures the 

x,-rq diftN.otion f'rca the ceyatal measure• the ponr reoeiv~• 

• Pa • 1ti8a• where Sa ii the orosaeotional uea of the beam,: · an4 the 

external inoident power is P
O 

• 1
0 
-S

0
• So 

Pa.;..!!. SU• Ia ¥a·• lH l • ..!! 
,;. 1•'1; T_•i. 1•b T_. 

0 -0 0 -. 

tor b • 1 (dittraotion plane• nol"ll81 to tacee of the eryatal). The 

area under the curves of~ va. € • (8, • e). where c is the angular' 
0 

dniation trom the Bragg angle, ia called the. integrated reflecting 

power am 1a giTen by 



0.1 

0 

(310) diffracting planes of 

T 
quartz. 

0.1 cm. 
_L 

'\---- cA = 0 ( A.= o. 320.R) 

o.a 1.a 2.4 3.2 4.o 4.a 
y_.. 

Fig. 2. The top illustration· shovra schematically the diffraction of an 
x-ray beam for the transmission case and f'or the crystals used in this 
study. The lower illustration shO\'fS the ratio of the power of the 
diffracted beam to that of the incident beam as a function of the 
angular deviation of the incident ray from Bragg's angle, 6!3, 
(y • (9B - e) sin 2~/Kf'l'HI ·) for the particular crystals and range of 
wavelengths used in this study. 
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Thie, with the halt' width at halt' max. WgJ and PH(O), thJ -:-ati_, ot 
ISO 

the peak value or the diffraotion equation to the power in th,) incident 

beam, a.re the usual quantities com.pa.red with experiment. 

The variable y definad by 

1 (~ • Q) sin 2~ 

Y •!I Wi'I • k l'Vu'I 
ia uaed 1n plaoe ot £ tor oalculations beoauae ot its oonvenienoe, 

• 
so 

From Eq. 2.22 

For the wavelength range o.12~ ~ ). ~ o. 11o!., o2A.2 has a maximum value 
0 

of o. 076? at A. • 0. 710A. The ratio of the porer reoai voo. by the de-

teotor at the peak of dif"fraotion Our-f9 to that of the inoident beam 

ia given by 

P.u(O) e;to l 2 2 
p • •• o T ( l + 2o A ) 

0 

}toto [0.564 
- .- i, o.soo 

i• o.11ol 

A.• o.2oai 

The halt width at half maximum 11'1' (measured 1n the smne dimensionless 

units ae y) is given by 

2.28 



where •y • • is the solution for aA = OJ 

l o. 94 for >.. = o. 11oi 

Wy - . 0 
o.9996 for~= 0.208A 

These result• are used in Part III in calculating the theoretical 

rooking curves tor the two crystal x-ray spectrometer. 

MOSAIC CRYSTAL 

For the two quart& crystal• described here, the width or the 

experimental diffraction curves obtained by the two crystal spectrom­

eter are only a.bout twice that .predicted by the theory. Than it a 

mosaic structure is to be considered the distribution function for 

the direotions of these blocks must have a half width of the order 

or magnitude of the width ot the diffraction pattern. Let 

A2. 

W( t:..) • 1 e • °lm't 17( Jzn •·~ 2.29 

be the diatribution tunotion tor the direction ot the small crystal 

blocks from the mean, e.Dd let the reflecting power of a layer dT in 

the crystal be O-dT. For a given incident angle Q with the crystal 

taoe, the glancing angle will be different tor each ot the small blocks, 

aa, Q +A• Thus for a single layer ot blocks of thiclmes~ t 0 _inside 

the crystal oO 

o- • ¼ r W( ll) ~ (Q • QB + A }d ~ 
0 0 

where~ ia the diffr~tion pattern for a single crystal. 
0 

Ae the beam travels through the crystal it ie aontinually losing 

energy by true absorption and dittraotion• e.nd gaining energy tram 

multi-reflection. At a distance T 1n the crystal• the equationa giving 

the increase or loss in pOW"er tor the incident and ditfraoted beams are 
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d G' 0 • - J O 0 0 ~'f - <r f? 
0 
dT + a-~ 8dT 

0 

The boulldary oCDditione are 

,6)
0

(T) • ,0
0

(0) T • O 

,@H(O) • 0 f • 0 

The solution is 

.G>a(T) • - (~+a- )To. 1-1.. ( • ) Bo (oj • uo . a 1.,u o- ~0 

! 0 1• the thickneas o£ the crystal. Eq. 2.31 oan be ezpQl'lded into 

••. the • f OJ'Dl 
r . 

E.n<T) .. ~ ~ . 2 2 • 1 a · . 
. Bo(o) • • ~ crfo{l - cr'?o + 'f (q-fo) • t (o-!o) + ... ) 

i'he integrated. . ref'leoting • power for the entire oryatal is then 

~HQ= 1:: d(~ • Q) 

whioh can be calculated when q- give.n by Eq. 2.30 is known. ·. When the 

thiolmesa (t0 ) ot the small blooke is small ao that A • ~ x · l~•I to <.<..1 
~ ~o 

the dittraction Eq. 2.21 beoomea 

!!z A2 sin2 f 2.34 . 
Po • (q)_ 

To emooth out the interference fringes this is n,plaoed by a function 

having the same area aild the same value at y • 0 • 

Pa ,- A2e• 4! 1:- . 
0 
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where 1 A2 sin 20... 2 
h2 • I 12 a: - ( 9D ) 
~ 11 K1'¥al 

By the method of completing the square of the exponent 

l2_R2h2 

<r • Be• h2 t 12 

Substituting this in Eq. 2.32 and the result in Eq. 2.33 and performing 

the integration gives for the integrated reflecting power of the mosaic 

where 

Toto~ A f e2 IFul 1 2--'- 12 

ToB • coa2~ l~2 -V- J 1 + 2 '7l 2n2to 2 

TJ!, 1ncreasea linearly with t~ For TJJ small compared to 1. so that 

only the first term of' Eq. 2.37 is needed., Id. HQ is independent ot 

thickness of the mosaic blocks., t 0 • and of the standard deviation., ,rz • 

of the distribution tunotion W( A ) • but is proportional to >..2• As 

t 0 is increased. Tc,B becomes larger and the dependence of £xa'J on 

to•4. • am higher power ot i 2 enter. Eq. 2.37 is good e.s long as 

A • 'I I '+'a I ~: <. <. 11 that is., small primary extinction. Primary ex­

tinction 1a the loss of energy in passine; through a single block. 

For the case A ~ l the solution becomes rather complicated. For a 

single crystal Za.ohariasen(5) ahaws that 'Ri! increases almoat linearly 

with A until Ar.:: 1 where it has the value of 2 (same dimensionless 

units as y) e.nd then oscillates about Rtr • 1.6 aa A inoreasos. '?he 



amplitudes of the first oscillation are about 50 per oent of the mean 

but deoreaee fairly rapidly as A inoreas•>ae For A '°7 l the dif'fraotion 

pattern. Eq. 2.22, IllUBt be used for the blooke_, and results approaoh 

that tor a pe~rect oeystal. 

Al IVs I ia proportional to >..2, A ie proportional to >.. Thua 

primary extinction decreases with l or t 0 • Depending on the oth&J" 

conatauta Eq. 2. 37 should become ID.Ol"e valid u ). decreaaee. -

The above reeult1 sholf a marked ditf'erenoe between a perfect 

crystal am an ideal mosaic orystel ('to'9 <: <. 1). The integrated re.. 

fleeting power• RJ,.0 , tor a per;tect crystal mies a, A., tofi en ideal 

mosaic crystal the integrated reflecting pfll6er • .a_ HQ• varies as >..2. 
But it A ,;::: l or greater ( larger blooa) the theory tor a mosaic crystal 

' is oc:mplioateda therefore, by oomparing the width and peak values ot 

the dittraotion pe.tternwith perteot oryatal theory, one can obtain 

an estimate of the pel"t'ectnesa ot the oeystale. 



PART III 

'?HEC2Y C8 THE TWO CRYSTAL X•RAY SPECTROMETER 

!he theory of the two crystal x-ray spectrometer has been worked 

out ey Sohwarzachild,(9 ) Spenoer,(lO) Laue,(ll) Smith,(12 ) and DuMond.(13 ) 

The texts ey Compton am Alliao~l4 ) and Zacha.riaaen(6) have also 

been used extensively in iresanting the theory of the two crystal 

spectrometer. !he present work involves the tranll?liasion of the dit­

t'raoted beam through the crystal and is slightly different from the 

uaual case ot reflection from cleavage planes. 

• Fig. 3 (p. 28) showe a ichematic ari-angement ot the x-ray tube, 

•• the two orystals with their diffracting plane a normal to the faoea 

( greatly emggerated) mounted on the spectrometer• aild the detector. 

When crystal A ia set tor Bragg retlection for a particular wavelength, 

crystal B oan be set in. two poaitiona for Braeg reflection (see Fig• 

3).. .These twc:> positions haTe an angular separation ot 2e, where i is the , 

glancing angle for Bragg refleotion that the incident beam make& with 

the diffracting planes. 

The case where the ditfra.ct1ng planes are parallel or nearly parallel 

1a oalled the "parallel" position. It will be shown that when oeystal 

A 1a stationary and crystal B ia rotated orr parallelism• the resulting 

plot ot the power received by the detector vs. the angular setting 
- ' 

of orystal Bis dependent only on the properties ot the crystala and 

no't on the spectral distribution ot the radiation or the geometry of 

the slit system. Thia curve is oalled a two crystal "parallel" rooking 

ourve. 

As the single oryatal ditf'raotion pattern oannot be de:rived tram 
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C 
I s 

F'i g. 3. Schematic illustrati.on of the two crystal x-ray spectrometer 
employing the ( 310) planes (transmission case) of two ident.ica.l gu•a:rt:S • 
plates, 1 mm. thick. • The :full lines show the general positti,on f .. or th19 
parallel rocking curve. The dotted lines .show the po.siti,on f .o:r:- the 
antiparallel rocking curve. The slit's or stops are at .S 0and 8",. The 
xenon-filled counter is .at C. 
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the two orystal experi100ntal "par&llel" rooking curve, the perfectness 

of the or-.1stals can be determined. by comparing the experimental two 

oryste.l "parallel" ~ with the two Ol"Jstal "parallel" rooking ourves 

oaloulated from the single crystal theoretical diffraction pattern. 

Rote.ting crystal B through 2e from parallelism with crystal A 

gives the position or oryatal B called the antiparallel position. 

It will be shown that the p0ilf8~ received by the deteotor as O!"'Jstal 

B is rotated through small angles tor this arre.ngem8".at 0 is a function 1 

pri?rarily of the spectral distribution of the x-rays e.nd requires only 

a minor correction due to tne diffraction patterns of the crystals 

and. the vertical divergenoa of the x-rq beam. 

When crystal A is set to ditfnct a particular wavelength suoh 

as the Kil< 1 line• 2i for this line oan be determined by measuring ~uler 

separation of the settings of crystal B for the-parallel and antipe.rallel 

poai tions. It the value ot 29 for two lines is determined• using the 

aame Ol"'-Jstals in each oaee. end the wavelength of one cf the lines is 

known accurately. then an e.ocure.te determination can be made or the 

unknown wavelength. This is done in this study by using the MoKo< 1 

line as a standard and determining the WKot.. l line. Using an accurately 

known wavelength and 29 as measured abow• the grating spacing of the 

diffraoting crystal oan be m;3aeurad using Bragg's law of reflection. 

GENERAL THEORY OF rHE TWO CRYSTAL SPECTROMETER 

The case that will be oonaidered is for perfect crystals. where 

the x-ray source is far enough SJl1ay from the crystals so that the in• 

oident waves are plane wave•• and th.a dif'f'raoting e.rea of crystal 



(of diameter D measured normal to the diffracting planes) is le.rge 

compared to the wavelength so that~ (the angul&l" measure of the Fre.un-. J) 

hoter diffre.otion pattern from the finite region of soe.ttering) ii 

very muoh leas than the diffraction pattern ot the crystals. With 

these condition, the method of rays will be used. 

Let the, central ray for Figa. 4 (p. 31) and 5 (p. 32) satisfy 

Bragg•a law at crystal A 

~ • 2d sin Qs 

Sinoe slit■ are used to confine the beam.there is consequently vertical 

and horizontal divergence in the beam. It a. neighboring ray makee an 

angle di with the central ray (it may have both horizontal and wrtioe.l 

divergence). it will be Bragg retleoted only if ita wavelength ditf'ers 

trom the oentral ray by 

dA. • 2d. COi '1,d8 

Thua it this ray ot-wa-ntlength l.. is to 'be Bragg ref'leoted• it must 

make a glancing angle, measured normal to the dif'fraoting plane•• of 

L + A • ~ tan a... s.2 
-.t) . x; "'D 

Consider now a ray that has hori&Qrltal diveJ"genoe c( and vertical 

divergence tp measured with reference to the centi-e.l rq. It hu been 

ahown(l3).(15) that for. tp am « small• the glancing angle measUl"ed 

in a plane normt.l to the lattice plan•• and. including the ray ia 

~ + 0( • ~ tan 98 3.1 

In Pa.rt II it was shown that the dittraotion pattern ot a crystal ia 

a function ot the deviation of the glaneing angle trom Bragg'' s oomi­

tion ot retleotion. Thia deviation at oryatal A• tor the ray having 

v.rtical e.m horizontal divergenoe. i• just tlut difference between 



(310) planes of 
crystal A 

r 

- 31 -

2 
+o< - 1- ten9B 

(310) planes of 
crystal B • 

2 . -
vi-+--±-- 6j3 + ~ - \- tan8i3 

,-..----9]3 +, - f tan9i3 

+ (8s - 80) 

Fig. 4. Geometry of the diffracted 
rS'!,f, for the tv,o crystal x-ra.y 
speotrometer in the "parallel" position 
showing vertical and horizontal 
divergence (ct>,'. a() of the re:y. The 
( 310) planes sh<:1v'rn here are normal to 
the.crystal faces. Only the upper half 
of the crystal planes are shown. • 



(310) planes 
of crystal A 

Fig. 5. Geometry of the diffracted ray for 
the two crystal x-ray spectrometer in the 
"antiparallel" position showing vertical and 
horizontal divergence ( 4s and o<.) of the ray. 
The (310) planes of quarti shown here are 
normal to the crystal faces. Only the upper 

half of the crystnl planes are shown. 



Eqa. 3. 3 am a. 2 • whioh ia 

4>~ ). • ~ 
c<. .. T tan 8B • Ao , tu. is 

The intensity of th11 f'&7 after ditfraotion trm crystal A is then 

Ia ~ >.. ~ 
10(~ • ~) 1; (e<'.. • T tan ea • i; ten 9B) 

The glancing angle of soatterilig, t 1, 1• related to ·the glanoing in- . 

cident angle, i, measured from the dif'tre.ot1ng plan.$& as f'ollowa,• 

e1 • es<>.) - b [ e - es] < ~> 
Let ory1Jt&l B deviate by a.n angle ~ tram eatia.tying Bragg•• oon-

dition of retleotion tor the Qentral ray (>.. • ~, o<. • cf> • O)J ~ 

ia poeitive tor eloobriae rotation. 

The glancing angle ot soattering, i 8 ,. ot the ray leaving the 

lattice plan•• ot crystal A ot wavelength 'A. and vertioal and hori&ontal 

divergenoe 4 am o<. is 

>. . ~ q,2 • >. • ~ 
e. • <es + I; tan Qa) - l>(o< • 2 tan is - ~ tan is) 

Let e. reference line (see Figi. 4 (p. 31) &nd 5 (p. 82)) be dX'fJIWl';l tor 

whioh o( • o, 'P •,. It will make a glanoing angle 80, measured 

1n a plane normal to the lattice planes and inoluding the rq, • ot 
2 I 

i 0 • 813 .. 2r tan ta s. 8 

The devie.ti<>n of' the . general ray troa thia reterenoe line will be 

~- Ao +2• r <P2 >.- ~ 1 e8 .e0 • i; ~ 9e+T ta ia•blo( •T tan 88• Xe tan iaJ 3.9 

ReteJTing to Figs. 4· (p. 31) and 5 (p. 32) it is seen that t .h& glancing 

angle thia aoattered ray trom crystal A makes with the lattice planes 

ot ceystal B will be ditterent tor the pare.llel and antiparallel oase. 

For the parallel oaaer 



Referring to Fig. 4 (p. 31), tor a rotation ~ or crystal B the 

referenoe line will me.lee a glanoing angle of 
<J,2 

8B - (I • T tan 8B 

with the plama of crystal B. Thua the glancing angle ror the pa.rtioular 

ray under oonaideration on cryatal B will be 
. 2 . 

91 • ~ - {! tan 9s + ( t 8 • e0 ) a.11 

whioh 1a 

~ [ ~- ~ q2 . ct 2 Qa- ~-T tan ia + , ,; tan 8s +T tan 81 • bK-2 tan 8s 

• :l.\;:I,, ton lie>] 
For the antiparallel oaset. 

Referring to Fig. 6 (p. 32), the reference line will make 'a glanoing . 

angle ot 

with the planes of ceyatal B. The ray 1n question now makel a glancing 

angle ot 

Thua the genen.l r$tult ia obtained tor the glanoing angle with the 

planes of ceyatal B ot thia r9¥ ot wavelength >._. with vertical am 
I 

. horisontal divergenoe f and. tx. , fUld tor either parallel or antiparallel 

caae ( oryatal B ia rotate41 through angle ~ trom angular setting tor 

Bragg's law or retleotion for the central ray:)t 



3.16 

where the upper signs are for the "parallel" oaae and the lower for 

the "antipara.llel" • If this ray of wavelength k is to satisfy Bragg'i::1 

condition of refleotion it must make a glanoing angle of 

9a + ~. ~ Ao tan 9a 

with the planes of crystal B. The angular deviation of the ray or 

wavalen~h ~ from oondition of Bragg reflection is just the difference 

between Eqa. 3.16 and 3.17 whioh is 

<f,2 • A.• ~ + [A.• Ao tp2 cp2 +~ -2 tan 9B... Xe tan 9B. kc, tan Q.g +2 te.n 913 • b(o<. ... 2 tan 9B 

A.- Ao J • x;; tan 9a )J 

The intensity of this ray after reflection from orystal A and crystal 
In <f,2 A.. >-o 

B is then I0 (A. - Xe) Tc;' (o<.. - 2 tan 8a - Xe; tan 9B) x 

IH 12 A.• ¼ f A.• Ao f' 2 
~(+~ ·2 tan es- ¼ tan ea± x;; tan 9a +-r tan 9a s.1a 

• b ~ -~ tan 9a ... A• x;A.o tan 8B)} ) 

with the convention of signs as before. 

PARALLEL CASE 

The above case treats both crystals as being identioe.l. If not, 

then diffraction pattern am~ will be different for each crystal 

in the derivation above. The case is general as the diffracting planes 

can make e:rry angle with the two parallel faces of the crystal. The 

epeoific case for these planes to be normal to the crystal faces (b = +l) 



will now be treated. For b • +l Eq. 3.19 reduces to 

For a partioular setting ~ and for normal polarisation of the incident 

beam, the ratio of the power diffracted from crysta~ B to that incident 

on crystal B will be 

P( ~ ) 3.21 

'> /, ~ l 2 ~>-o l • 2 ~~ 
• sa•JJ[ 10 (~~}i;~~ 8t- x;, tnn 88~-e.A..ftan 8Jr t,;; tan iJ3)dldfdo( 

8u Jl/"1.o<>.,.i...)~(o<.-~ is• ~tan is) d>q,'dol • 

where 5H and Sii' are the orosseational area of the inoident and diffracted 

beams at crystal B. It is assumed that the intensity is uniform in areal . 

extent over the operation of the system defined by the slits. For b = l, 
8H1/8a • le Let e • o<. •±;tan is • A.• ~ tan ea• Then . x;; 

~f [f~B ~ ] ff Io(~• ~) I ( £) "f; (. ~ • e- ) de dA. d<t 

P( ~) • 7 ; • o I f Io(~• ~) [ i; ( €) d €] d~ d p 
I • 

As .l! ( E) • 0 exoept in a very short range, the limits of integration 
lo 

are extended to i o0 • As cp and ). are constant over the intag;ra.tion 
C>O .,.., 

on o<. thon j .:! (e) .!!! (. ~ - c. ) de. and j ~ ( E) de beoome inde-
. - - lo Io _ oo 1o 

pendent of ~ and '} 1 so fp0 
Iu IH 

• - 1 ( c ) 't; (. ~ - E. ) d c 
P( ~ ) • -"'° o I 

j ,; ( e) dC: 

Thus the P( ~) ourve is independent of the height or width of the 

slits or the speotral distribution ot the radiation employed. Thia 

e.Humes that the variation of the di£fra.0tion pattern with wavelength 



is small over the range of wavelengths allowed to be transmitted by 

the slits. 

QUANTITIES TO BE COMPARED TO EXPERIMENT 

In the normal operation of the two crystal spectrometer as usad 

here. both parallel and normal polarized components (rapresentad by 

superscripts) of the x-ray bearrJ. ontar the drJ{,o~tor. The ratio or the 

power received bl the detector to that i.loident on orystal B now be­

oanea 

The integrated reflecting power to~ the two crystal spectrometer 

is defined as oO 

R • / 1'( ~) d ~ 
-oD 

where R is the area under the "normalized" two orystal rocking ourve 

This can be simplif'ied by examining the repeated integral in the numer­

a.tQl" 

J[ f ~ ( EJ ~ (. f • E ) de] d ~ 
-oD -r:P ! 

The order of integration ean be interchs.nGed aa -/:.:::::. 1 
2 and thue 

o l + E 
the integrand. satist'iea the conditions for suoh e.n interohange. 



being the area under the diffraction o'Ul"V8. So 
00 .l r L ~ (, ) i <- q - £ ) d E1 d f .. _z i ( c) d £ l i (-c) d E 

and 
PPo[ PRao] 2 + nPo [nRBQ] 2 

R •-----------
pp P'R_Q + np nR Q 

.o o,:s. o H 

where au.0 • / ~ ( e ) de as defined by Eq. 2. 23. 
-.o 

I£ the wavelength used is not too olose to ~• defined by 

he ( ) • Am.in= eV V ia the voltage applied across the ~ tube • the radia .. 
p I 

tion oan be oonsiderod unpolarized• and np0 = Pp0 • r• Eq. 3.26 now 

becomes 

R• 
[ PRR'-j 2 + [~Q] 2 

P'Rui + naH~ 

From Eq. 2.25 this is writ~n in terms ot R/ aa } 

I '1rs •I ( [ ~] 2 
+ oo,2 2Qa [ liqr] 2 

R=-----------------sin 2Qa f ~ + cos 2"8 Pa-#} 
3.28 

From Eq. 2. 26 

. f:oto [ ;i 
R'lf = e• ¥o I l + o2e.2J 

and so for each polarization 

l'l.r,_ .Y ,A Oto tr r 2] n.,,._:y /< 0 to l '.,) 2 7 
air :: e- ~~ 1' L 1 +Jo J ".ttir r: e- ¥ 0 i l + JO"' oos 2~ J 

am 
,Aoto f e2 d /Fnlj ~ fl + oos2 288 + 210

2 (1 + cos'= 2iJ3~ e---r R • ----=- T - --- --------3:!------=------ s. 29 6 mo~ ~ V cos ~ l + cos 29a +,f 02 (l + ooaS 2~) 

where Jo • cA (X,:l) is de.tined by Eqs. 2.18 aDd 2.20 and is the term 

due to anomalous scattering. • 



_39 ... 

Tl:le peak value 

P(O) 

sinoe ~ ( c) is symmetrical about 
0 

From Eq. 2.25 this becomes 

in terms of the variable y 

[[n-1o (y)l 
2
.iy + cos 20iil[p-1o (y~ 

2
dy 

P(O) • -----------------
~y + cos 29a pRay 

Substituting for R/am ~ (y) from Eqs. 2.26 and 2.22 
0 

,foto 1 [l + cos 29a + ¾J 0
2 

(1 + ooa
3 

298)~ 
P(O)e ~o =4 2 3 3.31 

l + cos 2"\J + JO ( 1 + cos 2"13) 

The halt' width at half maximum, w9, for the two crystal "parallel" 

rooking ourve is determined by doubling the half width of the diffrao­

tion pattern for the case of a single c,:ry-stal. This is justified be­

cause the theoretical diffraction pattern of the single orysto.l given 

" by Eq. 2. 22 deviates from a witch by only about e per cent at 1 = o. 710A 

and a negligible amount at A• o.21ol In Appendix D it is shown that 

the result of the fold ot two witches is another witoh whose half 

width at half maximum is the sum of the half width of the two wi tohes 

being folded. Thus, let WQ bs ~he half width of the two orystal "parallel" 

rooking 0urve1 then 

Substituting the value 

WQ. (!,cl_!! IFHIL 
l 1f mo2 V ·J 

of wy from Eq. 2.28 

cos 9131f 2(1 + .Rc2oos4 Gs)• 1J i 
L l + 2/0 

2ooa4 ~ 
• f'-o to f<;/o 
Re 'jo • P( 0 )e O , and Wg are oaloulated as a. f unotion of wave-



length in Appendix F. These three quantities are used in comparing 

the theoretical two crystal "parallel" rooking ourves with the~ 

perimental "parallel" rooking curves. In Part VI the oaloula.tions 

tor these three quantities are presented and oompa.red with the experi­

mental resulta. 

ANT !PARALLEL CASE 

Referring to Eq. 3.19 and the sign convention, in the antipe.rallel 

case the intenaity or the beam after reflection from both crystals is 

I0 (>..-~~(o<:-ftan Qs• >..-\;Ao:tan Qs~(~-o(- 3 [~tan~+ >..-~~tan is} ) 

cp2 X-Ao 
Let a( 'f •).) • 2 tan 89 + • x;- tan 98. The ratio of the power dif-

fracted tran crystal B to the incident power on it now becomes, for 

normal polarisation• 
). 4' -<. 

f J f Io().. ¼~c<.-a( cl>,~)~(~ +o(..Sa( 4' ,>..) do<.d.~ d~ 

p ( ~ ) - 1· I O I 3. 33 
-If j< Io(A. • l.o>J;(o( • a( if,,>..) d°' d¢dk 

where P-11( ~) means the antiparallel case. Here a single variable oan­

not be defined to include all terms in cf, • ex, and ). to be the same 

in both arguments of the numerator. The integration on o<.. oan be per­
ctO 

formed in the denominator. and the result is .1! (€ ) d£ and is 
/ 

I . 

-gl:> Io 
independent ot a( <p .~) • which merely displaces the curve; its area 

remains essentially the same. Lat 

6' l • cl.. • a(~ 14) 

E2 • ~ ... 2a( I .'A.) 

E 2 + £ l • ~ + o< - 3a( f .~) 



and Eq. 3. 33, using the same argument as before io ~Xii-:lnd. the '1n::r.e ... 

gration limits to j; dJ , becomes 

J/10(>.- ¼>[[ ~ (C1) ~ (02 + Ell dt1] d(pd). 

pc~>. f ¢ r -1 
11 f Io(~ - ~) dt/>d~· lf i (E1) dE1] 

-tP 

When .1!, is an even function,~ ( € ) • .:!! (. E.. ), (whieh is so for the 
Io Io Io 

case under consideration, see Eq. 2.22), the term in the brackets is 

Lat 10( ~ • Xo) be a speotral line and let the vertical slit jaws be 

wide enough so that 10(~ - '¼).....,.. 0 at the edges so that the lL'!lits 

of integration become % cO • It has also been shown from experiment 

and theory that ! 0(~ - ~) for line spectra of the heavy elements is 

a witch. The parallel rocki..--ig ourve is also a witch. The result of 

the integration of Eq. 3.35 gives another witch (see Appendix D). 

10 ( ~ • ~) and P( € 2) oan be wri ttan 1n terms of quantities used above 

as 



P./1(~) • Po:! {l+ fz[2 'i tan2e,,J½+ l'[2 l!ten2~~+ ... J 
l+ ~ l+ ~ l+ '3 d 

(a+ot (a+c)2 (a+o)2 

Thus by making the e.asumption that the spectral distribution of an 

x-ray line is a witch, then the vertical divergence af'feots only the 

amplitude &Ild not the ah.ape of the antiparallel rooking ourve,if t~rms 

in f 2 oen be dropped, where the .crystals are used in transmission and 

the diffracting planes are normal to the crystal faces. 'l'he width 

of the ~ ( ~) curve differs from the 10 (). • Ac,) curve by the half 

width being increased by the half width (g) of the parallel rooking 

ourvea. 



PAA! r, 

EXPERTMENTA!. APPARATUS 

Components of the experimental syster,i area 1:ne x-ray tubs am 

ita filament and high TOltage oupply, the two oryatal apeotrometer, 

and the detector of the x-r~•• 

X•RAY EQUIPMENT 

The molybdenum and tungsten x-re.y tubes used for the determina­

tion of the wavelength of the He< 1 lina were also usod to determine 

the ohare.cteristica ot the two crystal "parallel n rooking ourves in 

the wavelength range o.12ol ~ ~ ~ o. 11of. The high vol to.go tor the 

molybdenum tube wao supplied by a. Wappler rect1.fie4, filtered high 

voltage supply. A Phillips rectified high voltage souroe was used with 

the tungsten tube. 

In both the wawlength determination and the diff'l"aotion pattern 

ohe.ra.cteristios vs. wavelength study, it is desirable to hold the power 

supply constant. From the Dushmn thermionic emission equation it oan 

be shown that al per oent change in the .filament ·current oan cause 

a 10 per cent ohange in the emission ourrent, which shows the desir­

ability of holding filament voltage oonstsnt. The filamnt voltage 

waa stabili&ed by a saturable core vol tG.ge stabilizer. This worked 

very well a.a long u no large abrupt voltage change• ooourred in the 

supply line. The expenae of stabilising the high voltage supply was 

too great to justify use in this oxperilaent. lil&intaining the high 

voltage oonstant was done manually. 



..... 
TWO CRrS'l'AL X,.RAT SPICTROMETER 

The suooe1• in achieving the high ac,ouraoy in the WKo<. 1 wanlength. 

determination, desoribed in the next part, was made poeaible by the 

high preo1e1on ot the two crystal X-1'8¥ apeotrometer deaigtled an4 

built by l)u)lcmd. (16) It baa the ab111 ty to reproduce angular settin¢s . 

to about 1/4 ot a seoom .ot arc over aa large angles ot rotation ae 

·1so0 • The inatrument ia capable of great flexibility. The instrument 

ii ehoam in Fig. 6 (p. 46). The axil of the spectrometer table coin,. 

oide1 with the axie tor orystal holdel", piTot A. The axis of crystal 

holder B • move, with the spectrometer table about . pivot A. The axis 

for the detector arm and cradle ooinoidea with the axis ot crystal 

holder B. The ge'1Lr1 were eo designed that wheu all £our drives are 

ooupled. together the ~oper relationahip tor Bragg reflection ia always 

satisfied. In this atudy the detector arm and oeyetal B were coupled 

together. Crystal A 1a atat1on8J"1• Thua when a rooking cum waa 

meaaul"ed.1 the deteotor moved tw10,e aa :f'aat ae crystal B ao aa alwaye 

to satiety Bragg•e oondition ot reflection. In the oonstruotion ot 

the two orya:tal apeotrometer,_the worm ge&.1"1 driTing the crystal pivot~ 

were lapped to reduce enora and the final errors in the readings were 

.. determined by optical methods. (l6 ) The ettor graphs are shown in Pig. 

1 (p. 46 ). Aa the width, of the roclcing Ollrftl obtained in the parallel 

&n4 antipal"&llel poe1tiona are ot the magnitud• ot a minute of aro 

&n4 leas. it ia seen trom. the oorreotion oun'ea that the VU"ia.tion 

.. ot the oorreotion over this l"allge ie very small. When measuring 28 

to determine ~o< 
1

, the oottectiona were oonaequently made o~ to 

the center po11t1on of the observed. rooking ourvee. 



-45-, 

?ig. 6. Two ciystal x-ray spectrometer showing crystal 
holders A and B, gear drives, clutches coupling the upper and 
lower worm wheel drives, and cradle for holding the detector. 
[Copie? from DuMond and Marlow, R.S.I. §, 112 (1937)] 
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Fig. 7. Error graphs obtained by optical calibration of 
the two worm wheels in the two crystal x-ray spectrometer. 
[Copied from DuMond and Marlow, R.S.I. .f, 112 (1937)] 



The quartz oryatala uaed in this study were optically .t'lat plates 

l 111n thick with the ( 310) ditfraoting pl~•• normal to the f'a.o.. <h-ee.t 
. . 

oa.te ~ taken in mounting the orystQll ao that no meohanioal strains 

would be introduced oauaing cunatuN of the oryetala. Thia was done 

'by a three point irupport. Small ten•ion spring• were used to maintain 

oontaot ot tho oeyatal with theee thr" pointt. 

The proper aligxmMitttt or the speotr<Deter and z-rey b&am is vel"'J' 

important tor th.ls preo1a1on study. The apeot!'ometer was oonwni'entl:, 

oonetruoted •o that the flat top portion (see Fig. 6 (p. 46)) was 

maohined. fairly accurately perpendicular to the axes of the pivota 

A w B, whioh are very Accurately parallel. Thu■ the!'.5e axes are 

easily made wrt1oal by the uao ot the leveling aorewe on the fet11' 

or the 4Pectr'ameter and a high san•itive level on the 'bibl• top. The 

tacea of the or.,atals were mede vertical by the use ot a level ~l.,_ 

• aoope with a Gau•• eyepi~ Th• ocrter• of the oeyate.1.1 were then 

made tc cobloide wi:bh axea of the pivott A aild B. To faollita:t<t fiM• . 

ing the pcsitiona of the oryatala fer Bngg retleotion ot the KCI(. 1 U.ne. 

tho aero readlnge tO't' the oeyst•la• when their- f94ea an parallel am 

when the x-n.y beaa paaMa o-rer the ory•tal pivotl~ A and B• was d► 

tennined. Thia wu dcme by eatabliahtng by meea or trammel• and 

plUlll).boba a hori10iltal por'pcdioular biaeotcr ·ot the axes A and B. 

The tele1oope of en optic:ial apeotrometer> whioh hU a. Gauss eyepiece 

was -then a4just.ed so that its as1e ot rotation (adjusted to be vez-tioal) 

was m this biaeator. W'i th the teleecopo poi.nttwl a.'t each . crystal tao. 

'h.~e a.ngle whidl the normal to ~aoh oeyatal made with the biaeotor wu 
determined. • l'hia was dono by rotating both the telescope and orystal 



until the ~roes hair• 1n the 8-uH eyepieoe were retleotod back into 

the ·teleaoo~. The angle ot rotation ot the teieacopeua read and 

the crystal rotated baok through the same amount to 1ta aero 1etting. 

Th• • z.-ny tul.Ht and ali ta were then edjuat.4 so that the z-re.y beam 

paaaed. horiaontal~ owr the a.n1 of both pivot, A and B. 

It is very. important that the cl~raotil3g planes shall be parallel 

to theil" au1 of rotation and. vertical. Ill the preaent Lau• or trana­

misaion oaee with & quana lamina theH planet are not optioally ao­

·oeasible a.a reflecting surf'ace1. Jr th.e;y an, not parallel to· theu-

axea ot rotation. then tor ea.oh ftrtioally diwrging ray a dti"ferent 

setting ot ceystal B l"elative to oeytte.1 A ia required tor, tu rq 

to be Bragg reflected at 'both or;yata.11. Thi• hu the ette~ ot broaden-
. ·. 

111g the rQO)cug o\Jl"T••• Thia taot wa• used. 1n t~ proo••• ot maid ng 

the ditfraoting plane• ~•lle1. The tirat step in th1a proce•• ·WU . . . 
• to take · a Laue photograph ot the d1ttraote4 beam tr• the · (310) plan~• 

ot the_ quart& oryatal• ot a 'ftry 811all a,.ny t":'"g.t With a ll8Fl'OII' slit 

in front ot the oryaw.1. th• tiJ.a beillg pl&oe4 240 oma behind the crystal• 

then to rotatt the oryat&l through 1800 &D4 taM another photograph 

. on the aame tila. ~ hori•cm~ pwpend.i~u 41atanoe ot the photo­

graphio im&gea f'Fcm the projeotlcm ot th4t illoident beam (approximately 

127 •> am the nntoal d1apla~ ot the photegi"apbio ·~ .. (6-8 m) 

.• h'OII each other were meaaur.S. The angle that the Ol"yetal _planes niad•. 

With th• wrtio-1 axis ot rotation wu th4m oaloulated. A lmt- w 
and tangent eoNW o~ted to the oryatal hold.er na uNCl to oorteot.· 

. . 
the direot1on ot the crystal planea. The amount ot OOrNOtiaa _, 

. . 

.determined by uae .of a teleaoo~ and eoai.. and a , .-11 Jlittor attaohect . 



• to the crystal holders. !he photographic image• were &bout 3-4 mn 

in she and were not she.J'p• making it possible tn locate the dirfflion 

of the oryate.l plane• only within several minutes of era.. The errOI" 

in making-the axea A and B vorti<Jal we.a aleo oft~• same magnitude. 

The aeoolld step wu to run a parallel rooking oune and then rotate 

crystal B 1eo• and repeat the l'un. !ho narrc,wJtl" oUJ"Ve tor crystal 

Bin these two poaitiona oorNaponded to the caae where the ditfraoting 

planes tor oryetala A am B were more nearly pa.rallel. Crystal B wae 

then set in the poeition tor the broader parallel-rocking curve. e.Dd. 

the directions of the dittraoting plan• of both oryetala A and B were 

then rote.too by a small 811\0unt, but in oppoeite direotiona, ·ao as to 

make both more nearly vertioal and at the same time coincide with the 

pivot e.xia. The prooesa was then repeated until the narroweet parallel-

• rooking curve wao obtained. 

The vertical slit jawe determine the ra.nr;e of nvelengtha that 

u-e able· to pus thl"ough the ayatem in the 11pal'alle1 poaition" rooking 

O\ll"ve atudin. Ae the diftraotion pattern of the c~etala ia only 

ot the order of two eeoo.ndt or arc. sach ray of wavelength "- from the 

• x-N1- tube must satiety Bragg's law or refleotion to be tr~nsmitted. 

• • It the central ray of wavelength lo i• Bragg reneoted then the ray 

ot· wavelength >i. must make an angle e with the oentral r~ to be Bngg 

reflected~ where ~ • 1. ~ ~ ten 8o • Thia ie ehOlm by Fig. 8 (p. 60). 

At each angle e a ditf'erent wavelength ia Bragg reflected. Aa the 

angle ot inoidenoe equal• the angle ot retleotion · ( i • ~) all the 

rqa from a given point T0 at the target £'ooal apot oom to a toour, 

at TJ11where OT0 • O'tf• The defining. eli ts were located mid\t'q between 
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the oeyetal pivots A and B. Aa seen from Fig. 8 (po 50). thh slit 

has an effective image at S" and S"'• The range in wavelengtha passed 

. wa.1 determined by the angle that the . alit at S"' aubten1e at T0 o The 

slit width wu 4 DD and after the width ot the ta.pget f'ooal spot-. 

taken into consideration the aperture ot the deteotoi" wa.a made larger 

than the width ot the beam at the detector. 

The vertical height ot t!le deteotor opening was 1 em. Th& vertioal 

di~ion ot the fooal spot or the x-ray t&J"get wa.a l cm for the molyb-
• 

denum tube and o.5 om for the tungsten tube. L.ray target to deteotor 

• 169 om. So 
0 q,2 ¾ q,2 tan _es AA 

0.110 39.6 X 10•6 o. 64 seconds ot aro 
' 

o.2oe 22.2 x 10-6 0.10 seconds of aro 

IUi.''l'iCTIOlf CF X-RAYS 

Pre. vioua WOl'k with thie two crystal x-ray •peatrometer incorporated 

an ion ohamber aDd a d.o. amplifier using the Barth circuit as deaoribed 

by Peniok. (lT) Suoh a ayetem ha.a two dieadvanta.gea, th• drift ot th~ 

• d. o. amplifier• am thtt minimum background. detel'Tilirutd by the deteoting . 

apparatua itaelt. This background arises ohietly from the grid leak 

current of the electrometer tub•• Johnson noise 1n the grid resistor 

,µKl •lpha partiolee coming frc;a the sidea ot the ion o}lamber. Sucm 

a ayatem tor detectionworka aatistactoriq when working with lino 

epeotn• but . it points on the (much weaker) oontinuoua spectrum are 

deairecl tor study. the background of thia deteator prohibits its use. 

The problems tor this study were to increase the power output 



or the x-ray tube• tc increase the sensitivity of detection, aDd to 

reduce the bacskground. The power output wa.e limited by the type of 

x-re.y tube ·and power IJUpply available. A xenon filled Geiger counter 

waa therefore developed to increase the ratio ot peak to background 

readings. Se'V'eral ~rticlee in the literature have reported unsuocess­

tul attempts in oonstruotuig xenon oounters. A Geiger counter aeema 

desirable beoauee there are no problem, ot stability and the baokgrO\IDCl 

is external to the deteotor .. It baa e. minor disadvantage ot a finite 

lifetime of three to tour months of daily use. Xenon is deaiNS.ble 

in this rango ot wavelengths aa its absorption ia oonaiderably greater 

than argon and other gases uaed in Geiger counters. The oounter oan 

thus be made Smtlll• reducing the cosmic re:y baokground and still main• 

tain high eensit1T1ty. A comparison of the aenaitivity tor the same 

pr•ssun, ot argon and xenon is shown in Fig. 9 (p. . 5$ ). 

A. crosseotion ot the Geiger tube is shown in Fig. 10 (p. 54). 

It 18 the usual Bell type comter. but l~e-r. The b4:>dy i■ ot oopper •. 

The inside was bored and the corner in the end oppoaite the Wtndc:M' 

wa.1 rounded to facilitate cleaning tor refilling. The 7 mil~ . tung•ttm• 

center oonductor was brought in through a standard Kovar•glaaa•Kovar 

seal, which was eoldered in place with ailver-oopper eutectic. The 

oenter conductor was terminatod 1:n a small glae1 • bead. The l mil 

aluminum window wae sealed to the body by a · oontinuoua lead gasket . 

(diamond shape in croaaeo:tion) between tho Al window and the · oow-r 

bo4ya pressure on the gasket~ maintained by a atainleee .ateel ring 
. . . 

bo~ted to the copper body by e!x boltc am spring look waahen. 
,· 

Oonaiderabl<' dif't'ic:>ulty was enootmtered a.t tirst 1i1 obtaining & 
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arGon, both at a pressure of 10 cm. of Hg. Assuming that this 
absorption is pr:il.TJ.urily by the photoelectric process, these curves 
give efficiencies of the counter for these two gases. 
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234 

8 

r Xenon Geiger tube {actual size) 
-\ 

• Lead . shield for Geiger tube (half size) 

Fig. 10. Xenon Geiger tube and lead housing. C~ponents, (1) stainless 
steel ring; damp., (2) 1 mil Al window, (3) continuous lead gasket, 
(4) copper plate with 1 cm x 2 om window· to support Al window, (5) solid 
oo~per body., { 6) 7 mil . tungsten wire terminated in small glass bead., 
(7) Kovar-glass-Kovar seal and insulator, (8) copper pumping and filling 
tube, (9) lead' diskwith 1 cm x l om window, (10) lead housing split 
1D: halves a.lone; center line., and (11) 6½ inch lead snout whi.ch· reduoes 
the solid Emgle in which the counter receives radiation., thus reducing 
background. 



flat plateau in a plot ot the eounting rate va. voltage appl1,sid to 

the Geiger tub9~ Cleaning the copper oathode with nitric aaid and 
. . \ 

distilled water would result in a good counter when tilled with argon• 

but not with :mnon. About 2.3 per cent petroleum ether waa used u 

a quenoh gu. 

The tollowi!)g teOhnique waa finally developed in whioh veey satis­

factory xenon filled counters ot 10 om pressure and 2-3 per oent petro­

leum either wen obtained. · The method of oleaning the tube by baking 

in hydrogen oould not be used beoauee ot tht low tttelting point of lead 

and aluminum. The method ot olsaning used, was to olean the oenter 

ooilduotor by a.o. eleotrolyeia with acxUum. h¥d,rozid•• the copper cathod• 

by baking in hydrogen am. the aluminum willdow with soap and distilled, 

• water. The parts . weN then aa,embled as quiokly u poeaible and put 

on the vaouum ayatem tor. 24 houra. Outgaseing wu aid-od by. gentle 

heating. Suoh a procedure hu alw:aya resulted in a good counter with · 

a 100V plateau at 1300-1400 volt1,. 11114 a lifetime ot t- to four 

monthe daily uae. An interenb;lg teatun waa obaened that on refilling 

it' only the oathode or anode alone we.a ., eleaued, the retilled counter 

would not operate. Eaoh refill oonaieta ot reboring the cathode and. 

replacing the anode. The d1f£1cul ty en~ountered by others in oon­

atructing a xenon counter seems.to lie in the greater sensitivity ot 

xenon to the aurtaoe oondi tiona of the cathode and anode• aXld also 

aocording to Kortt< 18) the quenoh gaa muat have an ionisation potential 

lower than that ot xenon. 

The purpose ot the q.ienoh gas ii to eliminate spurious counta 

caused by pbotoeleotrona and aeoo:nde.ry eleotrona emitted trom the .metal 



aul"taoes. Moat heavy organic mol~ulea have essentially oont1nuoua 

absorption bands to the ultl"&-'Yiolet radiation produced in Geiger 

oountera. They also have a high probability of decomposing when ex• 

cited by this ultra-violet radiation.- Thu, they absorb the photon 

produced in the ion sheath tbue preventing a apurioua oount. When 

the xenon ion reaches the cathode• 1 t may liberate a s•conda.ry eleo­

tron whioh oan also oauae a $puriOU$ count. l.t a. heavy organic 

moleoule that has en ionization potential leas than that tor xenon 

(12.0SV) is used ae a quenoh gaa. an eleotrcn transfer oan aooompaDN' 

a collision between xe110ll and the organic molecule. Now when the 

organic ion approach.ea the oathod• it oan capture an eleotron,. but 

instead of its excitation enei-gy prod.uoing a seoondary electron from 

the wall oauai:ng a. spurious count• the heavy organio exoited mo-leoule 
ether 

deoomposea. Pal"t of the traotiona in petroleum/haw ionization po-

tential.a below 11.oV allowing. :thi~ eleotroa traru1ter. 

!he reaponae ot the oounter vs. intensity of the x-r&)I' beam enter­

ing it 1, &hOll?l in Fig. 11 (p. 69). In thia plot tho x-rq ·apeotrOl'.il­

eter_ 'waa set for the Jlolt«. i wavelength and the log (oounta-per.-two• 

minutes) plotted va. number of 11 Jllil aluminum absorbers in the path 

ot the x-ray beam. 

Comparing the rooking curves obtained u1ing the ion ohamber and 

d.o. amplifier to those obtained uaing the xenon oounter showe4 a gain 

in the ratio or pewc to background reading or about 100 t1meaJ 

A one inoh lead housing and 1/8 inch lead snout ahCJll'Jl in Pig. 

10 (p. 54) redue,ed the ooamio and x-ra;v beokgrouQ1 to about 20 o.p.m. 

lot• that the small dimena ion.a ot the oounttr make the use ot thia 
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0.00414-t 
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Quench Cirouit 

Fig. 11. High voltage supply and quench circuit for the xenon Geiger 
counter. 



lead shielding muoh less cumbersome thg,n would be the case for an 

ion oha..T!l.ber set-up. 

The high voltage supply and the quench oirouit £or the xenon 

counter are shown in Fig. 11 {po 51). The quen<ih o-irouit is the Neher .. 

Pickering type. Tha reaista.noe in the RC eirouit (c ie the oapa.oits.nce 

to ground) regulates the time for the oharge to leak off the Geiger 

tube after it has fired, and thus the time the voltage on the Geiger 

tube is held at i'bs threshold value. Holding the voltage down allon 

the discharge inaide the Goigor.tubo to bo neutraliioo without pro­

duoin~ spurious counts. This oath.ode-follower type circuit converts 

a h.ig."1 impadanoe line to one of low impedance and thus permits the use 

0£ a lone; transmission line between the Geiger tub~ and quench cirouit 

and the scaler. The nsgati ve pulse from the output of the quenoh cir­

cuit ia fed to a one ~tage amplitiel" and the positive ou·tput pulse from 

the amplifier ia fed to the soalilro The soaler(l9) has a scale ot 

64 and drives a "Cyclotron Specialties" counter. 
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Fig. 12. Typical plot of log of counts in two minutes vs. number of 
absorbers in the path of the beam used for detormining Pi (power in the 
"straight through11 beam). Plots such as this one indicated when the 
voltage was too high so that wavelengtm of'!' were being tra....r:ismitte<l in 
second order reflection for then a plot similar to the above would no 
lon~er be a straight line. These also show tho linearity of the xenon 
Geiger counter over the range of counting rates used. 



PART V 

EXPERIME:NTAL RESULTS (A) 

Wavelength Determination of the Tungsten Ko( 1 X...r-ay Line,. 

Grating Spacing of the (310) Planes ot Quart&. 

Shapes of the MoKo< l and W'Ko<.1 X-ray Lines. 

WAVELENGTH AND GRATING CONSTANT DETER.M.lliATION 

The wavelength of the tungsten Ko{ 1 line is determined by compar­

ing with the molybdenum Ko<.1 line. The MoKo<. 1 line has been determined 

with such precision that it oen be oonsidered as the standard fof' tho 

Siegbahn scale. When Bragg's law of retleotion is sa·tis.fied in the 

first order 

fhe Ko(, 1 notation ia that of Siegbe.hn referring to the K-Lrn transi­

tion. By using the same crystals fUld experimental liet-up to measure 

the g;lanoing angle for Bragg reflection. i• for both lines. the wave-
' 

leng,-th in terms of the wavelength of the MoKoc l line 1a 

sin 9w:Ko( 
>.._ m'.L l 
'-ilKo<. l "'140Ko(.1 sin 9M K 

o ~l 

As desoribed in prOTious partsg Q oan be measured by detel"mining the 

angular separation of the co~terCI of the "parallel" and ua.ntiparallel" 

rooking curves 0£ a two O?"Jstal speotrometer. To reduce the errore 

of the worm wheels. sevGral positions of the wheels were used. It ia 

seen tram Fig. 5 (p. 28) that orystal A oan diffract the beam either 

to the right or the le.ft °b'J rotating C?"Jstal A through 2t. For either 



positioo of crystal A• two positions of.' crystal B are p,or1sible for 

diffraction in both "parallel" and "antipe.rallel" positions, which 

are just 180° apart. Thus there us two positions ot crystal B when 

the beam is diffracted to right or left f'rom oryetfll A. Using all 

four positions utilises different portions ot the worm wheel and 10 

different oorreotions for the readings. Such a method reduces the 

instrumentation error. Each run oonaieta ot a measurement of the 

"parall.el" and uantiparallel" rocking curves. In Fig. 6 (p. 45) itema 

(30) and (31) are weights attached to the geared wheels to take the 

baoklaah out of the gears. For each run crystal B, together with the 

detector, wae moved somewhat beyond its position for the "parallel" 

and "antiparallel~ rocking curves and in such a direction that when 

returning cry,tal B to make the setting the weight is lifted by the 

oryata.l pivot wheel. This method loleps any baoklash in the gears to 

a minimum as orystal Bis moved oonseoutively through the "parall•l• 

IIIld ttantiparallel11 roOking ourvea. 

Fig. 13 (p. 62) shows typioal "parallel" and "antipai-allel" runs 

tor the molybdenum and tungsten Ko(.1 lines. 

Table I (p. 63) gives the results of the Q determinations. The 

oorrao-tiona were taken from the graph of Fig. 7 (p. 46). 

Using the value tor the wawlength o£ the J&oKo<..1 11ne<20) aa 

~Ko(. l • 701.881 z.u. (S1egbahn soeJ.e) 

and the &.Dgles given in Table I, the wavelength for the WKo<. 1 line 

ia 
lw}:o< 

1 
• 208.575 % o.ooe x.u. (Siegbahn soale) 

Using ~K°' 1 above and GrioKo< 
1 

givtm in Table I, the gratin$ constant 
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Fig. 13e. Typical two crystal spectrometer rocking curve 
of' molybdenun1 Koc. 1 line (run No .. 2) reflected from (310) 
planes of quartz in first-order , parallel and antiparallel 
positions. The ordinate numbers on the parallel and anti­
parallel rocking curves give the n~mber of' counts in ~wo 
~inutes. The vertical heights of the rectangular dots on t he 
antiparallel curve are indicative of the uncertainty o! 
counting ( square root of total counts). On the par2, J.le:L 
rocking curve the statistical uncertainty is not t :ms s::o·i·:1 . • 

i 
i 

a j I 
I 

20· so· 
~t 0~1™·H 

40· ~~o---s~o---~-~---2~0--- 10· o· set' 41:J' 
I I 

905' ;t Cf' OOS ~ Cf' 

Fig, 13b. Typical two crystal spectrometer rocking curve 
of' tungsten K«, line (run No. 2) reflected from (310) planes 
of quartz in first order , parallel, and antiparallel po s itions. 
The ordinate numbers on the parallel rocking ~urve give the 
number of counts in two minutes, those on the antipa r al lel 
curve t ·he number in five minutes. Th.e vertical heights of the 
rectangular dots on the antiparallel curve are indicative of 
the statistical uncertainty of counting (square root of total 
counts). On the par~llel rocking curve the statistical 
uncertainty is not thus shown. 
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· tor the (310) planes of quarts 18 

d = 1177.106 x. u. ( Siegbahn aoale) 

The r~om temperature during experiment WU 81° i lo a. Correcting . 

to 1e° C • the uaually a.ooepted atandard • by applying the theJ!imal ex­

pansion ooetticient(2l) ot 14.5 x 10-8 per degree C tor expansion 

normal to the optio axis gives 

d O • 1177.631 i-0.02 x.u. 
16 . 

Thia agree• well with 'ffl>rk by lngelstam who obtained Xwx • 208.571 x..u. (~a) 
. ~l 

and cl • 111'.6 x.u. <23> 

ERRORS DUE TO IM>EX CE' . REFRACT ION 

When the dif'i"noting ple.nee are normal to the oryatal taoea the 

ind•x ot refraction hat no effect an the e.bove reaulta. For. it ).I 

~ . 01 are ttwt wavelength and Bragg angle maid• the crystal. k and 

• outaid•• am f- ie the index ot refraction. :nl.1 • 24 sin ~• inaide 

.btttJ f- • ft = :: ;, • 1 • 0 

.and there re•ultl 

~. 2d ■in. 
}'- f<. , 

it now the diffracting planes make. a small angle o<.. wi'bh the normal 

to the crystal .t'aoes, it is ahCIW'n ia Appendix E that the oorr.eotion 

tor ). when the anglo 2f-. 11 •allU?'ed by detenduing the angular separa­

tion between the "parallel• am "emtiplll"&ll~lw ~oold.ng O'llr'VfM 11 

>. • 2d ain le f 1 + 0 atnio< [ 
Tl ooaoe. ooa1 ~J 

From tho ourved orystal ap&otrometer work it W&I determined that 
· . (23) 

~ ~ 1°, therefor• ooa o<-:::: 1, ,1n2°' • 3.04 :x 10-' and 0• 3.28 x 10·6 i 2 



.as-

(when }. ia in Angstrcm unita)o 

F~r the WKo<.l line l_ 
_ i • 2d •in f [ 1 + 4.14. " 10-11 j 

Por the ?itoio( l line 

i • 2d ain ~ f 1 + s.12 z 10·10} 

1'he erroJ" due to the index or retraction ia negligible compared 

to the experimental error. 

fHE ERROR DUE TO VERTICAL DIVEJlGENCE C'N I.RAY BEAM 

Ao ahown in Part III the vei-tioal divergence introduces no el"ror 

1n the pa!"allel poa1ticm. It has been shown experimentally by Allison(l5 ) 

the.t tor <p in the range 4 x 10-3 to l x 10-2 vertical divargenoe has 

no appreciable effect on position and shape of the antiparallal rooking 

ourve• The uaual practioe is to keep~ tan '1a equal to about 1/2 

second of aro or lass ' (see P• 61). 

SHAPE OF THE Xo<.1 LINE FOR Mo AND W 

It was ahown in Part III that the shupe of ths rooking ourv$ 

in t-he "antiparallel" position was essantially that of the spectral 

line. Eq. 3. 31 ahows that if th'e vertical di vora;onoe in the x-ray 

beam ia small• then the antiparallel rooking curve will be a witoh• 

provided the spectral line am the parallel rocking ourve are witches. 

For a perfeot crystal the theorstioal parallel rooking curve is essen­

tially a witch• but it is also so ne.rrow co.~pared to the line width 

that, it will have a small effeot in distorting 'the shape of th~ spectral 

line. A test of Eq. 3. 37 vrn.s made by plotting a witch on top of the 



~erimantal e..-itiparallel rooking ourvea for the runs in Table l 

(p. 63), using the half width and peak values of the ex:parimental 

data (two of th~ experimental Qntiparal.lel rocking curves are shewn 

in Fig. 13 {po 62)). The oaloulated ourvea of a witch titted very 

nicely the axperimental points. It is thus concluded that the shape 

of the speotre.1 lines of MoX ot. l am Wlt "'- l are essentially that of a 

witoh. 

The width at half maximum is used for oomparlng line widths. 

The w,idth of the 8pectral line is very nearly the dit'ferenoe between 

the half widths of the antiparallel and parallel rooking curves (see 

Eq. 3.31). These results are given in Table II (p. 57). Wo and Wn 
"M' "II 

are the full widths at half maximum of tha 61lltiparallel and parallel 

rocking ourvea. The conversion from angular rotation or orystal B to 

wavelengths ii ob_tainod from Eq. 3.33. The wavelength that will be 

sel~oted by both or;stals for a partieular setting ~ of crystal B 

will be that one which will make both arguments in the numerator zero 

in Eq. 3. 33 • thus WQ a 2 ,¥ tan ~ • neglecting f 2 terma. 

Compton and Alliaon<14) PP• 742-746, 1n e. a\1Jll'll8l'"y ot data give 

• A 4 tor the line width ot MoKo< 1 a.s 0.29 x. u. and A ~ for ~ l as 

0.15 x.u. Host of the earlier measurements we-re made v,ith calcite 

whoM dispersion is about e. third that of the (310) planes of quarts 

and whose parallel rocking curvo v.'"idths a.re usue.lly 3 tc 5 times that 

of the quartz used here. From this consideration the results given 

here should be oloser. to the true shape ot the Uo and W Ko<, 1 lines 

than any of these earliarworks. 



TABLE II 

K °'-l line widths at halt maximum. 

MoXo<. l 

Run No. 

1 
2 
3 
4 
5 
6 
1 

wi.w 
anti parallel 

(seo. of aro} 

48.8 
48.9 
49.3 
48.0 
50.4 
49.6 
49.0 

'l'Qll 

parallel 
( sec. of aro) 

3.3 
3.5 
3.5 
2.9 
3.7 
4.0 
3. 7 

W~ - Wg 11 
(sao. of sroJ, 

45.5 
46.4 
45.8 
45.l 
46.7 
45.5 
46.3 

Average value of the full width at half' me.ximum tor th~ MoKot. 1 

line 

• 0.248 t 0.0017 L Ue 

no<l 
w~,.,,. • e,c 

Wi - VIQ antiparallel parallel ~ II 
Run No. ( aeo. of o.ro) ( seo. . ot arc) ( seo. of e.ro ) 

2 27.4 2.s 24.6 
3 21.1 2.6 24.5 
4 21.1 2.8 24.9 
5 21.1 2.6 26.l 
6 29.4 3.2 26.2 
7 29.4 2.8 26.6 

Aver-age value of the full width at half maximum for the WKoc. 1 

line • 25. 3" % o. 33" 

• 0.143 t 0.001a x.u. 



PART VI 

EXPERIMENTAL RESULTS (B) 

Oanparitcm ot the Theoretical and Experimental Ditfraotion 

Pe:~terna f'l'om the ( 310) Planes of Quarts. 

In~ III it was ,hown that the rocking curvea obtained by the 

• two crystal spootrometer in the "parallel" position depended only upon 

. the nature of the two oryete.ls and not upon the spectral distribution 

• • ot the radiation• or tho height or width of the sli t1 defining the . . . 

z-ray beam. It we.a shown there that there is a. dittereiu>• 1n the dif'• 

t'N.otion pattern for the normal and parallQl polarizations. In this 

ltudy the detector ne.sures both p.olariaationa dmultaneoualy. ao the 

parallel rooking curve cannot be unf'oldad to obtain the single erJstal 

dittraotion pattern. • I£ only one polarization 1s considered• it is 

still impossible to obtain from the two orystal parallel rocking ourvea 

the single crystal. diffraction pattern. It w~ show by Laue(ll) that 

it the· 1:-<> oryS'tal •pan11e1• rooking curve P( ~) 1• eymmetrioal [ (b • -1) 

• tor planea parallel· to the oeyetal f'aoe] • then only if it oan be e.a­

auined. that the aingle oryat&l dittraotion pattern ia &yDm1,Gtrioal. ia 

it possible to tind. the eingle oryatal ditfraction patterns by an un­

folding method auoh a, the uee ot Fourier Tranatorma. But this u. • 

aumption deteau the original purpo••• For the tr'&lllmiasion oaae and 

the diff'raoting pla:wa noi-mal. to the taoe (b • +l) the situation ia 

wor-ae because P( ~ ) 18 not _symnetrical unless the single crystal dit­

trac,tion patterns are S'Jlllm&trioal. Thia arises trom the f'e.ot that 

save tor th~ median rrr:, the angle of incide110• on the c~stal planea 



is not oqua.1 to the angle of reflection (sea Eq. ~, .• e;. From Eq. :~oi3 
oO 

J Ia IH 
L ( C) r {- ~ - € ) de 

P{ ~ ) • _-o0 __ 0 ___ 0 _____ _ .r ~(€)de 
- oO 

00 

J IH IH 
_

00
1"; (E)Io° (~ •E.) de r ~ (e) de 

-oo 

Onl:r if.:!. (e) • ~ ( ... £) is P{ ~) = P(-~ ). It is, t herefore, neoes-
lo . lo 

sary to compare the two arystal "para.lleln rooking ourves calculated 

from the single crystal theory wi'bh the experimental rocking curves. 

This avoids making assu.~ptions about the inaccessible single orystal 

ditfraotion pattern. 

The two crystal "parallel" rooking ourves are "normalised" by 

dividing the measured curve by the pOW'er incident on orystal B. The 

properties of this "nonnali1ed11 curve that are compared with theory 

area R, the area under the "nonnalized" curve, P(O), its peak value: 

and WQ, its half width at half' maximum. In Part III. these quantities 

were derived from the theoretical single crystal diffraction patterns 

given by Eq. 2.22 fer the particular ~t of quartz plates used in thit 

s.2 
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where J O is the term due to .rche contribution .f'rorn anomalous aoattaring 

J a: o l e2 I FBI t '\ >. 
0 mot T O j oos ¾ 

end c is defined by Eq. 2. 18. 

'l'ho results of the oalcule.tions for these three quantities are 

te.bulated in Appendix F. It is shown thero that J O 
2 is negligible 

0 0 
except for~= o.710A and X = o.5301~. 

As will be shown ln the results, the characteristics of the 

11 parallel" rooking curve me.y vary by as muoh as 30 per cent depending 

on the particular portion of the crystal tested. In arriving at the 

theoretioal "parallel n rooking ourve it was assumed that the dii'frao­

tion patterns of both cr1etals were identical. For the oase where they 

were not th~ sruoo and for on~ ona polarization 

J IHA 1/ 
T_ (c)y-(-~-e)de 

P( @ ) • - ao -o 0 

l
oo I A 

. 1: (e) de 

-""' where t he superscripta rei'er. -'co crystals A and B. Ii' the beam is being 

reflected from diffarent parts of the crystals for each wavelength 

setting and the diffraction pattern varies from point to point on the 

orystal., then a study of tho P( ~ ) curve vs. wavelength rray be mia­

leruiing. The variation in diffraction properties of the crystal from 

point to point m11,.y overshadow the wavelength trend. 

The seotion of the crystals directly above the pivots A and B 

and at a height defined by the vertical slit system was chosen to be 

studied as e. function of >.. The x-ra:y beam was approximately 4 mm. 



wide o.m 5 Ilt!l hig;h at orysta.1 B. Adjusi..-inent of the speotr.ometei:• trn 

that the diffra.oted bea'!W passed over th@ a:esired points was ciCOom­

plished as follows, The horbontal defining slits s {seia Fig. 3 (p. 

28)) were set eo that their oentGl" wa.a on the line joining pivots 

A e.m Bs over piYot B waa suspended a plumb-bob by a 1/2 mm lead. ~i.J"e• 

Photogre.~h• we~ taken ct the Ko( 1 diffracted boam from ers.Jstal A just 

after passing through slits S and then behind the le~ wire whioh ia 

directly overt.he axis of pivot B. Thia gave the position or the beam 

with respect to the speotromeiter. '?he relative ~aitions of cr1steJ. 

A a.rd the spectrometer table were then ad.justed t'lntil the beam passed 

over the bro pivots A am B to within a 1/2 mn. Thus to eeleot a \vave,. 

lollt;,--th on the oontinuous epaotrum the gears of the speotrometer table 

were coupled to those of orystal A eo that the table movvd twice as 

tut aa crystal A• and crystal A rotated to a new poeition with respeot 

to the incident beamo The new setting ot oryst&l A rela.tiw to the 

setting for the KQ(. 1 lino gave the wavelength of the central ray tor 

the new setting. 

Beoauee ct tho horizontal di vergonoe of tho beam de.fined by the 

alita. radiation passing through the spectrometer is not monochromatic. 

the spread in wavelengths for points on the oontinuoua spectrum was cal­

culated b'<J ua~ Bragg's law am the !masured horizo~ta.l divergence ot 

the beem .a.a shom in Part IV al'.ld Fig. 8 {p. 50 ). The eli ts were lftide 

enough to allow the ~l-2 doublet to pass. A$ the intensity or the line 

apeotra used waa 10 muoh greater than neighboring points on the con­

tinuous spectrum. the £Jpread. in wa:nlengths for the K., 1 line tabulated 

is just the doublet separation. 
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The technique used fer maasuring a 11 pa.rallel" rooking ourve wa.s 

as !'ollawes The wavelength ,ro.a selected as given above. The 11window11 

ourve of the counter was th.en mee.sv.red. This we.a done by moving the 

oounterj whioh rests in th~ oradle of the spaotrometer (see Fig. 6 

(p. 45))~ IWd observing the oounting re.te: first. with crystal B set 

near the "parallel 11 rocking curve peaks and, second, with or-.rstal B 

only a fgw seconds be--Jond positions tor a.~ dii"f'raction. This locates 

the positions for the countor when measuring (1) the "parallelN rooking 

curve and (2) the "straight through" b<;1am needed for nnor.malizing" tho 

curve. The "straight through" beam is the inoidont beam on crystal B 

less the absorption 1n orJstal B. 

As the maximum oountin0 rate of a Geiger counter and soali~...g 

oirouits is limited• the power in the "straight throui;h" h~run was 

measured b°'J ex"hra.polating a plot of the log of the counting rate vs. 

the numbar of absorbers in tha inoidsnt beam (selected to have the 

same thiokness) to zero a.bsorbez-eo Ths errors in this axtrapolation 

are increased es -the power in the 11 etre.ight through" 'beam is inoreased 

bsoause the distanoe of extrapolation beoomes longer. But the errors 

in m:iasuring the rooking curve are dec.reasod on increasing the p<;mer in 

tho incident bee.a"!lo It we.a found that the least error w·ould result t1hen 

the intensity of ·bho "st1 .. aight throughn ·oeam was adjustoo so that the 

extrapol&ted point fc:r no absorbers was e.hout double the ma.icimum value 

the deteotor ,vaa oapabla of hendling. Thia latter value was usually 

o.rou.nd 1000 c. P• m. 

For a given run the power in the "straight through" berun was 

measured.• than the parallel rocking curve. am then the power in the 



iri.cidenli beam a(;~in mes.sured.a Doubling t;he points in thf.l a straight 

through" beam detennination helps make the "straight through" beam 

extrapolation more aoourate, and also indioatas the stability of the 

x..:Z.ay source during the run. See Fig. 12, p. 59. 

Fc:ii- eaohwavelongth several runs were made for the two possible 

"parallel" positions of orystal Bo Le:t one be called (310), th.an a 

rotation of 180° givee ('!Tl)). As the "straight fur01.1g:-h" bea.'1'1. multiplied 
~ 

by e--y;-" ia equal to the iooidsnt beam on orJstal B, meaevred q_ue.n;bi .. 
f ot!!_ poto 

ties Re-ro and P(O)e 1(o can be compared with theory without datar-

min.:i.ne the true absorption of the beam in paesine; through crystal B. 

Fig. 14 (p. 74) shows representative •parallel" roeki.ngs at five 

different wavelengths. A ~.;pical a0t of calculations that were made 

for each "parallel" rooking curve measured is shown in Appendix G. 

'l'he ealoulatad results for the observed "pa:rallel" rocking ou..r-ves O.,,"'."e 

tabulated in Appendix u. 

In Table III (p. 76) the ave1·age vu.luaa from the experimental 

results are tabulated with the oaloulated q.;i.a.ntitias derivad from Eqs. 
/(oto 

6.2, 6.3 and 6.4. 'JhG results tor Re~ vs. ~ from both theoriJ and 

experiment are plotted in Fig. 15 (p. 76). 

As the dii'i'rc.etion patterns are very narrow, it was dif'fioult 

to detennine the peek value or t.h.e curves aoourately. The smallest 

interval of angular rotation or orystal B was 1/4 seo. and e.e the full 

width at half me.ximum. was two ssoonds and lase the peak posi t:1.on did 

not alw~s correspond to angulai:- oett:i.n; of orysta.l B. The va.x-iation 

in determining P(O) was someti.T!l8s a.s high as 10 pal, 0011t. Thie did 

not affoct tho hlllf' w!dt.'1 vo~; ::m.1oh a.s 't;ha sid1ts of th~ ourve are 
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rs ls.ti vely st~ep. The area was measured by a. pla.1'11meter., l<' i vo de­

terminations of tha araa were 100.de for ea.oh. ourve with Ea "probm.bl~" 

error of less than 0.37 per oent. 

The data in Table IV ( P• 78) shaw that moving the x-ray beam 8 mm 

along the face of orysta.l B can ohange the oharaoteristios or the ·two 

crystal rooking curve 'b'y as muoh as 30 per cent. Rei'errine; t o Fie;. 15 

(p. 76) the two pointe for ~ <. o.2sf "N8re de·termined with tho tungsten 
o. 

x-ray tube. For the ·three points >. '? 0.25...\ a molybdenum tube waa used. 

The inability to adjust the diffracted berun so that it.passes over 

exactly the aam points of both crystals A am B when either x-ray tube 

was used m,q acoount for the irregulari t-J 'between t.hese two sets of 

data. 

From Fig. 16 (p. 76) it is seen that the measured integrated re­

flecting pC1Wer for these oryste.le does not decrease a.a i's.st a.s that 

prediotad by the theory. Re.tarring to Eqso 0.2. 6.3 end 6.4, the terms 

in the brackets an due to the anomalous disporsion and the ef'f'eot of 

the two ·cr;stal apeotrometor on the single; crystal diffraction patterns. 

In Appendix F it is shown that the numerionl value or these bl"tl.cketa • 

is ver-J ooarly equal to uili ty. Thus the integrated reflecting pOW$Z" 

as :meaeured by the two or-.1sta.l spectrometer is es8entially that of a 

single crystal. 

In Part II it was shorn that tor a. mosaic orysta.l of small b~ocke 

whose dim&nsion t 0 < 10-S cm., the integrated ref'leoting p~er should 

deo~eaae with wavelength aooording to x.2• This is not the oaso here. 

In Table III (p. 75) it is seen that the rasul ts from theor.i' and experi­

ment are fairly close for i • o. 11ot, but tor shorter wavelength, the 
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reaulta ct t..iie perfeot or-Jstal t."ieory for the integrated. reflecting 

power ar4 half width decrease mor• rapidly thell the e.xperim.e::rtal re­

•ulta. It ia also noted that the valuee of the normalised .peaks ot 

the "parallel" rooking curves are lovrer than .the calculated values. 

These fe.ct1 might be explained by a etruoture in the crystal com­

posed or fairly large blcoks whose angular deviation is very small. 

For the lc.tllg wavel~ngtha the width of the diffraction pattern fer a 

perteot crystal is larger tho.n the angular deviat1on ·or the blocke• 

Md the crystal e.e a whole acts very neau-ly Hke fl perfeot crystal. 

For shorter wavelengths the width ot the diffraction pattern appronchea 

the 'aemo nagnitude u the a..ngular de-viation 1n the oriontation of the 

blook8. Thus the re$Ult1ng width and integJ"Uted ref'leot~ powor would 
·, . 

not deoreaee a.a fast aa prooicted b'/ the theory ore. perfect crystal 

tor the pattern becomes dooimted 'by the angular deviation in the orien.­

ta.tion ot the blookl. Tho peak .ot th~ curve is thue lower than predicted. 

' by theory as the dit'fraot&d power is spread over e. larger _nngulo.rl!"~e. 

Sueh o. struotu.re would also -in:ii~te variation of the "parallel" 

Z'OOking curves from point to point on the crystals and also slight 

irregularitie•* on the side ot tho parallel. rooking cui-vea which were 

obael"V8cl to change ae the beam wai moved to different parti of orystal 

The results of this experlmant show that tb.e integrated refleQting 

power and halt width of the diffraction pattern for the ( 310) plane~ 

" ot quartz are not pr\?pol't1onal to the _ first power ot the. wavelength a.a 

• .Sub,idi$ey r•Meotimw WEU·e e.lao o'6seM'8d syrrmetr!oill.y placed 
about the (310) parallel position rooking ourvd. A study was mad• 
ot theee refleotiona ae a fun-oticn ot wavelength (see Appetldix I). 
but at present ~hey are unexplained. 



- pr-4ioted by theoey but are proportiQnal to a p~r of the wawlength 

slightly less than unity. These results are entirely different tram 

those found by David A Lim (Z) who observed that thG ixrtegre.ted re• 

fl.ating pawer for a oryata1, cut fl-om the same blook aa . the two used 

here; but in tho atr~•ed • condition aa fou:od in the curved crystal 

__ • gama r,q •peotrometer, decreased aa >,.2• • 
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APPENDIX A. 

The following oaloulations for tha volume of the unit oall and the 
factor 

structure/for the (310) planes of quartz used the orystal struoture data 

• from Brill, Hermann, and Peters(25) 

a. Volume or the unit cell. -
Quartz has a hexagonal crystal structure with the unit oell as 

..L 
- [ 2. i? 2 72. V = {a1i.2a3) • •1~s l + 008 c( 1 008 0( 2 ooso( 3 - OOSo( l -co~, -cos~~ 

a1 = a2 = 4.903 i 
as• s.393 R 

c<1 = 4<a2,i3). 9o0,coso<1. 0 

o<2 • 4(i1.i3 ) • 900 1oosc<2 = O 

o( 3 = 4- (a2,a1) • 120°, ooso< 3 .• -½ 
I 

V : (4.903)2 x 5e393 [ l • ½] 2 

V • 112 i3 

· E.:_ Structure factor of the (310) planes of quarts. 

{Terms due to anomalous dispersion not included here) 

FH • 2ft e2-rti(ffa•fic) 

• _Lt~ 8 2rri(h1x1 + h2x2 + h3X3) 



t~ is the atomic etruoture faotor (no anomslous d~spersion) for t..lw 

kth atom of the unit oell• The position vector of the kth atom is 

and 

: ~:: x1l1+x2l2+x3i2 

_ Bn • h1ii1+h2b2+h3b3 

• Using -~1 •&j • l1j and {h1h2h3) II (310) 

IH•fx = Sx1 + lx2 + Oxa 

The unit cell contains 3 Si atoms and 6 0 atoms. 

xi, ?ta, ~ were determined from BrU.l, Hermann, Peters (ZS) data. • 

u • o.465 ± .oos 

X : 0e415 :t eOOS 

y • 0.212 :t.oos 

z • 0.120 :t .002 

as .shown in the following tables. 

For the 3 Silcon atoms• 
2-cr na•i\: 

Atom No• x1,x2,x3 x1 X2 X3 IH•~ {in .degrees) 

1 
~
u,o,o) o.465 0 0 1.395 • 142° 

2 u,u,1/a) -0.465 ~o.465 .333 •l,860 -309.5° 
3 (o,u,2/3) 0 o.465 .667 o.465 167° 

For the 6 Oxygen atoms a 
21"1' Ba· i')t -Atom No. x1,x2,Xa x1 x2 XS .• Ba•rit (in degrees) 

l x,y,z 0.415 0,272 0.120 1.517 186° 
2 y-s.,l,l/3 z -o.143 -0.416 0.453 -0.844 -sos.50 
3 .,,x-y,2/3 & -0.212 0.143 o.1a1 o.673 -242° 
4 x•y,J,1 · 0.1~ 0.212 0.120 0.157 66.50 
5 ·y,x,2/3•z 0.212 o.415 0.547 1.251 83.1° 
a x.y-x,1/3 • z -o.415 -0,141 0.213 -1.388 •139~5° 



For Sil 

. Atom No. Cos(2-rr~•i);) 

l -.788 
2 .636 
3 -.974 

For Oxygaru • 

Atom No. oos(2-rrnu•ric) 

l -.996 
2 .552 
3 -.460 
4 .552 
5 .120 
6 -.766 

• -Lo e2 TTi(Bg-fic) • -1.000+1 2.776 

From Oompton and Allison (l4 ) P• 7 81 

Therefore 

~ 1 • . a.s9 • 

tg • 2.13 

.616 

.772 

.225 

-.105 
.834 
.eai 
.834 
.993 

-.648 

FH: •l0e49+i 18.88 

I Fnl = 21.4 



APPENDIX B. 

Oaloulati ons of the Fou_riar Ooeff'ioients y H' and 1f H • • Sae P• 16 

of text. 

· ·. 1._ 
_ .where x • )\i• The oritioal absorption edges for the L, M --- eta. shells are 

so muoh greater than the wavelengths used that tha anomalous contribution 

from these electrons is neglected. Using the results of Honl the 

following table was oaloulateda 

Si )\_ 0 
)\(i) _)._ - 2 TK X •-- . 2/J\K 2rK x•~ 2jK ~k 

.710 0.10s o.os10 0.091 0.0302 .00605 .0121 

.530 0.0787 o.03'76 o.oss 0.0225 .00362 .0052 

.320 0.0476 0.0139 0.0136 .00U!4 

.211 0.0313 0.00590 0.00898 .000525 

.123 o.01s3 o.002s2 0.00523 .000224 

Si(A • 00276, ~- • 6.73i) O(A • 0.30, /\K • 23.si) • 

The ~mmations ara oaloule.ted in Appendix A. 



}>(i) 

.110 

.sao . 

.320 
-.211 
·.121 

Where 

-87-

a b 0 X 103 "X X lu2 X~x 104 

-o.0815 0.125 6e98 6.99 • 48.8 
-o.0455 o.01oa 3.90 3.91 15.3 
-0.0169 0.0237 1.36 1.se 1.e.5 
-o.00717 0.0110 o.613 o.613 0.376 
-0.00200 0.00488 0.259 0.200 0.0675 

~ 1 
• _ 4 77";.t2 .! (-10.49 +1 18.68); \= terms neglected compared to ~ 

m £uo",· V 

C -



APPENDIX C. 
of 

Relationship between t he angle of scattering and the angle/inoidenoe 

for an x•ray beam di.ffraotod by a crystal with plane parallel faces. 

The simple Laue symmetrical transmission oase is given as an 

example. The .condition for constructive interference inside the crystal 

when the inoident beam deviates slightly from Bragg's condition of 

reflection is given by U1Ue's vector equation 

~H: ~D+ Ba 
whe:te f O and ~ H { the inoident and dii'fraoted wave veotors inside the 

orystal) do not necessarily make the same angle with Bg. let the 

incident ray outside the orystal make an angle e with respect to the 

•diffraction planes (for this special oase the normal to· the face of the 

•. crystal and tho dif'fraoting planes are parallel). '?he scattering angle 

is measured with respect to the crystal planes at the $!I18Zoging faoe. 

'fhe corresponding angles fl and 9~, inside the orystal, ere measured 

similarly, sea the following sketoht 

The angles • of inoidenos and soattering are gi van by 

Bn• ~ H = Ba•~o + B,a-Ba 
OR 



For the synmetrioal Laue oaee Ba • 2 k
0 

sin Sa, $a is :...aesureo. 

• outside the orystalJ ko is the magnitude of the wave veator outside 

the crystal, and is related to the wave vectors inside the crystal by 

•the indioes of re.fraction. !he index of refraction is riot necessarily 

the same tor the inoid6llt end di.fi'raoted waves inside the crystal when 

diffraotion oooura (see Part IX). 

·@u: ko (l+~) 

~o • ko (1 + 80) 

So (1 + Is) sin ef + (1 + 10) sin e' • 2 sin 8B 

Using Snell•e law 

sin 9s + sin 8 • 2 sin 9a 

OR 2 sin 9a + e cos ( 6s - !) • z sin e8 2 2 
dropping (f8 • 8)2 terms 

or 

sin¥• sin ea 

98 • 29B • 8 

For the general case where the diffi'aoting planes making some angl e with 

the normal to the surfaoe of the crystals Zaohar1asen(5 } gives tor e
8 

88 • 8a • b {e - 8B) 

b is defined in Part IlJ b • +l for the ditf'ra.oting plan&s normal to 

the surfaoe end b • •l for the planes parallel to the surface. 

'l'he angle of incidence is equal to the angl~ of scattering only 

when 8 • e B or b • -1. 



.APPENDIX D. 

Fold of two \>d:bohes. 

The problem is · to integrate 
00 

I(y) • / t 1 (x) • r 2(x-y )dy 
-a0 

whe,re t 1(x) ■ 11 J t2(x) 11 12 
~ l+x2 
~ ~ 

whore 

• • 11¼•2!,2 { O(tor y ;tnitel+ [ ¾ +~+~ ]11} 

Substituting for B, c, and D. 

"1T 

1+(~2 
a+b1 

The fold of two witohes gives another witoh~ whose half width is the 

sum of the half widths of the two wi tohes folded togethero 



APPENDIX. Ee 

Index of refraction correotion to Bragg's law. 

Let the diffre.oting planes make a small angle vd th the normal 

to the crystal faces as shown in the figure below. The angle between 

orystal settings for Bragg reflection in the parellel and antiparullel 

positions for the crystal x .. rtJ.y spectrometer will be (81-t-~) 

Direction of (310) planes with respect to 
orystal faces. 

When Bragg's law of reflection is satisfied inside the crystal 

X • 2d sin e• 

The index of refraction is related to the wavelen~hs and sine 

of the Mgles e and ~ by 

f'- •1-8• )\. -~ 
X sin~ 

Md oosA~ cos 8 (l • G j 
~ ~ cos2e 

From Eq. E.l 81 is related to>,. by 

A • ~x • ~ 2d s~n e! • ~ 2d sin(~,+-<) 
, . 

• where e, • ~ +o< 

A = 2d l ein~1ooac< + oos~1sin«J; /;t, 

Making the substitutions from E.2 



The ·relation conneoting 82 and }.. 'Where 

f..dding Eqs • Ee3 and E.4 gi v'OS 

2A = 2d [ sin(81 +o<) + sin(e2 •°' )+ b sino<( 1 • 1 . )} 
oos ea cos e1 

' 

2),... 2d 

. From the figure 

~ 2 • o( l: ~I + o( 

or- oos(,2 • o() • cos {f1 +Cl(). Expanding and using 

oos ~ 2 ooeo< -tsin~ 2 

oos 02 (1 - b ) 
cos2 92 

cos ~ ~ ..!..oos e (l • 8
2 8

} · ,r · coa 

sino( • cos fl coso( • sin f 1 

oos o( -+ sin e2 sin al • cos e1 

sin~ 

(l • . b2 ) oosc< 
008 81 

- sin 81 sin a( 

(cos e2 • oos &J.) ooso< 
oos2e 
2 _sin 82+S1 sin ~2 - el 

oos 2 2 . 

aos2 e 



So 

b,,.,:t 

sin {q,+o<) • ... b costx sinc#> 
oos2 e 

sin c/l oos o< + cos 1 sino( :s - 6 °08 o<. sin f 
oos2 e 

sin (ooao< + cos°' ) = - oos + sin o<. 
oos2 8 

cf> • lojfSmall, oos ,~ l 

eo 

ooo(f+a() ~1-loosff>{t:,,.,. 2 o1.. 
• eos4 e 

..• Substitutine; Eqs. E.5 and E.6 in Eq. E.7 givg 

as Bragg• e equation and the oorreotion tarm due to index of refraction 

when th.a diffracting planes make a small emgle aC to ths normal to the 

E.1 



APPE.?iDIX F. 

f R ~of• P(O) ~oto iir Calculations o e To , e ¥o , n 9 f'l•om the theoretioal 

results derived in Part III. 

Atomic ru.1d crystul constants used area 

•. e2 • 2.a2 x 10-13 om • 
. mc,2 . . 

d • 1.177 x 10-8 om. (310) lattioe spaoing. 

IFHI • 2lo4 1 structure factor. 

V • .112 x 10-24 oms, vvlume of the unit oell. 

to• OolO cm, thickness of the orystal plates. 

a. Anomalous aoattering contribution term -
.Ro• cA(K • 1) 

c has been calculated in Appendix B • 

. A(K - 1) • (822 l!lilt:-\ A .• 5306 ~ 
•mo V °'cos Oa ~ 

A(i) oos ea A(K • 1) 0 X lo3 J 0 • cA(K • l) -
. • 110 .954 39.73 6098 0.211 
.530 .974 29.l 3.90 o.us 
.320 .991 17.3 1.35 0.0234 
.211 .996 11.18 Oo6l$ o.ooaaa 
.123 .999 6060 0.,259 0000171 

0.0767 
0.0128 
0.000547 
0.0000471 
0.00000292 

·~ . Integrated reflecting po'Ner as measured by the two orystal spectrometer. 

ae ,!• ·= fe2 .!! .!.!w.J A .. [l+oos2 2Sp+ 21,0
2 

(l+ cos4 2 ~a)J 
· • mo2 2 V oos QB l+oos 2 91, + .J.,2 (l+oos3 2 9Bl 

let £ (ea,'-) •[l +oos2 28!3-t 2 J!(1+ oos4 2 ~l 
R • l +oos 2 8B + .R,'-(l+cos3 2 9B>1 
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/!..•t• 

~ cos . 9p fa(eB,R,) Re ~o X 106 

.710 .954 . • 977 2.30 

.530 .974 .964 l.66 

.320 .991 .980 1.00 

.211 .996 .994 o.657 

.123 - .999 .997 0.389 

o. Ratio of th1$ peak o:t' the t"OO oryste.1 "parfallel" rocldug ourvo to the -
power of the beam inoident on orystc.l B. 

P(O)e,M:.• • ¾ rl+oos 8a+3/4 .t: (1 +oOIIS 2 .esJ] 
. l + oos 2 8D + .Rl· {l+oos3 2 8B) 

• ·¼ fp{t7B, J.) 

/J.f. t.-

~ rp<ea,t> P(O)e ~0 

.110 .98T .246 

.530 .999 .2498 

.8~ 1.00 .250 

.211 1.00 .250 

.128 1.00 .250 

!e, &.lf ·irddth at; half me.ximm of the t-wo crystal parallel rooking curves. 

XW - cos 8B r,,le»,.io> w
8

{seo) 

.110 .954 ..942. .sso 

.630 .914 .990 .424 

.320 .991 1.00 .264 

.211 .996 1.00 .112 

.121 .999 1.00 .103 
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APPENDIX G. 
eoto ~ 

Sa.nple oalculations for Re \(0 , P(O)e ~ , a.."ld w8 from t he 

experillient; al data. 

Tho two crystal nparallel" rocking curvea were plotted on large 

millimeter graph paper (76 cm wide) with the definitions aa follov11 

Then 

A• area of "parallel" rocking ourve in om2 

M • counts/min per om (ordinate) 

N • seconds or are per om (abscissa) 

P1 • counts/min in "straight tbrough" beam 

l second of tU'o • ~.848 x 10-6 ~&dians 

A. X M X N X 40848 X 10•6 
• -· - • 'pi 

~ x ocru.nts ...1.. x aeeonds of' a.ro x _r_a_d1_· ag...._,_.s ___ _ 
= min em om seconds of a.re 
---------·oounts7min • • ···----

• radi8nS 

For the i'1rst run, No. 1, Position I of crystal B, in Appendix G 

U • 200 cowrt.e/uwo min pe1• om 

!r • 2 seoondf;l of uro/om 

The area mu; moesured w"lth a planitilater. • Its readins·s read tw'ioe 

the area. 

Ar~a measurements 
I 

~Bo. 2A (\%12 
{I~,J.;-

.ens m - -
l 77.5 .21 
2 77.5 .21 
3 78.2 014 
4 '79.0 .96 
6 78.2 .14 

390.4 le5S o673X O. 25 • .216 



.Average 2A = 78.08 ± .20% 

Pro.1 Fig. 12,-,,..ss I P1 • ~o.ooo c.p.2m. 
i 

From ·the "par2.llol" rocl:ing curve 
Jl.o t6 

P(O)e ~o • SOS{-60 
1\ 

P0 {0) • 2497+ 60 = 2667 
2 , 

1.!_o'to 
Re ~ • 2.52 :l; 10-0 rac.1ians 

~ot, 
P( 0 )~ ~o • .167 

•~ • 1.10 seoond.s of aro. 



LP?f1NDIX H$ 

~ 
El:oerimental r esults for Re r. ... ' 

Position l of crystal B Position 2 of crystal B 
(310) (310) 

Run 
A (i) 

~•t• /!_ofo /'_o'f:o ~ 
No. Re ~ 192_ E{O)e \", W9(soo) Re "'if 106 ?( 0 )e =-~ Wg{ seo.) --

l .110:t.0020 2.52 .167 1.10 2.65 .164 1.3 
2 2.64 .177 1.10 2.89 .157 1.46 
3 .530 :! .0074 1.97 .137 1.05 2.12 .136 1.2 
4 2.os .130 1.35 2.11 .136 1.2 
5 .320 !.0076 1.54 .116 1.2 lo58 .111 1.1 
6 1.46 .us 1.0 1.43 .110 0.95 
7 .211 ! .002 1.20 .118 .ss 1.54 .123 .86 
8 1.27 .114 .65 1.69 .122 1.1 
9 1.33 .123 .73 1.65 .131 o.s 

10 1.38 .136 0.10 
11 .123 :t .0084 0.91 .103 0.10 0.87 .910 o.75 
12 0.01 .115 o.so 1.21 o.a1 1.00 
13 0.94 .127 0.50 

Experimental results 0£ .moving the diff racted x•ray baam from 

orystal A to different positions on crystal .B. ).. • .110R. .Ad.. is ths 

horizontal displacement of -bhe beam from the axis of orystal B. 

Position l of crystal B Position 2 of orysi.al B 

~
o) A,,t. " .. ,. (310)~. 

A d(mm) ~-- P(O )e °i=: W9 (r,c.) Re 1f91tf P(O)e o We (u-c.J 

3 2.40 .177 0.95 2o65 .168 1.2 
3 2.62 .172 1.10 

-3 3.36 .188 1.45 2.62 .155 1.45 
-:5 3.22 .186 1.s 2.44 .152 1.2 
-1 2.44 .160 1.25 
-1 2.s1 .169 1.25 



.APPillillIX I., 

Observations on rultiple "parallel" rooking curvas. 

During the praoeas of f'indiru..; ·l;he parallel posit i ons of crystals 

A and B for the (310) planes,. it was observed that; £01· a given we:iT0length 

oondition~ for diffraction ooourred for aetraral positions or orystal B 

· •otf parallel" fi'omtho parallel :setting for the (310) planes. These 

"off parallel" rooking ourves • wero symmetric.al about the parallel 

. rooking ourve for ~he (310} planes·, (let us oall the osnter ·posiM.on), 

. that is, i.f one "off parallel" rooking ourve was i'Gund at a oerta:Ln 

. angular rotation o:t crystal B fi'om the center position, a similar 

"off parallel" rooking _ ourve would be f'ound by Totating orysta.1 B t hrough 

the saoo angle t'rom the center position in the opposite direction. 'When 

two nor~ pai-allel" rooking ourv~s occurred on one side, the seoond 1me 

at twice the angular rotation o!' orysto.l B from the center position as 

was the first •ott parallel" rocking ourve. 1'he third ·was just three 

time&J etc. The numb~r inoreasad as the wavelength decreased • . 

!he .amazing part was that on rotating either crystal A or crystal B 

through 1800 the angular spacing betlffJen these "off parallel" rocking 

ourves ohe.nged. For one combination o:f oryste.ls A a.'ld B the spaqing was 

approximately 38" and in the other it was 8'57"• Let arrows give the 

directions of orystals A and Bas shown, 

A 
Fig. l.1. 
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i}.$ long as the attO\?IS point in oppoaitES direotiona (inward or outward) 

the spacing b<:rb-li&'3h tho positions of the Ito.ff' parallel" rocking ou~s 

remai.ned the seme, But now if' ·the ori-ous point i.n the so.roo dir0ctdon 

the spaoing chang&s to the • o1;her value. 

A careful study w~s made of e lar(SG angular region on both sides 

of tho oentral poei tion for sevoral wavalangt.h,s. The rei;ion .-.here tho 

hofi' paro.llal11 1•ooking curve disappe~ed on reve1·sing-..efitho1· cr:;etal .A 

or B was carefully studied a.ncl .11othin6 was obsorved above background. 

The followille; table gives ·the otserved positions of or<Jstul B for 

pere.lleliea of 'the (:no) planos with oryo'l::al A,, e-nd 'Ghe positions of 

oryatal n for the· observed "off p&rallol" l'0'.;1:ing curves. The me.gi1itude 

• oi' the peaks of these rockih;; ourves is also 6ivon Lut olll.1 only be 

. compared at ea.oh wa..,,ele13,:;th aa the senaitivi"t;y of the counter changes 

• .• with wavelength and the 1-ray beam intansi ty wets not the sa::oa for the 

'different wavelengths. 

The effect of these multiple parallel positions was elii:rl.11ated in · 

the wavelength determinatio..--i f::breti in Part V • AIJ the "antipo.rallel a 

·rooking curve is 2 1 or arc or less. the arrangement to -€;ive the 91 spaoing 

was always uaed. W'ti4tn orvate.l 3 was roto.ted 180° to soleot a, new .setting 

of the worm wheel crystal A was rotated 1800 so tbrs.t the 9' spacing 

still existed. 
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