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Abstract

To estsblish the validity of the x-rey crystel method for
determining %e", the density of microscopic powdered celeite and fhe
x~ray diffraction engles for several sets of planes of a sample of
the same powdered caleite were measured.

The density of powdered caleite was determined pycnometricslly
to be

P = 2.71022 ¢ 0.00035 gms/ce

in sgreement with mseroscopic calcite,

Zeray diffrection rings of the Ni X«&, =nd K o lines for
 plenes (380), (877), (233) and (163) (crystallogrephic system of axes)
were observed using e Seeman-Bohlin powder ‘eamem. The _observed rings
all occur at diffraction sugles near 90° thus a.fférding extremely high
_precision in the lattice constant determinations. The parameters

found for powdered celcite from these dats are

€ = 12.8197 + 0.0016 A (Siegbehn 5qale)
and B =101 54! 18" ¢ 48",

The grating space of the cleavage planes calculated from these

date is

djgg = 5.0282 A (Siegbahn Scale of wavelengths)

in agreement with djgp for mecroscopic celeite within the experimental



error of 0.05 percent.
From the known grating wavelength of Cu K, and the experi-~
mentzl data for powdered calcite the vealue

e = 4,799 % 0.007 x 10710 e.5.u.

wag obbained,

This measurement constitutes the first high precision lattice
determination on celeite ever made by the powder method. It is free
from the objection frequently reised in the case of determinations on
large célcite crystals that the density determination may not be
representative of the thin layer et the surface of & crystal involved

in x-rey reflection.



Introduction

The problem of establishing order in the value of the funde-
mental constent "e% is of great importsnce end has formed the basis
for meny researches. The various experiments relating to this
question and the method of weighing the experimental results on the
Bond Diagram ere well known. The particular phase of this genersl
problem treated in this research deals with the wvalidity of x-rey
crystal methods in debermining %e',

X-ray wavelengbhs were originally measured by means of crys-
telline diffraction occurring according to the well lknown Bragg
eguation with Siegbehn's slight correction for the deviation of re-
fractive index from unity

$
nA =2dsineg 1o
( gin 9)

The experimental procedure-amounts to determining the glencing angle
@ in en order n for diffraction from a set of salomic planes of spacing
é. The wavelength A thus diffracted is expressible on & scale having
the same unit as the scale for the grating space d.

The relation of the electron charge e to the measurement of
x-rey wavelengths enters through the grating constent d in the Bragg
egustion. It is easily shown (1) that the grating spsce for the
cleavege planes in caleite is given by

0=}

Jz 1 Iamf(p)




where M is the molecular weight of caleite, N the Avogadro number,

P the densily of calcite, and é{g) the volume factor given by

= (1 + cosp)?
?66) (L+2cosp ) sing

where 3 is the characteristic angle of the celeite cleavage rhombd-
hedron., If §Q is the value of the Faraday in electrostatic units of

charge per gran eguivalent, then

N=8
e

a= O__He
2Q/o§(p)

The Bragz equation for diffraction from cleavage planes cen then be

and

writbten as

N=po 3 __Me $ )
(1) n) =2 foozip) e &in ©

where the term

i o is the correction for the index of refraction
p of caleite which differe from unity by an smount § .

Wavelengths of z-rays may also be measured with considerable
precision by use of ruled gratings used at grazing incidence. The
wavelengths thus measured are directly expressible in centimeters.

The theory snd possible errors of ruled gretings used under X-ray

conditions have been thoroughly inve&stiga’oed.l) The resulbs of



grating measurements are believed to be thoroughly reliable. 43 a
result, the absolute wavelengths thus determined have been used in
eonjunction with equation (1) above to determine values of the elec~
tron charge e. The values tﬁus obtained are consistently higher than
#illikan's oil drop value by approximately 0.8 of one per cent.

There are thus two scales of x-rey wavelength. (I) The scale
established by Siegbshn by the method deseribed above in the last
parsgraph, but one on the basis of & value of e which must now be con-
sidered as more or less arbitrary. (II) .The absolute scale of wave-
lengths established by grating measurements directly which is probebly
correct. Measurements of diffraction angles of characteristic x~ray
lines can thus be used for the direct determination in abselute units
of the erystal grating constants. From these values of d and directly
measured values of the density p of the erystal it is thus possible
to determine e. This is what we mean by the x-ray crystal method of
detersining e.

The existence of guch & digcrepency has led to many investige-
tions into the source of the trouble. The accepted values?) of the
molecular weight M and the Faradsy { are probably beyond suspicion.
Beardend) has recently mede a careful study of the deansity p and the
characteristic angle p for macroscopic* calecite obtained from a wide

variety of sources. His findings are in accord with those of other

# Ve use the term "macroscopiec calecite® to describe pieces of dimen-
sions lerge in comparison to the thickness of the surface layer which
reflects x-rays as limited by the well known effect of ®extinction®.



workers.

One might be led to counclude that the work of Bearden and
others menticﬁad-abeve establishes the validity of x-ray crystal methods
in determining "e® were it not for & logical hiatus which exists in
the reasoning. The existence of this gap is made clearer in what follows.

The angle of diffraction @ is observed by Bragg raflecﬁian ab
a eleavage surface. In this process the x-rays enter and leave the same
face of the calecite crystal penetrating only a distence equsl to the
extinetion layer. The half dépth of penetration is only of the order
of 4 x 107% ¢cp even in & third order reflection. The effective area
illuminated on the face of the crystal is at wmost one squageleentimeter.
This mesns thet s volume of only 4 x 10~% cc of the entire erystal is
being used to determine ©. A3 mentioned above, the density p of ealcité
is based on macroscopic pieces at least 10 ce in volume. It is entirely
conceivable that stresses exisling within the crystal might produce an
Beffective® grating constant near the surface different from that calcu-
lated from macroscopic deansity messurements. The very fact that a
erystal is cleaved leads one to doubt the wisdom of teeitly sssunming
without proof that the surface pleanesg are truly representative of the
entire macroscopic crystsl,

In order to determine whether or not the internsl planes of
celeite give the seme angles of diffraction as the external plenes
B 4) using & photographic spectrometer messured the diffraction angles

of the Mo K&, =znd Ko, lines diffracted from the planes (100) and (110)



with the erystal in the Laue position. 1In the Laue position the x-rays
pass through the crystal in the diffrsction process. This work along
with my precise comparison of Laue and Bragg reflection angles using a
double erystel spectrometer included in Brown's thesis seemed to estab-
lish the validity of using macroscopic density data in computing the
grating constent d. A short time later an experiment with the photo-~
graphic spectrometer cast considerable doubt on the conclusiveness of
our above mentioned results.

The photographic spectrometer used by Brown consisted of a fine
slit located at a known distence from a photographic plate. The thin
calcite erystal mounted in the Laue position was placed adjacent to the
8lit and on the xz-ray tube side a&s shown in the accompanying sketch.
(The drawing is not to seale) With this srrangement very sharply
defined lines were obtained and the angles thus messured were in com-
plete agreement with values obtsined by surface reflection. :

A& short time after the conclusion of the double crystal spectro-
meter investigation the ssme thin celeite erystal wes mounted in the

eter in the position shown in Fig. 1, i.e. yith the

pom—— e  ——— B

PLA'I;E

”

X-RAY
POSITIONS
U

|
4




CALCITE

o —

o !

tal and the »-rey tube. The crystal was oriented
s0 a8 to allow planes psrallel to the cleavage plsuns GH to reflsct the

wavelengths of the Mo Ko, end Ko, lines to the photographic plate. Im
order to secure a complete photograph two exposures were teken, one with
the x-ray tube at position 1, the other with the x-ray tube at position
2. 1In each case half of the photographic plate was shielded to prevent
the direct radistion from striking the film. Consider then what one
should expect to obtein on the photograph with this arrangement. The
radiation from the tube passes through the glit O and through the erystal
to the point B, With the angle O properly chosen, the redistion of wave-
length A undergoes multiple reflection in the trianguler region OBA
sceording to the Bregg equation. One should'éipect, therefore, if the
erystal is entirely homogeneous, to obtain by seleective reflection of
monochromatic rediation a broad line of width d, or d; depending upon the



position of the x-ray tube. The walues of d, and d; mey be expressed
in terms of the Bragg asngle 8, the charscteristic angle of calcite
(¥ =d « T, where of is the dihedrzl angle of caleite), snd the thick-

ness 1 of the crystal. Fros the figure

"M =d, =204 sin 9
FB = 4,

H

2 0B sin ©

i = OoP 3% = ot} - BN

cos(¥ - 9)’ sin["-f (¥ + 0)]“ cos(¥ + 0)

S

&
I
&l
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snd hence d =2f4sing
and 4 = -2 38

The results of the experiment showed, however, not two broad
lines for the A doublet, but four distinct lines, i.e., a peir for each
of the two members of the mavelength doublet. These may be seen in the
reproduction of Fig. £. These pairs were abttributed to enhanced reflec-
tions at the front and back surfaces of the crystal. The separations of
these lines were measured end although the ol doublet separetion agreed
with the value celculsted from the Bragg equation the other seperetions
did not correspond precisely to the velues of d, end d; czleculated from
the above formulas. Another photogreph tsken with the plate nearer to
the slit showed the expected change in the separation of the two differ-
ent wavelength components O, and &, ., The peirs of lines of a given

wavelength also showed & slight chenge in separation approaching a little



o &, of X,

nearer to the calculated values 4, and 4;. Extrapolating beck geometri-
celly to the separations to be expected at the crystal, the wvalues
d, = 0.0234 cns and dg = 0.0221 cms were obtained., The calculated values
for this erystsl of thickness 0.9 mm were d,= 0.,02352 cms and d; = 0.0817
ems, in good agreement with the extrepolsted values.

From this one seems forced to conclude (I) thst the two besms
forming & peir of seperation @, or d; proceed as though they were
reflected only from the front and back surfaces of the crystsel and not

from the interior, (II) that these two components are not reflected at



quite the same angle znd form two beams which converge slightly as

they leave the crystal. Subsequent work has shown this to be true in
varying degrees of many other cleaved samples of crysial also. lore

or less periodic changes in intensity along the length of the lines

were also observed, an effect which I have never befdre seen reported,
All these peculié:ities at first contribute to 2 suspicion that inter-
ference may explain the absence of intensity betweeﬁ the components

A B end A;B; (see Fig. 1) as well as the fluctuations of intensity along
the length of the lines. If this were the case we could not corclude
thet the interior of the crystal had not played é part in forming the
interference pattern, but merely that the x-rays abt ceritain pointc iz the
pattern were extinguished by unfavorable phase relation. Careful eﬁper—
iments were therefore tried to see if by cutting off parts of the radia-
tion proceeding from the reflecting trisngulasr region OAB the remaining
intensities would be modified. For this purpcse cerefully coanstructed
subsidiary screens were inserted by means of micrometer screws so as to
cover regions near £ or B at will. These screens could even be so

arrenged that only reflection occurring in the interior regions of the

crystel could form lines on the plate. The intensities in the pattern

were pot modified by cutting off warious portions of the region 0AB
which seems to indicete that components 4, B, are really reflected only
from the front and back surfaces and are probably sn effect of enhsnce-
ment csused by surface disturbance of the lattice. Moving the X-ray

source up or down psrallel to the length of the slit led to the conclu-



sion that the fluctustions of intensity along the length of the lines
must be agsociated with definite conditions st fixed pointe on the
crystal. While I feel that not enough is yet lknown about these peculiar-
ities of calecite reflection it may at least be concluded from the zbove
that there is grave doubt whether even in the Laue type of reflection
the interior planes of the erystal play an imporitsnt part unless by some
shielding device such as just described the very weak reflection between
components A B, or A;B; is perforce the only rediation permitted to be
observed. The very weak lines formed in this wsy proved unfortunately
to be rather ill defined =nd unsatisfactory for a precision determination.
The slight convergence of the pairs of besms A B, or A;B; together with
the generally more or less erratic character of this entire behavior
above described made it look as though a statistical method which would
average out the differences between different sampies of celcite and the
different behavior in different megions of one sample of calcite was
much to be desired.

The work on mecroscopic pieces cf calcite in Leue reflection
may thus be quite appropriately criticized, (I) as really feiling teo
measure the interior grating constant of the erystal which is involved
in the’density determinastions, (II) as being too highly dependent on
peculiarities of individusl crystels or individuel regions in oune crystel.

The difficulties involved in the sbove experiments pointed the
way to the solution of ithe problem. Since one is apparenfly reatricted

to investigations of & very superficial lsyer when usling macroscopic



caleite either in Laue or Brags reflection, the snswer must lie in the
results obtained from finely powdered calecite. It was pointed out above
thet a volume of only 4 x 1074 cc out of & totel crystal volume of 10 cc
was actuaslly used in ordimary work with mecroscopic erystals. If, how-
ever, one investigates the x-ray properties of crystals of gize 10~% cms
on & side it is obvious that a result truly representstive of the entire
sample is obbained, since the depth of penetration is of the order of
the dimension of the individual crystals. Although powdered cryétal
technique properly lies in the realm of crystal structure determination
where greal accuracy is not ordinarily required, the methods are capabls,
under specisl circumstances, of high precision. The resesrch described
in the following pages desls with & precise determination of the proper-
ties of powdered cazleite releted to the problem of establishing the
validity of the x-ray crystel method for determining "e®. There are
essentially two distinet parts te the research, nauely, tbe determination

£ the density of powdered cslcite, and the determination of the angles
of x-ray reflection for a number of atomic planes. From the lalbier one
may calculste the lattlce parameters for powdered celcilte and from these
egtablish a direct comparison between the grating consbant of the cleavage
plenes for meeroscopic and microscopic calceite.

To put the conclusions as to the value of Te® guite beyond criti-

cisws of the sort here discussed it is importent that the dengity of the
same identicel powdered calclite, a representative sample of which is

used for the diffraction experiment, should be determined. This aveids



12

two possible criticisms.‘ I. That the density of the calcite used for
diffrection might be different from the mean density of some macros-
copie sample measured. II. That the effect of powdering might change
. the density. This last possibility canngt be sefely neglected in a
really criticsl consideration of the problem, for it is not impossible
for instance that some form of pericdic internal strsin distribution
may exist in the interior of 2 macroscopic piece of caleite which upon
powdering %o sufficient fineness might be relessed thus changing the
volume or shape of the wnit edl by a slight amount. The powder mﬂthod:
here reported together with the pycncmétrie density determinstion made
direectly on the ssme powder samples conclusively avoids all of the above
objections. The shape and absolute size of the unit caleite cell in

the tiny powder greins is directly determined by the experiment.

Pycnonmetric Determination of the Density of Powdered Calcite

The weighings were made on an snalytical balance, the weightis
for which I carefully calibrated against & one gram stendsrd obtained
from Dr. Swift of the Chemistry Department. The pyenometer was of
conventional design with included thermometer. -

The density of the water used in f£illing the pycnometer was
checked by weighing a known wvolume of water, measured by mesns of a
stendardized pipette. The ordinsry distilled water available in the
laborstory was found to have é dengity approximately 0.08 per cent

lower then that given in the Physics end Chemistry Hsndbock tables.
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This water was re~distilled in an all gless still and then boiled to
remove cccluded gas. The following table sghows the agreement beltween
measured densities at various temperatures and those listed in the
tables. In 21l weighings corrections were made for the effect of

buoyancy of asir.

Measured Density  Density (Tables) Tempereture °C Deviation

p e P

0.99856 0.98730 &l.4 ~0.00066
0.99786 0.99793 1.5 +0.00037
0.99824 0.98795 21.2 ~0.00029
0.99804 0.98793 , 21.% - ~0.00011
0.99796 0.98801 0.9 +0.00003
0.89752 0.98799 21.0 +0.00047

z (p—/o.) = +0.000L7
 Averwsge deviation = é(-)p—é-ﬁ-)— = 0.00003

The resulits of these measurements sllow one to assume the den-
sity values given in tables to be epplicable to this re-distilled water.
The density of the calcite crystels whether macroscopic or
microscopic wes determined as follows: let W be the welght of the
empty pyenometer bottle and V its volume determined by weighing the
bottle filled with weter of known density at a given temperature. Let

W, be the weight of the bottle plus the weight of the csleite crystals
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and Wp the weight of the bottle plus the weight of crystals plus the
weight of waler necessary to fill the pycnometer bottle to the fiducial
mark. Then if & is the density of air, the true weight ¥; of the calecite

is given by

e, ;l"w_w‘ "’ﬁ
Y‘““W'"W*S{ 2.7 s.s}

where the first and second terms in the bracket are, respectively, the
corrections for the volumes of eir displaced by the calciie and by the
weilghte added for belence in this weighing. The density of calcite is
teken to & good enough approximetion as 2.7 and that for the weighis as
8.5. The density § of air wes teken as 0.0011 gma/cec. The weight Wy

of the water added is given similarly by

ﬁ;;-';Wg“ﬁ,'!Fg E{a-?;;,“?;z-!;;’}
1 8.5

where the first term in the bracket is the buoyanecy correction for the
volume of alr displaced by the sdded water. The volume of water added

is given by

'/ = ¥a
- P 8.0

whers ﬁ)HeO is the density of the water. The volume Vg of the calcite

in the botile is evidently the total volume V minus the volume Vﬂzﬁ’ i.e.

Vc.,:V—VHBO
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from which one obtains at once the density of calecite as

The values of V and W for the pycnometer botile were

25,5120 at 20° C

)

v

i

it

27,5605 gms.

As 8 check on Be&rden‘sa) value for the density of calcite,
I determined the density of a group of calcite cerystels ranging in
volume from 1 cubic mm to approzximebely 10 cubic mm. Three determina~

tions were madGe with the following resulits

Approx. Weight of Sample Used Temp., °C Density

£ImS. Prme

12 20 2.7108
12 20 2.7107
12 20 2.7110

Six determinations were then mede on calcite péwder obteined by grinding
colcite erystals of the size measured sbove in & mortar. The average
size of the calcite powder crystels was estimated st 2 x 10~% cus on &
side by means of & microscope. In filling the pycaometer botitle con-
‘taining the powdered calcite with water il wes found that pre-evacuation
of air by means of a vecuum pump decressed the tendency for smell sir

bubbles to be traepped by the powder. Stirring by rotation of the bottle
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during filling wes also resorted to. The following tabulation gives
the data obtained

Veight of Sample Used Temp °C  Density Qpc

ens (approx) gms/cc
13.8 20 2.7097
£1.3 20 2.7084
12.0 20 2.7106
10.8 <0 2.7105
10.5 20 2.7114
10.5 20 2.7087

The probable values for the density fkc of powdered calcite
and P“‘ of large ecalcite with Bearden's®) value Ps for large

calecite cnystaig are given below

Pec = 2.71022 # 0.00035 gn/ce
ch = 2,71083 ¢ 0.00019 gm/ce
Ps = 2.71050 + 0.00003 gu/cc .

Identificetion of the Planes of Calcite Taking Part in Reflection
The original attempt in checking the x-ray reflection angles
for powdered calcite wes based on the reflections from the planes having
indices ,1iQ;.with reference to the cleavage cell, The relstion between
these planes and the 100 cleavage planes is shown in the accompanying
sketch which represents a cross section msde by a cut normasl to two

cleavage faces. The angles of reflection for the 110 plenes using lio K
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radiation were checked by Brown%)
using macroscopic cealcite and
fméhhmwmt
awmﬁgaummm-
ventional velue (1) qt

dygo = 5.02004 4 and

oL = 105° 3' 29" Bearden®) .

The relation between djgg and djjg is readily found to be

SR
110 §m{m
from which dyig = 2.4895 &

In order to obtein the grestest precision possible with e Seeman-
mww«mmnmuwmpunuw
that the Bragg equation

a A = 2dsin®

umxsﬁd:uﬁ-mume:%,amorawwm
than 909, in order to give high precision, an order n (not too high
because of intensity coneiderutions), end a value for the waveleagth A
sorresponiing to a characteriaztic line of an element svailable as



barget meterial for an x-ray tube. A& survey of the elements from Fe
atomic number 26 to Ge atomic number 32 for their entire X seriss

showed Ni with atomic number 28 to be the only possibility. Elements
with atomic numbers less than 26 have a K series whose wavelengihs are
so long as to make thelr use difficult because of absorption and those
with atomic numbers greater than 3% impossible because of the high order
neceasaery to satisfy the Bragg equation at the desired angle.

The deliberate choice of nickel as a target automatically fixes
the theoretical position of the K«, , K «, 1lines on the photographic
film reflected from the 110 planes. There is, however, the possibility
of other plenmes having grating constanis near d;jg. In order to correl-
ate the complete experimenﬁal dets with the structure of caleite one
must determine theoretically the possible planes of reflection for the
engular range covered by the photographic film. These considerations
deel with the construction of the reciprocal lattice for calcite. The
methoed of obﬁaining this labtice is described below.

It is customsry for x-ray spectroscopists to use the natural
rhombohedral cleavage cell of cslelite &8 & basis for their lattice
notetions. This point of view was taken in the above paragrsphs. The
fundamental directions for the three reference vectors from a cryvstallo-
graphic point of view iz not along the edges of a natural cleavage cell
but in the directiouns of lines drewn from & Ca atom at the acaute vertex
of & cleavage cell to each of the Ca atoms in the center of three cleavage

facesS) .



&, =nd 83 so defined form the

basis for the rhombohedral

 vectors ere of equel length sad . |

make en angle ¥ with respsct to

each other,
mmummam

; mmwumm

2 S‘hl Hunmber - Loca‘i’?ons |
62 (oo),hid
g (i&&;,fi%%@

° ... _*(%ll& iugb}'),aue.és’.
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This wndt coll ocutaine two nolecules. The cleavage oell sombeiis 52
; For convenience in con-
structing the reciprocal lattice,
the rhombohedral system is trans-
thawm
Let the rcference vectors in the
hexagonal system be denoted by
L, ku, Bg. The hexsgonsl system




is defined by the transformation eguations

Elzgg"g@
ga‘""ia*aa
Ao = a8 + 8 + 5

The inverse trangformsbion equations are

B o= |-k -2k + K|
=1l o + &+ i
a:,:%{-ﬁ, + §2+Ec},

The relation between the dimensions of the two systems is given by the
eguations
£ = Fgede = mﬁ{ 1+ 2 cosx}

2 2

B, =g =Bk = 2% l-cos\o’}.
The equations
i o=ohlile
ﬁ‘ . bBp xAc
X 1.
A, Bz X A
B = ;&. X ) ;
A. ofga XAc

define & lattice having exes B, , B, =nd B, which is reciprocal to the



hexagonal lattice. The
expression A, « g X &g

is the volume of the crystel
unit in the hexagonal system.
The orientation of the recip-
rocel axes is shown in the

aecompanying sketch. From
the above reddtions

B, t%- is%

The convenience of a reciprocal lattice in locating the
reflecting planes is made clear in the following discussion.

One may consider the Bragg equation A = 2 d sin 0 as a
vector equation by writing it as '

zemod = @ -

Bmdi.agmnn&muagapmwhi@imuwmw?u

n. The left hend side of this eguation is proportional to the momentum
me&htﬁaeryﬂdmﬁggwmmzmdnﬁnum

ok i p = % at the Bregg angle 9. If d is the interplanar

distance for plenes of Miller indices H,, Hy, He in the hexagonel system
mmm(%)nmmammmmmmm
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point in the reciprocal latiice having the coordinates (H‘; Hz, Ho)o
Hence, given &z wavelength A , the plenes which will reflect this rad-
iation according to the Bragg equation are determined by the intersec-
t;gn% (8, Hg H,) in the reciprocal lattice at & distence R = 3-.?;}&9-
from the origin. The vector R sweeps out & sphere in the three
dimensional reciprocal lattice having axes B, , By, and By described
above, The problem of determining the reflecting planes for an engle
@ and wavelength A is thus reduced to finding the intersections of the
sphere of radius R with the intersections (H H; He) in the reciprocel
lattice. In order to reduce the problem to one of finding intersections
in the plane B, Bz, one calculates the radii of the ecircles cut out of
the gphere by plenes normsl to the vector Be for heights nBg sbove the
reference plane where n is an integer running from O to the greatest

integer in R/Be. The radii of the circles are given by

Rn: Rz“'naBge

The numbers n are the possible values of the index H,.

Two reciprocel lattices were necessary to determine the planes
teking part in reflections for the range 70° < @ < 90° wused in the
experiment. These are shown in Figures 3 and 4. Only a portion of the
lattice need be drawn because of symmetyry.

The velues e, = &g = a3 = 6.361 A and ¥ = 46° 7' were teken

from Ewald-Hermann YStrukturbericht" page 288. The scale upon which the
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distence a 1is based is somewhat indefinite, bul presumably corres-
ponds to the Siegbehn scele wherein djgg (cleavage system) for calcite
is defined &s djgy= 3.0290 A st 18'C. For the present application
(the identificetion of the diffrections rings) the fineness of this
point need not be siressed. The reciprocsl lattice scale was taken
for convenience as -% ~ 10 cms. The calculations were based on

A = 1.65885 & ©) (Siegbshn scale) for the nickel K o, line. The
circles of Fig. 3 correspond to & value of © = 83° 38! and

Ro = 19.878 cms. The calculated values of the reference vectors are

B, = B, = 5,843 ems, Bg = 0,9744 cns.

A1l of the intersections H, Hp Hg do not produce possible re-
fleeting plsnes in the rhombohedrsl system. If h, hy hg are the
Miller indices in the rhombohedral system the transformation equations

for the indices ere analogous to those for the vectors, namely
=1 {-H -2+ 0]

hy = { 2H, + Hy + He |

H

e ol

ha { - H, + H + He }.

Any workable set of indices H, Hp Hg must yield integers for h, hy ha,

This faet rules out some of the intersections in the reciprocal lattice.
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The ones which yield plemes are encircled on the charts,
It is shown in the theory of crysial structures that the grating
constant &y .y, for & set of planes having #iller indices h, hz hj in

a rhombohedral system is given by

a/1+2cos’y -5 cofy
/(6T + g + H3) sin®§ + 2(h,bg + h hy + bghy) (€08°9 — CO8J)

dp hghy *

where as before for calcite a = 6,361 A4 and § = 46° 7t approximately.
The gratang spacings for the sets of indices h, hy hy Bound by the
nethod described sbove were calculated by mesns of ithis relation,
asing these constents. These furnish & foundation for identifying the
lines observed.

The inten‘aity of reflection from a powdered crystel for & set

of pleuss h, hy hz is
I=KPFf(g) F

- where K = proportionality constant

P = permutation factor

£{(8) = a function to take into sccount the decline of F with ©
and F = erystal structure factor. B

Since only & smell renge of @ is used, we may without serious

error omit the function £(8) and write

I < PP,
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The expression for the ecrystel structure factor F is well knowm’)

end may be writbten as

F = Z fJ 6211 i{h‘Xj -+ hgy’j +. h353)
d

whnere the summatbion is extended over the various stoms in the crystal

cell having coordinates xj,yj,zj. The term fj is the atomic structure

‘factor the values for which have been plotted &s a funetion of siz; g

by Pauling and Sherman’). The values of f,, = 7.81, £, = 1.60, end
£, = 1.85 for 6 = 80° were obtained from the Peuling and Shermen graphs.
These atomic siructure factors are & measure of the efficiency of the

atoms in secatiering x-rays. The sbomic coordinates for ealeite were

listed above as
L 11
2Ca at (00 0}, (222)
, (A1, (111
Re st {233 37
i3l < i
6 +{= = = - & 2,
0 st -(444* {ug@}) u 3

Substituting these velues into the expression for F one obtains

£
Fm__gé_{}.a&(*l) + f, cos 2T +

h, +hy+h th.+h,
hy haj (h. *Za*ha)

+ i’o{eos 2“(%‘_-.!- Zhé,) + cos 2?(%’..-& .gf_) + casvzv(%g.+ %3.)} "



_7

where fgg, fg, @nd f, are the respective atomic scattering factors
for Ca, C, and O atoms. The factor P is necessary to teke into account
the possible permutations of the indices h, bz hy which yield the ssme
grating space dh, hohg* Any sel of planes having the same grating space
will reflect radiation to the same region on the photogrephic film
and hence the inbensity must be weighted by the fachor P. The factor
P is teken zg the number of weys in which h, hy hs may be ts=ken with
(b + hy + hs) and (o, hy + h,hs + hphs) invarient..

A tabulstion of the plenes and thelr grating constents with

expected relative intensities is given below.

Hexagonal Rhomb. Grating ¥eight Structure Intensity

Indices  Indices Space Factor Factor I« PF®
(H, Hz He) (B, bg hs) dp pop, P ¥

1,2,17 476 0.8532 12 5.66 161
3,1,14 574 0.8528 12 4,38 280
5,2,10 168 0.8857 12 8.04 774
0,8,4 st 0.8458 6 11.3 762
5,0,2 1ad 0.8586 6 4.38 115
5,0,1 533 0.8619 6 1.83 20
0,1,20 677 0.8549 6 11.3 762
2,4,15 557 0.8389 12 0 0
0,4,1% 753 0.8326 6 0 0
2,5,11 146 0.8538 12 3.66 161
£,5,5 005 0.8366 6 0 0
3,5,0 330 0.8304 6 7.58 343



Theory of Seemsn-Bohlin Spectrograph

In order to determine the diffraction angles for various planes
iﬁ powdered calcite a powder specitrograph wes needed. £ Seeman-Bohlin
focussing type of powder spectirograph was chosen because of iis sim-
piicity of coustruction and greater accuracy when used as described
below,

The theory of this focussing type of powder camers is ag
follows. Let & photographic film be pleced on the arc ASB of a circle,
Fig. 5, approximately

symmetyic with respect -

3|
i
to a fine slit at S i

and let the crystel
powder be pressed into
an arc (DE diametrieslly

opposite the slit S.
i

Consider a divergent

bean of x-rays of wave-

|
length M\ passeing through

the slit S aud falling

1
|

on the erystel powder at
CDE. ©Since the crystal

I

powder contains a large

number of tiny crystals

randomly oriented there |
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will be some of the crystels properly eligned, irrespective of where
they lie on the arc CDE, to diffrect the x-rays of wavelength A from
a given set of plames of grating space d to & particular point F
according to the Bragg equetion A = 2 4 sin @, *ezheré 8 is the angle
which the incident snd diffracted rays mskes with the atomic plane normal
to the lattice dista‘nea d. That the diffracted rays are brought to a
focus at F is evident by considering the rays SC snd SG. For diffrac-
tiom, the angles SCF am SGF must be equal to 180° - 20 and hence
they subtend the seme arc on the circle, namély SF. Obviously there will
be érysts.ls slso oriented in such a way &s to diffract the z-rays of
wavelength A to the point F¥ such that the arcs F*S and SF are equal.
¥hen used in this way the spectrograph gives a ;photbgraph which is
symmetric with respect to its center. This is a decided advantage, since
the distence between corresponding linés' nay be uore accurately measured
than the distance from the slit to a single line,

Let O be the center of the circle, then by geometry the angle
SOF is equal to 2 f. If R is the redius of the camera, the arc SF * s
is given by |

s=2R g

But #=180° « 20 so that
s =2R(180 - 20)

snd 9= 80% - B .
4R



Substituting this value of @ into the Bragg eguation one obtains
(1) )\=2dsin(90°--§-)=2dcosi-
4R 4R
By differenitiation
= . 29 - :
A = = &=
(2) A S sin = ds

Dividing (2) by (1) gives

Mf&

-
= e

(s X =..m;§’fas ten £ 82,
From equation (3) one sees that with & smell angle ¥ +the relative
ervor in determining the wavelength A s Or, what amounts to the same
thing, if M be considered known, the relstive error in determining 4,
is considerably less than thé error made in measuring the src length s.
Even for 2@ = /2, g/e= .“P/B §—§‘~§ o %%“i . Thus in this region
a precision of one per cent in measuring the distance s allows a pre-
cision in A of thg order of one~tenth of one per cent.

4 deteiled discussion of the sgrors introduced by verticsl
divergence of the beam, slit width, thickness of powder sample, shrink-
age of film, and errors in measurement of cemers radius has been given
by Cohan®),

Cohen finds for = height h of verticel illumination of the

powder semple, a fractional error in the are length s of amount

sz%)Tg



The arc 2s is independent of the slit width since & widening
£ the slit produces only & symeetrical broadening of the lines. The

effect of a finite thickness t of powder is to produce an error

A s, :tt&nﬁ,__‘f_tanz
& 8 LR ’

The effect of shrinkage of {ilm and errors in determination of radius

R may be included in

(4) _éﬁz_%(g,)a;;a%g+ttang+eg

The evaluation of this expression for the conditions used in this exper-

iment will be given later.

Construction of a Seemsn-Bohlin Spectrograph
In sddition to the necesseary theoretieczl deteils of the Sesmen-
Bohlin spectrograph mentioned sbove one must also consider the problem
of making the scattering in the specirogreph as sumall as possible in
order to secure sufficient contrast between the "lines® and background

on the photograph.,
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Scattering from the wslls of the spectrogreph may be reduced
‘o a minimum by using a materizl such as lead which has & large:ratio
for its true absorption to its scattering. In order to reduce the
scattering due to the air, the spectrogrsph was designed so that it . »
could be evacuated.

The cylindrical part efithe vacuun spectrograeph containing the
slit was mede es follows, 4 plece of iron pipe spproximately S inches
long and 7 1/2 inches in diameter wss turned inside and out on a lathe.
The inner surface was then tinned and & lead lining about one quarier
inch thick cast onto it, using e solid coancentric gor: of the proper
radius. A 1/2 inch redial hole was then drilled in one side of the
cylinder nidway between top and bottom. The outer surface surrounding
the hole was milled off flat to enable the shoulder of the slit plug
ﬁo be fitted firaly againsi the eylinder by means of four tep screws.
A detail of the slit plug is shown in Fig. 6. The head cylinder B
containing a cap for fastening to the sgpectrograph cylinder fitted
snugly into a lead eylinder of 1/%2 inch outside dismeter. This plug
assenbly wes then fastened to the spectrograph cylinder and the inside
turned to the finieh radius on & lsthe, The ecylinder B was then with-
drawn to the position shown in the drewing. This forms & snout to
shield the photographic film from the scattering from the edges of the
slit. The pin hole slit, approximetely 1/2 mm in dismeter, was made by

deepening the taper hole already in the plug B. This method of turning
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the plug in place insures thet the slit be on the circle. The slit
was made vacuum tight by clamping a éelIOQhane window 0.002 inch
thick between the plug cap and the brass ecap € snd painting the joints
with glyptel. The cylinder was fitted into a groove turned inte a
tinned brass botiom plate. Thig joint was made vacuum tizht by mesns
of soft wax. The bobttom plate was elso fitted with a pumping out

connection. The top plate of the spectrograph wes similar to the






out connection with & right engle bend and long length of rubber
tubing before connecting to the manometer. It should be mentioned
that the above type of consiruction wherein the film is placed inside
a2 cylinder instead of on the oubside eliminstes the necessity of
suxiliary shielding.

The dismeter of the spectrograph was measured with nmicrometer
caelipers at a number of places amround the periphery and slong its
height. The greatest deviation from uniformity was one part in 7000.

The mean value of the dismeber wes

D = 6,905 inches.

The Nickel Target X-ray Tube

For reasons already mentioned a nickel-target x-ray tube was
needed for supplying the radiation to the Seemen-Bohlin spectrograph.

In order to reduce the necessary exposure time required for a
photograph, a thin windowed x~ray tube was needed. The use of & ihin
window reduces the loss due to absorption in the glass and is en impor-
tent item for x-rays ss soft ag Ni K rediation. The construction of
& long narrow x-ray tube also sllows one to place the spectrograph slit
nearer the target sand thus gein & considersble factor in intensity.

The nickel terget was obtained by nickel plating s copper
target from 2 commericel tube, The cathode assembly also was of com-

mercial design. I am indebted to Mr. Clancy of this Institute whose



FIG.8

58

skill in glass blowing made possible the
construction of this tube. The tube was
fitted with a charcoal trsp capable of being
immersed in a2 liguid sir bath. The tube was
pumped out with the charcoal at a temperature
of about 350°C. No other outgassing technique
was resorted to. During the several months
it wes in use, no ionization of gas wes
noticed in the tube. The general deteils of

the tube mey be seen in the photograph, Fig.7.

Experimental Results Obtained with

the Seeman-Bohlin Spectrograph

& photograph was taken with no caleite
in the spectrogrsph to determine whether the
lead lining produced selective reflection in
the region to be used in the study of the cal~
eite. The exposure time used was the same as
that for the calecite photographs, namely, 10
hours with the x-rey tube working at 22 E.V.
end 10 ma. The resulting photograph is shown
in Fig. 8. By & coincidence, with diffraction
from the lead lattice, the A doublet lines
ghown fall very nesr to where a set of lines

for the caleite should theoretically come.
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This is, of course, an obvious disedvantage, In order to eliminate
this undesireble feature, seversl sheets of thin golé foll were pasted
over the lead in the region where the incident x-reys impinge, Another
photograph then resulbed in = blank, showing that the lesd “;inea*

hed been eliminated and np new ones sdded due to the presence of the
zold,

A lsyer of the powdered csleite from the density determinstion
was pressed on to the wall of the speetrograph using a slight aénuni of
collodion ag & binder. The thickness of the layer was approximately
1/4 mm, This corresponds to the thickness of the photographic film used.

in exposure of the time and conditions listed above resulted in
the presence of seversl sets of lines on the photographic film. The
generel background on the film was very heavy snd of & mottled character.
Although the lines due to the caléite were digtinct and readily neasur-
able when the film was exsmined under strong illumination the contrast
was not sufficient to allow photogrephic raprodugtiag. Attempts to
iﬁcrease the contrast by use of & Cobsltic oxide filter end wvarious
operating voltages on the z-ray tube feiled., The heavy mottled back-
ground is probsbly due to the reflection of continuous radiation by tiny}
celeite erystels which are considerably larger then the aversge. Thét
Yuts 48 su u shrenghoned by he ot theb superposed tn the geesel
line darkening sre very intanse’spots@ These spots asre atitributed Lo
reflections of line rediation from similar "giant® crystals present in

the sawple with chance orientstions such as to satisfy the Bragg eguation



for the line rediation. The use of coarser powder also increased the
 frequency of these coincidences.

The velues of the disteances €8 between lines for messuremenis
on five different films sre tabulated below. Hot 8ll of the films
contained the same degree of conirast. This resulted in the sbsence
of some of the lines on certein photographs. The starred messurements
for tﬁe distences 2.19 and 1.10 inches were made from spots only since

the general line radistion was not discernible in the strong background.
Tabulation

Pilm Number 1 2 3 4 5 Mean

7.08 7.07 7.06 70,

&
-3
&

o]
22}

7.056

6.79 6.756 ©.75 6,80 6.7% 6.768

Distances 5.70 . 5,67 5,685
28 :
in 5,59 5.30 5.545
inches

3.78 3.79 3.80 3.75 5.76 5.776
3.30 3,30 3.26 3.29 3,30 3.290
*#2,18 #2.20 . #2,190

#1.10 *1.10 *1..100

The velues for dgy, were calculated from this date by the formula

A

2 cos £8
45

dexp, =
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where D is the dismeter of the spectrogrsph. D = 6,905 inches. The

wavelengthi values for the N1 Ko, ond Ko, used were
Aa, = 1.65450 A A, = 1.65855 A

These wavelengths were measured by Erikascns) end ere based on the

convention of Sieghe

s = 3.02409 & at 18° C for calecite.

The dexp thus calculeted are on the Siegbehn scale. These velues are
tabulated below slong with the associsted velues of dy yp, found from
the reciprocsl latiice constructions end the constants a = 6,361 A,

§ = 46° 7t teken from Bweld-Hermenn which sré slso presumably on the
Siegbahn secele, The values of dexp are listed separately for the KA,
and Ko, lines for comparison. The association of the observed lines
with their proper plane indices was nobt difficult eince only the stronger
lines were observed., Their intensities are in reaconable agreement with

the theorsitical celculations.

Indices Caleculated Experimentel Deviation A
(Crggziéigizisgic 9, heha dexp.a, Qexpa, Yexp.average Oh, hyhy~Sexp
- B R i a%
530 0.8304 0.82887 0.88384 0.82986 +0.,00054
i 0.854¢2 0;85594 0.83810 0.88807 ~0.00017
255 3 0.8458  0.84510  0.84494  0.8450%  +0.00078
1863 0.8557 0.85800 0.85472 0.88486 +0.00084

# Siegbahn Scsle



The trend of the A's leads one to exemine the possible errors
in dp nyhy and dexp. From the section treating the theory of the

Seeman-Bohlin speetrogreph we have

A\ JAN
H=-famble

and L8 ltsn g By .tV . AR
8 ";7( ) (QR) . R & R

where g=1-~2 (0 is the Bragg angle)
s = 2RF {R is the redius of the spectrograph)
t = thickness of powder ssuple

1

and h = height of illuminstion of powder sample.

From the Bragg equation A =24 cos-—-% the fractionsl error in the

grating space d is

-

QJ*D
e

4

The largest value of @ (that corresponding to the planes (163)) used is

g= -3% = 0.5 radisn ~ 29°

The experimentel vealues of h snd t sre

h = 0.5 inches

1t = 0.01 inches .,



A conservetive estimate for the grror AR in the radius R may bhe
taken as one half the thickness of the photographic film egual to

0,006 inches. Thus

Subsgtituting these values into Ls gives
s

A 1 ,ten 289, {,0.5 0.01
L2 o1 (b (052 4 Q01 4 o.0007

=2 (1.1) { 0.0018 + 0.0014] + 0.0007

= 0,0025
Hence Ad- % (ten g)-égﬁ = — (0.25)(0.26)(.0025)

= - 16.3 x 107

The percentasge error in determining Ad/d due to these csuses

is consequently
§,=- 24100 < - o.0168,

An examinetion of the measurements of 2s previcusly tsbulated

leads to =n estimeted -%-—s- from this esuse of -9;?- < 72%5 giving a

percentage error X 2 in d of

= 0,085
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Since S; may be either positive or negative while g;ijaalways nega-—~
tive, a liberal estimaie of the probable experimentsl error seems to
be 0.05 of one per cent. The agreement between deXp values obtained
from the of, snd oz lines substentiates this estinate.

From a general knowledge of the accuracy sought for in ordinsry
crystaellographie work one is led to expect errors of the order of 0.1
of one per cent or more in the constants & and X &8 given in Ewald-
Hermenn. ¥For this reasson and becausé the deviations A are grester in
cases than my probsble experimental error further comparison of the
dexp with the dh‘hgha will not be made,

A better method which directly felales to the problem in
guestion is to determine s wvalue for the charseteristic engle of the
caleite cell and a velue for the lattice parameter from the experimental
date obtained and compare these vslues with the accepted values for
macroscopic caleite.

Since the date for macroscople caleite is in terms of the
cleavage ceil notations, the guantities obtainable from the experimental
deta will also be calculated on the seme basis. We thus need an exprese-
ion for the grating spaces in terms of the cleavage cell paraneters.
8ince the cleavage cell is alse a rhombohedron the desired expression
is exsctly enslogous to thet for dh.hahs in the rhombohedral crystallo-

graphic system, namely,

C/ 1+ 2cos’s -5 cods
/ (c,2+e§+c§) sin®f + 2(c,cg+c,c3+cgcg)(cosap - cosp)‘

a =
C,Cze3




where C = length of an edge of the cleavage rhombohedron

= charecteristic angle of the cleavege cell, i.e. it is the
sngle between the three reference vectors in the cleavage
gysten

. ¢ = index in cleavage systen.

The equations for transformation of indices h hghsy to ¢ cgey are

¢, = 3h, - hy - by
egz-*-hl‘f"gha-'hg

€z = <h, « hy + 3hz.

The cleavage cell in this case contains thirty two molecules. This is
the smallest cleavege cell for which all ztomic planes of ealeite can

be properly indexed, ZX-ray spectroscopists think in terms of & cleavage
cell of cslcite having only four molecules. This is only for conven-
ience znd leads to no difficulty when cleevage planes and planes sim?ly
related to the cleavage plenes are aused. The volume of the true cleavsge
cell is eight times the volume of the four molecule cell. The distance
d1g0 (four molecule cell notation) is repeated twice in the smsll clesvege
cell and four btimes in the true clezvage cell. Hence dyng in the x-ray
gpectroscopist's notation corresponds to dgpg in the large cell. The
relation between indices h hphs end ¢, ¢zc; along with the experimental

grating spaces are given below.
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Indices Incdices dexp

h, hghg C,CzC3 A%
330 12,12,0 0.82986
6779 4,8,8 0.83507
253 i2,8,8 0.84502
163 8,14,2 0.85486

% Slegbshn scele.

It was mentioned above that the measurements on dizp were
between spots on the film beczuse no filled out ring could be discerned.
Mention wes also made of attribubing intense spots on the fiim to re~
flections from M“gisnt" tiny crystals in the semple. A8 & result the
experimentsl dete for these planes (330) should be discarded since it
is unot definitely known that these spots are reflections of radistion
having a wavelength truly et the "center®™ of the spectral line, Mesasure-
nents made on these isolated spobs are not sirongly inconsistent with
those mede on reflection which resulted in conbtinuous riﬁgs ag far as
the grating consgtant determination was conecerned, They did however
yield some inconsgistency in the value of the characteristic lattice
cell angle p which is spperently more sensitive to smell variations
in the seperations Zs of these rings. The sbsence of a filled out ring
for the (330) reflection is not surprising since the intensity here

be :
should'helf that to be expected in the case of sey the (677) planes
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and elso because the huge dispersion at the large angle of the (330)
ring rendersg the line very broad and therefore destroys its contrast
against the background.

The three remaining velues of dgy, mey be used to determine the

cheracteristic angle S for caleite from the relation

- C/ 1+ 2 cos®p - 5 cos®

dc Co o
| a S - : -
/ (cf-!-cg-fvc‘é) sin‘ep + 2(3.82'1"9233‘*‘8.33)(0082@ - cosf )

From the three values of dexp three vratlos may be formed.

For convenience let
dgpg =2 2 » 928,868 ds , d§,14,2 = de.

The three ratios are then d;/d;, ds/dy, dz/dg.

Let d;/d_= b

2 2 2 _
“ - e, + ¢z +¢5 =m
and 2(ec,cp + e, 05 + cze3)= B .

Teking the ratic then of dy to dy one obtains

AR "7_' YY,T‘.%H

2 7
di . m,+ cos B (ng -~ m) - n, cosp
4, - Yik % 2
ke m, + cos P (n; -m) ~n cosfB
Lettingn, -m = a,  eandn, -m, = a; one obtains

~ S . 2
cos(b {,&ibk - aK} + ccvsp{ n, - n-'bir\}+ {m.._b‘.: - m,‘} =0

The solutions of this eguation are given by



2 2

osp = (2= 20l) * /[ - i 4 afeini - o[ . - md

2 [&K - &ib:‘]

The numerical values of the quentities used in the evaluation

of the three values of P are tabulated below.

i mi ng aj = ng - my
2 144 256 112
3 278 -256 -528
4 236 ~136 -372
bpy = g‘gig; = 0.988225 s = 0.976589
- 0.83507 _ o o 2 _ -
4 = -g-:-g%gg = 0.988489 bes = 0.977111
ns - ngbas = ~506.007 ms - mpbas = 131,371
n, - npbh, = -380.284 m, - mba = 88.590
n, - nagba, = 114,140 m, - Meba, = ~29.774
212 2
[0a - ngb3” = 256043 ag - apbsg = —637.378
P 2
[, - ngby|” = 144616 &, - 8gbas = —47B.874
21> 2 :
[, ~ nsb3s = 13027.9 s, - aghy, = 145.914

From which
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- _ 262,741
CO8 e A
P 23 1274.76

- _ 197.180
c0s e et
P 2e 057.748

_ _ 59.548
cos e R a—
P sa 287.828

giving the values
p 23 = 101° 53v 407
pu = 101° 52 51

(534 = 1010 56' 241"
The mean value of the angle P is therefore

p = 101° 54 18" 4 48"

Beardend) obtains the value p = 1010 54! 4P for mscroscopic calcite
with a probable error of less than 107",
Having obtained a value for lﬁ s, values of the parameter C

may be obtained from the expression

Cy = ds /mi sin’3 + nj (cos’(3 = cos(3 )

/ 1+ 2 cos’( -3 cof

|
H

s 258,54

using the experimentel values of d; end [6 = 101° 54! 18w,
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¥e have from above

d; = 0.83507, dz = 0.84502, d, = 0.85486.

These are expressed on the Siegbshn scale so that the resulting Ci's
will alsc be on the Siegbshn scale.

Numerical values used in the calculations are

By = 144 my; = 272 a, = 2586
n, = 256 ng = 256 n, = -136
sin @ = 4+ 0.97849 cos () = - 0.206290
8152(3 = 4 0.957444 coszﬂ = + 0,042555
cos® fp - cos p = + 0,248845 cos"’(s = - 0,0087787
5 .8 2
i m sin (5 ni(cos(} - cos{& ) =
2 1%7.8719 63.7043 201.5762
3 260.4248 ~63.7043 196,7205
4 225,.9568 ~3%,8429 192,1139

1+ 2 cos® (5 -~ 5 cosg(b = 0.854778
The values of C obtained are

Gz = 12,8238 &

Cs = 12.8194 &

#

c

]

12.8159 &
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giving = mezn value of

¢

fl

12.8197 ¢ 0.0018 A (Siegbahn Scale)

H

with /3 101° 54* 18 + 48%

¥e are now in & position to form e comparison between the
grating constant dygg of the cleavage plenes for powdered czleite
and the observed djgg of macroscopic caleite. For microscopic calcite

(renembering that & is reslly 4 in the 32 molecule cell).
100 400

12,8197 /1 + 2 cos® 101° 547 187 - 3 cos® 101° 54t 1gn

dgop =

J 16 sin® 101° 54t 18% + 0

12.8197 / 0.854778

4 x D.97849

(d;og)pc Vo 3.92825 L on the Siegbshn secale.

The corresponding value for mecroscopic celcile on the szme scale is

dinn = 5.02004 A,

In order to make & finzl comparison between meeroscopic and
microscopic ealeite as it relates to the deteraination of the electron
charge "e" it is necessary to recsll that the grating space for the

cleavage plznes of calcite is given by



- 3 ie
EQ(O?’W

where M is the molecular weight of caleite, @ the value of the Faraday,

/J the density of calcite, and @ya) the volume factor given by

@(F)z (1 + cos 3 )*
B (l+2cosp);‘sin(6

The guantities under guestion are /0 and S?fp) « To establish completely
the velidity of z-ray ecrystal methods of determining "e® one must com-
pare the velues of these guantities for microscopic and macroscoplc

cslcite,
Bearden’) who hes admitiedly done the mest precise work on

macroscopic celeite recommends the values

p = 101° 547 4 ¢ 1" (ervor not given by Bearden)
£ = 2.71080 + 0.00003 gms/ce.

and é@) = 1,09594 + 0,00001.

The results of the powdered calcite investigations are

P = 101 54 18" £ 48" (Probable error from inner con-
sistency of powder data)

F = 2.71022 4 0.00035 gams/ec/

and @(/3) = 1.09602 + 0,00048
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The Bragg angle 8 of diffrgtion for the cleavage plenes in
the first order for powdered calecite may be obtained from

A

dpc

gin 8 =

for eny wavelength A expressed on the Siegbehn scale., The value of

the Cu K«, wavelength has been measured by Wennerlof®) . He finds

Ao, = 1.587395  (Sileghahn scale).

. 1.558740
Hence gin & = EEEEES—

Bearﬁenlo) has measured the same wavelength with a ruled grating. He

gives

)\3 = 1,5406 x 10~8 cms.

From the expression

3 —
‘Ag = 3/( ETE;?§%§?5‘_ gin @
uging the velues '
¥ = 100.078 £ 0.005

Q = (2.89270 ¢+ 0.00081) x 1014 abs. e.s.u.
f)= 2.71022 ¢ 0.00035 gms/cc

cf@z 1.09602 ¢ 0.00048

end the sbove values of sin @ and Ag one obteinsg

e = 4,799 + 0.007 x 1070 e.s,u.

(2)

’



o8

Conclusion

The results of this investigation on powdered calcite completely
enswer the object;ons commonly raised to the x-ray crystal method of
determining "e®"., The angles of diffraction are representstive of the
entire powder sample since the depth:of penetration of the x-rays into
the crystals is of the ssme order as the size of the tiny crystals.

The density determination therefore applies to ldentically the same cal-
cite as has been used to diffract the x-rays.

The agreement between the density of microscopic calcite and
macroscople caleite as well as the agreement of absolute size and shape
of lattice cell for these two is surpriming evidence of the permanence
of the lattice structure againslt mechaniecal maltreatment. Any objections
which might be rsised to the rigor of the dynamical theory of x-ray
diffraction (as opposed to the simple theory of Laue or Bragg) are also
invalidated by this work with powdered calcite since the elementary
theory for determining diffresction angles must ceritsinly apply to diffrac-
tion by crystels so small thaet the radiation is negligibly extinguished

in passing through them,



1)

2)
3)
4)

5)
6)
7)

.9)
10}
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