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Abstract 

To establish the validity of the x-ray crystal. method for 

determining ".e", the density of microscopic powdered calcite and :£he 

x..,ray difi'rac.tlon angles for several sets of planes of a sample of 

the ea.me powdered ca.leite were meaSlll'ed. 

The •d.ansity o:f powdered oa.lci,te was ·detemned pyenometrieally 

to be 

f = 2. 71022 t. 0.00055 gms-/cc 

in agreement with maeros.copic calcite. 

X-ray di:ff'raction rings of tJie Ni K <X, and K d, lines for 

plem.es {350), {677), (25v) and (165}'{cr-,rstallogr'aphic system ot axes) 

were observed using a Seema.n-Bohlin powder camera.. The observed rings 

ailoceur at diffraction angles near '900 thua affording extremely high 

precision in tlle lattice constant dete~tions,. The parameters 

.found for powdered calcite from these data $Xe 

C = la.8197 d: 0.001~ ,A. (Siegbal:m Sc:Z:>.le} 

and /3 == 101 54♦ 18" \\I; 48• • 

The gratit\g spaee of the cleavage phmes calculated from these 

data is 

d100::: ~,.0282 A (Siegba..w Seale· of wavelengths) 

in agreement with dl.Ol}:fbl? macroscopic calcite within the experimental 



error of 0.05 pe.rcent. 

From the knovm grating wavelength 0£ Cu K ex, and the experi­

mental data for po.mered calcite the value 

e = 4 .. 799 • 0.00'7 x 10-10 e.s.u. 

was obt,ained. 

This meaSI.U'ement constitutes the firsi; high precision lattice 

determination on calcite ever marle by the powder method. It is free 

from the olljeetion f11eq~ently raised in the ease of deter.mi.nation~ •on 

large calcite crystals that the density determination may not be 

representative of the thin l.ayer et the surface of a crystal involved 

in x-ray· ref lectioo_. 
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Introduction 

The problem of establishing order in the value of the funda­

mental constant "e" is of great importance end has formed the basis 

for many researches. The -various experiments relating to this 

que.stion and the method of weighing the experimental results on the 

Bond Diagram are well known... the particular phase of this general 

problem treated in this resear ch dee.ls with the validity of x-rey 

•crystal methods in determining tt•e st . 

X-ray wavelengths were origina1ly measured by means of crys..:. 

talline diffraction occurrh~g according to th~ well known Bragg 

equation with Siegbalm's slight correction for the deviation of re­

frec.ti ve index from unity 

n ,\ = 2 d sin Q (l - b ) 
sin~ Q 

The experimental prooedu.irecmnounts to determining the glencing angle 

Q in an order n for diffrac.t.ion from a set of atomic planes of spacing 

d. The wavelength A thus diffracted is expressible on a scale having 

the same unit as the seale for the grating spaced. 

Th.e relation of the electron charge e to the measurernent of 

x- ra.y wavelengths enters through the gr.a.ting constant din the Bragg 

equation.. It is easily shown (1) that the grating space for the 

cleavage planes in ealoi-te is given by 



where M is ·the molecular weight of calcit,e, N the Avogadro nuniber, 

p the densi-t.,y of ctleiw, -and <i.?(;3) 

where (3 is the chara0teristic angl.e of the ea.lei te cleavage Dhoinba­

bedron. If Q is the value of the Far.aday in electrostatic units of 

charge per gram equivalent., then 

The Bragg equation fcr .diffractio.n from cleavage planes can then be 

written as 

(1) 

& 
where the term · · 2 • is the correct.ion for the intlex of' refraction 

sin Q • 

p- of calcite which dii'fere from unity by an amount • I, . 

Vrav-elen.gths of x-rays may also be measured with considerable 

pre-cision by use of ruled gratings used at grazing incidence. The 

wa'!'Telengths thus measured are directly eXpressiblo in centimeters. 

The t.heory and possible e:r;-ro.rs of ruled gratings used under x- ray 

conditions have been thoroughly ip.vestiga.ted.1) The :results of 



grat,ing measurements are believed to be theroughly reliable. • As a 

result, the absolu:te wavelengths thus determined have been used in 

eonjunction with equation {1.) above to determine values of the elec­

tron charge e,. The values thus obtained are consistently higher than 

Millikant .s oil drop value by ~pproximately 0,.6 of one per cent. 

There are t.llu.s two seales of x-ray wavelength. (I) The scale 

established by Siegbahn lTJ the method described above in the last 

paragraph, but Qne on the basis of a valae of e which must now be con­

sidered as more or less arbitrary.,. (II) . 'l'he absolute scale of wave­

lengths established by grating measurements directly which is probably 

eori~e.ct. Measurement.s of diffraction angles of characteristic x-ray 

lines can thus be used foF the direct detern.dn.ation in absolute units 

of the crystal grating coruroo.nts.. From these valu.e,s of' d and directl,y 

measured values .of the density p of the crystal it i .s thus possible 

to determine e. This is what we mean by the x-ray crystal methQ.d of 

determining e. 

The existence of such a discrepaney has led to n'lmly investiga­

tions into the source of the trouble .. The accepted values2) of .the 

molecular weight M and the Faraday Q are probably beyo11d suspicion. 

Bearden5) has recently made a. careful study .of the density p and the 

cha.racteristic angle ~ for macroscopic1f' calcite obtained from a wide 

variety of sources. His findings are in accord with those of othe:1· 

* We use the term "macroscopic cal.cite" to describe pieces of dimen­
sions large in comparison to the thickness of the 5tll'i'ace layer which 
reflects x-rays as limited by the wel,l known effect of l'lextinctionfl. 
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work8l."s. 

One might be led to con-clude · that the work o.f Bearden and 

others mentioned .abGve establishes th.a validity of x.-ra.y crystal. methods 

in determinirig 3 e·3 were it ne>-t f'or a logical hiatus which exists in 

the reawning.. The enstence of this gap i s made clearer in what follows. 

The angle of diffraction Q is observed by B:vagg. ref'lectio:n at 

a cle~vage surface.,. In this process the x-rays enter a.nd leave the same 

face c,f the e~cite crystal penetrating onl,y a distaaee equal to t;he 

ek-tinction layer. The half depth of p~netration is only of the order 

of 4 x 10:-4 cm even in a third order reflection. iJ.'he e.f.fe:etive area 

illlt!ldnated on -t.he :tace of the erystal. is at most one square eentim~ter. 

'?his mea:.iul that a volume of only 4 x 10-4 ec of the entire erystal is 

being used to determine Q. As mentioned above, the density p o.f cal.cite 

i .& based on macroscopic pieces .at lea$t 10 ec in volume,. It i .s en~irely 

conceivable that stresses exili!ting within the crystal :mig,ht produce an 

tteffeetive" grating const&-,.t near the surface different from that eal~.-

1ated f-rom macroscopic density measurements.. T'ile very f aet that a 

crystal is cleaved leads one tQ dou.bt- the wif3dom of taeit.1y assUJ'JW1:g 

without pro.of' that the surface plane.a are truly representative of the 

entire macrosc0pi.c crystal. 

In order to determine whether .or not the internal plane~ of 

calcite give the same angles of dif£raction a.a the external pla~es 

Browu4) using a photographic spectrometer measured the diffraction angl.es 

of the l'f(;) K ex, and K o11 lines diffracted from the planes (100) and (liO) 
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with the crystal in the Laue position. In the Laue position the x-ra.ys 

pass through the crystal in the diffraction process . This work along 

with my precise co parison of Laue and Bragg reflection angles using a 

double crystal spectrometer included in Brown' s thesis seemed to estab­

lish the validity of using macroscopic density data in computing the 

grating constant d. short time 1 ter an experiment it.h the photo-

graphic spectrometer cast considerable doubt on the conclusi veneas of 

our above mentioned results. 

The photographic spectrometer used lr.r Brown consisted of a fine 

slit located at a known distance from a photographic pl.ate. The thin 

calcite crystal mounted in the Laue position was placed adjacent to the 

slit and on the x-ray tube side as shown in the accompanying sketch,. 

(The drawing is not to scale) ith this arrangement very sharply 

defined lines were obtained and the angles thus measured were in co 

plete agreement with values obtained by surface reflection. 

A short time afte_r the conclusion of tlle double crystal s~ectro­

me,ter investigation the same thin calcite eryetal was ., unted in the 

photographic spectro eter in the ryosition shown in Fig. 1, Le .• 11th ll 

r 

X-RAY 
POSITIONS 

t. 
CALCITE) 

PLATE 
~ 

I' 
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FIG.I 

s oriented 

o as to allow planes par llel to the clea.v-ag pl ne Gil to reflect the 

wavelengths of the Mo K ol, and K ol.. lin s to the photographic pld,e. In 

ord r to secure a com:_plet pbotogr ph two exposures were tween, one with 

the x- r~y tube at position l, the other with the x-rey tube t fosition 

2. In each case half of the photographic _plate was shielded to prevent 

the direct radiation from .striking the film. Consider then what one 

should expect to obtain o.n the photograph '11th this arrangement. The 

radiation from. the tube passes through the alit O and through the crystal 

t,o the point B.. With the engl,e properly· chosen, the radi tion of ;ave­

length /\ undergoes multiple reflection in the triangular region OBA 

according to the Br gg e uation. One should ·ixpect• therefore, if the 

cryst l is entirely homogeneous, to obtain by sel.eetive reflection of 

monochromatic radiation a. broad line of width d , or da depending upon the 
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position of the x.- r a.y tube . The values of d , and d may be expressed 

in terms of the Bragg angl e Q, the charact eristic angl e of calcite 

( ~ = c/.. - f , where rJ... i s the dihedral angl e of ctlci te), and t he thick­

ness 1 of the crystal. From t he fi gure 

and hence 

and 

OA = OP 
cos( 'f' - 9)' 

AC = d2 = 2 OA sin Q 

r!3 = d , = 2 OB sin 9 

d, = 2 P sin Q 

cos( 4' - Q) 

d2 == 
2 sin Q 

cos( 4' + 0) 

The results of t.},.e t:i.xpariment showed , however , not t wo broad 

lines f of the ol doublet, but f our distinct l ines, i.e., a pair for each 

of the t wo members of the wavelength doublet . These may be seen in the 

r eproduction of 11~1g . 2 . These pairs wer e attributed to enhauced renee­

tioz1s at the f ront and back surfaces of the crystal. The separations of 

these lines were measured and althoueh t he d.. doublet separation agreed 

wi th the value calculated from the Br agg equation the other separations 

di d not correspond pr ecisel y to the values of d 1 and d.a calculated from 

the above f ormulas. Another photograph taken wi th the pl ate nearer to 

the slit showed the expected change in the separation of the t wo differ­

ent wavelength components rY., and a.z . The pairs of lines of a given 

wavel ength also showed a slight change in separation approaching a little 
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ne er to t e calcul t ~ v ues , end d..:. ;;,.. ra ola.ting b.:ck eo.llCtri-

c to th separations to be eeted at the cryst , the v l es 

d , = 0.0234 c s d = 0.,0 21 ems were obtained. The a cul v lues 

for thi cryat f thickn~ss 0.9 mm ere d ,= 0.0252 ems an d~ = o.o~ 7 

c s, in good agree ent with the extra.pol t • u s. 

From this ono see!IU;I forced to conclude (I) t t the t,o beruns 

forming peir of eparation d 1 or d2 proce d as though they were 

r f'l ct d only fro the front and back surf cea of th cryst ~.no ot 

fro t.he interior, (ll) th t these two co nents ar not reflected t 



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

they leave the e;py:etal. Subsequent work has shown this to be true in 

varying degrees of many other cleaved samples of erystal. also. More 

or less periodie changes in intensity- alop,_g ~ . lengtll gt the line.a 

were also observed, an effect which I have never before seen reported. 

All these pecula.arities at f irst contribute to a 1SUspicion that inter-
, 

ference m~ explain the abseooe o.f in.tensity between the ©0:tJlponents 

A1 B1 and Aa'.S.a (see Fig. l) as well as the .fluei:'iu.:ations of intensity along 

the length of the line.a. If this were the ea-se we coul 1 not corelude 

that the interior of the cryst:a.l had not pl ayed a put in forming the 

interference pattern, but merely that the x-rays at certain point:::::..:::. the 

pattern were extinguished by unfavorable phase relation. C.areful exper­

iments were therefore tried to see i f by cutting off parts of the radia-­

tion proceeding from the reflecting triangillar region Oil) the remaining 

intensities would be modified. For this purpose carefully constructed 

subsidia.:rr.1 screens were inserted by means of micrometer screws so as to 

eover regions near A or B at wiU. These screens could e-ven be so 

arranged that ~ re.fiection .ocCUl:'ri.ng .!!!. the interior regiop.s of the 

crystal could form lines~ the. plate.. The int,ensities in the pattern 

were not modified by cutting off various portions of the regio!l OAB 

which seems to indicate that components A, B, are really reflected only 

±'rem the front and baek surfaces and are probably an effect o.f enhance­

ment caused by s-tirfac.e disturbance of the lattice. Mai.ting the z,-ray 

source up 9.r down parallel to the length of the slit led to the conclu,-
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sion that the .fluctuations of intensity along the length of the lines 

must. be associated wit.Ii definite conditions at fixed points on the 

crystal. v'Jhile I feel that not enough is yet known about these peeu.li~r­

ities of calcite reflection it may at least be concluded from the .above 

that there is grave doubt whether even in the Laue type of reflect ion · 

the interior planes of the cryataJ. play an important part unless by some 

shielding de-nee such as just described the very weak reflect.ion between 

components A, B1 or AaB-~ is :perforce the only radiation permitted to be 

observed. The very weak lines formed in this way proved unfortunately 

to be rather ill defined and unsatisfactory for a precision determination. 

The slight convergence of the pairs of beams A, B, or AaB-4 together with 

the generally more or less erratic character .of this entire behavior-

abov-e described made it look as though a $tatistieal method which wou.let · 

average out the differenee-s between different samples of caleite and the 

' different behavior in different ~ona of one samp,;'l,f) of c0alci te -was 

mu.eh to be desirad. 

The work on maero.scopie pieces of 0a.lcite in Laue reflection 

may thus be quite appropriately criticized, (l} as r eally failing -t,o 

measure the :interior gr ating constant· of the cr-1stal which is. involved 

in the/ density determinations, (II) a s being too l:>..ighly depend-ent on 

pecull,larities of individual cr-ysta.ls or individual regions in one crystal. 

The difficulties invoived in the above e.xperimen:ts pointed the 

way to the solution o.f the problem. Since one i~r apparently restrieted 

to investigations of' a ver; superficial laye-r when using macroscopic 
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calcite either in Lane o-r .Bragg ref lection, the answer mu.at lie in the 

results obtained from finely por.1dered calcite . . It was pointed out above 

that a v:olwne of only 4 x 10-4 cc out. of a tou:,l ecys.ta.l volume of 10 ec 

was actually used in ordinary work vd th macro.s:copic cr--y:stals. If, hoVi-.... 

ever, one investigates the x-r-ay properties of crystals Qf size 10-4 ems 

on a side it is o-bvious that a result truly representative of the entire 

sample is obtained, sinee the depth of pe&etration is of' the- order of 

-the dimension of the individual crystals. Although powdered c17stal 

te<:hniqu.e- properly lies in the realm o:f ccys·tal structure determination 

where great accuracy is not ordinarily required., the methods are capable~ 

under special c1rcurlilStanoes, of high precision. The research described 

in the foll.owing pages deals with a precise determination of the pro-pe:f­

ties of powdered calcite related to the problem of establishing the 

validity of the x--ray crystal method for determining ttett .. There are 

essentially t wo distinct parts te the re$earch, namely, the determination 

of the density of powdered calcite, and the deter.Idnati<m of the a:ngl:es 

of x-ray reflection for a number of at.omic planes. From the latter one 

may etleulate the lattice pa.re.meters f or powdered caJ.ei·t.e and from ·tt'1ese 

es·~ablish a direct comparison bet1,een the grating constant of the cleavage 

planes for ~t.n"Oscopic tmd microscopic calcite. 

To put the conclusions as to the value of ttelt quite beyond criti,­

eisms of the sort here disc:us-sed it is im1,ortant that the density of the 

same identical powdered calcite, a represent,ative sample of: which is 

used for the diffraction experiment, should be deterruined~ '1'his avoids 
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two possible cr.it.ioisms. I. That the density o.f the calcite us~d for 

difir0.ction might be diff'erent Crom the mean _density of some macros­

eepie -~ple measured.. II. That the eff'eet, of powdering llU;ght change 

. the density. This last poScsibili ty cannot be safely neglected in a 

real.ly eritieal consideration of the probJ.em~ for it is not ilnpos.s-ible 

for in13tanc:e that some form of :periodic internal st:riain distribution 

may exist in the interior of' a ma.eroscopie piece of celci te ~1hich upon 

powdering to sufficient fineness might be relea$ed thus chru::lging the 

volume or shape of the unit cell "Qy a slight amount.. The !X)\Vder method 

here reported together with the pycnometrie density determination made 

directly on the seme powder s.amples couelusivel.y avoids a.11 o.f the e..bove 

0bjec0tions. The shape and absolute size of' the unit ealcite cell j.n 

the tiny powder grains is directly determined. by the experiment. 

Pyenometric Jllete-r,J1ll,1'.lation ef the Density of Po:wd,ered Calcite 

The we.i ghings were made on ail rmalytictl l;>alance, the wei ghts 

fo:r which I careful.1.y calibrated again.at a one gram s.tandard obtained 

f1"om Dr. Swift of the Cheinistry Department. The pf~meter was of 

comrentiona.1 design 1rfith included thermometer.· 

The density of. the . water used in filling the pycnoinetex was 

cheeked by weighing a knovm vt>-lwne of water,, mea&J.l."iptl by me~.ns of a 

sta.~rdized pipette. The ordinary . distilled water available in the 

la.bor$.tory was .found to have a, density approximately 0.O8 per eent 

lower than ths:t given in ·the Physics and 0hemistry H1,n.dboolc t ables. 



This water was re-distilled in an all glass .still and then ·ooiled to 

remove e,cclud.ed gas. The following table shows the agreement between 

measured densities at various temperatures and those listed in the 

tables.. In all weighings corrections were mcide for the eff' ect of 

buoyancy of air. 

Mee.sured Density 

pi 

0 . 99856 

0 . 9975-6 

0 . 99824 

0 . 99804 

0.99796 

0 .. 99752 

Density (Tables) 

p 

o .. 99790 

0.99795 

0.99795 

0.9979-3 

0.99801 

0 .. 99799 

Temperature 0c 

21..l! 

21..5 

21.2 

21. s 

20.9 

,.1.0 

Devi-ation 

-0 . 00066 

+o.00057 

-0.00029 

-o.ooou 

+o.00005 

+o'..00041 

2- <r-f) = +0.00011 

AveJ1a.ge deviation :.::: z.0~.B ) = O.OOOOa 

The results of these measurements allow one to assume the den­

sity values given in tables to be awliea:ble to this re-di.stilled water. 

The d.ensi ty o.f the calcite crystals rm-ether maeroscopic or 

microsoopic was determined as follows: let W be the weight of the 

empty pysnomet.er bott-le and V its volume det;ermined by w,eighing the 

bottle filled with water of knoffll density at a given temperature. Le:t 

W1 be the weight of' the bo-ttle plus the wei ght of the ea.lcite crystals 



and Wi the v-1eight 0f the bottle pl.us the weight of crystals plus the 

weight of water neoessary to fill the pycnometer bottle to the fiduclal 

mark. Then if £ is the den;si ty of air, the true weight ~ of the etlci te 

is given by 

where the first and second terms in the br,acket a.re; respectively-, the 

corrections for the volu.:mes of air displaced by the caLcite and by the 

wei.ghts added for balance in this weighing. The density o:f ea.lei te is 

taken to a good enough &pproxims.tion a.,; 2,. 7 a...'ld that f or the ·weights as 

8 . 5. ,The density 6 of air was t .aken as O.OOU gms/cc. The -weight Wa 

of the water added is given airailarly by 

where the first 'l:.erm in the bracket i.s the ~yancy correction fer the 

volume of air displaced by the added water.. The volume -0f water added 

is given by 

where rO H.O· is the density of the w~ter. The volume Ve of the calcite 
,- ' 2 ' 

in the bottle is evidently the total volume V minus t.he volume VfhO, i.e .. 
, ... 



from which one obtains at once the density of calcite as 

'fhe values of V and W for the pyenometer bottle were 

V = 25.5120 at 20° C 

W ; 27 .. 5605 gm.s . 
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As a check on Beardent~S) value for the density of' calcite, 

I determined the density of a group of ·ealcite crystals ranging in. 

volu.111e :from l cubic mm to approximately 10 cubic mm. Three determina­

tions were made nth the followin~ results 

Approx. Weight of Semple Used Temp. 0c Density 
gms.. f"lc 

12 20 2 .. '7108 

12 20 2.7107 

12 20 2.7ll0 

Six determinations were then made on calcite powder obtained by grinding 

calcite e:rystals of the size measured ~hove ill a mortar. The .average 

size of the calcite powder eryst:al.s was e-stimawd at 2 xlo-4 ems era. a 

side by means of' a mie.roseope. In filling the pyenouieter 'bottJ.e con­

taining the _powdered calcite with water it was found that pre-e,a.cua.tion 

.of air tr'.f means of a va-euum pump decreased the tendency for small air 

bubl>les to be trapped by the powder. Stirring by :rotati&n of the bottle 
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during filling was also resorted to. The following tabulation gi ve-s 

the data obtained 

Weight of San-iple Used 
gms (approx) 

12.0 

10.8 

10.5 

10.5 

Temp oc 

20 

20 

20 

20 

20 

20 

Density 
gms/cc 

fpc 

2 .. 7OtJ7· 

2. 7094 

2.'7106 

2.7105 

2.7114 

2.7097 

'l'he probable values · for ~e density f pc of powdered calcite 

and p"'c. o:f large eal.cit,e with Beru:'de-n•a5) va.lue p~ 
e-alcite erystals are given below 

f 11c :: 2.11022 ¾: 0 .. 00055 gm/cc 

fmc. : 2. 71085 !fz 0.00019 gm/cc 

pa = 2. no50 * 0.0000:5 gm/cc 

for large 

Identifice.ti.on o.f.' the Pl.anes of Calcite Taking Part in Reflection 

The original attempt in checking the x-ray reflection angles 

for powdered calei te was based on the re:fleo.tions from the planes hav'.i..ng 

i ,ndi.oes a iO·_,i ·1/.ith ref'erenee to the cleavage cell. The relation between 

these planes and the 100 cleavage planes is shown in the accompanying 

sk-etch whtob :represents a cross section made by a cut nor-inal to two 

cleavage faces. The angles of reflection f or the llo planes usin.g Mo I{ 



r diation wore ehec by Bro rn4} 

using acroscopic calcite d 

found to be entirely cousi tent 

wi t.11 value calculated from the 

accompanying figure using the con­

v tion v ue (1) of 

d100:::. .02904 A and 

Ci. ; 105° 3• 9n Bea:rden5) . 

The r l tion tw n dioo aJ.io is r o.ily ... o 

fro which 

- - 1 dli"'IO uo-- " ~ 
2 cos 1 

duo= 2.4895 A 

In order to ob n the reate t precision possibl 

17 

to ' 

th a See an-

Bohlin speetrogra h de cribed else\'here in this paper it is noces D:ry 

that the Br g equation 

n A = 2dsin 

bo s tisfied for the above V u.., of duo, a V ue of sli htly less 

than 00°, in orde to give high precision, an order n (not too h h 

beo use of Ll"ltensi ty conaideration ... ), d value for th avelen0 h A 

corr s_ n~ing to characte:-i t-ie line of an ele ent vail ble c.s 
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target ms.te::rial for l::l.n x-ray tube. A survey of the elements :erom Fe 

atomic number 26 to Ge atomic 11u.mber 52 for t.heir entire K serie.s 

showed Ni with atomic number 28 to be the only possibility. Element~ 

with atomic numbe1•s • less than 26 have a K series whose wavelengths are 

s0 long as to make their use difficult beeause of a.'bsorption and those 

wi t..11 atomic numbers greater than 5,2 imposaible becau.-se of the high order 

necessary to satisfy the Bragg equation at the desired angle. 

'lhe deliberate ehoiee of nickel as a target automatieally fixes 

the theoretical posi ti.on of the K 0(, , I{ C:X.z. lines on the photographic 

film reflected from the 110 planes. There is, however, th-e po.ssibility 

of other plane-S having grating constants near diio• In order to cor.cel­

ate t.ne complete experi,menta.l data with the structure of cal.cite one 

must determine theo:r.etiea.lly t.he possible planes of reflection for t.he 

angul:'d.l' range covered by the photo-graphic film. These considerations 

deal with • the eon$tru.ction o.f the reciprocal latt,iee for ealei te.. The 

method of obtaining this lattice is described below. 

It is cu.st~mary for x.-ray speetros~opists to use the. na.tu.iJal 

rhombohedral. cle.ava,ge cell of c&lcite as a basis- for their lattice 

notations. This point of view was taken in the a bove parag.raphs. The 

fundamental c:Hrections .for the thrse ref$-l"ence vectors from a cry stallo­

gr aphic point of view is not along the edges of a natur-al cleavage cell 

bu.tin the directions of lines drawn from a Ca atom at the acute vertex 

of a cleavage cell to each oi ' the Ca atoms in the oente.:r of three cleavage 

faaes5). 



These three vectors -, , 

"' , &nd - 3 o defin d form th 

b sis for the rhombohedral 

crystallo;n-aphic sy-st . These 

vectors re of e • le th d 

ake an angle 'lf • th r spect to 

e ch other,, 

In this syst-em the a.to s 

are 1-oc ted a follo s: 

1-.to f ber Loe.a hons 

C 2 ) l l 1 (0.;0 ,(-;--;:- -2) 
.:: ,:. 

C 2 c 1 11> , <l i i~ 
444 4•.t4 

0 6 +(11. l + \.u 1 0}·), 
- 4 4 4 "'). 
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u- ") t'. ..... . 

'l' is .it cell contain t ·o lccul .. s. The clc· Vt.CE"> c ll cont· ·ns 52 

olecul s. 

or conv nience in eon-

tru.ctin~ t e reciprocal l~ttic, 

th- rhoinbohedr.....l syst is trans­

fo... c. to ~ 

Let tn reference vectors in the 

~exagonal sy te be de oted by 

I , , Aa , :c. Th hexa .ons.l yst • 

120° 

-
Ac 

(into paper) 
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i •a defiued by the tr---~sfo.rmation equations 

A, = a.e - a.a 

Aa = as -a I 
Ac ::: a , + ae. + aa 

The inverse trzinsf or,nation equations are 

a, ::! l -A, 2Aa + Ac 1 5 

a2 =½ ( tl I + i~ + ic) 

a3 =½ l - l. + ¾ + Ae} . I 

The relation betlfi:een the di mensions of the two systems is given by the 

equations 

A~ r: Ae •Ac = 3a~ l l + 2 cos )r] 

= A! == A, .i, = 2a: { 1 - cos o]. 

The equations 

B;a = As X A, 
i., 0 A2xAc 

define e. lattice ha~...ng e.xes B, , 13-.,a end Be which is reciprocal to the 



hexagonal lattice,. The 

expression A, • x Ac 

is th vol e of the cryst 

nit Lt1 the hex anal • ystem. 

The orientation of the recip­

rocal axes is shovm in the 

coo ponyin ak tch. From 

the above r ui.tions 

Be 
(into paper) 

T.ae convenienc~ ~ n r~ciproc l tt ce in locatin 

re.f'lectlng planes is ma: e cleur i..: the .follo-.d.1 z discussion. 

One · a:y con ider the Bragg r.1ation >. = 2 d sin . 

v ctor e uation by writing it o.s 

Here dis e. ener· ized gratin space which includes tba order nllll;lber 

n. The left h&n sid of this e uation is proportional to the 

transi'er no to th cr;st retin by the re ection of diation 

of' momentum p - h - X t the ra.gg an.zle Q. If d is the int rplanar 

ciisUmc for planes of • ~ ler indi.c s H, , H , He in the he gonal system 

the the vector <¼) represent a line alffi from the orilin to the 
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point in the rec:Lprocal lattice having the coordinates (H,, H.a, He)• 

Hence, givep,/ tl wavelength A , the planes which will ref lect this rad­

iation according to the Bragg equation are determined by the interseo­

ti9?1'.s (H, l¼ H0) in the reciprocal lattice at a distance R;: 2 sin Q 

from the origin. The vector R sweeps out a sphere in the three 

dimensional reciprocal lattice having roces B,, ~, .sU'ld Be described 

above . The problem of determining the rei"leeting planes for an angle 

Q and wavelength A is thus reduced to finding the intersections of the 

sphere of radius R with the intersections (H, ~ H0 ) in the reciprocal 

lattice. In order to reduce the probl em to one of f inding intersections 

in the plane B, ¾, one calculatea the radii of the circles cut out of 

the sphere by planes normal to the vector Be for heights nB0 above the 

re£erence plane where n is an int,eger running from O to the grea:test 

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

The numbers n a.re the possible values of the index 110 • 

Two reciprocal lattices were necessary to determine the pl anes 

taking pa.rt in reflections for the range 70° <. G <. 90° used in the 

experiment. These are sho,m in Figures B and 4. Only a portion of the 

lat,tice need he drawn because of symmetry. 

The values a , = a.2 =z a3 = 6.561 A and '6 = 46° 71 wer e taken 

from Ewald-Hermann "Strukturbericht11 page 293 . The scale upon which the 



8 =75°24' 
SCALE 1/).~ IO CM. 

1,. "l.65B .i. 

8• 83° 39' 
SC.\LE 1/).~IOC M. 

), • 1.esel 

FIG.3 

FIG.4 
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disumee a is based is somewhat indefinite, but presumably eorres­

ponds to the Siegbahn sea.le wherein d1,oo {e1eava.ge system) for ealeite 

is defined as d1oo:i= 5-.0290 A at 18° C. For the present application 

{the identification of the diffractions rings) the finene$s of thi.s 

point need not be stre,ssed. The reeiproeal lattice scue was ta.ken 

f or convenience as ~ "' l.O ems. · The c-alcul.ations were based on 

I\. = l.658BS A 6) (Siegbabn scale) for the nickel K ~ ... line. The 

circles of ,Fig. 3 correspond to 'a value of G = 83° 59t and 

R0 == 19.878 ems. The calculated values of the refe.1.•ence vectors are 

Be= 0.9744 c.ms. 

' ill of the interseetions If, ~ He do not proouee possible re-

flecting planes in the rhombohedral sy#ltea. If h 1 h,a hs ue the 

Miller ;J;.ndj.ces in the rhombohearal system the transformation equations 

for the indi(;es are analegous 't9 those tor. the veeto'rs,. namely 

Any: workable set of' indices H 1 ~ 110 mu.st yield integers for h I he ha. 

This fa.ct :rules out some of the .interseetfons in the reciprocal. lattice. 
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The ones whi.eh yield plan,es are eneircied 0n the charts. 

It is sho;:1n in the theory o:f crystil structures that -the grati.tlg 

constant dh hahs for a · set of planes having Miller indices h , ha h:.i in 
I . ., 

a rhQm'bohedral system is given IT.f 

where as beZ-ore for calcite a = 6.561 A and () == 46° 7r approximately. 

The grating spacings for the sets of indices h 1 ¾ ha Bound tr.r the 

method described above \Jere ealcula.ted b,r means ,Qf ·thi.s rela:tion.1 

lil13ing these eo~stant$. Th~se f:-i:1rnish a foundation for identifying the 

line.s observed ... 

The intensity of reflection from a powdered crystal for a set 

I= KP f (~) if 

where K::: iJ,Oportionality const~t 

P :;:: pe.rmu-t.ation faeter 

f(G) == a function t0 take into account the decline. of F with Q 

e.nd F == crystal structure factor. 

Since only a small range of Q is used, we may without serious 

error omit the function f(Q} and write 

I oC PF2 . 
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'.l'he expression for the erJstal structuxe factor F is well kn<:.wm1} 

e.nd may be written as 

v1here the summation is extended over the various atoms in the crystal 

faetor the values for which have been plotted as a f:uuct,ion of' s~ g 

b -o •• "t"~ 1 Sh 7} w, i"a.:~1g ana · ermmi • • Tbe v.al.ue.s of fca = 7.81, re== l,.60, and 

f
0 

= 1..,85 for Q. == 80° were obtained from the Pauling and Sherman graphs,. 

'l'hese atomic structure factors are a measu::Fe of the efficiency of the 

atoms in seatte-ring x-rays.. The atomic eoord.inates for ea.lei te were 

listed above as 

2 Ca at {O o 0)., (l l l) 
222 

2 C at (! ¼ !) , ( ! ! !) 
u = 1. 

4 

Substituting these values in-to the expres$ion for F one obtains 
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where fca, fe, and £0 a.re the respective atomic scattez:ing factors 

for Ca, C, and O atoms.. The factor P is neces-sa:ey to take into acoomit 

the possible permutation~ of the in.d1ees h, .n;a h.3 which. yield the as.me 

grating space dh, ~ha. Any set of planes having the same grating space 

will reflect radiation to the same region on the photographic filn1 

and hence the intensity must be weighted by the fact..or Pr The fe.etor 

P .is taken as the number o.f weya in which h, h2 h3 may be ta.ken with 

. A tabula.tion of tb.e planes and their grating constants with 

e:&.--pected relative intensities is given below .. 

Hex.a.gond Rhomb ... Grating Weight Structure Intensity 
Indiees Indices Sp.ace Factor Factor I ..t:. Pr 

(H , It.a He) (h , ha ~) dh. ha .~. 
p F 

l,2,17 476 0.8532 12 S.66 161 
5,1-,14 374 0 .. 8528 12 4.58 .250 
3,2,.10 163 0.8557 12 8.04 774 
0,5,4 255 0.8458 6 11.5 762 
s,o,~ i4i 0.8586 6 4.58 115 
5,0,l 252 o,.ae19 6 1.85 20 
0,1,20 677 0 .. 8549· 6 11.5 762 
2;4,-15 557 0 .. 8589 12 0 0 
Q,-4,15 7'55 0.8526 · 6 0 0 
~, 5,,11 146 0.83;5.8 12 5.66 161 
5,5,5 005 0-. 8S-66 6 0 0 
5,5,0 530 0.8504 6 7.58 545 
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Theory o:f Seeman-Bohlin Spectrograph 

In order t o determine the dif'i'raetion angles for various pl.en.es. 

in powdered ealci te a powder spectrograph iva.s needed. P.. Seeman-Bohlin 

focussing type of' powder spectrograph was chosen because of its sim­

plicity of construction and greater accuracy when used as described 

below. 

The theory of this focussing type of powder erunera i .s as 

follows. Let a photographic film be plae~d on the arc ASB of a circle, 

Fig. 5., approximately 

symmetric with respect , .. c 

t .o a fine slit at S 

and let the crystal 

powder be ~reased into 

an a.re ODE diametrically · 

opposi·te the slit s~ 
Cons.id~;[' a divergent 

bee..m of x- rays of wa."Tt.e- • 

the sll t $ artd falling 

on the erystel. powder at 

CDE. Since the c1-ystal 

powder eGutains a large 

num-ber of tiny crystals 

randomly oriented there 

X-RAYS 

A B 

D 20 

r" \ 

FIG.5 \ \ 

7 



will be some of the C]l:'y.sts,ls pro1te-:rly al.igned, • ir-.cespect,i ve o,f where 

they lie on "the arc CDE, to diff'ract the x-ra.ys of wav-elength A from 

a givc."tl set of plan.as e,.f grating spnee d to a particular point F 

aeeording to the Bragg equation A = 2 d sin 9, where 9 is the angle 

which the incident and diffraeted r ays make v;eith the atom.i:c plane normal 

to the l?.ttice distance d. That the di.ffrf).cted ray.s are . brought 'he ~ 

focus at F is evident by considering the r ays SC and SG... Ii'o:r diffrae­

tion, the an,gles SOF and SGF mu.st be equal to 180? - .2Q and hence . 

they su.btend the sa.me are 011 the circle, namely SF- Obviously there will 

be crystals also oriented in ~h ,? ''1!8:Y as w diffract the x-rays of 

wavelength A ~ the p0int .F' sueh that, the arcs· F1·S and SF are equal,. 

When used in this Wf4.Y the spectrograph gives a ;photograph which is 

symmetric with respect to it& een.ter, '.?his is a decided advantage, since 
. . - -

. the distance between cor1•es:pon.ding lines may oo ·more accurately measured 

than the distanee from the slit to a single line. 

Let O be the center of the circle I then by ge0inetry the angle 

SOF is equal to 2 ¢. If ·R ia the radius of the camera, the are SF =- .s 

is given by 

s = 2 R{l80 - 2 Q) 

and 



so 

Substituting this value o.f Q j.;.".lto the Bragg equation one obtains 

(2) d ).. = ... ~ sin ...i.. ds 
4R 4R 

Dividing (2) by (1) gives 

tan s 
= ·- .. _41 ds = 

4R 

From equation (5) one Sees ~at with a small angle i1 the relative 

error in de'termir1ing th:ef.v.aV<elerigth A , or,. what amounts to the same 

thing, if A be considered known, the relative error in determining d, 

is eonsidera'bly less than the er.ror made in measuring the src Ieng-th s. 

Even for 2 ¢ = ,r /2, ¢/2 ;: .-rr/a d ; . = - l ~ . Thus in this ;region 
1 s . 

a. precision of one per cent 1n meastµ>ing the distances allows a p-r~ 

cisi0n in A of' the order of one-tenth of one per eent .. 

A detailed <liscu~sion oft.he .-rors introduced by vertical 

divergence of the beam,_ slit width, thickness of powder sample, shrink-. 

age of fil.1ny and errors in measurement of e&mera radius has been given 

by Co•8). 

Cohen f inds for a he4ght h of vertical illuminaticm of the 

powder s,ample, a fractional. er~or in the arc l.ength s of amouut 



Sl 

The are 2s is independent of the slit width s-inee a widening 

•Of the slit produces only a symn..tetrical broadening of the lines.. The 

e.ffeet o.f a finite thickness t of powder is to produce an error 

The effect of shrinkage of' film and. errors in determination of radius 

R may be included in 

The total fractional error ins may then be written as 

(4) 

The eval.ua.tion of this e,q')ression fer the conditions used in this exper­

iment will be give11 later., 

Gonst;ruction of a Seema.n-Bohlin Spectrograph 

In addition to the neees.sary theoretical details of the Seeman­

Bohlin spectrograph mentioned above one must also •consider the problem 

of making the scattering ;in the speetrograph. as small a.s possible in 

qrder to secure suf ficient contrast between the '"lines" and background 

on the photograph. 
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Scattering from the walls o.f the spectrograph JJJa;y' be reduced 

to a minimum by using a material such as lead which has a large ratio 

for its tr-t.1e absorption to its scattering. In order to reduce the 

scatte~iug due to the air, the spectrograph was designed so that it • ,._; ., .. , .. 

could be evacuated. 

The cylindrical part o.f .the ve.cu:um spectrograph contclniug the 

slit was made e.a f ollows. A piece of iron pipe appro.ximately ZS inches 

long and 7 1/2 inches in diameter was turued inside a.n<!i out on a lathe .. 

The inner f:.urface was t hen tinned and a lead lining about one qu.ar·ter 

inch thick caat -onto it, using e. solid concentr-lc cor•i3 of the proper 

r adius. A l/2 inch radial hole i.rns then drilled i.11 one side of the 

cylinder midway between t.o_p and bottom. '?he outer surface surrounding 

the hole was milled off flat to enable the shoulder of the slit plug 

to be f"itted firmly against ·l:.hPv cylinder by meims of four tap screws. 

A detail of the slit plug is shown in Fig. 6. The head cylinder B 

containing a cap t'or fastening to the spectrograph cylinder fitted 

snugly into a. lead cylinder of 1/2 inch outside diIAmeter. Thie plug 

assembly was then fastened to the spectrograph cylinder a.nd the inside 

turned to· the finish radiu-s on a l!>,the. The eylinder B i-Ui.S then with­

drawn to the position shown in the drawing. This fonns a snout to 

shield the photographic film from the scattering from the edges of the 

sl.it. The pin hole slit, appro.xime.tely 1/2 m.11 in die.meter, was made by 

deepening the taper hole al.ready in the plug B. This method of turning 



BRASS BASE . 

FRONT VIEW 

FIG. 6 

the plug in pl.aee insures that the slit be on the circle. The slit 

was made vacuum tight by clamping a cellophane window O .002 inch 

thiek between the plu.g ea:p and the bre.ss cap C and painting ·the joints 

with glyptal. 'l'he cylinder was fitted into a groove tur-.tied into a. 

tinned brass bottom pl ate . Thie joint was m.ade vacuum tight by means 

of soft wax. The bot,tom plate was also fitted with a pu.mpin.g out 

cormect,ion. The top plate of the spectrograph was similar to the 



bottom. T e groo aa fitted • th a rubber g sket in teud of wax 

to f cilitate loa ing the e era.. No cl ping 

since th at-o ph ric pre sure a ~ufficient to ze the things-

k t to .10 joint. The fi cl heet 

of phosphor bronz • th a long ole cut in it to allow the 

x-ra.diation to stri the film. Thia clamp was permnnently fastened 

tone end ith crews and contained a lot and a large headed clamping 

crew at the oth r na. A photo • ph of the spectrogra h i shown in 

Fig. 7. The spectrograph w e light tight by pl cin a small ~:>iece 

of bl-ck p r ver the slit o ina D d by arr in the ..,1u.,iping 

FIG. 7 



out eormection with a right angle bend _and long length of rubber 

tubing before conne.et.i.ng to the manometer. It should be mentioned 

that the above type of con$truetion wherein the film is p.laced inside . 

a cylinder instead of on t:tie outside eliminates t.11.e necessity of 

auxiliary shielding. 

The diameter of the a,pectrograph was measured with micrometer 

ealipers at a number of places around the periphery end along it·s 

height. The greatest 4eviation from uni.formity was one part in 7000 .. 

The , mean value <,f the diameter was 

Il = 6.905 inches. 

Tbe Niekel Target X-ray Tube 

For reasons already ment.ioned a nickel-target x-ray tube was 

needed for supplying the radiation to the Seeman-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 .a thin 

window reduces the lo$-S due to absorption in the glass and is an impor­

tant item for x-rays as litOft as Ni K radiation. The construction of 

a long narrow x-ray tube al.so allows one to place the spectrograph slit 

nearer the target and thu.s gain a considerable factor in intensity. 

The nickel target was obte.i.ned by nickel plating a. copper 

target from a commerical tube. The cathode assembly also was of com­

mercial design. I am indebted to Mr, Clancy of this Institute whose 
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kill ill la s blO\ ing de ssi 1 the 

con t 'UCtion of thi tub . s 

p 

th c rco tr .. c p ble of in 

in li ·d al be.th. The tube foB 

- out 1ith the chareo at a t pertur 

of t 550°0. No oth r outg .. ssing techniq 

·as resorted to. Th.lrin5 the severcl. month 

in u ~, no ionization of s 

no tic in the tube. The generr.l d t le of 

the tube . be en in the hoto..,.raph, Fig. 7. 

ta Obtain ,1th 

th Se· n- hlin Sp ctro ~e.ph 

hoto ph s en ith no e cite 

lee. ' li • g .,.>roduc d sel cti ve r ection in 

the region to be used in the stud of tho cal­

cl te. The exposure t • 

th t for the c lcite ·hoto0 ruphs1 n • ely, 10 

hour ith t ex-ray tube orking at 2 K.V. 

in Fig. 8. By coincidence, v.i th diffraction 

fro l - ~ l ttic , t. e ct doublet lines 

r 11 vexi n r to ,here a et of lin s 

fo he calcite should th oretic ly come. 



This is,, of course, an ob,;riou..5 disadvantage,. In order to e:Umin~te 

this uncle-sir.able feature, several shee-w of thin gql-d foil W6J1•e pasted 

ov~Ir th,-e l~d ii; tbe regio1:1 where the incident .:x-r-a;ys impinge.., Another 

photograph then re~ tad i?+ -~ blank,. shoi.'i·ing that the le~d Ullna-a." 

had been elindnated • and :ruD new on~s .added du.e t.o t,he presence of . the 

gold. 

t layer of t"ne powdered ealeite from the denai ty determina,tion 

wau pressed. on to. the wall of th~ spe~trogrlf),ph using ~-slight amount of' 

eollodion as a binder. The thickness of the ,layer ·was a.priroxim-ntely 

l/4 11w. This corresP<?nds to the thickness o.f the photographic film use<ii-/0' 

All exposure of the time and conditions listed above resulted in 

the presence of' several set·s e:f lines on the photographie f ilm ... The 

generr;J. background on the film w~s very heavy ~1'.l:d of a mottled charaete;e., 

Although the lines due to the aalcit.e were distinct amd readily measur­

able when the f'ilm was examined under strong illumination the eontrast 

vras: not sufficient to allow photograpbie reproduction. Attempts to 

increase the contrast by use of~ Cobaltic oxide filter and various 

operating voltages on the x-ray tube failed. The heaV'/ mottled back-, 

ground is probably due to the ref lection of continuous radiation by tiny 

ca lcite erystals which are considerably- larger than the average . That 

ttds is so is strengthened by the faet that superpo$ed on the general 

liue da:rkening are very intense $pots.. 'fhese spots are attribut-ed to 

reneetions of line radiation from. sinu,lar ngi ant1' erystals present in 

the sampl e with chance orientations such as to satisfy the· Bragg e:quation 



l"'or the line :radiation,. The use of coarser powrle:r al.so increased the 

• frequency of these coincidences ... 

The -ve.lue.s of the distances 2.s between lines .for measurem.ent.s 

on five different .films are tabulated below. Not all of the .films 

contained the same degree of contl'ast. Thia resulted in the absence 

of some of t.he lines on certain photographs.. The starred measurements 

f or the dist,ances 2.19 ru1d l .• 10 inches were made from spots 99:bY since 

the general line radiation was not discer~Hi1e in the strong background. 

Tabulation 

Film Number 1 2 5 4 5 Mean 

7.05 7.07 7.06 7.0.~5 7 .. 05 7.056 

6.79 6.75 6 .• 75 6 •. 80 6.75 6 .768 

Distances 5.70 5. 67 5.685 
2s 
in 5 . 59 5 . 50 5. 345 

inches 
5.78 3.79 5.80 3 .. 75 5.76 '5.776 

$.50 5.50 5.26 5.29 3.50 ;5.290 

*2.18 *2.20 *2.190 

*1.10 *1.10 *l.100 

The ttalu.es for dexp. were ctlcul.&ted f'rom this data by the .formula 

2 cos. 2e 
4D 
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where,. D i s tl1e diameter or the ~pectrogra.ph. D = 6.,.905 inches. The 

wavel!.'W.gth : values f or the .Ni K Cl, fil'td K ex, u.sed wer-e 

Ao(,:.: 1.65450 A 

These waveJ,.engths were meaaured _by Erik$.son6) and a.re based on the 

eonve,ntion of Siegbahn 

The dexp thus caleulated axe on the Siegbahn scal.e. These ve.lues are 

tabulated l)elow ~.ong with the asoociat:~d values of dh,b.2.n3 found .from 

the reciprocal lattice constructions and the eo:nstants a= 6.-561 A, 

o = 468 'P t aken from Ewald-Hermann which are also presumably on the 

Sie.gb~"'ln scale.. The values of d,axp .ai·e listed separately for the Kor:, 

e.nd Ke<2 linea for comparison.. 'l'he a.s.soeiation of the observed line s 

with -their p:rope.r plane i):}.dices was not difficult since only the St:t'Cm\g~r 

lines were observed.. Their i ntensit,ies are in rea sonabl e agreement wi ~ 

• the t heoretical. calculations., 

Indices 
( Crys-ttllographic 

Rhombohedral) 

3 3 0 

6 7 7 

-i . 2 -5 3 
) 

l 6 5 

o .. aao4 

0.8549 

0.8458 

0.8557 

~erimental 
dex-p.«. dexp .average 

A* A* 

0.82987 0 . 82984 0.82986 

0.85:504 0.83510 0.8i>507 

0. 84510 0.84494 0.84502 

o.,assoo 0.85472 0.85486 

* Siegbahn Seale 

+0.00054 

-0.0-00:17 

+0.00076 

+O •. 0008.IJ: 
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The trend of the A ' s leads one to exe .. mine . :the possible errors 

in d11
1 
h~h;a and dexp• From the section treating the t..'lteory of the 

Seeman-Bohl.in spectrograph we have 

and 

where 

and 

¢ = Tr - 2Q {Q is the Brtigg angle) 

(R is the radius of the spect,rograph) 

t = thickness of po·wder sampl.e 

h = height of illumination of powder aa'llple. 

From the Br~g equation ,,\ = 2 d cos ~ the fractional error in the 

grati:ag spaced is 

The largest value of~ (that corresponding to the pl.an.es (165)) used ia 

The experimenutl values of h an~ tare 

h = 0.5 inches 

t = 0.01. inches . 
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A censervative estimate f or t ,he error fl R in the radius R may be· 

t aken as one half' the thickness of the photogxaphic film equal to 

M ~ o,.005 :.: o.0001 
R - 7 . 

Substituting these values into ~ gives 
s 

= ½ (J..l} l 0.0018 + 0.0014 } + 0.0007 

;. 0.0025 

Hence 

The percent ~ge error in deter.rl.11i ng A d/d due to 'these causes 

is consequently 

leads 

An examination of the measurement s of 2s previ.ou.sl y tabulated 

to an estimated D. s from this eause of ~ s < .J:.... giving a 
s s 200 

percentage enor d2 ind of 
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Since S:. may be either positive or negative while ~ is always nega­

tive, a liberal estimate of the proba.ble experlmen~"tl en·0r seems to 

be 0.05 of' one per cent .. The agreement betwe<m °'exp values obtained 

from the o/. 1 and ex. 2 lines substentiat:es this estimate. 

From a general knowledge of the accuracy sought for in ordinary 

erystallegraphic work one is led to expect errors of the order of O.l 

of one per. eent or more in the constants a and o as gi 'fen in Ewald­

Herma.nn. For this reason a,.r.1ei becau~e the deviations fl are greater in 

ca.sees than my probable exp.erlmental error further comparison of tbe 

dexp with the dh
1 
ha.ha will. r.tot be :made •. 

A better method which directly felates to the problem in 

question is to determine a value f'or the characteristic angle of the 

calcite cell and a value for the lattice paran1eter from the ex:-perimental 

data obtained and compare these values with the accepted ral.ues for 

maerosc0pic calcite. 

Since the dat a for 1tw.eroscol)lt_c eal.eite is in terms of the 

eleatlage cell notations, the quantities obtainable from- t..he experimental 

de:ta will alSG be calculated on :t-h-e same ha.sis . We thus need ,r.n a~re-ss­

ion for the gr-a.ting spaces in terms o.f the cleavage cell parameters .. 

Since the cleavage cell is also a rhombohedron ·the desired expression 

is e;;icactly Ma~og-ous to that for db ,~h~ il.1 the rhombohedra.l cr-ystallo­

gra-phic $;/Stem, nc1.mely, 



where C = length of an e9-ge of the eleavage rhombohedron 

f3 = characteristic angle of the cleavage cell, i.e. it is the 

angl e between the three reference vectors in the cleavage 

system 

c ::: index in cleavage system. 

The equations for tr@.nJSformation of indices h , haha to c 1 e~ca are 

The cleavage cell in this case contains thirty t wo molecules. This is 

the smallest cleava,ge cell for which all atomic pl anes of Cl;llcite c.ru1 

be properly indexed. X-ray spectroscopist.s th!rtk in terms of a cleav,,age 
\ ' " . 

cell of e~+ci te having only four molecules. This is only f or conven-

ience a.nd leads to no ¢:ii'f iculty when cleavage pl anes a-.nd pl anes simply 

related t0 the cleavage planes are used. The volu.me 0:f the true clea·vage 

cell is eight times the volume of the four molecule cell.. The di stance 

d100 ( four molecule cell notation) is repeated ,t wice in the small clea.vei.ge. 

cell and four times in th.e true cleavage cell. Hence d.100 in the x-ray 

s-pectroscopist I s nota:t.io.n corresponds to d40Q in the large cell. The 

relation between indices h i h,ah.a and e , ~ca along with the experiment.al. 

grating ~:paees are given below. 



44 

Indice.s Indices deJq> 

h 1 h2ha C I eacs A* 

5 3 0 12,12,0 0 .. 82986 

6 7 7 4,B, 8 0.85507 

2 s 5 1.2,8,8 0 .. 84502 

l 6 5 6,14,2 0.85486 

* Siegbahn scale. 

It was mentioned above that the measurement s on d350 were 

between spots on the fi]in because no .filled out ring could: be discerned .. 

Mention was also made of attributing int,ense spots on the fil m to re­

f lections frem ttgi .ant1t t,iuy cr-.1st&ls in the sample .. As a result the 

experimental de:t a for these planes (500) should be discarded since it 

is not defirdtely known that these spots are reflections of r adi ation 

having a wavelength truly at the ttcenter" of the spectra l line . Measur-e­

raents made on t..hese i$>::}.ated spots are not, s-t,rongly inconsistent wit.h 

t hose made on ref lect.ion which resulted in continuous rings as far as 

the grating constant determinati on was concerned. '!'hey di d however 

yield some ineonsistenC"J in the value of the characteristic lattice 

cell angle (3 whieh is apparently more sensitive to small variations 

in the separations 2s of the$e r ings. The absence of a r illed out ring 

f or the (350) reflection is not surprising aince t he intensity here 
be ' 

should' half that to be e::..1Hlllcted i n the case of say the (677) pl anes 
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and also beeause the huge dispersion at ti:"le large angle of the ( 530) 

ring renders the line very broad <'J.ld therefore destroys _its contrast 

against the background. 

The three remaining va.l11f;;S of dexp may be used to determine the 

charaeteris'tic angle (3 for calcite fro1.il the relation 

de e, ... c -- :c:: 
C l. + 2 cos' - 3 co~ 

I ..,. <:> 

From the three values of dexp t hree r atio s may be · formed. 

For eonvenience let 

Let 

and 

Taking the r atio then of di to dic 011e obta.ina 

.. ; ;~ 1- .. 

di m + cos p (n>< - ml() - n ~ cos /3 
== bik z ~ 

dk - " m. + cos ~ {:n ' - m.) - n ( cos (3 
I. I. 

and n · -- :m . _ a ,-
L ~ • 

The solutions of 'this equation ru;>e- given by 
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= (nK - n.b: .. J . ♦ / [nK - n~b.:t + 4[a.b,: - a .. ]( ml{ - m,b,~J 

2 [at( - a. b .: ] 

The numerical values of the quantitie.s used in the evaluation 

of the three values of (3 are tabulated below. 

i m1 

2 144 

5 272 

4 256 

'h.... = 0•85507 = 0 988225 .,...ea 0.85402 • 

h_a4 = g::~:~: = 0.976850 

b = 0.84502 ::: 0 988489 34 0.85486 .. 

~72 [na - Ila "'211 = 256045 

i.qa 
[ n4 - nab--~ -== 144616 

[n4 ... Ila b~r = 15027. 9 

From which 

256 

-156 

112 

-528 

-572 

2 
o:.l3 = o.976589 

2 03-4-::. 0.977lll 

2 
a4 - aao.«- = -478.874 

a,i. - a;a bt., = 145. 914 



giving the values 

cos /J 23 
__ 262.741 

1274.76 

cos /2i 24 :::: _ 197 .180 
/~ 957 .748 

cos fl.., - 59.548 
1---' 34 

- - 287 .828 

The mean value Qf the angle r is therefore 

p = 101° 54' 18" ± 45tt . 
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Bearden3) obtains the value p = 101° 54' 4n for macroscopic calcite 

with a probable error of less than 1011 • 

Having obtained a value for p , values of the para.meter C 

may be obtained from the expression 

c1 ::: di / mi sin
2 e + n1 ( cos

2@ - cos (3 ) 

/ 1 + 2 cos3p - 5 co'tl f3 

, i = 2,5,4 

using the experimente.l values of di and p = 101° 541 18". 
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We have from above 

d2 = 0.83507, da = 0.84502, 

These are expressed on the Sieghahn scale so that the resulting Ci's 

will also be on the Siegbahn scale. 

Numeric&l values used in the calculations are 

!'£la = 144 

n2 = 256 

ma= 272 

sin~ = + 0.97849 

s1n2p == + 0.957,144 

m4 = 256 

n4 = -136 

qorir p - cosp = + 0.248845 

cos~ = - 0.206290 

cos2 f = + 0. 042555 

cos3 (3 = - 0.0087787 

i 

2 137.8719 65.7045 

260.4248 -63.7043 

4 225.9568 -53.8429 

The values of C obtained are 

C.a = 12.82:38 A 

Cs= 12.8194 A 

C :: 12.8159 A 

201.5762 

196.7205 

192.ll39 
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giving a mean ve.lue of 

C = 12.8197 ±. 0.0016 A (Siegbahn Scale) 

with j3 = 101 o 54' 18" ± 48ff . 

We are now in a. position to form a comparison between the 

grt:,ting constant ct100 of the cleavage plenes for powdered calcite 

and the observed d100 of macroscopic calcite. For microscopic calcite 

{remembering that d100 is really d400 in the 52 molecule eell). 

= 12.8197 / 1 + 2 cos3 101 ° 54 1 18" - 5 cos2 101° 5-4' l8tt 

/ 16 sin~ 101° 541 18" + 0 

= 12 .. 8197 / 0.854778 

4 X 0.97849 

(d400)pc = 5.02823 A on the Siegbahn seele. 

The corresponding ve,lue for macroscopic calcite on the srune scale is 

d@o = 5.02904 A,. 

In order to make a final comparison 'between macroscopic and 

microscopic calcite as it relates to .the determin&tion of the electron 

charge nen it is necessary to recs.11 that the grating space for the 

cleavage planes of calcite is given by 
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where Mis the molecular weight of cal.cite, Q the value of the Faraday, 

f the density of calcite, and ~(p) the volwne factor given by 

pC,~ = (1 + coep )G 
f (l + 2 cos f5 ) sin.(3 

The quantities under question a.re f and <i(p) . To establish completely 

the validity of x-ray crystal methods of determining "e" one must com.­

pare the values of these quantities for microscopic and macroscopic 

cs.lcite. 

Bearden5) who hes admittedly done the most precise work on 

macroscopic calcite recomroends the values 

and 

and 

(error not given by Bearden) 

f = 2.71050 t 0.00003 gms/cc. 

~~) = l.09594 ± 0.,00001. 

The results of the powdered calcite investigations are 

{J z::: 101 54' 1en t 48" (Probable error from inner con­
sistency of powder data) 

f = 2. 71022 :I; 0. 00055 grns/ cc/ 

<P<'f) = 1.09602 ± 0.0004s . 



The Brt.tgg angl e Q of diffrqtion fl):r the cleavage planes in 

the f irst order for powdered calcite may be obtained from 

f or any wavelength A expressed on the Siegbahn scale. The value of 

the Cu K al, wavelength has been measured by Wennerlof9). He finds 

(Siegbcl.i.n scal e). 

Hence sin Q 1.55740 ii=: •.. 

e.056-5 

Bearden10) has measured the same wavelength with a ruled, gJl'ating. He 

gives 

From the expression 

sin 0 

using the values 

M = 100 .. 078 t 0,005 

Q ~ {2..89270 t 0.00021) :x 1014 abs. e.s.u. 
( 2) 

p = 2. 71022 • O.OOO55 gms/cc 

~)= l.Q9602 t; O.OO048 

and the above values of sin G and . \, one obte.ins 



Conclusion 

The resu.l ts of this investigation cm powdered ca.lei te co1npletely 

answer the objections commonly raieed to the x-ray or-.rsta.l method of 

determining nen. The angles of diffraction a.re representative of the 

entire powder saillple since the depthwf -'penetration of the x-r,ays into 

the crystals is of the same order as the size of the tiny crystals. 

The density determination therefore applies to identicall.y the ea.me cal­

cite as hae be·en used to diffract the :x-rays. 

The agreement betwee?l the density of microscopic calcite and 

macroscopic ca.lei te as well a~ t.he agreement of absolute size end shape 

of lattice cell for these two is surprii.ing evidence of the permro:1e11ee 

of the lattice structure against mechanical maltreatment. Any o.bjectiona 

which might be raised to the rigor c-1'.' the dynamical theory of x-ray 

diffraction (as opposed to the simple t heory of Lau.e or Bragg) are al se 

invalidated by this work with powdered calcite since the elementary 

theory for deteriip.ning dif.frac•oion angl es must certa.inly apply to diffrac­

tion by O:FIJStals so small that the radiation is negligibly e:,rtinguished 

in passing through them. 
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