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Abstract 

The devel.opment of the curved. crys;tal type. 

of high lumino,sity x-ray spectrograph is traced from . . 

the original ~uggestio11 by Gouy in 1916 through the 

work of Cauchois in 1932 and 193Z.. The construction 

of a small experimental spectrograph of the curved 

crystal type ~s desex-1.bed. The use of' quartz instead 

of mica or gy~sum which a.re ·customarily used and the 

improvement o~ the ' spectra obtained when quarts is 

used are discnissed. 

The 1theo:ry of the curved crystal speetro ... 

grs.ph has bee.11 extended in two ways · - ( l) to cover 

the doublillg of spectral lines which arises due to 

reflections from opposite surfaces of the crystal 

and (2) to cover the vertical separation ef S})ectral 

lines reflected from oppotJite sid,es of atomi~ 

reflecting .planes. This last e:f':feot is traced to 

a non-paral.lelism b·etwee.n the reflecting planes 

and the axis of curvature o'f the crystal. 

By means of the curved crystal spectro

graph the grating constant fer the basal planes of 

quartz was determined. This value was :found to be 
0 

d = 5.393 ± .002 A 



E~o rica.1 9u.mraan 

From the very beginnings of x-ray s pectroscopy 

the need of m~thods for increasing spectral intens ities 

was keenly felt. fllere are many reasons why t h is shoul~ 

be so. In the first plaee all serious s:peetroseopic 

work in x-rayL¼ must, in t he present state of our know• 

ledge, make use of selective scattering from crys t als -
• ' 

a nd t h is is a 11u,me1i7hat inefficient process. In addition, 

a f urther limitatio-n is im:po.sed which :ma.y be expressed 

mathematically by the :Bragg equation, nl = 2dsin0 • This 

equation states that a given wavelength will be select

ively scatte1~ec1 in a given order only if incident upon 

the crystal at a speei:fied angle.. Fortu:m:itely the Bragg 

equation is not strictly true and in r eality a wave

length A will be selectively reflected with intensity 

a.:p:preeiably different from zero if incident -within a 

finite but ver;1 small range of angles in t he neighbor

hood of ~... As a result with the use of a fla t er.rs t a l 

only a very small portion of the e:rystal can be effective 

if shar:p spectra are to be obtained .. Over the inef

ficiency o'f t he scattering process we bave little or no 

control but we are able as a resu.1 t of methocls developed 

within recent years to increase the portion of a crtJs tal 

-which may be effective in t he selective scattering of 

x-ra.ys.. One of these methods forms tll.e subject of this 

pa :p-er .. 



:Before discus sing the various methods used in 

develo:ping high luminosity spectrogra:phs it might be 

well to point :out another reason why the need for these 

s :pectrogra.phs ; is so acut e. lJruch of the interesting 

x-ray work today concerns the scattei~ing of x-ra,ys from 

ga~es. liquids and solids; the structure of' the Compton 

line and related problems. In all of this work the 

beam of x-ra.ye incident on the spectrograph has a.lready 

s.uf:fered a dimirmtion o.f intensity as a. result of scat

tering se. tha,'t ,the :further diminution neeeasitated by 
. . • : 

the very..,.proeess of spectrum formation may cause the 

entire disappearance of any contra.st between the spectral 

distribution .of radiation and the general background .. 

The · term 0 foeu.ssingn will 'be used in this paper 

to denote a true accumulation of intensity at a point. 

It is essential that t his be clear ~-t the outset since 

workers in x-rays a re familiar with another type of 

0 focussingu spectrograph, that of Bragg, in which o.. 

focussing ccndi tion ·was used to average out irregulari tiea 

of reflection :erom 2. crystal face but in which there was 
·-· · ., ::! 

no !'1,etu.a 1· p ili:ng u p <Jf intensity at any point. 

We shall concern ourselves chiefly with that 

type o.f high luminosity spectrograph in which focussing 

is obtained as a result of reflections from atomic 

pla,nes of a ecysta.lline lamina v1hich ha.s been bent irito 

the form of a •circula r cylinder. Presently, however, 
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we sha ll discuss a very ingenious high luminosity 

s:pectrograph-t , that of !Ju!Kond and Kirkpatrick. in which 

lllf .. ny individu~1 :plane ·crystalline surfac es properly 

di s tributed a1jd oriented play the s ame roles as the 

atomic planes:, of the curved crystal type. 

The /irst mention of the uae of a c,urved 

crystal iri x-:i;-ay speetroscopy was, to our knowledge, 

made by 
(I) • 

3t. de .Broglie and Lindemann in 1914. They did 

not, however. : investigate the focus.sing properties of' 

a eui-ved erys'tal butmerely made the euggestiol'i to 
;_ ,.;,. , ..Jlif •. ~ -.:~·· 

~ . -•~ • 

indicate an a.~terna.tive technique to the oscillating 

crysta.l method.. Goui' in 1916 made the :first a.!k"tlysis 
-

of the focussing of :x-ra.ys by curved crystals.,. He 
; 

discussed the '. formatio'n of real images by crystalline 

lamina bent i~t,o the shape of' circular cylinders., In 

s pite of this : early start in the theoz-tJ of high lumin

osity spectrograph$ no progress toward t he actual 
\ 

realization of' such a $pectrograph was made until the 

construction of the multicrystal spectrograph by 

Du!tond and Kifkpa trick. 
('3) 

In an early paper in the Review 0£ Scientific 

Instruments Du.Mond and Kirkpatrick described the design 

of the multicrystal spectrograph. It is an interes ting 

observation that at the time o-f the publication of this 

pa~•er ( 7ebruary 1930 ) Du:M'ond had . the complete idea of 

the curved crystal spectrograph two years before it was 



brought to pr~~tical realization by }Jlle. Cauchois. 
f 

The a.u~hors r f rst discuss in general the focussing of 
l 

x-rays by cryEi.tals. Tneir analysis is essentially as 

follows: 

We n;iay consider first the· ease in which the 
.J • . ' ·. . 

ref'lecting e tjetal plar1es are parai_:tel t o the surface 
~\J{ 

of the crysta.t and a.sk' ;~hether it ts possible to bend 

the crystal into conf'o'rmity with some s.tmple smooth 
~ ' . . ' =·~ t. ,: .. ~ 

sur:fa.ce in suJh a 'way "that monoohro~ tie x-rays from 
' ! . • . •>.?-. _'• • C 

a point source at A wi-l'l after reflection from the 
f : ·' ~~ 

crystal eo-nverge to a point image at B. 

A 

FIG. I 

There are two conditions which must be satis

fied for Bragg reflection :from such a sur face - (1) the 

angles of incidence and reflection (measured with the 

surface) must be equal at each point of the surface and 

(2) the angle of deviation between the incident and 
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reflected bea~ must b~ a constant for all points of ' the 
' \. 

eurf'e.ee, the 1onstant .o:f course depending on the parti-

cular wavelength under consideration. The first con-
.. ! 

dition ·dictates the direction of the surface element at 

each point of ; the refle·cting ..surface while the second 
. . 

s :pecif1e$ the '.' position :of each .surface element. In 
{ 

general these /two . conditions are not .satisfied at the 

1;5a.metime ove~ a. finite area of surface eo that by 

simply bending a crystal it is impossible to obtain 

:perfect focuseing of x.+;..ays. 
\ 

Perfect f ocusl! ing can be .obtained, as DuMond 
' :·. ··: . 

has shown, if •. the crystal is both g~ound and bent in a 

speeif'ied way. Consider the two possibilities below. 

FIG. 2 

I 

I 
~~e.,, 
I I 

Yi 

• I k.19 

I I 
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I I 
I I 
I I 
{/ 

C 

FIG. 3 

In Figure 2 the reflecting planes were before 

grinding parallel to the surface of the crystal. After 
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grinding and li>ending the perpendiculars to the reflecting 
• -

planes intersect at C while tht!! surf'aee of the crystal 

conforms to a 'eirele with center at o. I11 Figure 3 the 

reflecting planes were bef~re grinding perpendicu1ar to 
~ • . 

the surface e;f the -crys·tal.. After gr·inding and bending 
' ' 

the tefleoti.n{:t planes ·yiould intersect at C if prolonged 

while the eur'#ace . agaitl coincides wi.th . a · circle of radius 
' ! 

oc and · eent·e:rihit O~ . ··,In both cases, as is appE1.rent • from 
. j 

• ' 
the dj.agrams, \the,·two\ °':ond.1tiona fot: x-ray reflection · 

are td.mul'tanequely Sti!,.ti.ktied at all points of the eurfa.ce . 
. l , . 
' ·-~ 

Becti,use they_thought it impossible to grindand 
\ • 

bend,a crystal with th.~ a.ceura.cy required for epectro-- . 

graphic w<>rk and bee'a.use they wished tQ be able to ex

plail},_their results on the broadening of the Compton line 
; ~ · ••v• \ 

with ;~rtainty DuTurond and Kirkpatrick constructed the now 

well-k:riown nrulticrystal spectrograph. The principle of 
~ • 

the multierys,tal spectrograph is essentially that of the 

perfect f'oeussing type oot curved erystal spectrograph 

shown in Figure 3. The plane surfaces of fifty: indi

vidual crystals take tb.e plaee of tile internal reflecting 

planes. Each .crystal surface is e<>nf'ror.ated with a brass 

wedge making -in reality :fifty Seeman type spectrographs 

distributed along the are of a circle and so oriented 

that their surfaces if prolonged would intersect at a 

point on the same circle. 

The DuMond-Kirkpatrick spectrograph marked a 
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long step fot'Vfard in s:peotroscopie t-echnique. It in• 

creaeed the l~minos1ty obtainable from .an x-ray s:pect

rog:ra.ph by a taeto:r ,of fifty. Its c9nstruction must • 

have :r.-equ:ired
1
a.s much ipgenuity a.sits ~dJustment re

quired. pa.tienc.e.. Tlle Qhie:f disei.dvantage • of the multi;.. 
l 

crytstal $pecttograph. itr that · it requires for complete •· . i . . . . . . 
! . . 

e:ffeetiveness) a qui~Er~xtended source of ' x~radiation~ 
I 
f. 

In ~rder . to • s,till further, inqT:etise the 
}. 

luminosity tib'tainable .and in order .to eircUJ11Vent the 
! . 

necessity for. la very e~t~ilded :source o£x ... rays two 
! · -: 

different typ~s of ~~ed. crystal epeetreg:ra.phs have -~ • • • 

been 4,evel.pped. within . recent years., 'l'he:se tw(I types 

ar.e i'undamenta.lly thoae .diseuesed by Dullond in 1930 

with the exception t~t ,per.feet focussing has been 
,- .f . 

sacrifi.ced ' fo'i: eas• ~~ conetrµetion~ , figure 4 shows 1 . . . . . . . 

the cul'Ved etjstal sp.e,"etrograph as ·aeveloped by 
("") ' (~ (1,,),(1)Jt) . 

.Johann in 1931; Figure 5 that developed by Cauchois ' • 

in 1932 .. In bo-th types if the aperture .of the erystal 

C 

FIG. 4 
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FIG. 5 
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is small,· that is, if :the position of the crystal surface 

does not devitite much from its position for perfect 
' focussing then. sharp sp-e~tra.1 lines can be obtained. The 
t . 

Cauehois type ,! of speet:J"ograph ii; o:f greater universal 

app1icabil.ity and will be dealt with exclusively in this 

paper. 

Prinei;eles !! ;!!!.! Tr$l'l~mission .ttJ2!;. !!. Curved C:rystal 
• • ; , • .. S»;eetrogra® . . .·.• . 

Ca;u.Jhoie ~ ,1.f} '.d.i.eeussed the simple theory of the ·. r '· .. . . . . 

• curved crys ta1 spec t .r<>gra;ph a.$ regards . foeufis ing,, lumin

osity .• dispenion _and defects of ~~netrn:etion~ 

T 
T 

D 

FIG. 6 
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Con~ider a ~rystal bent along the a.re of a 
; 

cire.le with c~nter at C:. Let I, T and M (Figure o) 
. ~ 

be three points on the. crystal. x-raye o.f a given 
• ~ 

wavelength .A 'till be ~eflected from a set of trans• 

verse plane~LJf , the cry'sta.i (net neeesaa.rily perpen-. 

dieular to th~ surface · .of the crystal) in such a way 
; I ·· . • •. . : ·.·. . . ·, 

that each ray latter retlection will make ·a ·consfau'lt . ·1 .. .. . - .. . 

If' 
.·• 

the refleetin~ p;an·ee . ma.ke an angle € wJ th the normals • 
t: 

to t:he crysta.! sur£ace ?t;hen the reflect~d x-rays will , 
1 . :'_·:.-. • ·:. · ._.· 

make with theJe no~li constant an~1e& 
0

u where u::: }ei:EI 

Let }US inqu_f;re after the , equation of the 

geometrieal p~th of a t3_ingle reflected ray rm. r .. et the . 

coordinates of M be (x0 Yo}• Then 

x 0 ~R eos p 

Yo ::::·•R sin p 

The slope of MD is given by 

m = tan (,f+u) 
. . 

The equation of l ID is 

y - Yo - m(x - xJ 
y - .R sin/= tan (sl-1- u)[:x - R cot? ,i_} (1) 

We wish now the envelope of the reflected rays 

as .ti varies. We obtain this by dii"ferentiating equ. (1} 

with respect to I and solving for x and y from ( 1) and 

the derived equation (2). 

- R cos sl= aee 2 (,f+u)[x - R cos ~+tan (l+u) R sin-,! (2) 
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This .gives tor the envelope in para.metric f'orm 

X = R 6 in . U s ii) ( / +- U) (3 ) 

Y= .. R_ sin u cos (,!+ u,) . (4) 

a eirele of tjiaius Rsin .uwith .eet1ter at c. 

As~ ➔ o (,f- ➔ 9()° ) .~ that is_,. :tor sma.11 crystal 

apertures equ4tions (3) and (4) reduce to 

or 

X = R ~ 1:n u cos u 

y = R . $i:rt'-u • 

x2.+(y .;.;. R/2)\:. R/4 

(5) 

(6) 

(7) 

Thu$ for a .vanishingly small crystal aperture 
_-j 

' ' 

intersect at a point C~-.y) .specified by equati.o:ns 5 an4 
1 

6 and as.,\ varies the point of inte1lr3eetlon moves a.long 

a. circle (equa,tion 7) 'Ritla center .e,~ {Q.R/2) and with 
' \ 

radius R/2. Thie eir~le with a radius of curvature one 

half that of ~he crystal and tangent to the crystal is, 

then, the f"o,cal circle.. The f'ooussing 1s perfect only 

for zero aperture - it then becomes identical with the 

DuMond ease, Figure 3 ... but for all useful apertures 

the foeussing though not exact can be made as sharp ae 

desired by ke.eping the size of the aperture within well 

defined limits. 

J'ust how serious the defect ef · fo~ussing due 

to the finite size of the aperture is can be arrived at 

by simple reasoning. Let CD (Figure 7) be the reflected 

ray through the point of tangency of the crystal and 

lO 



; 

focal circle and let i':f be one e.xtremity of' t he ecysta l. 

C 

FIG. 7 

If' the Dw!ond eondi tions were satisfied, that 

is, if the crystal cf:>nformed to the arc Cl! instea d of the 

are CM while at the same time the crystal planes inter

sected on the :circle CNO, then all r~f'lected rays of a 

given wavelength would be foeussed at D.. In the present 

ease. however~ . the ray J:"eflected at M will intersect the 

focal circle at E as is geometrically obvious,. 

MO= R 

.NO= R cos~ 

For~ small L.:."\T == 1U':J" tan u = R wo/2 tan tt 

Let the length of the aperture be a == 2 i:f.C = 2~R 

l,,,)•= a~/ 4Ri.. 

ll 



L?I = D] l = 1 = a2. / SH t a n u ( 8) 

Thus the width of the s _pectral line a.s a 

result of imp~rfect foC!ussing is directly pro portional. 
' 

to the squa.re 1of the linear aperture of the crystal 

and inversely >proportional to the _radius of curvature 

of the crysta=,.. 

The ' luminosity of the transmission type of 
{-

curved orysta.+ spectrograph is to us its most 

interesting f~ature and it would be well to form 

some idea of the order of magnitude ";~f' the increa.ee 
:!' 

in l uminosity i oy.er that obtainable from a single . . 
. .· 

flat crystal s pectrograph. If the path traversed by 

the x-rays from source to photograph ic film is the 

same :for the t wo types of apectrographs then the 

luminosity of the curved crystal spectrograph will 

be roughly prq:portional to _ the ape r ture of the 

crystal while ; tha-t of the fl a t crystal spectrogra:ph 

will be propo~tional to the length of crystal 

effective in ~e lective l y refl:ecting x-rays. This 

latter lengt h : is from F i gure 8 seen to be equal to 

1/sin ~ where ' l is either the widtl;l .of the slit or 

the width of the spectral line and Q is the Bragg 

angle. We ea:t';l write then 

In comparing luminosities we are interested 
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FIG. 8 

in the energy which can be eoncentrated into a g iven 

region in a given ti-me. We must therefore compare the 

lumi:nosi ties o.f t he t wo spectrographs when they , are 

producing spe~tral lines of t he same width. We have 

already derived an expression ·f'or the width of the 

spectral lines formed by a cur"'.red crystal speetrogr~ph 

when only the e ffect of finite aperture is taken into 

account. This was 

by 

1 = a"l../8E. tan u 

The :ratio of the lw:nin.osities is thus given 

;? = Lc/LJC=a/1 sin Q = SR/a sin ~/tan u 

= 8R/a sin Q/tan ( € i ~) 

= '* sin QI[~ tan ( E z Q)] {9 ) 

where w is half the angula.r aperture of the crystal. 

If ,i;e use a :possible set . of va lues for v.:>" '=: 

and Q such a s w:: 3: €:. 3~ Q::: ll
0

we obtain a multi-
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plication of intensity by a factor of 100. In terms of 

exposure times this would me.a.rt that if to produce a 

satisfactory epectral photograph required one hour 

with a flat crystal spectrograph, a similar photograph 

could be obtained with a curved crystal spectrogra.:ph 

in 36 seconds. 

We 1a.n also very simply obtain an expression 

for the dispersion of ' a curved crystal spectrograph. 

The linear separation on a :photographic film between 

spectral lines associated with wavelengths A, and ,AZ. 

and :Bragg angJes Q,'11. and ~.a. ... in the nth order is evidently 

given by 

{10) 

where R is again the radius of curvature of the crystal. 
-

The Bragg equation is 

i n A = 2d .r:; in Q..._ 

~ d'A = 2d .... eos Q.,..d.Q .... 

d.l/). = cot G,.dQ""= cot Q""' 11/R 

() = R d>./ A tan Q")\. ( 11 ) 

It is often des-irable to be able to compute 

the grating constant ~ ffor a given set of planes from 

separations between two spectral lines either of 

different wavelengths in the same order or of the same 

wavelength in different orders. All of the formulae 

for accomplishing this which have come to our attention 

in the literature of the curved crystal spectrograph 
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have been derived on the assumption of separations 

between lines ;sma.11 enough t9 :permit approximations 

to be made. Since formulae in which no approxi-j • 

mations have been made may be useful to others as 

they have beet;1 to us we state them here. 
1 

To find d fro1n the separations between 

lines of waveiength A ill orders n, and n 1 consider the 

relations 

n) = 2d sin Q, 

n:a.A = 2d sin Q:i. 

Q:a.,. QI::. '°JR 

where~ is the linear separation between the lines on 

the photographic film. By simple manipulations it is 

possible to obtain the reeult 

Similarly 

d 
- A y.-----i.-(-~ -_ x,-CI? -s-)2. 
_ - 7t, +- IZ 

2. .ft>\. ~ 
~ 

d _ ~ f .. + (-A2_-_>i,_c_os-=-~-\2. 
- ;I.. I ..f'L.,,. _f_ 7 

R. 

(12a) 

(12b) 

where f is now the linear s-e:pa.ration between two 

spectral linef!i in the same order n but of different 

wavelengths A, and ,.(. 

De$eription of ,Y!! Apparatus 

In Uovember 1933 at the suggestion of 

Dr. Du!:.ifond I undertook an investigation of the 

curved crystal s pectrograph for tbe purpose of 

studying the advantages which it offered and ex-
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tending, if p~ssible, its effectiveness and rang e of 

applicability; We designed for this investigation an 

experimental $peetrogra.ph of small radius of curvature 
·/ 
1 

which was e·on,trueted in the machine shop of this 

Institute by ltir. S~ A. ,Macallister. 

The
1

design of the spectrograph is shown on 

Plates One and Two. Plate Three shows a photograph 

of the instrument. The crystal holder eonsists of two 

brass plates, ' the surfaces of contae:t havi1:1; been 

turned to a radius of eight " irichea* The aperture in 
. ·': -- ·, 

the crystal holder t.lli'Qugh wh.ich the radiation passes 

is r-ectangula :t in shape being 15/16 inches long and 

?/16 inches wide. The crystal is curved by being 

imprisoned between the two plates which form the 

crystal holder. The crystal holder. has been built 

eo that it may be turned upside down without cha nging 

any other adjustments. The ability to invert the 

crystal is important in the measurement of the angle 

between the crystal :planes and the normal to the 

crystal surf ac.e. 

The film holder consists also of tv10 brass 

lamina., the surfaces of contact being, in this case., 

turned to a radius of four inehes.. The film is,, like 

the crystal, given its :proper curvature by being 

imprisoned between the t v10 lamina.. The opening in the 

front :pla. te of the film holder through which the 

16 
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TOP VIEW OF SPECTROGRAPH 

PLATE ONE 
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CROSS-SECTION THROUGH AXIS 
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PLATE THREE 



r adiati o:ti: pas se e is app roxiL'lately 5 1/2 i n ches long 

and 3/4 inches wide .. This opening is ecvered with 

black paper wh en the s p ectrograph is i n use. Both 

the crystal ho lder and the film holder may be 

rota ted about a emnrnon axis which is t be axi s of 

curva ture of the film h older . 

. Lhe . s pect rograph i s e qu ip:ped with a 

divided cirele concentric with t he axis about whieh 

t he cry sta l •::i nd film holders rota te. The eircle is 

g r aduated in half degrees. Ther~r are in ad.diti.on 

t wo v e rniers, one fixed to. t h e CI'"'JStal holde r and 
t . 

one t o t h e film holdei, l which ena ble the position of 

ea ch to b e rea d direct~y to one mi nute of arc . 

The :s peetrog r aph i s mounted on a trip od 

e qu i pped with ' levelling screws.. 'Vhen in use the 

ins trument is covered with a lead box p ierced onl~r 

by a r e cta ngular opening in front of t h e crystal . 

Crystals Employe~ 

Our orig inal intention was to use the 

spectrograph with mica as t h e crysta l . !Uca. is the 

natural crysta l t o use s ince it can be given a f a irly 

smal l r ad i us of curvature u p to a . considerabl e 

t h ickness . Our experience with mica ~ ho~~ver, vas 

f a :r fro:m encoura g ing . Al t hough we obta ined s pectra 

of g rea. t intensity as ,.1ms to be expected i n no case 
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did we obtain .spectra l lines which were straight and 

in many cases ·our lines showed well defined breaks 

along their length. 

Early in the summer of 1934 we decided to 

abandon the use of mica and attempt the use of quartz. 

<tuartz had not, to our knowledge, been used in a 

curved crystal s pectrograph up to that time. Quartz 

possesses the .distinct advantage that it has a small 

effective grating constant parallel to its basa l 

planes giving greater dispersion and better resolution. 

Its chief disadvantage for this type of spectrograph is 

that it does not eleave easily in thin sheets making it 

necessary to grind the crystal down to the thickness 

required .. 

We prepared the crystal for use by first 

cutting a large crystal of quartz about 5 inches long 

and 1 1/2 inches thick into thin slabs parallel to the 

trigonal axis. Vie had computed that in order to allow 

bending to a radius of curvature of 8 inches the crystal 

must be no thicker than 0.4 mm. To allow a factor of 

safety we ground the crysta.l until it was 0.21 mm. thick. 

By measurements with a. micrometer caliper we determined 

that the two surfaces of the crystal were parallel with 

e, maximum deviation of 0.,01 mm. 

Late in .Tune or early in July 1934 we obtained 

our first spectral photograph with quartz. We have 
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('I) 
reported this work elsewhere together with one of our 

ea rly photogra phs. 

Our 1experience with quartz has been uniformly 
J 

' good. The spectra. we obtained have been sharp and 

clear and the _spectral lines straight. Its luminosity. 

also, has.been up to our expectations. We have obtained 

a clear though somewhat underexposed photograph of the 

Compton lines of :Mo Ko( radiation scattered from carbon 

in a. period of 10 hours. A simi.lar photograph on the 

multierystal s;iectrograph would probably have required 

a few hundred hours,. 

Recently E rik Carlsson Ingelstam ~iorking in 

Upsala has brought to our attention that he had us.ed 

quartz in a curved crystal spectrogra.:p'tl10> late in 1933. 

Extensions .£! the Theoq 9J: ~ Curved CI':'[Stal Spectrograph 

From the very beginnings of our work with 

a quartz crystal we encountere./ two effects which are 

not treated elsewhere and for which we sought an ex

planation. The first of the-se effects gives rise to 

a doubling of all single spectral lines. We sought 

the explanation for this doubling of spectral lines 

in the supposition that x-ray reflection takes place 

for the most part from the surface layers of a crystal. 

Surface reflection is even more pronounced in our cas e 

since the crystal surfaces v1ere ground and were not 
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subsequently J?Olished. We can calculate in the case of 

thin crystals the separations which should exist on the 

pho~ographic film for rays · reflected from opposite sur

faces of a cr1,stal~ 
; 

' We eliall consider first that the :reflecting 

planes are no~l to the surface of the crystal .• 

A 

/ 
/ 

I \. 
I \ 

I \ 
I \ 
I \ • 

\ 
I 
I 
I 

\ I 
\ I \ 
~ 1/ 
~ 1/ 

's:: 
~ 

0 

FIG. 9 

Because of the method of clamping the crystal 

both its inner and outer surfaces are given eurvatures 

with centers at O. The focal cylinders for the two 

crystal surfac.es are not, however, coincident since from 

the geometrJ of the focussing effect the focal cylinder 

is tangent to the crystalline lamina and passes through 
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ite center of ·curvature. The intersections of the focal 

cylinders with a plane perpendicular to the axis are 

shown in Figure 9. By construction the photographic 
{ 

film is constrained to lie . on the .surface represented by 

the full circle in Figure 9 with the :result that x-rays 

re:fleeted near the outer surface will .not be focussed as 

sharply as thdse reflected in the neighborhood of the 

inner surface~ 

The separation on the photographic film 

between rays reflected from the outer and inner surfaces 

may be simply ;calcu+ated. When the Bragg angle Q is not 

too la.rge we may approximate DE (Figure 9) by BC. To 

the same order o:f approximation BC :::. t tan G, vrhere t ie 

the thickness of the crtJStal, so that we may write 

linear separation = J = t tan Q ( 13) 

It is easily seen that if the reflecting planes 

are not normal to the surface of the crystal but make a 

small angle€ with the normal then we must replace Qin 

equation 13 by u =- \ Q ±~l with the general result 

I ,.. t tan u ( 14 ) 

The actual separations follow, within the 

limits of observational -error, equation 14. The value 

of t for the 001 planes was in our case 2° 41'. 'Ihe 

separations in the third, sixth and ninth orders for 

Mo Ko<, are tabulated below. 
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:Mean (meas. ) 

Calculated 

Ilean ( meas • ) 

Calculated 

Calculated 

001 Third Order 

u = 8° 40 ' u = 14° 2' 

. 0053 cm. 

not r esolved 
,..0054 
.0043 
.0036 

.0047 cm. 

.0032 cm. .0053 cm. 

001 Sixth Order 

u .:::. 20° 30' 

.00828 cm. 

.00789 

.00848 

.00787 

.00894 

.008.:18 

.00926 

• 0085 cm. 

• 0079 em. 

u = 25° 52' 

.01010 cm • 

. 01000 

.01029 
.0101? 
.01191 
.01161 
.01139 

.p108 om • 

.0102 cm . 

001 N'inth Order 

u == 33° 31' 

. 0139 cm. 

.0144 

.0151 

.0137 

.0142 

.0151 

.0158 

.,0149 

.. 0143 

. 0146 cm. 

.0139 cm. 

u = 38° 53' 

,.015? cm . 
,.0161 
.0160 
.0163 
. 015? 
.0182 
.0167 
.0176 
.0177 

.0167 cm . 

.0169 cm. 
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001 THIRD ORDER 

X9 

001 SIXTH ORDER 

X9 

001 NINTH ORDER 

X9 

PLATE FOUR 

26 



On Pl a te Four a re reproducti ons of s pectral 

photog r aphs in the third, sixth and ninth orde r s which 

have been enla r g ed to s how t he doubling o:f the lines., 

The second of the t wo effects which we not ed 

a nd a na lyzed is that of t he vertica l separ a tion betwe en 

lin es which a re due to reflections from oppo.si te s i des 

of the same set of a t omic pl anes . Reflecting from 

oppos ite sid es of a set of pla nes i s a usefu l procedure 

in determining grating co nstants and. it was in t h e 

eours e of such work t hat we found t hat our lines were 

dis placed ve r tica lly with respect to ea ch othe r . A 

gla nce at Pl a te Five will make our mea ning clea r. 

Where the ends of the lines a re vi s i ble it is appa rent 

that t he lines reflected f rom one side of t h e a tomic 

planes are s.hifted down from the hori zonta l center 

line while those reflected from t h e other s i d e of t he 

atomic pla nes ar e shifted up . 

It is possible to a ceount for this effect by 

a ssuming that ·the reflecting pla.nes instead of being 

:par a llel to the axis of t he spectrog raph (a xis of 

curva ture of t h e crysta l) make a sma ll angle c,( with 

this ax.is or in other words tha t the norma ls to t he 

r eflecting p l a nes make a small a ng l e o< with a plane 

p er pendicula r to the axis of t he s pectrog r aph. Con

sider a set of cartesian a xes with orig in at t h e 

center of t he cr:r stal surfa ce. Let the XY pla.ne be 
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per1Jendicula r • to t h e axis of t he spectrogra ph with the 

Y axis normal to the crystal surfa.ce and passing through 

its center of '. curvature. In this system of coordinates 

the normal to ; the refleeting plane at the center of the 

crystal will make an angle o< with the X axis .. 

As an a;pproxi~ tion we ma.y consider a single 

ray incident i n the 1.'Y plane and meeting t he crystal at 

t he orig in of coord inates. We wish to ca leulate the 

angular amount by which the r eflected r ay deviates from 

the IT plane . Let ;S be the a ng l e b e t wee n the incident 

r ay a nd the nega t ive X axis . . The reflected r ay will 

make general angles o, cf, e with the t h r e e axes. 

'-

X 
FIG. I 0 
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The approximations following eqn. (16) are not good enough~ and lead 

in eqn (18) to an erroneous result. as will be seen if the case of G.:: '/ O'" is 

considered. The following work has been done to olear this up. 
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Direction cosines of c·dent ray 

- cos ,6, sin .4 , o. 

Direction cosines of normal to reflecting pl ne 

- co., o< , o, sin o<. 

ircction c osines of reflected r y . 

CO., ~ , COS ,f, COB € • 

he angle between the reflected r y and the 

~ormal to the cryat l pl.. nc ia 0° -

Br e;g angle. 

·here G is the 

co ( 90° .. ) :: -cos ot eos o + sin o( cos € 

sin = - cos o< coa o + sin o< cos € (15) 

If we denote by X the angle bet1e n the re

flected r~y and the I plrne and by lf' the an le betwe n 

the projection of the refl cted ra· on the XY :pla.ne and 

t e X axi · , ,c c n write 

cos o = cos X. coo '/I 

so tl t equation l bcco es 

sin - - cos Q( coa X cos If+ sin o( sin X (lr-) 
Se-e. t"' .,,e,kec{_ s ku¾. 
To a first p roxir"la.tion 

cos 1' = 1 co-a 't' = - sin 

sin = cos o< sin 

(1 - co o< )/sin o< = sin i"/ain {17) 
, - - - - - - - - - INC. rt ec.T 
,'_ tan _1/: ~ .. _ s :_n :f/s~ _ ! ....- := x__ ( 18) 

Substituting equation l 7 in c•uation 1 wl'~btain 

sin ( l - l + cos o< ) = - cos o< cos X coa 'P 

sin = - cos X coo 'f 
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But 'P = 90° + g; where ~• is the Br agg a,rigle as 

measured ( projection on plane). 

cost -::: - sin gt 

' giving sin ·Q = cos X sin ~' 
The ;vertical separations between the K o( lines 

reflected in the first three orders from opposite sides 

of the basal planes of quart z c.an be seen in the s pectral 

photo graphs of Plate Five. Measurements on these 

separations indicate an error in orientation of 2° 52' 

( o( = 2° 52' ) • The corrections to be appli ed to t h e 

measured Bragg angle a.re in this case small. In the sixth 

order cos.'$.= . 99995 giving 

sin ,Q = (.99995} sin Q' 

In the ninth order the c.orrection is slightly l a rger. 

If the angle o( is large or if the focal s pot 

of the x-ray tube is not in the plane pa ssing through 

the center of the crystal and perpendicular to its axis 

of curvature then the resulting lines are not parallel 

to the axis of the s gectrograph and are somewhat diffuse. 

Determination .2.f lli Grating Constant 2f Quartz 

In order to test t he ~recision with which 

measurements ca n be made by means of a curve d cry stal 

spectrograph we undertook a determination of t he inter

ple.nar distance for the bas&,l p la.nes of qua rt z . To 

determine this distance it is, of course, necessary to 
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001 THIRD ORDER 

001 SIXTH ORDER 

001 NINTH ORDER 

PLATE FIVE 



measure the Bragg angle fbr refle,etions from these planes. 

The Bragg angle was obtained by measuring the 

separation between the Ko( lines of Molybdenum reflected 

from opposite side.a of the basal planes. This separation 

gives twice the Bragg angle or 2G .. In order to reduce 

the errors incident to measuring on a photographic fil.m 

the film holder was turned between exposures fr0::m. opposite 

sides of the a tomic planes so that the lines on the 

developed film were separated by only ·e- millimeter or two. 

The angle through which the film holder was turned was 

read on the divided cil"cle and -vernier. The error in 

reading the vernier was minimized by setting on pre

determined angles., Because of the greater precision in 

setting than in read ing a vernier it is believed that i n 

no case was an error greater than :3ou made in determining 

the angle through which the film holder was turned. 

This procedure of turning the film holder 

through the greater portion of the angle to be measured 

has the tremendous a.dvantage that it becomes unne.cessary 

to know with a great deal of :precision the r adius 

curvature of the crystal but onJ.y that the r a dius 

curvv.ture of the crystal is twice a£; large as tha t 

the film. tfhis last ~ondition can be aeeurat ~1 1y 

r e8,lized in the construction of the inetru..ment. 

of 

of 

of 

Because of the crystal structure .of quartz 

the first order of reflection which appears is the 



third• the second is the.sixth. the third is the ninth. 
' and so on. Mth.te:urements of the iriterplanar distance 

were made in the third"~ixth and ninth orders with the 
j 

following res~lts: 

Th:f,l"d Order Nt~tb. Order 

d 
0 

5.5922 A 
5.3922 
5.3949 
5.3945 
5.3940 
5,.3922 
5.3958 
5.,l946 

d. 
ij.392.2 1 

.. $.3928 
·s .. ~92a 
5.5915 
5.3909 
5.'39-28 
J,: .. 3935 

Mean 
0 

5.3924 A 

d • 
5.39244 A 
:5 .• 392l7 
5~39181 
5.39226 
5.39.244 
5.39217 
5 .~.3SfS34 
5.39263 
5.39199 

Meu 0 

5.59235 A 

The 'a.vera.geo;evia.t:i.on from the mean in the I . . 

case of the t*ird orttei- is ..,022%. tn the sixth order .013% ,, 

and in the ninth order .0056%. After n'laking eorreetlons 

for the f'act that the nt9mie plane& are tilted away from 

the axis of the spectrogra.:ph by 2°52' the results in the 

three orders are 
• Third Order d = 5.3938 A 
0 

Sixth Order d = 5.5927 A 
0 

Ninth Order d = 5.3927 A 

The weighted mean of these results is 
0 

d = 5.3929 A 

Because of the :procedure of turning the f" ilm· 



hold er t hrough t h e greater part of t he angle to be 

mea sured a ll errors due to stretch ing of t he film, 

reading of t he compara tor a nd ina ccuracies in our 

knowledge of the exact radius of curva ture of the 

crystal have been reduced to insignificance . By f a r 

t he great.est error is made in setting and reading t he 

vernier on t he film holder. This error, in our work, 

should .not exceed 30 n in a ny single determination of 

the Bragg angie. The erro~ ind, therefore, in the 

sixth order s hould not .exceed 2 parts in 5000 and in 

t he ninth order should not exceed l part in 5000 . 

i!fe can, then, with great certainty state 

our result a s . 

d = 5.393 ± · .002 l 
WyeMofi"> on the basis of t he results of a 

number of observers gives the v a lue of t h is inter-
.. 

pla nar distance as 5.393 A with the last figure 

doubtful. One of the most recent determinations is 

that of Harringtorl'~who finds d = 5 ... 393 ± .006 A. 

Conclusions 

Our work with the curved crystal s 1?ectrograph 

has l ed us to believe tha.t it is a n instrument of grea t 

versa tility in x-re,y s pectroscop ic work. When e quipped 

with a precision divided circle it may be used for 

accura te d e termina tions of grating constants and wave-
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lengths. Its : luminosity also measures u1) to our expect

ations - we have stat ed above that we were able to obtain 

in 10 hours a · compton :photograph which would require an 

exposure of a bout 300 houra ·even on the multicrystal 

spectrograph. ' 

One 'serious drawback appears to stand in the 

way of a genera l use of .t:i1e curv.ed crys.tal spectrograph . 

Recent prelim~nary tests by myself on uranium K radiation 

and by IIr. Y..axwell Kel,ch on tungsten K radiation seem to 

indicate that ·thi s type of spectrograph, of ordina.ry 

dimensions cannot profitably be us ed with hard x-rays. 

We feel that the trouble lies in the inability to use 

thick enough cry.,sta.ls to sea tter selec.tively an 

appreciable fraction of the incident radiation . 

In conclus·ion I wish to thank Dr .Jesse Yl . tr. 

DuTl'Iond at whos e suggestion this work was begun and 

who has ad.vised and helped me on the many problems which 

were encountered during its progress. 
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