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Abstract : _

The development of the curved erystal type
6f high luminesity x-ray spectrograph is traced from
the original suggestion by Gouy iﬁ 1916 through the
work of Cauchois in 1932 and 1933. The comstruction
of a small experimental speetrograph of the curved
erystal type is described. The use of éuartz instead
of mica or gypsum whieﬁ are customarily used and the
improvement of the spectra obtained when cuartz is
used are discgssed.

The theory of the curved erystal spectro-
graph has beeé extended in two ways ~ (1) to cover
the doubling of spectral lines which arises due to
reflections from opposite surfaces of the crystal
end (2) to cover the vertical separation of spectral
11nés reflected from opposite sides of atomip
reflecting planes. This last effeet is traced to
a non-parallelism between the reflecting_plahes
and the axis of curvature of the crystal. o

By means of the curved crystal spectro-
graph the grating constant for the basal planes of
quartz was determined. This value was found to be

d = 5.393 * .002 A



Eistoricsl Uumuary

FTrom the very beginnings of z-ray spectroscopy
the need of m@th@ds for increasing spectral intensities
was keenly feit. There sre many reasons why this should
be so. In thé first plagce all serious spectroscopiec.
work in x-rays must, in the present state of our know-
ledge, make use of selective scatterigg from ervstals =
and this is & somevhat inefficient process. 1In addition,
a further limitation is impﬂse& waich may be expfessed
mathemtically by the Pragg ecuation, n)= 2dsind ., This
equation statés that a givan wavelength will be selectw
ively scattered in a given order only if incident upon
the ervstal at a gpecified angle. P ortunastely the Pragg
eguation is not strictly true and in reality s wave-
1ength A will'be selectively reflected with imteﬁsity
appreciably different from gzerco if incident within &
finite but vefy small réﬂge of angles in the neighbor-
hood of €. As o result with the use of & flat crvstal
only o very small pertiﬁn of the crystal can be effective
if sharp specira are to be obtained., Over the inef-
ficleney of the scattering process we have little or no
control but we are able as s result of methods developed
within recent years to increase the portion of a crystal
which may be effective in the selective scattering of
| x-rays. One cf these methods forms the subject of this

paper.



?efqre discussing the verious methods usedvin
developing high luminosity spectrographs it might be
well to paint:eut another reason why the need for these
s?ectrographs;is so acute, Iuch of the interesting
x~ray work today concerns the scattering of x-rays from
gases, liguids and solids; the structure of the Compton
line and relaied problems. In 211 of this work the
beam of X=-rays incidenf en the spectrograph has already
suffered a diminution of intensity as a rééult of scat-
tering sglthat_zhglfurther dimirution necessitated by
the éef&qyreséas of spectrum formation may cause the
entire disappearance of any contrast between the spectral
distribution of radiation and the general background,

The term "foeussing® will be used in this paper
to denote a true sccumulation of intensity at = peint;
It is essentizl that this be clear at the outset since
workers in x-rays are familiar with ahother type gf |
"focussing® spectrograph, that of Eragg, in which a
focussing cendition was used to average out irregularities
of reflection from & crystal face but in[whieh there Wz&b

il

piling up of intemsity at any voint,

no setual
e shall concern ourselves chiefly With‘that
4ty§e of high luminosity speetrogravh in which focussing
is obtained as a result of reflections from atomie
planes of o crystzlline lamina whick has been bent into

the form of a ¢ircular eylinder, Presently, however,



we shall discuss a very ingenious high luminosity
ﬁyeetrograph,:that of Dullond and Kirkpatrick, in whieh
many individu%l rlane -erystalline surfaces prOperiy
distributed é#d oriented play the same roles as the
atomic planes of the curved erystal type,

The;first mention of the use of a eurved
crystal in x«#ay speetioéeopy was, to our‘knswledge;
made by ¥. de Proglie and Lindemamy in 1914. They did
not, howevei,jinveaiigate the focussing properties of
a éurved crygﬁg} but mgrelj mode the suggestion to
indicate an aiternativé technique to the oseillating
erystal methcé, Gonﬁpin 1916 made the first analvsis
of the focussgng of x-rays by curved erystals, e
discussed the%farmatien of real images by erystalline
lamina bent 1@%9 the shape of circular cylinders, In
gpite of this earlé start in the tbéory of high lumine
osity spectroéraphs no progress taw&rﬂ the sctual v
realization of such a2 spectrograph was made until the
construction of the malitierystal spectrograph by |
Dulond and Ki:}kpatrick.

In én early‘papeg)iﬁ the Review of Seientific
Instruments Duliond and Kirkpatrick deseribed the design
of the multicrystal spectrograph. It is en intereéting
observation that at the time of the publicatiom of this
parer (Tebruary 1930} Du'ond had the complete ides of

the curved crjatal spectrograph two years before it wes



brought to prgctical realization by lle. Cauchois.
The authors f%rst diacﬁss in general the focussing of
x~-rays by cryétals. Their analysis is essentially as
follows:

Ve may consider first the case in which the
reflecting crystal planes are parallel to the surface.
of the crystal and ask whether it is passible to bend
the crystal into confarmltv with seme simple smooth
surface in such a way that monoehromatia x-rays from
a pcint source at A will after reflection from the

crystal converge to a point image at B,

.

FIG. |

There are two éonditions which must be satisw
fied for Bragg reflection from such a surface - {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



reflected beams must be a constant for all points of the
surface, the ¢onstant.;f course depending on the parti-
cular wavelength under consideration. The first con-
ditlon dictates the direction of the surface element at
each point ofrthe'refléétingﬁeurfacg while the second
specifies the;pesition of each surface element. 1In
general these;two cunditions are not satisfied at the
eamé time over a finité afea of surface so that by
simply bendiné a erystal it is impossible to obtain
perfect focusging of'Xéraya. ’

Perfect focussing can be obtained, as Dulond
has shown, if the erystal is both ground i bept in &

specified way. Consider the two possibilities below.
’ P
‘P!. )

FIG. 2 | FIG. 3

In Figure.z the reflecting planes were before

grinding parallel to the surface of the crystal. After



grinding and bending the perpendiculars to the reflecting
planes inferséct at Cyﬁhile the éurfaee'of the cryétai
conforms to afeircle with center at 0. In Figure 3 the
refleeting plénes were before grindinglbergendieular to
the surface a% the crystal., After grinding and bending
the refleetiné planes would intersect at C if prolonged
while the surgace again coincides with a eircle of radius
GC and'centergat O;.'in both casas,‘ascis apparent from
the_&iagrams,%the-t§§ ¢onditiona‘for'xwray reflection'
are‘simultangéﬁsly'sﬁtiéfied at all.poiﬁts of the surface.

Beééuse they thought it impossible to grind and
bend a erystai with the acecuracy required for spectro-
graphiec work and beﬁausé they wished to be able to ex~
plaip their results on the broadening'of the Compton line
with éqrtaintj Dulond. and Kirkpatrick constructed the how
well-known mu}ticrystalAspeatrograph. The principle of
the multicfys?al spectrograph is essentially that of the
perfect focuséing type of curved crystal spectrograph
shown in Figufe 3. The plane surfaces of fifty indi-
vidual crystals take the place of the internai reflecting
planes. Each crystal surface is confronted 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 éame circle.

The Dulond-Kirkpatrick speetrograph marked a



long step for?ard‘in gyectrascopie techniqne. It 13-
creased the léminasity 0btainable from an x-ray spect-
rograph by a faetor of fifty. Its'constructicn must
have_requiredéas mueh’ingenuity as its adjustment re-
quired patienée, The chief disadvantage of the multi-
erystal Spect§ograph is: that it requires for complete
effeetivenasaéa quite extended source éfjxgradiatian,
| In érder.te st11l further increase the .

luminosity,abfainabla and in ordgr-teAeircumyentAthe
necegsity foréauvery éxﬁended source of x-rays two

_ different_typés of curved crystal spectrographs have
been.develpped within recent years. These two types
are fundamentally those discussed by Dulfond in 1830
with tha exceptlan that perfect focussing has been
sacrificed fog ease of construction, Figure 4 shows
the curved cr&stal‘syéétrograph as developed by

(9aahua
thann in 1931; Figure 5 that developed by Cauchois ’

~in 1932, In both types if the aperture of the ecrystal




is small, that is, if the position of the crystal surface
ddes not deviété mach fraﬁ its p@sitiqn for perfect
focussing theé sharp spectral lines eén be obtained. The
Cauchois iypefof spect#egraph is_ef‘greater universai,
applicability;aﬁd wili_be dealt with exclusively in ﬁhis |

paper.

Principles of the Transmission 232;'0f ‘Curved Crystal
Sggctregragg

Cauchais has ‘discussed the simpla thﬂcry of the

curved crystal.speetrogragh as regards focusg;ng, lumin~

osity, dispersion and defects of construction,

FIG. 6



| Consiider a crystal bent along the arc of a
circle with é%nt-er at C. ILet I, T and u (F_igure 6)‘
be three poin‘gs on the érystal, X~-rays of a given
wavelength A will be reflected’frﬁm a set of tra,ns—?
verse planes éf the erystal (not necessamly perpen-
dicular to thé surface of the crystal) in such a way
that each ray . after reflection will make a cenata,nt
angle © (Bragg angle) with its refleeting ylane. if
the refleeting planes make a.n angle € with the normals
to the eryatai surfaee then the reflected x- rays will |
make with these normls constant angles u where u = ]6:6 ‘
Let;us inqnizf@ after the equation of the
geometrical pé;th of a single reflected ray ¥D., ILet the
c.eordinates of I be (x,%). Then |
| %,=R cos ¢
v=R sin &
The slope of MD is given by
| | m=tan (d+u)
The eguation of W is
y - %= mnx-x)
v - R Bin # = tan (#+u)[x-— R cosyg (1)
We wish now the envelope of thé reflected réays
as ¢ varies. We obtain this by di:‘ferehtiating equ, (1)
with respeet to & and solving for x and y from (1) and

the derived equation (2).

- R cos #= seci(ﬁ'i-u.)[x - R cos d}+tan (d+ua) R sin-g {2)



This gives for the envelope in parsmetrie form
x=R sin.u sin (f+u) (3)
y== R sin u cos {(f+u) (4)
& eircle of radius R sin u with center at C. .
Asw—>0 (£->90" ), that is, for small erystal

apertures equations (3) and (4) reduce to

x=Reinucosu - (5)
y:R'éiﬁzu' : : : (6)
or 3?+(Y.iiﬂﬂaf=37@ ‘  (7)

Thus for a ﬁanishingly small erystal aperture
the reflected x~-rays of a given wavelength (eonstant u)
intéréect at & psint {i;y} specified by eéuatipna 5 and
6 and as A va;ies the.éeint of intersection moves along
a cirecle (equ§tiﬁn 7)_yith center at (0,R/2) and with
radius R/2, ?his eircié with a radius of curvature one
nalf that of the erystal and tangent to the ;::ysta.l is,
then, the foecal ci:cle. 'The‘focussing is perfect only
for zero aperture - it then becomes identical with the
Duliond case, Figure 3 - but for all useful apexturés
the foecussing theugh,ndt exact can be mzde as sharp as
desired by keeping the size of the aperturevwithinvwell
defined limits,

Just how serious the defect of focussing 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 erystel and
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focal cirele and let M be one extremity of the crystal,

FIG. 7

If the Dulond conditions were satisfied, that
is, if the crystai cenformed to the arc CN inatead of the
arc CM while at the saﬁe time the crystal planes inter-
sected on theicirele CHO, then all reflected rays of a
given wavelength would be focussed at D, In the present
case, however, the ray reflected at ¥ will intersect the
focal circle at E as is geometrically obvious,

HO=R
NO=R cosw
MN=R(1 -~ cosw )=R{1 = 1+ Y/2 +-==)= RW/2
For w smell LY =MV tan u= RW/2 tan u
Let the length of the aperture be a= 2 = 2wR

w:.= 31/481



LN:=DE=1: & /6% tan u (8)
Thus the width of the spectral line as a

result of imperfect focussing is directly provortional

to the square of the linear aperture of the crystal
and inversely proportional to the radius of curvature
of the crystal. 7

The:luminesity of the iransmission type of
curved éryata; spectrograpvh is to us its most
interesting feature and it would be well to form
some idea of the order of magnitude of the increase

in luminosity: over that obtainable from a single

flat erystal speetrogr&ph. If the path traversed by

the x-rays from source to photegraphic film is the
same for the t 70 types of spectrographs then the
luminosity of the curved crystal spectrograph will
be roughly proportional toAthe aperture of the
crystal Whileithat of the flat crystal 8pectrograyh
will be proportional to the length of erystal
effective in éeledtivaly reflécting x-ravys. This
laffer length is from Figure 8 seen to be equal to
1/sin & where 1 is either the width of the slit er
the width of the spectral line and 6 is the Bragg
angle. Te eaﬁ write then =

| Lex &

L,% 1/sin ©

In comparing luminosities we are interested

12



FIG. 8

in the energy'whigh can be concentrated into a given
region in a given time, Ve must therefore compare the
luminosities of the fwo_sgeétrogr&ghs‘when they  are
producing spectral lines of the same width. ﬁe have
already derivéd an expression for the width of the
spéctral lines formed by a curved erystal spectrograph
when only the effect of finite aperture is taken into
accoﬁnt. This was

1:=2a /8R tan u

The ratio of the luminosities is thus given

/= Le/L.=8/1 sin €= 8R/a sin 6/tan u

8R/a sin &/tan (et @)

1

(Y]

4 sin 6/[wtan (e * 9)] (¢)
where w is half the angular aperture of the crystal.
If ve use a possible set of values for «, €

and © such as w= 33 €= 3, @ =11 we obtain a multi-

13



plication of intensity by a factor of 100. In terms of
exposure times this would mean that if to produce s
satisfactory spectral photograph reguired one hour
with a flat ecrystal spectrograph, a similar photograph
could te obtained with a curved erystal spectrogravh

in 326 seconds.‘

We-qan aléc very simply obtain an expression
for the dispersion of a curved crystal spectrograph.
The linear seﬁaration on a photographic film between
speétral lines associated with wavelengths X,and Az
and Bragg angles inénd 6., in the nth order is evidently
given by. ; .

~A-R(e, - 6,) - " (10)
where R is aggin the radius of curvature of the crystal.

ThevBragg equation is

"nd =24 vin 6,
nd) = 4 .cos 6.d6.
4%/A = cot 6 d6,-cot 6, A/R
A =R dM) tan 6, (11)

It is often desirable to be able to compute
the grating comstant d for a given set of planes from
separations bétween two spectral lines either of
different wavelengths in the same order or of the same
wavelength in different orders. All of the formulase
for aceomplishing this which have come to our attention

in the literature of the curved crystal spectrograph

14
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have been derived on the assumption of separations
between lines small enough to permit approximations
to be made. Since formulae in which no approxi-
mations have ﬁeen made may be useful to others as
they have heeg to us we state them here,

To ?ind d from the separations between

lines of waveiength A in orders n, and n,consider the

relations
n,A = 24 sin €,
n,A:Vzd sin &,
6, - 0,z §/r

where § is the linear separation between the lines on
the photographic film, By simple manipulations it is
possible to obtain the result

b = .zlvh,‘,u n*'"""%j (122)

J’cn_s_
r~

v x A-Alcoi -
d- -}VA,+( o ) (121)
r

where S is pow the linear separation between two

Similarly

spectral lines in the same order n but of different

wavelengths Arand.)f

Description of the Apparatus

In November 1933 at the suggestion of
Dr. Dulond I undertook an investigation of the
curved crystsl spectrograph for the purpose of

studyving the advantages which it offered and ex-
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tending, : o péssible, its effectiveness and range of
applicability. Ve designed for this iavestiggtion an
experimental éyeetrograph of small radius of éurvature
which was constructed in the machine shop of this
lInst_itute by ’fr S. A. Yeecallister.

The design of the spectrograph is shown on
Plates COne anﬁ Two. Plate Three shows a photograph
of the instrument. The crystal holder coné;sts of two
brass plates, the surfaces of cnntaét having been
turned to a radius of,eight”inchgs. The aperture in
the crystal hél&er thréﬁgh‘which the radiation passes
is rectangulaf in shape being 13/16 inches long and
7/16 inches wide. The crystal is ecurved by being
imprisoned between the two plates which form the
crystal holder, The ecrystal holder has been built
sd that it may be turned upside down without changing
any other adjustments. The abllity to invert the
crystal is important in the measurement of the angle
bvetween the crystal planes and the normal to the
crystal surface,

The film holder consists also of two brass
lamina, the surfaces of contact being, in this case,
turned to a radius of four inches, The film is, like
the crystal, given its proper curvature by being
imprisoned between the two lamina. The opening in the

front plate of the film holder through which the



TOP VIEW OF SPECTROGRAPH

PLATE ONE
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PLATE THREE



radiation passes is approximately £ 1/2 inches long
and 3/4 inches wide., This opening is eovered with
blaek paper when the spectrograph is in use. Both
the crystal hﬁlder and the film holder may be
rotated about & common axis which is the axis of
curvature of the film holder,

The spectrograph is equipped with s
divided cirele concentric with the axis about which
the crystal and film holders rotate. The eirecle is
graduated in half degrees, There are in addition
two verniers,‘one fixed to the crystal holder and
one to the film holé@riwﬁich enable the position of
each to be read directly to one minﬁte of are.

Theispectrograph is mounted on & triped
equipped withzlevelling screws, Vhen in use the
instrument is covered with a lead box pierced only

by a rectangular opening in front of the crystal,

Crystals Employved

Our original intention was to use the
spectrograph with mica as the erystal., ¥ica is the
naturgl crystal tc use since it can be given &z fairly
smell radius of curvature up to a considér&ble
thickness. Cur experience with mica, however, was
far from encouraging. Although we obteined spectra

of great intensity as was to be expected in no case
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did we obtain spectral'lines which were straight and ™
in many cases our lines showed well defined breaks
elong their length.

Harly in the summer of 1934 we decided to
abandon the use of mica and attempt the use of quartz.
Guartz had not, to our knowledge; been used in a
curved crystal spectrograpb up to that time. Cuartz
possesses the distinet advantage that it has a small
effective grating constant parallel to its basal
planes giving greater dispersion and better resoclution.
Its chief disadvantage for this type of spectrograph is
that it does not cleave easily in thin sheets making it
necessary to grind the erystal down to the thickness
required.

Ve 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. Ve had computed that in order to sllow
bending to a radius of curvature of & inches the erystal
must be no thicker than C.4 mm, To allow a factor of
safety we groﬁnd the crystal until it was 0.21 mm, thici,
By measurements with a micrometer czliper we determined
that the two surfaces of the crystal were parallel with
a moximum deviation of 0,01 mm,

Late in June or early in July 1934 we obtained

our first spectral photograph with guartz. e have



22

reported this work elsewheré”together with one of our
ezrly photographs.

Ourfexperience with quartz has been uniformly
‘good. The Spéctra we obtained have been sharp and
clear and the{spectral lines straight. Its luminosity;
also, has been up to our expectations, Ve have obtained
a clear though somewhat underexposed vhotograph of the
Compton lines of Mo X« radiation scattered from carbon
in a period of 10 hours, A similar photograph on the
multicrystal spectrograph would probably have reéuired
& few hundred hours.

Reeently Frik Carlsson Ingelstsm working in
Upsala bhas brought to our attention that he had used

guartz in a curved crystal spectrograpﬁw late in 19323,

Extensions of the Theory of the Curved Crystal Spectrograph

From the very beginnings of our work with
a quartz crystal we encounterd two effects which are
not treated elsewhere and for which we sought an ex-
planation, The first of these effects gives rise to
a doubling of all single spectral lines. %We sought
the explanation for this doubling of spéctral lines
in the suppesition that x-~-ray reflection takes place
for the most part from the surface layers of s crystal,
Surface reflection is even more pronounced in our case

since the crystal surfaces were ground and were not
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subsequentiy polished., We can calculate in the case of
thin crystals the separations whick should exist on the
yhotographiec film for rays-reflectéd from opposite sur-
faces of a crﬁstal; A

e éhall consider first that the reflecting

Planes are normal to the surface of the crystal,

O

FIG. 9

Because of the methéd_of clamping the cryetal
both its inner and outer surfaceé are given curvatures
with centers at C. The focal cylinders for the two
crystal surfaces are not, however, coincident since from
the geometry of the focussing effect the focal cylinder

is tangent to the erystalline lamina and passes through



its center of curvature. The intersections of the focal
eylinders with a plane perpendicular to thé axis are
shown in Figuge 9. Py construction the photographic
film is constfained tq lie on the surface represented by
the full aircie in FPigure 9 with the result that x-rays
reflected near the outer surface will not be focussed as
sharply as thése reflected in the neighborhocod of the
inner surface. [ . |
The separatiom on the photograrvhie film
between rays reflected from the outer and inner surfaces
may be simplyzcalculated. Yhen the Bragg angle 6 is not
too large we may'apprdximate DE (Figure 9) by BC. To
the same order of approximation BC = t tan €, where t is
the thickness of the crystal, so that wes may write
linear separation = J = t tan € (13)
It is easily seen that if'ﬁhe reflecting planes
are not normal to the surface of the erystal but mske a
small angle € with the normsl then we must replace @ in
equation 13 by u = l@:tél wiih the general result
§=%t tan u : (14)
The actual separations follow, within the
limits of observationsl error, equation 14, The wvalue
of € for the 001 planes was in our case 2°41'. The
separations in the third, sixth and ninth orders for

o K«, are tabulated below.



001l Third Orderxr

u = 8%40!

not resolved

ean {meas,)

Celculated L0032 em.

u = 14°2t

.CCE3 cm,
0054
0043
0036

+0047 en,

0083 cm;

001 Sixth Order

00828 enm.
. 0078¢
00848
00787
00864
00848
00928

Yean (meas.) .0085 om,

Caleculated 007% com.

01010 cm.,
. 01000
01029
.01017
.01121
01161
«01139

L0108 em.,

.0102 cm.

01 Ninth Order

u = 33 31*

+013¢ em.,
0144
.0151
L0137
.0142
20151
.0158
.0149
.0142

*ean (meas.) 0146 em,

Calculated 0138 emnm,

u = 38°53!*

0187 cm,.
0161
L0180
<0163
0159
L0182
L0187
L0176

<0167 cm,

. 0169 cm,
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00! THIRD ORDER
X9

00l SIXTH ORDER
X9

OO0l NINTH ORDER
X9

PLATE FOUR
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On Plate FPour are reproductions of spectral
rhotographs in the third, sixth and ninth crders which
have been enlarged to show the doubling of the lines,

The second of the two effects which we noted
and analyzed is that of the vertical sepsration between
lines which are due to reflections from opposite sides
of the same set of atomic planes, Reflecting from
opposite sides of a set of planes is & useful procedure
in determining grating constants and it was in the
course of such work that we found that ocur lines were
displaced vertically with respect to each other. A
glance.at Plate FPive will make our meaning clear.,
“here the ends of the lines are visible it is apparent
that the lines reflected from one side of the atomic
planes are shifted doWn.from the horizontalkcenter
line while those reflected from the other side of the
atomic planes are shifted up.

It is possible to account for this effect by
assuming that the reflecting plenes instead of being
Iparallel to the axis of the spectrograph (axis of
curvature of the crystal) make a small angle « with
this axis or in other words that the normals to the
reflecting planes make a small angle £ with a plane
pervendicular to the axis of the spectrograph. Con-
sider & set of cartesian axes with origin at‘the

center of the crystal surface, Iet the XY plane be

27
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perpendicular to the axis of the spectrograph with the

Y axis normal to the crystal surface and péssing through
its center of curvature. In this system of coordinates
the normal tofthe reflecting plane at the center of the
crystal will make an angle « with the X axis.

A8 an approﬁimation we may consider g single
ray incident in the XY plane and meeting the crystal at
the origin of coordinates. Ve wish to calculate the
angular amount by which the reflected ray deviates from
the XY plane. Let 4 be the angle between the incident
ray and the negetive X axis. The reflected ray will

make general angles §,d, € with the three axes.

N }
S
/8
/ L
N
~ \/ﬁw
o e—Rf /
\\ ' [ o
~ o8
* é}/\ﬂ 90°-43
- 7
.

FIG. 10
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The approximations following eqn. (16) are not good enough, and lead

in eqn (18) to an erroneocus result, as will be seen if the case of & - 79 is

considered., The following work has been done to clear this up.
From Fig. 1074 0oy (20°-8)= v 6 = CoB conak | anah
con (1850°-28) = — 0B = cnX o (F V) . Elininad g

e fhe ot o alc ucx,’} Lons w u“ jlue s A ﬂ‘-l_d‘:i’*’\ behuten @ ok
8, % X . S bshhdlmef i mew cqeatinn im 2. (lo) vl Lo o
+U e "“’”vf’t o s o (A“ C\.V\qlf“ are ')lm,kwn o= IJ-tn., as Ih Ha ﬁ" | (lo ‘k))

12_ The exprecaiom frr ceaW becoes
ot e - emnnai o1 skl il
X cov
S Y
& 3) P e A'-F+e~.»—'qubs+f¥whh1 Hhies mtbo e (lé)
\\ we hart , riqomudy:

- Yy
A S5 el A ermbainapl 1~ SRAYIE .. It !
s & C40 204 &g (—-’ ce? © ] [ In* 26 B S et
Eﬁhwmﬂ enly  and order denna expanding, we have
Aan B =

- CR2LO v @ F A @ arndl — KLRE vvmle | &

5 ) "2 con’g +;,,:§_J 1+ otk
sduu«q tor & wefind:

s X
4 Q_/;:‘:\—-g ’ w\\\c/\'\ helds on,q (% X 1s
$ SmwM uMPﬂV“-‘L""’ 8.

Russell Yost di
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Direction cosines of incident ray
- cos S, 8ink, 0. |
Direction cosines of normal to reflecting plane
- cos X, 0, sina,
Diréction cosines of reflected ray.
cos ¥, cosd, cos€ ,

The jangle between the reflected rsy and the
normal to the erystal plane is 90" - & where 6 is the
Bragg angle. '

cos (90°= @) = -cose cos¥ + sin « cos €

s8in @ = - coeX cos¥ + sinA cos € (5.5)

If we denote by X the angle between the re-
flected ray and the XY plane and by V¥ the angle between
the pro,jectio:; 6f the reflected ray on the XY plane and
the X axis, we can write

' cos ¥ = cos X cos V¥
so that equation 1% becomes

8in'@ - =~ cos« cos X cos ¥ + sin« sin X  (16)
See |weeded gheet
To a first approximation

cos X = 1 Y =-20°+ @ cosy¥ = - Bin @

. 8in € = eo8x sin @ + sin« sinX

(1 & cosx )/sinoc = sin X /sine {(17)
TOReIes R T TR iNCIRA BCT
| tan 1/2 « = sin X/sin & 'iﬁ' :‘___ x (18)

Substituting equation 17 in equation 16 wg' eﬁfa?n
8in © (1 « 1 + cos ) = - cos« cos X cos ¥

sin 6= - cosX cos ¥

29



30

But ¥=-90" + 6} where €'is the Brogg angle as
measured (projection on XV plane).

cos ¥ = - sin o'
giving sinf@ = cos X sin &

The:vertical separations between the K« 1lines
reflected in the first three orders from opposite sides
of the basal planes of quartz can be seen in the spectral
vhotographs of Tlate Five. Iessurements on these .
separations indicate an error in orientation of 2°52'
(o= 2°52'), The corrections to be applied to the
megsured Bragg angle are in this case small., In the sixth
order cos X = ,99995 giving

sin ¢ = (.99995) sin &'

In the ninth order the correction is slighfly larger,

If the angle « is large or if the focal spot
of the x-ray tube is not in the plane passing through
the center of the crystal and perpendiculér to its axis
of curvature then the resulting linés are not parallel

to the axis of the spectrograph and are somewhat diffuse,

Determination of the Crating Constant of Quartz

In order to test the precision with which
measurements can be made by means of a curves crystal
spectrograph we undertook a determination of the inter-
prlanar distance for the basal planes of quartz. To

determine this distance it is, of course, necessary to



00l THIRD ORDER

00l SIXTH ORDER

OO0l NINTH ORDER

PLATE FIVE
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measure the Bragg angle for reflections from these planes,

The’Bragg angle was obtained by measuring the
separation between the Ko lines of Holybdenum reflected
from oppositewsides of the basal planes, This separation
gives twice the Bragg angle or 28.. In crder to reduce
the errors incident to measuring on a photographic film
the film holder was turned between exposures from oppesite
sides of the ztomic planes so that the lines on the
developed film were separated by only z millimeter or two.
The angle through which the film holder was turned was
read on the divided.circle and vernier, The error in
reading the vernier was minimized by setting on pre-
determined angles, Becaﬁse of the gréater precisicn in
setting than in reading s vernier it is believed that in
no case was an error greater than 30Y 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 advantage that it becomes unnecessary
to know with a great deal of precision the radius of
curvature of the erystal but only that the radius of
curvature of the crystal is twice as large as that of
the film, This last condition can be accurately
realized in the construction of the instrument.

Because of the crystal structure of quartz

the first order of reflection which appears is the

3%



third, the second is the sixth, the third is the ninth,
and so on, ﬁéasuremeniquf the iriterplansr distance
were made in ghe thirdy,sixth and ninth orders with the

following resélts:

Third Order .. Bixth Order - Ninth Order

5 T g 3 o4,
5.,3922 A 5,3922 4 - 5,39244 A
5,3922 '5,3928 - B,38217
5.3949 5,3928 - 5.3%9181
5.3%46 5.3915 : - 5,39226
5,3940 5.3509 - 5.39244
5.3922 5.3928 5.,39217
5,3958 5,3935 - 5.393534
5,3948 =L L BLB9253

 Mean © 5,.39199
Yean 5.3924 A : .
5.3938 A T Yean

5.39235 4

The ' average deviation fr@m the mean in the
case of the thlrﬁ créer is .022ﬂ, in the sixth order .Olﬁﬁ
and in the ninth order .0056%, After»mgking corrections
for the fact thatvthE'étamia pl&neﬁ;are tilted away from
the axis of the spectrogreph by 2°52' the results in the

three orders gre

Third Order 4 = 5.3938 A
Sixth Order & = 5.3927 A
_ Ninth Order d = 5,3927 A

The weighted mean of these results is
d = 5.392% A

Because of the praeeduré of turning the film
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holder through the greater parf of the angle to be
measured all errors due to stretching of the film;
readiﬁg of the comparator and inaccuracies in our
knowledge of the exsct radius of curvature of the
crystal have been reduced to insignifiecance. By far
the greatest error is made in setting and reading the
vernier on the film holder. This errdr; in our work,
should not exceed 3C" in any single determination of
the Bragzg angle. The error in 4, therefore, in the
sixth order should not exceed 2 parts in 5000 aﬁ¢ in
the ninth order should not exceed 1 part in 5000,

Ve can, then;,with great certainty state
our result as

d = 5.393 + .002 &

£ on the basis of the results of a

UycKof
number of observers givgs the value of this inter-
planar distance as 5.393 A with the last Tigure
doubtful., One of the most recent determinations is

that of Harrington who finds d = 5.393 £ .006 A.

Conclusions

Cur work with the curved crystal spectrograph
has led us to.believe that it is an instrument of great
versatility in x-ray spectroscopic work. 'Vhen equipped
with a precisicn divided circle it may be used for

accurate determinations of grating constants and wave-



lengths, Its lumindsity also measures up to our expect-
ations - we have stated above that we were able to obtain
in 10 hours a Compton photograph which would require an
exposure of about 300 hours even on the multicrystal
spectrograph.

One serious drawback appears to stand in the
way of a gene?al use of the curved crystal spectrograph.
Recént preliminary tests by myself on uranium X radiation
and by Hr. XMaxwell XKelch on tungsten ¥ radiation seem to
indicate that this type of spectrograph of ordinary
dimensions cahnet profitably be used with hard x-rays.

We feel that the trouble lies in the inability to use
thick enough crystals to scatter selectively an
appreciable fraction of the incident radiation,

In conclusion I wish to thank Dr Jesse "7, Ii,
Dulond at whose suggestion this work was begun and
who hés advised and helped me on the many provlems which

were encountered during its progress,



