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A Vertically Rotating Double Crystel
X-Ray Spectrometer

M. C. Wittels, F. A. Sherrill, and A. C. Kimbrou-gh

Sol;d State Division, Oak Ridge National Labo*atory
Oak Ridge, Tennessee

Abstract

A versatile double crystal x-ray speétrometer has been developed

for the precise measurement of x-ray dir raction 1ine-widths’to tenths
of seconds. The device can be employed in either the parallel or anti-
parallel arrangement for rocking curve studies and can also be used in
anomalous xX-ray traﬁsmission experiments with nearly perfect crystals.
A detailed description of the inStfument is given as well as some
results qpncerning the Darwin theory of x~ray‘diffraction line-widths

and Borrmann effects.

Introduction

In his measurements of absolute integrated refleétions Compton
was the first to employ the principle of the -double crystal spectro-
meter. Some of the optical and gecmetrical aspects of the insirument
have been treated by Schwarzschilde, Spencer3, Iaueu, and Smiths, vhile

6

a full theoretical account is given by Compton and Allison~.

3 .
Oak Ridge National Laboratory is operated by Union Carbide Corporation
for the United States Atomic Energy Commission.
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The instrument described in this paper mekes use of the previcusly

established principles of the double crystal spectrcmeter, ang,

e
-

|_1.

addition, contains some features which give it further versatility.

Instrument Description

A Norelco wide range diffractometer is empioyed to hold the first

crystal and to provide a fixed axis of rotation for setiting successive

orders of reflection. A worm gear cn the rear axis of the diffractio-

meter is operated eithér manually or synchronously for setting the

first crystal in the proper position for reflection, but a detalled des~
cription «f this meckanlsm 1s not important to this discussion and is’
omitted.

The second crystal arrangement is the crux of the instrument and
s s , o o)
allows the vertical rotation of the second crysial from -6 to +165
about the fixed rotation axis of the first crystal. This range covers

o

this portion™of

t-dy

nearly all.p0851b1e reflections. A schematic view o
the instrument is shown in Fig. 1. It is important to note thet both
crystals are held on conventiohgl sma,ll gonion cter; which permit guick,
preliminary orientation Qf crystals to be echieved bvaaue and Préces—
sion methods. For lightness of weight the large sectiouns of macbined
metal are 24s aluminum with thicknesses re uced only to the extent that
rigidity is not endangered. The base, A, contains two portable meg-
nets which are useful during the horizontal aligmment of the instrument,
after which i% is bolted through the table top. The face plate, B,

provides several important features. It conteins the bearing surface
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and rotation axis of the rotating plate, C. In addition, it is graduated,

o} . . -
as shown, in increments of 17, to furnish the 2 § settings For the second

érystal°

. The rotating plate, C, contains the rocking device for the second
crystal which includes the following: (1) Ar (W drive, D, adapted
from a Weissenberg attachment, wh;ch has a gear reduction of 180:1,
and which holds the second crystal on its small goniometer shaflt,
(2)‘a.Boston Gear Reducer IN9, E, with & 1l00:1 gear reduction, and
(3) a Hurs? 1/6 rpm syﬂchronous'motor,'Fa For easy replécement the
latter three parts are interconnected with the sliding couplings showti.
A rocking speed of 12 sec/min for the second crystal results when these
gear ratios are applled and for mcst angular measurements in the
second range; it is an ideal arrangement, In additio on, the sliding
couplings permit one to make coarse adjustments through by pass of part
of the gear reduction. BRetween tde face plate and rotating plate a
wool felt pad is gementéd t0 reduce unwanted Ifriction.

A shutter afm, G, for opening and closing the incident x-ray port,
extends through thg face plate, B, and rotating plate, C, and since it
lies on the pivot axis'of‘the rotating plate; 1%t dces not inﬁerfera with
its motion. This pivot axis, of course, is co-aligned with the diffrac-
tometer axis, or rotétion axis of the first crystal, and can be vértically
adgusted by means of uhe slotted holes at the bottom of the face pla

X-rays from the tube target are vertically confined by the incident
radiation slit (Fig. 2), which with the dimensions shown, gives a total
vertical divergence of 110 seconds at a take-off of 3 The slit éur-

face was ground from a chromium-plated cold-rolled steél, and it is




therefore comparatively free of corrosion problems.,
The scattering cover, H, for personnel protection from scattered
radiation, also contains two horizontally adjustable rings, which limit

the horizontal width of the incident beam and also permit the selective

ot

radietion of certain portionus of‘the crystals. In a.similar manner, &
the detector arm there'is placed a horizontally adjustable Po slit hclder,
I, vhich not only limits the horizontal dimeﬁsion of tﬁe doubly refiected
beam, but also assists in proper horizontal alignment of the instrument.
A clamp at the rear of this slit holder is used for locking film or rue-
lear emulsion cassettes into place'when an optical image of the beam is

desired.

Experimental Results

Halfwidth Measurements

v T . . o . .
In a recent publication measurements were reporied for the half-

widths of successive orders of (I11) in nearly perfect crystals of cop-

8

per together with the theoretical predictioans of Darwin for perfect

A

crystals. The resulis of that invest:

X

gation were obtaineq with the in-
strﬁment described here, and some of these results are reproduced below.
Two kinds of double reflection curves were made. One kind utilized
copper crystal pairs in the parallel'arrangemenf (1, =l), and the other
involved the use of the (333) reflection from a perfect silicon crystal
in the first crystal position together with (222) reflectioﬁs from
coﬁper.crystals in the second crystal position. Fortuitously, this

latter condition results in a parallel (1, -1) arrangement even closer
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thah cutting errors allow, namsly < O;So° By eliminating the broadening
inherent in a slightly imperfect copper’first crystal, a more accurate
detefmination of the true half—wiath of the (222) for copper was thus
obtained.

Table I contains the paired copper c*ystal resulis together with
the values calculated from the Darwin8 for perfect crystals. His theo-

retical predictions give a range of total reflection with width

—~
'..J
~

¢ 2N A2 (E/mP)F| K

sin. 2 8

3

where N is the number of urnit cells/cm”, “)\ is the x-ray wavelength,

F is the structure factor, e is the angle of reflection, F{ is the

polarization factor (1l or cos 2 @, depending upon the polarizaticn of

the incident beam), and e, m, and c.are the well-known physical constants.
Y, in Darwin's expression, is conventionally termed halfwidth. We used-
the Fermi-Thomas-Dirac9 statistical model for the atomic scattering

factors used in these calculations. In the paired copper measurements

an x-ray beam of cross-section approximatel y fmm x O.5mm impinged on the

' second crystal, the radiation was Mbe,, and a Krypton filled Geiger

tube was employed for counting purpcses. The dislocation densities
indicated were determined Yy etch-pit counts. Table I also gives the
results for the measurements with the perfect silicon (333) in the first

crystal position, but in this example the x-ray beam cross-section was

reduced to 2mm x 0.5mm so that the number of dislocations seen by the

x~-rays was reduced or eliminated depending upon the dislocation density

of the specific crystal examined. The absoclute perfection of this sili-
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con crystal was confirmed with the instrument and its halfwidtn found to
. 10 o iew o1 o for Y usi
agree with the value reported earlier, namely 0.9 sec for (333) using
: .3 e as
MoKc.. TIn the calculations using the Darwin theory the polarization

1
vector was assumed to lie in the plane of incidence of the primary beam.

(0]
2

Temperature and absorption corrections were neglected. The calculat
values for the copper pairs in the table also inciude a multiplying fac~
tor Y2 which results from the assumption that the reflection curve Tor
each crystal is Gaussian with full-width st hali-maximum, Y, giving a

ll . m \r— - ° 4o} -y 42 v .
measured convoluted ~ width 12Y for the single crystal reflection curve.

The true halfwidth (Y) was determined by use of the expression

(- &) | (2)

vhere Y = true halfwidthAof the second crystal,

B8 = measured hélfwidth of the seconé crystal, and
é= true halfwidth of the first crystal.
Since the halfwidth for perfect silicon (333) is considerably smaller
than those halfwidths for copper (222), the measured values are very
near fhe true values.

Typical double crystal reflection curves are shown iﬁ Figs. 3, 4
and 5. Several independent sets of measurements revealéd that a region
of uniform perfection extended at least 1 cm across the (111) surfaces
of'Cu(A) and Cu(B). from the data (Téble I) for copper pairs it was
shown that reasonably gbod agreement was obtained with the values pre-
dicted by Darwin for perfect copper cryétalsg The measured valués were

somewhat larger than the Darwin values, roughly to the same extent as
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4 .10 . fir s . iy
those reported for silicon™ crystals with similar imperfecticn con-

centrations. It should be noted that Cu{B), used as a first crysial in
. 2 ~ . '
these measurements, had ~ 4 x 103 dislocations/cm”, and probably pre-

set

{2

vented even closer agreement with the Darwin predictions, A secon

. Q

of measurements, utilizing the Si(333) reflection froﬁ a perfect sili-
con crystal in the first crystal position and Cu(222) for a parallel
(1, -1) condition, resulted in a marked narrowing in the (222) rocking
curves for Cu as shown in Table I and Fig. 4. The halfwidths for Cu(Ad)
and Cu(B) are slightly smaller than those predicted by Darwin for per-
fgct copper crystals. It should be noted that the copper pair and
silicoﬁ—copper pair measurements are not sﬁrictly comparable, because

x-ray beams of different cross section were emplcyed, and more imper-

y

ections were seen in the former case. in addition the measurements
would be somewhat altered with polarization conditiouns different from
those we assumed.

A third set of measurements with Cu(A) and Cu(B) was made with
CuKa1 in order'that a further check on the applicability of the Darwin
theory would ﬂe'atﬁained. Again, the parallel (%, -1) condition was
employed with Cu(A) in the first crystal position and the results for
the (111) and (222) rocking curves for Cu(B) are shown in Fig. 5.
ﬁsing Darwin's expression (1) for perfect crystals, we find that the
predicted halfwidth for (11l1) and (222) in perfect copper crystals should
be 31.7 sec and 15,0 sec, reépectively. Our measurements, using an x-ray
beam of approximately 2mm % O.5mm cross section gave values in agree-

ment with the theoretical predictions within the experimental limits of

o . 2a . . 10
observation. These findings are in concordance with the results™ on
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silicon crystals which revealed that the sensitivity with which dis-

locations can be detected is greater for MoK'al radiaticn than for CuKal

El

radiation, primarily because of the depth of penetration of the shorter

wavelength.

Anomalous X-Ray Transmission Measurements

The anomalous transmission of x-rays is the phenomen5n in perfect
or nearly perfect crystals for which the apparent absorption coefficient
of x-rays becomes abnormally small when an incident beam undergoes a
Bragg reflection during passage th;ough the crystal. Borrmann 3 First
observed this phenomenon in quartz and the effect has been given his
name. Following Borrmann's discovery, experiments of a similar nature
were perférmed on Calcitelh-l6, germaniuml7, and silicon .

Borrmann effects reported here were observed by two techniques. In
one case crystals in the second position of the double crystal spectro-
meter were rocked at an angular speed of 12 sec/min through eitﬁer (111)
or. (220) reflecting positions and the intensitiés of the transmitted and
refiectéd beams were simultaneously recorded as a function of rocking
angle. Two separate detectors and recorders were'emplgyed in these
measurements. In the second case the two beams were recorded simul-
taneously on emulsions when érystalé were fixed at the peak (111) or
(5?0) reflecting positions. The incident radiation was CuKal.or MoK'ozl

which was monochromated by (11ll) reflection from either a perfect sili-

con crystal or a nearly perfect copper crystal.
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The results of a Borrmann experiment, with a dislocation-Tree sili-
‘con crystal cof l.5mm thickness, are shown in Fig. 6. Cukx, radiation,

)

moncchromated by (111) reflection from
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directed towards a (111) face of the l.5mm crystal, which was oriented
for (;20) reflection in transmission. The figure shews the simultaneously
transmitted and reflecwed beams recorded as the crystal was rocked through

the total range of reflection. It is seen that the anomalous transmitited

e
tde

and reflected beams are approximately equal in intensiily, in agreement
. LI : - . e

with previous findings. The somewhat enhanced background for the

anomalous transmitted beam was due to the weak normal transmitted beam’

. . o}
in the region near O,

19 -

The anomalous transmission of x-rays in copper ~ crystals continues
to be 6f interest and some of that eariier work is reproduced here. The

possibility of observing these Borrmann effects became apparent when

LangEl topograph s"c,ud:'.escO were conducted. Figureé 7A, 7B, ard 7C are .

1 ' ‘ )
reproduced 9 from the later work con a lmm thick copper crystal. The

]

Borrmann effect for this crysial (Fig. 6A) shows the images of the trans-
mitted and reflected beams together with direct beam image at the bottom
when the crystal and coliimgtion was removed from the paﬁh; Gradual
variation in intensity along the length of the transmitted beam image

is due to a substantial change of imperfection concentration along the
length of the crystal through which the 4ransmitted beam traversed. In
Fig. 7B apparent individuel imperfections are revealed as 1ight images
in the magnified view of Fig, 7A. Utilizing the reflected (111) beam
assoéiated with the anomalous transmission of AgK’al radiation'on this

Imm thick crystal, a lang type topograph of tThe entire crystal was made
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and is shown in Fig., 7C. The large white area in the lower portion of
tﬁe photograph is the image of a region so dgqse in imperfections that
they'were not resolved. The section of the crystal from which Fig. 7A
was obtained .is indicated by the short arrows in Fig. 7C, and corre-
sponds to an area in which dislocations are resolved. From this topo-
graph it is evident that a considerable number of imperfections were
present in this lmm ﬁhiCK crystal that exhibited anomalous x-ray trans-
mission. |

In Fig. 8 the anomélous transmitted and reflected beams are shoyn
for & nearly perfect copper:crystal 0.006 in. thick with a (110) face,
and a (111) plane normal to this surface was utilized as the reflecting
piane. Cumyl £adiation, monochromated by reflection from & perfect
silicon (111), was employed as the incident beam, and the crystal was
rocked through the (111) peak position at an angular speed of 12 éec/min.
As frequently found when using longer wavelength radiation, the peak
intensity of the anomalous transmitted beam is somewhat greater than that
for the reflected beam. In Fig. 9 is shown a Laﬁg topograph of another
cocpper cry;tal.v 0.3mm thick with a small apgle boundary running diagén-
ally. If'was apparent that the dislocation dénsity at a short distance
from the boundary was ~ 103/cm2, and it therefore wés of interest to
observe the Borrmann effect at either side and across the small angle
boundary. This is shown in Figs. 10-12. The crystal surface in this
crystal was (111) and from a set of (111) planes at an angle of 70°-32"
frcem this surface, the Bragg conditions were set fbr simultaneous ob-
servation of the anomalous transmifted and reflected beams on one side

of -the small angle boundary and also across it. Fig. 10 shows the
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results of.such a measurement taken tﬁrough the central portion of the
large sub-grain, which was away from the boundary. The Borrmann effect
vas also seen when & smalltsegment of the incident beam was directed
across the boundar&. This is indicated in Fig. 1l where the anomalous
peaks are seﬁafated by ~ 17 sec. By succéssively translating the cry-
stgl’across the monochromatic x-ray beam, without changing the crystal

orientation, a series of these anomalously transmitted beams was ob-

tained on both sides of the small angle boundary (Fig. 12).

Discussion

Information concerning lattice perfection in nearly‘perfect cry-
stals can be acquired.by several methods of investigation. 1In this
study it was'appafent that the double crystal spectrometer could be used
advantageously as a complementary toolvwith Tang techniques in investi-
gations of this nature. Since the double crystal device deécribed‘here
makes use of conventional small goniometers for crystal supports, by
its use one caﬁ conveniently carry out the necessary precise crystal
alignments with a mi@imum 6f difficulty.

The experimental results on linewidths in nearly perfect copper
crystals demonstrated the significance of selecting & perfect crystal
for the first crystal position while still maintaining the parallel
(1, -1) arrangement to eliminate dispersion. There was some evidence
indicating a‘finite half-width increase corresponding to a dislocation
density increase in copper, but that evidence was only tentative.

Correlations of the halfwidth measurements with the Darwin predictions
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for perfect copper crystals were remarkably good ana‘certainly indicate
that the Darwin theory is applicable to metals as well as semiconductors
and insulators. Siﬂce C)ID, the Debye characteristic temperature for
Cu, is only 315°K, some thermal narrowing might have occurred even
dufing the room temﬁerature measurement and /F[' in Eq. (1) should
probebly be replaced by Foe;M, Simple estimates show that this effect
would not be.large enough to produce the narrowing noted, however, and
thermal studies on crystals such as these could prove interesting.

The Borrmann effect studies surprisingly revealed that this pheno~
menon could be observed in reasonably thick metal crystals containing
considerable dislocation concentrations. It also demonstrated that the
anomalous reflected beam associated with tﬁe'Borrmann effect could be

utilized to obtain good Iang topographs under conditions where pt > 1.

Summary

1. A versatile double crystal x-ray spectrometer has been des- -
cribed which is capable~of measuring x-ray diffraction line widths to
tenths of seconds, as well as studying Borrmann effects with counters
or emulsion.

2. As an adjunct to the Lang camera, it is a valuable tool in the
fnvestigation of crystal pérfection. |

3. Line widths in ngarly perfect érystals-of‘copper have 5een

measured as low as 3.0 sec with this instrument and Borrmann effects have

\

been seen in crystals up to 1.3 mm thick.

Y s
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L. Tt was demonstrated that both Borrmann effects and narrow line
widths in the angular range of seconds could be observed in copper cry-
stals containing considerable numbers of defects.

5. Borrmann effects were observed even across small angle bound-

aries in nearly perfect éopper crystals.
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TABLE I

Halfwvidths for Copper Crystals Using MoKal

Reflection

Crystal Crystal Measured Calculated
Position 1 Position 2 Halfwidths Halfwidths x12
(sec) (Darwin)
(sec)
Cu(B) Cu{A) Cu(A) Cu(A)
Dislocation Dislocation ' '
density density
~h x 103/cm? A2 X lOz/cm2
1

NN N
W ETL N
W w0 N -
U FEw D+
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‘Calculated
Halfwidths, B

B= | 2 . éﬁs

wvhere

Y = 3.6 sec
for Cu (222)
after Darwin
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51(333)

cu(A) Cu(A)
Dislocation~free Dislocation
measured half- density
width = 0.9 sec ~2 x 102/0m2 v
(222) 3.0 3.6
Cu(B) Cu(B)
Dislocation
density
~Ub x 103/cm? .
(222) 3.2 3.6
cu(c) cu(c)
Dislocation
density
RJ.lO)%/qme
(222). 5.0 3.6
cu(D) cu(D)
Dislocation
density
~3x lOl’L/cm2
(222) 5.2 3.6
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Figure 1
Figure 2

Figure 3

Figure 4

‘ Figure 5

Figure 6

Figure 7A

FIGURE CAFPTIONS

A Vertically Rotating Double Crystal X-ray Spectrometer.

Incident Radiation Slit.

Reflection Curves for Cu(A) Using MoKor;, Which Show the
Effects in Tncreasing Orders of Reflection. Cu(B) was used

as first crystal.

(222) Reflection Curves for Cu(A) and Cu(C) Using MoKor,
Rediation. ‘Silicon (333) from a perfect crystel was used-

as Tirst crystal.

Reflection Curves for Cu(A) Using Cukpry, Which Show the
Effects in increasing Orders.of Reflection. Cu(B) was

used as first crystal,

Rocking Curves. Anomalous transmitted (T) and reflected

beams (R) for 1.5 mm thick silicon crystal. Crystal face

(111), reflection piane (320). A. = 1.5k £

16-h Exposure for Borrmann Effect in 1 mm Thick Copper
Crystal. Crystal face (111), reflecting plane (111).
Upper line'n anomalous reflected beam (R), middle line -
anomalous transmitted beam (T), lower line - direct beam
with crystal removed. Ilford L-4 nuclear plate, 100-p

emulsion. N = 1.54 R, Magnification 3X.




Figure 7C

Figure 8

Figure 9

Figure 10

Figufe 11

Figure 7B

Portion of Anomalous Transmitted Beam (T) ané Direct Beem

Shown in Fig. 7A. Magnification 30X.

‘Tang Topograph of 1 mm Thick Copper Crystal. Crystal face

(111), reflection plane (111). Fositive photographs, 168-h
exposure. Ilford Ll nuclear plate, 100-p emulsion. Agko,,
L

magnification 9X.

Rocking Curves. Anomalous transmitted (T) and refliected
beams (R) for 0.006 in. thick copper crystei. Crystal face

(110), reflecting plane (1il). A = 1.5k4 .

lang Topograph of 0.3 mm Thick Copper Crystal. Crystei face
(111), reflecting plane (111). Negative photograpn, 2i-h

exposure, Ilford I-4 nuclear plate, 100-u emulsion, AgKor,,

~magnification 20X.

Rocking Curves. Anomalous transmitted () and reflected (R)

beams -for 0.3 mm thick copper crystal. Crystal face (111),

reflecting plane (111). A = 0.71 £. Curves taken from

. center portion of large grain. (Fig. 9).

" Rocking Curves. Anomalous transmitted (T) and reflected (R}

beams fqr'0,3 mm thick copper crystal (Fig. 9) taken across

a small angle boundary. Crystal face (11l), reflecting

plane (111). A\ = 0.71 &.




Figure 12

Rocking Curves. Anomalous transmitted (T) beams of three

"different portions of 0.3 mm copper crystal (Fig. 9), show-

ing result of a small angle boundary on Borrmann effect.

Crystal face (111), reflecting plane (111). A = 0.71 &,

‘5
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