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A vertically Rotating Double Crystal 
X-Ray Spectrometer 

M. c. Hittels, F. A. Sherrill, and A, C. Kimbrough 
·i(· 

Solid State Division, Oak Ridge National La.bo:ratory 
Oak Ridge, Tennessee 

Abstract 

A versatile double crystal x-ray spectrometer bas been developed 

for the precise measurement of x-ray diffractio~ line-1·7idths to tenths 

of seconds. The device can be employed in ei the:r the paralle 1 or a:nti-

parallel arrangement for rocking curve studies and can also be used in 

anomalous x-ray transmission experiments with nearly perfect crystals. 

A detailed description of the inst:rument is given as well as some 

results concerning the Darv1in theory of x-ray diffraction line-widths 

and·Borrmann effects. 

Introduction 

1 
In his measurements of absolute integrated reflections Compton 

was the first to employ the principle of the double crystal spectra-

meter. Some of the· optical and geome·c:dcal aspects of the instrument 

2 3 4 . 5 
have been treated by Schwarzschild , Spencer , Laue , and Smith , -...Thile 

6 
a full theoretical account is given by Compton and Allison . 

* Oak Ridge National Laboratory is operated by Union Carbide Corporation 
for the United States Atomic Energy Commission. 
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'I'h_e instrurnent described in this paper makes use of the· p:r:eviously 

established principles of the dou-!)le crYstal spectrGmeter, ancJ in 

addition) co!ltains some featu;:·es \1hich give it further versatility. 

Ins"tru...rn.en·c Descript)_on 

A Norelco wide range diffractometer is employed to hold the first 

crystal and to provide a fixed. axis of rots:Cio:..; f'or setting succe:><3i.ve 

orders of reflection. A 1-10m gea::c en the ::cear axis of the diff::cac:to·-

meter is operated either manually or synch:;.~o:2ously for setti::1g the 

first crystal in the proper position for reflection, h1t a detailec ·c:es-

cription e:.:f this mechanism is not imports.nt to this discussion and is· 

omitted. 

The second crystal arrangement is t;he crux of the instl~LUnent and 

a.llmvs the vertical rotation of the second Cl"JSta.l from -6° to +:!.65° 

about the fixed rotation axis of.' the first crystal. This range covers 

nea!'ly all possible reflections, .A schematic view of this po::ction•of 

the instrument is shown in Fig, .L It is i:arportant ·co note that both 

crystals are held on conventio~l sn1all goniometers l·lhicb peTBi t quick, 

preliminary orientation of crys-tals to be a.chieveO. by laue ar:d P'.reces-

sion methods. For lightness of ·weight the large sectio:;:;.s of machi-o.ed 

metal are 24s aluminum with thicknesses reduced only to the extent tba t 

rigidity is not: endangered. The base, A, contains bm portable meg-

nets which are useful during the horizontal alignment of tbe instnkment, 

after which it is bolted through the table top. The face plateJ B, 

provides several important features. It contains the bea!'ing surface 
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a.nd rotation axis of the rotating pla.teJ c. In addition, it is gre.duateo1 

h .;n -~'ncrements of 1°, to furnish the 2 e settings for tbe second as s_ o"1n1 ... ... ~ 

crystal. 

The rotating plate, c, contains tbe :r·ocking device for· the secor;d 

c~Jstal ,.;hich includes the following: (1) An UJ drive., D, adapted 

from a Weissenberg attachment, which has a gear ·reduction 9f 180:11 

and which holds the. second crystal on its small goniometer shai't1 

(2) a Boston Gear Reducer LH9, E, vJith a 100:1 gear reduction) and 
.. 

(3) a Hurst 1/6 rpm synchronous ·mot. or, ·F. For easy :replacement the 
I 

latter three parts are interconnected with the sliding couplings shm;n, 

A rocking speed of l2 sec/min for the second crystal results ·Hhen these 

gear ratios are applied; and for most angular measurements in the 
. 

second range; ·it is an ideal arrangement. In addition_, the sliding 

couplings permit one to make coarse adjustments through by pass of part 

of the gear reduction. Bet1veen the face plate and rotating plate a 

wool felt pad is ~emented to reduce unwanted. friction, 

A shutter arm; G, for opening and closing the incident x-ray port, 

extends through the face plate, B, and rotating plateJ c, and since it 

lies on the pivot axis of the rotating plate, it does not interfere with 

its motion. This pivot axis, of course, is .co-aligned ~>!i th the diffrac-

tometer axis, or rotation axis of the first cr-ystal; and can be ve:ctically 

adjusted by means qf the slotted holes at the bottom of the face plate, 

x.:.rays from the tube target are vertically confined by the incident 

radia tidn slit (Fig. 2 ); vlhich with the dimensions shown; gives a tote.l 

0 vertical divergence of 110 seconds at a take-off of 3 , The slit sur-

face v7as ground from a chromi1.un-plated cold-rolled stee lJ and it is 

~~---~-------~--~~~------~--~~~~~~----~~~~~==================================~----------~ 
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therefore comparatively free of: cor~osion p!'oblems,. 

The scattering cover, H, for personnel protectio::1 from scat·cered 

radiation, also contains two horizontally adjustable rings; which limit 

t-'11e horizontal vTidth of the incident beam and also permit the selective 

radiation of certain portions of the c:r-ystals. In a. similar manner, at 

the detector arm there is placed a horizontally adjustable Fo slit holder, 

I, I·Thich riot only limits the horizontal dimension of the doubly reflected 

beam, but also assists in proper hol~izonJcal alignment of the instrument. 

A clamp at the rear of this slit holder is used .for lockir.g film or ~uc-

lear emulsion cassettes into place when an optical image of the beam is 

desired. 

Experimenta.l Results 

Halfwidth Measurements 

In et recent p~blication7 measur·emer!ts we?e :ceport.ed fo:c the half-

widths of su~cessive orders of (lll) in nearly perfect crystals of cop­

per together with the theoretical predictions of Dar,.rin 
8 . for perfect 

crystals. The results· of that investigation .were obtained with the in-

strument described here, and some or these results are reproC.uced below. 

Two kinds of double reflection cu~;es were made. One kind utilized 

copper crystal pairs in the parallel ar~angement (~ ~1), and the other. 

involved the use of the (333) reflection from a perfect silicon crystal 

in the first crystal position together with (222) reflections from 

copper crystals in the second crystal position. Fortuitously, this 

latter condition results in a parallel (~ -1) arrangemen~ even closer 
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0 
than cutting errors allow, namely< 0,5 • By eliminating the broadening 

inherent in a slightly imperfect copper first crysta~ . a more accurate 

determination of the true half-width of the (222) for copper was ~~us 

obtained" 

Table I contains the paired copper crystal results together with 

the values calculated from the Da!""tlin
8 

for perfect crystals. His tbeo-

retical predictions give a range of total reflection with width 

2 2 2 
y = 2N /\ ( e /me ) ( F ( f-l 

sin 2 e 

wher~ N is the number of unit cells/cm3, ~ is the x-ray wavelength, 

F is the structure fact~r, e is the angle of reflection, fl is the 

polarization factor (1 or cos 2 e, depending upon the polarization of 

f l ) \-

the incident beam), and e, m; and c. are the well-known physical· constants. 

Y, · in Darwin's expression, is conventio·nally termed bali"wid th. We used · 

the Fermi-Tbomas-Dirac9 statistical model for the atomic scattering 

factors used in these calculations. In the paired copper measurements 

an x-ray beam of cross-section approximately 6mm x 0.5mm impinged on the 

second crysta~, the radiation was Mo~1, and a Krypton filled Geiger 

tube was employed for counting purposes. The dislocation densities 

indicated were determined by 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 b·eam cross-section was 

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

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

of the specific crystal examined. The absolute perfection of this sili-
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con erysta.l·-vms coP..firmed with the inst:rLLrnent and its halfwidth found to 

agree '1-Tith the value reported
10 

earlier, nameiy 0.9 sec for (333) using 

In the calculations using· the Dar;dn
8 

theory the polarization 

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

Temperature and absorption corrections v1er.e neglected. Tbe calculated 

values for the copper pairs in the table also include a multiplying fa.c·-

tor 1:2which results from the ass~mption that the reflection curve for 

each crystal is Gaussian 1.ri th full-width e.t half·~J'll..aximmn, Y, giving a 

measured convoluted 11 width 'f2y for the single crystal reflection cu:cve. 

. 12 
The true hali\ridth (Y r was determined by use of the express~on 

(2) 

'"here Y= true halfwidth of the second crystal; 

t3= measured halfwidth of the second crystal_, and 

<!?= 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 the true values. 

Typical double c:r-ystal reflection curves are shown in Figs._. 3, 4, 

and 5· Several independent sets of measurements revealed that a region 

of uniform perfection extended at least 1 em across the (lll) surfaces 

of Cu(A) and Cu(B ). From the data (Table I) for copper pairs it ·Has 

shmm that reasonably good agreement 1-1as obtained with the values pre-

dieted by DaTV.,Tin for perfect copper crystals. The measured values were 

somewhat larger than the Da1":¥in values, roughly to the same extent as 
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those reported for silicon
10 

crystals with simila.r imperfection con-

centrations. It ··should be noted that CU(B ), used as a first crystal in 

thes~ measurements, had f"J 4 x 103 dislocations/cm
2

.J> and proba-bly pre-

vented even closer agreement with the Darwin predictions. A second set 

of measurements, utilizing the Si(333) reflection from a perfect sili-

con crystal in the first crystal position and Cu(222) for a parallel 

(l, -1) condition,. resulted in a rnarked narro-.ring in the (222) rocking 

curves f()r CU as shown in Table I and Fig. 4~ The halfwidths for Cu(A) 

and Cu(B) are slightly smaller than those p:;.~edicted by Dar-.rin for per-· 

feet copper crystals. It should be noted that the copper pair and 

silicon-copper pair measurements are not strictly comparable, because 

x~ray bea~ of different cross section were employed, and more imper-

fections were seen in the former case. In addition the measurements 
t 

1wuld be somewhat altered with polarization conditions different from 

those He assumed. 

A third set of measuremer1ts with Cu(A) and Cu(B) was -made '1-lith 

CUKa
1 

in order that a further check on the applicability of the Darwin 

theory would be ·attained. Again, the parallel (1, -1) condi"i:.ion was 

employed with CU:(A) in the first crystal position and the results fo:r 

the (lll) and (222) rocking curves for Cu(B) are shovm in Fig. 5. 

Using Da.rwin 1 s expression (l) for perfect crystals, we find that the 

predicted half1-lidth for (lll) and (222) in perfect copper crystals should 

be 31.7 sec and 15.0 sec, respectively. Our measurements, using an x-ray 

beam of approximately 2mm x 0. 5mm crOf!lS section.J> gav~ values in agree­

ment with the theoretical predictions within the experimental limits of 

observation. 10 
These findings are in concordance with the results on 

- ·---- ·---.-----------
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silicon c!"'Jstals 1-1hich revealed that the sensitivity with which dis-

locations can be detected i.s greater for MoKct1 radiation than for CuY..a1 

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

wavelength. 

Anomalous X-Ray Transmission Measurements 

The anomalous tra~~mission of x-rays is the phenomenon in perfect 

or nearly perfect crystals for which the apparent absorption coefficient 

of x-rays becomes abnormally small v1hen an incident beam undergoes a 

Bragg reflection during passage through the crystal. 13 Borrmann first 

observed this phenomenon in quartz and the effect has been given his 

name. Following Borrma~~ 1 s discovery, experiments of a similar nature 

f d C 1 . t 14-16 . 17 d . 1. 18 were per orme on a Cl. e , german:Lum ) an SJ.. :Leon • 

Bor-..crnann effects reported here v7ere 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 either (lll) 

or (220) reflecting positions and the intensities of the transmitted and 

reflected peams were simultaneously recorded.as a function of rocking 

angle;• Two separate detectors and recorders were emp~oyed in these 

measurements. In the second case the two beams were recorded simul-

taneously on emulsions when crystals were fixed at the peak (lll) or 

(22o) reflecting positions. The incident radiation was CuKct
1 

or MoKct
1 

which 1-m.s monochromated by (lll) reflection from either a perfect sili-

con crystal or a nearly perfect copper crystal. 
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The results of a Borr~na.nn experiment, with a. dislocation-free sili-

con crystal of l.5nun thickne.ss, are sh0\\7 n in Fig. 6. CuY.o:, radiation) 
.J.." 

( lll ) f - ' . ~ f' ' . l' ' -monochromated by re .Lecl.J..On rrom a per ec·~ s:. 1.~on crys-ca.1., was 

directed towards a (lll) face of the l. 5mm cr-ystal, ~.;-hich .was oriented 

for (220) reflection in t:ransmission. The f'igu.re shews the simultaneously 

tra.nsmi tted and :reflected beams recorded as the crystal 1vas :c-ocked through 

t.lJe total range of reflection. It is seen t .. hat the a.no!Jl.a.lous trs..nsmi tted 

and reflected beams are a:pproximat.ely equal i:i intensity; in agreement 

'-1-\ • 14 f'" d" 1-a.u...i"l prevJ..ous _J.n J..ngs. The somewhat enhanced background for the 

anomalous transmitted beam was due to the weak no:rmal transmi t.ted beam· 

in the region near 0°. 
mb 1 t ' · f ' . l9 . t 1 t · ·.J.: e anoma ous ransml.SSlOn o x-rays J..n copper . crys a_s cmr 1.nues 

to be 6f interest and some of-that earlier work is :reproduced here, The 

possibility of observing these Borrmann effects became apparent when 

21 • "0 I 

Lang topograpb studiesc were conducted. Figures 7A, 7B, and 7C are 

19 . 
reproduced · f;rom the later work on a lrnm th:h;k copper c:cystal. The 

Borrmann effect for this crys·ca.l (Fig. 6A) shows the images of the trans-

mitted and reflected beams together with direct beam image at the bottom 

when the crystal a."ld collimati.on ·was removed fl~om the path, Gradual 

variation in intensity along the length of the transmitted beam image 

is due to· a substantial change o:f impe!'fec"t;ion concentration along the 

length of the ·crystal through which the transmitted beam t1naversed. In 

Fig. ?B apparent individ~al irr~erfections are revealed as light images 

in the magnified view of Fig. 7A. Utilizir{g the reflected (ill) beam 

associated i-li th the anomalous transmission of AgKo:
1 

radiation on this 

lram tb1.ck crystal_, a Ia.ng type topogr-a.ph of the entire crystal was made 
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and is shmm in Fig. 7C. The large white area in tlle lm-1er portion of 

the photograph is the image of a region so dense in imperfections that 

they 1vere not resolved. The section of the crystal from vThich Fig. · 7.D.. 

was obtained .is indicated by the short a.rrows in Fig. 7C, and corre-

sponds to an area in which dislocations are resolved. From tnis topo-

.graph it is evident that a considerable number of imperfections were 

present in this lmm thick crystal that exhibited anomalous x-ray trans-

mission. 

In Fig. 8 the anomalous tr~nsmitted and reflected beams are shown 

for a nearly perfect copper crystal O.Oo6 in. thick with a (110) face, 

and a (lll) plane normal to this surface was utilized as the reflecting 

pla.ne. CuKa1 radiation, J1!.0nochromated by reflection from a perfect 

silicon (111), was employed as the incident beam, and the crysi;;al was 

rocked through the (lll) peak position at an angular speed of 12 sec/mi.n. 

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 shmm a La.ng topograpb of another 

copper crystal,.... O.Jmm thick with a small angle boundary running diagon-

ally. It was apparent that the dislocation density at a short distance 

from the boundary was·,.... l03/cm2, and .it therefore was of interest to 

observe the Borrmann effect at either side and across the small a.ngle 

boundary •. This is shown in Figs. 10-12. The crystal surface in this 

- 0 crystal was (111) and from a set of (111) pla.nes at an angle 6f 70 -32' 

from this surface, the Bragg conditions were set for simultaneous ob-

servation of the anomalous transmitted 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 through the central portion of the 

large sub-grain, which was away from the -boundary. The Borrmann effect 

was also seen when a small segment of the incident beam was directPd 

across the boundary. This is indicated in Fig. ll where the anomalous 

peaks are separated by "' 17 sec. By successively translating the cry­

sta.l across the monochromatic x-ray beam, without changing the cr-;stal 

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

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

Discussion 

Informati·on concerning lattice perfection in nearly perfect cry­

stals ca.n be acquired by several methods of investigation. In th:Ls 

study it was apparent that the double crystal-spectrometer could be used 

advantageously as a complementary tool with Lang techniques in investi­

gations of this nature. Since the double crysta.l device described here 

makes use of conventional small goniometers for crystci.l supports, by 

its use one can conveniently carry out the necessary precise crystal 

alignments with a minimum of difficulty. 

The experimental results on linewidths in nearly perfect copper 

crystals demonstrated the significance of selecting a 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 1.;ere re!J1.arkably good and certainly :indicatr> 

that the Darwin theory is applicable to metal.s as well as semiconductors 

and insulators. Since ~ D' the Debye characteristic temperature for 

cu, is only 315°K, some thermal narrowing might ha.ve occurred even 

during the room temperature measurement and IF r in Eq. (l) should 

.".M 
probably be replaced by F e 
- 0 

Simple estimates show that this effect 

would not be large enough to produce the l"..arrm.ring noted, however, and 

ther!J1.al studies on crystals such as these could pTov:e interesting. 

The Borrmann effect studies surprisi!'!-gly 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 "lvith the Borrmann effect could be 

utilized to obtain gqod Lang topographs under conditions where ~t > 1. 

Summary 

l. A versatile double crystal x-ray spectrometer has been des-

cribed·whicb is capable .of measuring x-ray diffraction line widths to 

tenths of seconds, ~s well as studying Borrmann effects with counters 

or emulsion. 

2. As an adjunct to the Lang camera, it is a valuable tool in the 

investigation of crystal perfection. 

3· Line widths in nearly perfect crystals of ·copper have been 

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

been seen in crystals up to 1.3 mm thick. 

1 
l 
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4. It v1a.s demonstrated that both Borrma.nn effects and narro-w line 

widths iq the angular range of seconds could be observed in copper cry­

stals containing consider~ble numbers of defects. 

5. Borrmann effects -we·re observed even across small angle bound-

aries in nearly perfect copper crystals. 
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TABLE I 

HalfHidths for Copper Crystals Usfng MoKa
1 

1 
.I 

Crystal Crystal Reflection Measured Calculated Calculated 

'I Position 1 Position 2 Halfvidths Half,vid ths x12~ Halfwidths, (3 

(sec) ( Da!"'-Tin) -...... , I 
(sec) (3 = -y y2 + ~2 i 

i 

,.,here l 
Cu(B) Cu(A) Cu(A) Cu(A) Y = 3.6 sec I 

I 

Dislocation Dislocation for Cu (222) 

I density density after Danvin 

...... 4 x 103/cm2 2/ 2 I -2 :x: 10 em i (111) 14.4 13.8 I (222) ·7·9 5 .. 0 
( 333) 5.4 2.6 I 
(444) 4.5 1.8 

I 
( 555) 3·9 1.6 

-



~-------------------
A ~----1 

• 
I 

-
I 

-
! l 
I i 

Si(333) Cu(A) Cu(A) 

Dislocation-free Dislocation 
measured half- density 

'.,ridth = 0. 9 sec 2/ 2 ,.., 2 x 10 em 
(222) 3-0 3.6 

Cu(B) Cu(B) 

Dislocation 
density 

"'4 x 103/cm2 I (222) 3-2 3.6 
I I 

I 
I 

Cu(C) Cu(C) 

Dislocation 
density 

-_ 104/ 2 
.-v_ -- C!J1 

(222) 3·6 5.0 

Cu(D) Cu(D) 

Dislocation 
density 

4 2 
"'3 x 10 /ern 

(222) 5.2 3.6 

. 

• 
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FIGURE CAPI'IONS 

Figu-re 1 A Vertically Rotating Double Crystal X-ray Spectrometer. 

Figure 2 Incident Radiation Slit. 

Figure 3 Reflection Curves for Cu(A) Using MoKa1, Which Shm·T the 

Effects in Increasing Orders of Reflection. Cu(B) was used 

Figure 4 

Figure 5 

Figure 6 

as first crystaL 

(222) Reflection Curves for Cu(A) and Cu(C) U.sing MoKa
1 

Radiation. ·Silicon (333) from a perfect crystal 1.ras used· 

as first crystal. 

Reflection Curves for Cu(A) Using CuKa
1

, Wnich Show the 

Effects in Increasing Orders.of Reflection. Cu(B) was 

used a.s first crystal. 

Rocking Curves. Anomalous transmitted (T) and reflected 

beams (R) for 1. 5 rnrn thick silicon crystal. Crystal face 

(lll)j reflection plane (220). ~ = 1. 54 E. 

Figure ?A 16-h Exposure for Borrrna.nn Effect in 1 rmn Thick Copper 

prystal. Crystal face (111 ), reflecting _plane (ill). 

Upper line ~ anomalous reflected beam (R), middle line -

anomalous transmitted beam (1'), lower line - direct beam 

with crystal removed. IlfDrd L-4 nuclear plate, 100-~ 

emul,si"on. · (._ = 1. 54 Jr. Magnification 3X. 
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Figure 7B Portion of Anomalous Transmitted Beam (T) and Direct Bearr:. 

Shovm in Fig. ?A. Magnification 30X. 

Figure 7C ·r..ang Topograph of 1 mm Tbick Copper CI"'JSta.L Crystal face 

(111), reflection plane (ill). Positive photographs, 168-b 

exposure. Ilford L-4 nuclear plate~ 100-i-l emulsion. Agi<h,, 
.L 

magnification 9X. 

Figure 8 Rocking Curves. Anomalous transmitted (T) and reflected 

beams (R) for 0. 006 in. thi'ck copper crystaL Crystal face 

(110), reflec~ing plane (ill). (\ = l. 54 5?. 

Figure 9 I..a.ng Topograph of 0. 3 mm Thick Copper Crystal. Crystal. face 

(111), reflecting plane (ill). Negative photograph, 24-h 

exposure~ Il:ford L-4 nuclear plate~ 100-fl emulsion, Agi\a
1

, 

. magnification 20X. 

Figure 10 Rocking Curves. Anomalous transmitted (T) and reflect""d (R) 

beams ·for 0. 3 mm thick copper crystal. Crystal face (ill), 

reflecting plane (ill). A= 0. 71 5?. Curves t&K:en from 

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

Figu.re 11 · Rocking Curves. Anomalous t:ransmi tted (T) and ref'lectr-d (R) 

beams for 0.3 mm thick copper crystal (Fig. 9) taken across 

a. small angle boundary. Crystal face (lll L reflec·cing 

plane (lll). "A= 0. 71 5?. 

--~~~-------------- ---~------------
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Figure 12 Rocking Curves. Anomalous tra.nsmi tted '(T) beams of three 

. different portions of 0. 3 mm copper cry.sta 1 (Fig. 9 ), show-

ing result of a. small arigle boundary on Borrmann effect. 

Crystal face (1!-l)J reflecting plane (ill). (\.. = 0. 71 ~. 
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