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X-R,AY TOPOGR,APHIC TECHNIQUES

And,rew Ri,choril Lang

I. Reviow of Topographie Tochniquos

X-ray topography is one of a group of techniques which record point-by-
-point the distribution of certain properties it is desired to measure in a spe-
oimen. Experimental arrangements for diffraction topography are related to
those of absorption topogrephy, and combinod diffraction and. absorption
topographic studies of natural(l) and synthetic(z) diamond, and of amethyst
quartz(a), havo proved informative. Similarly, studios combining X-ra,y
diftaction, birefringence and ultra-violet absorption topographs of the same
specimens havo been performed(a), with the production of more instructive
records than could have been obtainod from tho use of eacb technique sepa-
rately. It !s, howover, with the technique of transmission eloctrqn missoscopy,
which has beon so powerfully developed in tho last decade by llirsch and his
colleagues(0), that X-ray diffraction topography is most closely linked theo-
retically. From the many resemblancos between X-ray topographic and elec-
tron micrographic images, and even moro from the signiflcant d.ifferences
betweon thom, a powerful stimulus to new investigations in diffraction theory
has beon d.erived. Of this work tho many papors of Kato form an eminent
record. On the practical side, the sad fact that all X-ray topographic methods
have to labour without the benefit of magnifi.cation through X-ray lenses
means that even with the greatest caro the magnifications realisable are only
about ono thousandth of those achieved very easily in eloctron microscopy.
Indeed, several fundamental factors conspire to limit the resolution achiovable
in X-ray t'opography to about one micron. It follows that rather different
aspects of lattice defects are studied by transmission olectron microscopy
a1d by X-ray topography, respectively. Some offsot to the disadvantage
of the low resolution of X-ray topography is gained by its ability to examine
the distribution of imperfections wit[in- qui[o large 

-crystals, 
and to make

repetitive strldies of thc same spocimon after it has undergone various treat-
ments. The introduction of the Eigh-voltage electron microscope, operating at
500 kY or more, with which specimens several microns thick oan 5e penetra-
ted, will close the gap betwoen the specimen thickness rangos in whic-h X-ray
and eloctron diffraotion contrast are observable. The fields of application of
both techniquos witl be enlarged theroby.

The discovery that individual clislocations could be detected by X-ray
topography(6-s) (which took plaoe in four laboratories indepondently, and
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with the use of quite different techniques) generated incroased interost in these
methods and led to their application to a_variety of problems concerning
crystal ilnperfections. X-ray- lopograplic techniq}os, and somo of their appli--
cations, havo beon discussed in sevoral roviows(10-ra). Tho basic geometff of
topographic- methods will now be outlined, following generally the claisifi-
cation previously adoptod.(u)

?i,9. 1. X-ray sourco ,$ orystal
Q, *d photographic plate -F.
Geometry of rays forming irna-
go of crvstal surface with
(a) continouous radiation and(b) sharacteristic radiation.

The term 'X-ray topograph' was introduced by Ramachandran (14), whose
transmission specimen technique, reported in 1944, is described below; but
the earlier work of_Berg(r6) can reasonably be regarded as the starting point
of X-ray topography. Bgrg pointed out the difference between fon:nirig an
ir'fage of a crystalsurface by specular reflection of light and by Bragg reflec-tion
of characteristic X-rays. Consider the amangemenis shown-in Figure l. Re-
flection is to be obtained from planes para,llel to the surface of the crystal C.
IfrS is a point source of light (Fig. l(;)), and the crystal surface reflects spe-
c-ularly, then all rays between the limiting rays I and 2 can be reflectndat
the crystal surface and they form an image on the film 7. If, on the other hand,
g,p_ im_ age of "!! of the face of C is to be obtained by characteristic X-rays
(la"u!y includir-r_g-a sin-gle wavelength o4y) which- are Bragg-reflected 6y
the 

-planes parallel to t[e surface ;f C, then? in order to satiJfy the Bragg
condition simultaneously with all rays impinging upon C, tho iircident rali
(such as l, 2 and 3 in Fig. 1(b)) must all mako the same angle with C. Thus th6y
must either como from different points of an extended source (this was the
airangement used by Berg), or they must come from a small source so far
a,w^ay that the angle botween l, 2 and 3 does not exceed the angular range of
reflection by the crystal C.

Another alternative is that 1,2 and 3 aro rendered parallel by prior
Bragg-reflection at the surfaco of a large perfect crystal;this givoJ tho
strictest control over the range of divergence of 1,2- and 3. If, on the
other hand, 'an image of C is to be recorded with continuous X-radiation then
the conditions imposed on angular rango of incidenco aro completoly rela-
xed ald the geometry of rays is again-as shown in X'ig t(a).lA convenient
!?ti! for classifying topographic techniques is the nature of tho incident ra-
dia-tion used, whether continuous, or characteristic with varying degrees of
collimation. The nature of the incident radiation, and also the iatio of distanco
from source to specimen (a) to that from specimen to photographic plate (b),
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dotermine the form the record of various t;4pes of lattice imperfection takes on
the topograph. Now the essential quantities that topogra,phs can record are
point-by-point differences in locallattice ori,entati,ott,and locallattice perfection.
The latter may bo indicated sensitively by recording point-by-point the values
of the intograted reflecting power of the crystal, the experimental conditions
being chosen so that the var-iation of integrated reflection with degree of per-
fection is large. (In the caso of transmission specimens high sensitivity is
obtained when the absorption is either quite low, p,t 5l l, or quite high, pt7
f 0). The different responses of various topographic arrangements to certain

Ung. 2, (a) Crystal surface (C)
with imperfect region (A) and

misorientod region (B),
(b) continuous radiation topograph

with b very small,
(c) continuous radi€,tion topograph

with b incroased,
(d) characteristic radiation topo-

Seph, main reflection,
(e) cha,racteristic radiation topo-

Seph, only B reflecting.

lattice imperfections cadr be illustrated by the idealised example shown in
n'igure 2. The surface of the crystal C (I'ig. 2(a)) is supposed to havq an area A
which is more imporfect than the surrounding crystal but which has no gross
misorientation with respect to its surrounds, and an are& B which has a de-
finite misorientation with respect to its surrounds but within which the lattice
is as perfect as that surrounding it. In practice, A might represent a region
where there was a relatively high density of randomly distributed dislocations
or it could be a region of localised radiation damage by a beam of X-rays or
energetic particles. Area B might be a sub-grain slightly misoriented from the
rest of the crystal. \then continuous radiation is used, with the geometry
of Fig. l(a), tho image of C would appoar as in X'ig. 2(b) when the plate -F
ig quite close to the crystal C, i. o. with 6 ( o. The imperfection in .4 would
show up by increased diffracted intensity, but the slighl misorientation of B
would not be obvious. If the distanco b is increased then the displacement of
tle image of B will be visible and measutable, and the topograph will look
like Fig 2(c). \&hen characteristic radiation is used, and the degreo of collim-
ation is such that the incident, beam has a divorgence greater than that of
tho angular rango of reflection by a perfect orys[al but Tess than the mis-
orientation of B with respect to the rest of the crystal then the topograph will
appeal as in Fig. 2(d): area A will produco greater blackening on the plate,
as it does in Fig. 2(b), but the image of B will be absent. Beflection from B
cau bo obtained by appropriato chango of the angular setting of C, and an

ip"gg such as X'ig. 2(eJ wif then be reiorded. Aparl from somo loss of resolu-
tron due_ to geomotrical factors and from the angular spread of diffracted. rays
due- to the angular rango of refloction and wavelength spread in the characte'
riptic radiation, tho form of the images (d) and 1e1 will not change as tho spe-
cimen-to-plate distance b is increaseal., in contrast'to the situation with conti-
louous_ radiatio! (X'ig. 2(b) and 2(c)). If the misoriented rogion B is sharply
bounded then the diiection and magnitude of its misorientatfun with respect tb
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the rest of tho crystal may be measured from the shift of its image when b is
increased, in the continuous-rad.iation technique. When charactoristic ra-
diation is used, and a succession of topographs is taken at various angular
settings covering a range sufficient to bring B into tho reflecting position, tho
component of its misorientation about the normal to the plano of incident
and diffractod rays may bo measured.. Several specimen origntations or Bragg
reflections must be used to find tho total misorientation of B, but the precision
obtainable is high. Even with the incident beam collimated only by slits,
misorientations may be measured to about I second of arc. With crystal-
-roflected radiation, in the double-crystalspectrometer arrangoment, misorient
ations of l/10 second of arc can be measured. In practice, local variations of
reflecting power aro invariably associated with local tilts of the_crystal lattico
and interpretation of the images obtained by the simplo techniques using
continuous radiation is often difficult. For directness of interpretation, and
forhigh resolution, it is preferablo to use the techniques employing characte-
ristic radiation.

A second division of topographic techniques is into those in which the dif-
fracted rays are reflocted from the specimen surface and thoso in which t'hey a,re

transmitt6d through it. It is certainly arguable that it is in the transmission
techniques that tlie potentialities of X-ray toppgraphy aro best fealised, for
they t[en provide a-nondestructivo method fgr studying the imperfections
within the interior of crystals, in regions sufficigntly far from crystal surfaces
s6 that the imperfectiori distribution tr,rly repiesents conditions in the bulk
material. This-distribution may be unobservalble by any other technique:
with X-rays, on the other hand, its three-dimensional configuration may be
easily recorded. In transmission techniques it is usually necessar-y to impose^

slits 
-between the specimen and. tho plate in order to prevent the image of

directly transmitted X-rays overlapping that of the dift'racted rays. When
characteristic radiation is used, both with reflection and transmission spe-

(a) Continuous radiation, stationary rofloetion specimon

This is the simplest of all techniques, but as developed by Schu1z $8) it'
produced topographs of high quality-and resolutiol. The geometry is that of
Fig. t1a1. Schulz used a microfocus-X-ray tube with a focus whoso projected
size was about 3 microns by 30 microns. lVith this small focus good topographic
resolution is obtained without having to placethe plate very close to the spe-
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cimens, it, is strongly desirable to register only the images produced by the,Kal-
component of the-Ka doublet. This demands collimation of the incident beam
to an angular divergence of not more than about I to 2 minutes of arc. This
collimation is usually achieved by use of a fine-focus X-ray tub.o and a narrow
incident-beam-d.efining slit placed" close to the specimen, It follows then that
some means must be used fdr scanning the specimen with the collimated beam:some means must be used fdr scanning the specimen with the collimated bq?,m: i
this need led to the development ofthe froving-specimon techniques. Tlus I
a further division of topographic techniques may be made between thos3 tnat- f
have the specimen stadioiari and those-in which it, moves. A brief outline of I

the variouJ techniques will n6w be given. For oxperimental details the- original ,
papers should be c6nsulbed. The classification shown in Table I will be followed. ;
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cimen. If an almost undistorted imago of the crystal surface is required then
the plate should bo kopt parallel to the crystal surfa,ce, a,s shown in Fig. l;
but if tho X-rays pass through the emulsion obliquely, resolution will be
lost unless tho emulsion is very t'hin. The continuous radiation methods
(a) and (b) wilt generally produce several images simultaneously, sinco re-
flection from various Bragg planes will occur, as in a Laue photograph. This
feature can be used to advantage in the analysis of misorientations.

(h) Continuous raaliation, stationary transmission speeimon

The goometry of this early topographic techniquo was thoroughly investi-
gated by Ramachandran (14). ft is the transmission-specimen analogue of the
reflection-specimen arrangement shown in Fig. l(a). Ramachandran used the
method for the study of polished plates of diamonds up to I cm2 in aroa.
Diamond is an ominently suitable specimen for study by transmission techni-
ques sinco its X-ray absorption is very low. Ramachandran used. reflecting
P,langs,nearly normal to tho plate surface and he set the plate inclination to
the diffracted beam so as to produce an undistorted image of the plato. Ra-
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machandran's experiments were performed. with the ratio between distance i
source-to-specimen and distance specimen-to-plate (i. e. ratio alb) eriaal to li. i

Ilenco his.arrangement had the characteristics of X'ig. 2(b) and'his topog"*ph. i

wero sensitive to variations in reflecting power bit not to misroriLnf,utioo. 
,

(c) Slit.eollimateil eharaeteristic railiation,
stationary rofleetion specimon
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The topograpllproduced by Barre6tr(12) ysre a-great advance upon the i
oarly attemptq of Berg and they set the standard for fiituro work with r6flection
sp-ecimens. The arranggmelot is thatrcf fiq. ](!). Ifsers of this technique gene- .

Trl]y chooso values of a botween 20 and foo cm. Banett, and N"*fifutrq I
following him, use{.fine-grain photographic emulsions ;d ;il; .p*irr Iefforts to reduco b. The latter condition is best satisfied by using brrgg ,": I
flections in which the diftacted beam leav_esthe crystal rr"*rt! perp8ndicrffidy
This .re_quires large diftaction anglos, and the sofLr 

"rairti[,rr"r-;;;[-"u coKa
and crKa aro favoured for uso in [he Berg-Barrett technique.

(d) Slit-collimatsil eharacteristic railiation,
stationary transmission speeimon

This is the method of 'section topographs' which was developed for observ-
pS imperfections in the interior of -tig[tty absorbing crystais (1e) and also
for studying ttre geometly of simultaneois r6flectiongtzoi 16" ay be und,erstood
by reference to n'ig. 3, disregarding the double-headed arrow 6n this arawi"g.

Fig. 3. Geometry of ,section
topograph' and. ,projoction topo-

graph' tochniquos

Prrgg reflection oc^curs at lattice-planes which are normal, or nearly normal, to?r-frtg r.orrourlolr occurs a,o ratDlce-pranes wnrc.t] are normal, or nearly normal, to
j}g crrslal plate c. a_nalTow riLbon incidenr X-r_ay beam AB iuts rhrCIigh
tho crystal as shown. fn the arrangement currentty in use this beam comes
from an X-ray sonrce about 100 milrons wide disti,nt about 45 cm from tho
specimen, and it,is. defin"d.lX a s]it (not drawn) pfaced close to the specimen.
The slit has a minimum width of l2'microns, anh this width aun""r'tnuJr"-
cision with which the position of an interior defect such as I can be located.
The diffracted beam leaviry the crystal falls on the photogra
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width of the section topograph A'B' and the thiokness of the crystal has been
given(rs). If the absorption is low, i. ,. @ not greater than a few units, the
imperfection I will form a localised spot I' of extra blackening on .F. The
scr-een,S, which intercepts the beam leaving tho crystal in the direction parallel
to the incident beam, is necessary when diffraction anglos are small.

(e) Stit-collimated characteristic railiation,
moving retlection specimon

Several tochniques have been invented for obtaining Bragg reflections
from an extended crystal surfa.ce without, using an extended X-ray source.
fn the scheme devised by N. Wooster and W. A. Wooster(zr) ffus crystal surface
is bathed in radiation d.iverging from a small source. Tho crystal and the fflm
are fixod relative to each other and aro together rookodthrougha sufficiont
angular rango to allow all points on the crystal surface to roflect. This simulates
the conditions of a continuous-radiation topograph and the method is not
sensitive to small changes in lattice orientation.
. A difrerent arrangement, capablo of high angularresolution,wasdescribed

by Merlini and Guinier(zz). The film is mounted parallel to the specimen surface.
Film and specimen are translatod together in a direction perpend-icular to
& narrow incident beam so that tho whole surface of a large specimen is scan-
ned by tho beam. The geometry is similar to that of X'ig. 1(b) where now tho
rays l, 2 and 3 represent successive positions in time of the narrow incident
beam.

Another teohnique has beon used by Lang(zs). This is designed. to allow
diffiacted rays to fall perpendicularly on the photographic plate, so that a thick
omulsion can be used without loss of resolution. At the same time it gives an
rrnd.istortod image of the crystal surface. Tho goometry is shown in Eig.  .

A woll-collimated incident beam is used and the plate .E is stationary. Tho
c,rystal is translated back and forth during tho exposure in the direction of tho
double arrow. The direction of translation is that calculated. to give an image
width A"B"aqaal to the width of tho crystal face AB.In the flgure, the edge B
of the crystal is Bragg-reflecting to B'-. When the crystal is translated to tho
position A' B' ,the other edge of the crystal reflects, along A' Ao .In this method b
cannot be made very small. Henco a largo valuo of- a and,lor a, very small
X-ray foous must be used to give good topographio rosolution.

.81

__(.:::])i

6 Sbornlk Aota goologica et geographica



(f) Slit-collimateil characteristic railiation,
moving transmission specimen

This is the methqa g{ t!e-'projection topograph'(za). The geometry is the
samo as that shown in tr'ig. 3 but now the specimen andsamo as that show1 1n .U_ig. g pqt now the-specimen and photographic plate are
together translated back and forth in the direction of* the doribte arrow soso

will not
to (f). O.
rons fror

Authit
with bol
botween
only a s
crystals.
with inci
waYes w
producec
Up to no
but it cr

slightly r

)

Kohra
from a pr
in place
beam as:
-parallel
each casr
graphs cc
mg spec
of produ,
may havr

As indi
parallel u
beams fo
has been
mination

pe r^egar$ed as a stuerimpo-sition of many section topographs, and it rs a pro- 
,jeplio1along_the diffracted-beam directio:ir of the volume of-crystal scannedlnd .o{it imperfection content. This projection does not show directly the depth i

that an imSSe of a large volume of crystal is produced on ?. This image can
be regarded as a

within the specimen of a particular imperfection, but this information caribe l

recovered by taking-stereo-pairs of projectiorr topographs. The slit defining the
incident boam can be made muoh-wider than ltre t-Z micron width usil in
taking sgotio-n to-pograph..-Eq projection topographs it is only necessary
that the incident beam be sufficiently-well collimateaio allow refldction of the
K a, component alone to tako place.

(g) Crystal-rotlecteil charaeteristic railiation,
stationary roflection spoeimen

The double crystal spectrometer arrangement provides a most sensitive
leqhniqrle foy geiyrqglaltice misorient#ions. trn'the te.n"iq""r developed.
independently by tsond and Andms(z5) and by Bonse and Kappler(s) the lis-
persionless 'parallel' double crystal spectrometer arrangement is used, as
shown in Fig. 5. An extended X-ray source ,S is emploSred, and. characteristic

radiation from it is reflected by the first crystal M.By using an asJrmmetric re-
flection as shown, the beam impinging upon C - y be made wider than the
boanr -leaying ,S.'Consequentlyi thire-is*no need io trandate the specimen
crystal unless a relatively small source B is used and the area of C to be surveyed f.

is large. Thefrst crystal 14 is assumed to be perfect. Then a series of topographs I
taken with the angular setting of C changedin small steps between eJchexpo- [
sure allows difforently oriented parts of. C bo be brought in turn into the orien- |

Pi,g. 5. Double-crystal spectro-
meter topographic technique.

tation for peak Bragg reflection and thus to produce maximum blackening on
the plate 4.Bv rotating C through I80' about the Bragg-plane normal end
repeating the series of topographs it is possible to separate the effeots of miso-
rientation from those due to changes in interplanai spacing. Since the beam
leaving the perfect crystal 14 possesses only the divergence corresponding to
the angula,r. range of reflection bf a perfect crystal it will not permi[ imperfect
regions in Cto givo their complete integrated refleotion when d is set at a fixed
angle. Thus imperfections such as dislocations outcropping at the surfaoa of C
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will not produce the strong extra blackening that they do in the methods (a)

to (fl. On tne other hand, the small lattice tilts at distances of up to 100 mic-
rons'from the dislocation core can be detected and measured by this technique.

(h) Crystal-reflecteil charactsristie railiation,
stationary transroission spocimon

Authier(26) used a,'parallel' double-crystal spectrometer arrangement
with both crystals sot for s;rmmotrical transmission. A narrow slit placed
Uut*"u" the two crystals selebted rays whose angular range corresponded to
onlv a small fraction of the full angular range of Bragg reflection by the

""v".t 
1". In this way he produced 'section topographs' of the second crystal

wilh incident waves which were effectively plane wa,yes instead of the spherical
waves which are obtained with slit collimation only. The patterns Authior
produced by this ingenious technique are of considerablo theoretical interest.
tlp to now only perfect silicon crystals have been stud.ied by this technique,
Urit it could be used for studying the trajectories of Bragg-reflectod rays in
slightly distorted crYstals.

EiS. 6. Arrangemonts using- 
anomalous trarrsmission.

Kohra str a,l\zt) used the wide, parallel beam produced by Bragg refleotion
from a perfect cryttal as a, source of X-rays for taking projection-topo_graphs,
in placo of traversing the specimen with respect,to a, narrow slit-collimated
beam as in the usuallochnique(24). They employed both the parallel and anti-
-parallel settings for monochromator and specimen cry^st_al and. reported -in
each caso an improvement, in resolution and contrast of t!," projection topo-
graphs compar.ed with those obtained with the usual slit-collimation and mov-
ing- specimen. This method suggests interesting possibilities in the _way
of=pro-ducing projection topographs with truly plane incident waves which
may havo useful applicatiops in tho study of certain lattice defects.

(i) and (i) Crystal-rofloctetl characteristic railiation,
moving spocimon, refleetion or transmission

As ind.icated abovo, speoimen movement is generally redundant when wide,
parallel uniform boams of crystal-reflectod radiLtion can be used as the incident
beams for producing reflec[ion or transmission topographs. The method__(i)
has been uJed experlmentally (Lang, unpublished) to-enJure the uniform illu-
mination of a large specimen-when neither the X-ray source nor the monochro-
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