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Some aspects of the dislocation contrast observed at third-generation synchrotron radiation set-ups 
are presented. They can be explained by taking into account angular deviation effects on the beam 
propagation, which are visible because of the 'almost plane-wave' character of these sources. In 
particular, we show how the evolution of the direct image width of a dislocation as a function of 
the sample-to-film distance can allow a complete determination of the Burgers vector, i.e. in sign 
and modulus. In addition, experimental results obtained in monochromatic beam topography are 
compared with simulated images calculated assuming plane-wave illumination and are demonstrated 
to show a satisfactory agreement. The utility of the weak-beam technique in enhancing the spatial 
resolution is demonstrated and a criterion for the selection of experimental conditions depending 
upon the required spatial resolution, signal-to-noise ratio and exposure time is presented. 

Keywords: topography; dislocations; direct images; simulations; X-ray coherence; image 
contrast. 

1. Introduction 

Synchrotron radiation diffraction topography is a well 
established imaging technique for the investigation of 
defects and long-range deformations in single crystals. 
Third-generation synchrotron radiation facilities like the 
ESRF create new experimental possibilities which are 
related to the high energy and the low emittance of the 
electron beam. In the case of the ESRF machine, the 
6 GeV electron beam produces high-energy and high-flux 
X-ray beams (typically exploitable up to 120 keV at the D5 
beam line). Thus, diffraction topographic investigations of 
heavy and/or bulky samples in transmission and real-time 
experiments at the 0.01 s time scale are feasible. The low 
emittance (_~ 10-1° m rad in the vertical plane) implies that 
the source size is relatively small (100-200~tm FWHM). 
Since the experimental station is relatively distant from the 
source (minimum 32m), the 'geometrical' resolution of 
topographs, dS/D [S being the source size, D the source- 
to-sample distance and d the sample-to-detector (often 
film) distance], is greatly improved compared with the 
topographic stations at older synchrotrons. Physically, 
this means that in white-beam topography the radiation 
incident on the sample may be considered as a quasi 
plane (polychromatic) wave. Practically, the enhanced 
geometrical resolution allows observation of details in 
the topographs with an acceptable resolution (less than 
101am) at distances as great as 1 m from the sample. 
The characteristics of the ESRF source, particularly its 
coherence, mean that the usual assumptions made for 
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contrast interpretation in diffraction topography may no 
longer be valid. 

Thus, the interaction of the incident beam with the 
crystal, and the propagation of the diffracted beam out- 
side the crystal should be considered when analyzing the 
mechanisms of contrast formation. 

In most of the published contrast-mechanism models 
the source is assumed to give an incoherent illumination 
of the sample and, in general, the propagation of the 
diffracted wave field from the crystal to the detector is 
neglected. In the case of an incident beam which is .either 
polychromatic (white-beam topography), or monochromatic 
but divergent (Lang topography), the contrast is explained 
taking into account only diffraction processes inside the 
crystal. The diffracted intensity, which is an integrated 
intensity (image), is then considered to be the superposition 
of intensities produced by incoherent point sources at the 
entrance surface of the crystal (Carvalho & Epelboin, 1990). 
The propagation of the diffracted beam is neglected in 
the previous topographic set-ups because the image is 
recorded very close to the sample (1-2 cm in the laboratory 
techniques, about 10 cm on the previous synchrotron radi- 
ation topographic set-ups). This small sample-to-detector 
distance is necessary because of the rapid degradation of 
the spatial resolution when the film is moved away from 
the sample, this fact being associated with the relatively 
bigger source sizes and smaller source-to-sample distances. 
Whilst the ESRF topography configuration means that 
there may be no significant geometrical degradation of the 
image resolution, the evolution of the wavefields during 
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propagation to the detector may no longer be negligible. 
Effects due to the coherence of the incident beam are 
mainly visible at discontinuities in the refractive index 
(Cloetens, Barrett, Baruchel, Guigay & Schlenker, 1996). 
Since a dislocation displays a smooth variation of distortion 
at a scale of the order of the transverse coherence length 
of usual sources, the assumption of the incoherent point 
sources is justified. This explains the similarity between the 
synchrotron radiation topographs and laboratory traverse 
topographs in most of the cases. In the case of ESRF 
sources, where the transverse coherence length of the 
incident illumination is often much greater, this assumption 
may no longer be valid (Carvalho & Epelboin, 1990). 

Tanner and co-workers have demonstrated in pioneering 
work that when using a synchrotron radiation source where 
the geometrical criterion is not resolution limiting, the 
direct image width of an edge dislocation may be observed 
to change with variations of the sample-to-film distance 
(Tanner, Midgley & Safa, 1977). This was explained as 
being due to the change of the beam divergence induced 
by the defect through orientation contrast. They concluded 
that the image width of an edge dislocation is sensitive 
to the sign of the Burgers vector. Unfortunately, problems 
with the beam stability prevented Tanner and co-workers 
from studying these effects in more detail, and the reported 
observations remained unique until the ESRF machine 
was ready. Therefore, in our experiments, we turned our 
attention towards the direct image of dislocations, and 
looked for contrast changes in shape and width as a function 
of the sample-to-film distance. 

In addition, the plane-wave property has been used to 
compare simulated images of dislocations with experi- 
mental results obtained in monochromatic radiation as a 
function of the Bragg-angle offset of the sample. This is 
interesting from both a theoretical and a practical point 
of view, since the spatial resolution of defects in images 
can be greatly enhanced by using high angular offsets 
(weak-beam topography), but far from the peak of the 
rocking curve the diffracted photon flux is greatly reduced 
and hence one has a lower signal-to-noise ratio. Before 
describing the experimental procedures and presenting the 
results, we briefly recall the generally accepted models for 
the dislocation contrast in diffraction topography. 

2. Description of dislocation contrast: width of 
the direct image 

Contrast is considered to derive from the interaction 
between the incident and scattered beams and the deformed 
region associated with the defect. The scattering process 
may produce: 

(i) A direct image (also called kinematical image), when 
the misoriented region can diffract other components in 
A or 0 of the white or divergent monochromatic incident 
beam with respect to those diffracted by the perfect matrix, 
and results in added intensity compared with the beam 
diffracted by the perfect matrix (Authier, 1967). Direct 

images thus give increased intensity (black with the usual 
printing conventions). 

(ii) A dynamical image, which is associated with the 
screening effect that the defect induces in the propagation 
of the wave fields inside the Borrmann triangle, and to the 
creation of new wave fields in the highly deformed regions 
around the defect (Authier, 1967). Dynamical images give a 
decreased intensity (white) usually accompanied by a com- 
plex interference pattern which fills most of the Borrmann 
triangle. Let us note that these also include the intermediary 
images in Authier's notation. 

Direct images provide a tool for studying the properties 
of the incident beam, since they originate directly from 
the defect without further dynamical propagation in the 
perfect matrix, which could complicate the interpretation. 
Any contrast change related to the coherent properties of 
the incident beam or to the sample-to-film distance, d, will 
modify the width of the direct image, V. This width is 
related to the distorted region around the dislocation core 
which is misoriented by +x,~h, where -:h is the intrinsic 
reflection width and x is a parameter which has been 
measured to be between 0.5 and 2 for silicon (Miltat & 
Bowen, 1975), and which is considered as a small 'mosaic' 
crystal embedded in the perfect matrix (Authier, 1967). The 
order of magnitude for the image width of dislocations is 

V, ~_ (&,lTrxa~h)Ih.bl (1) 

for a pure screw dislocation, h being the diffraction vector, 
b the Burgers vector and dh the spacing of the correspond- 
ing Bragg planes, and 

Ve ~ 1.75V~ (2) 

for a pure edge dislocation (Lang, 1978). Both V~ and Ve 
are calculated normal to the dislocation line. In materials 
such as silicon or germanium, typical image widths are ca 
10 l.tm or less for the low-order reflections at wavelengths 
of 1/~. There are situations where the two misorientation 
contours +X~h are clearly separated, as sketched for the 
edge dislocation in Fig. l(a). In this case, if the geometrical 
criteria are not resolution-limiting a double contrast may 
be observed (Fig. l b) (Klapper, 1991; Authier & Petroff, 
1964). The distance between the two maxima, L0, calculated 
perpendicularly to the diffracted beam along the trace of the 
incidence plane, is (Authier, 1967) 

(1)(1) 
x {b.,.cos/3cos(c~ + O~)cos(o~ + 2OB)+ [besin/3 

 cos/o + 0B/cos/o + } 
x 2(1 - u) 

(3) 

where 0B is the Bragg angle, a is the asymmetry angle, fl 
is the angle between the direction of the dislocation and 
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the incidence plane, b,, and bs are the edge and the screw 
components of the Burgers vector, and v is the Poisson 
ratio. The double-contrast condition therefore offers the 
prospect of a direct determination of the Burgers vector 
modulus. 

Since we are considering only scattering processes inside 
the crystal, the quantities Vs, Ve and L0 are calculated at 
the exit surface of the crystal, so that we refer to them as 
belonging to the in tr ins ic  image  w id th  of the dislocation. 

3. Experimental techniques 

The experiments were performed at the D5 'Optics' beam- 
line at the ESRF. The size of the D5 bending magnet 
source is ca 0.4 mm FWHM horizontally and ca 0.3 mm 
FWHM vertically. The beamline has two experimental 
stations, the first located at ca 30 m and the second at 
ca 60 m from the source point. In such conditions we can 
expect a geometrical resolution of close to 1 ~tm or less 
if d = 10 cm. Retaining a good spatial resolution far from 
the sample is important since it simplifies the geometrical 
constraints for the sample environment (cryostats, fumaces, 
magnets etc.). The sample was a 0.325 mm thick Ge ( i l 0 )  
crystal, with a low dislocation density. Since a high energy 
(> 50 keV) is required to achieve the direct image condition 
(#t < 1) for this sample, low 28B values are obtained 
for the studied reflections (less than 10°), thus allowing 
the films to be placed normal to the direct beam without 
significantly affecting the image width through projection 
effects. The use of high energies also drastically reduces 
the harmonic contamination due to the extended spec- 
trum of the synchrotron radiation beam. The topographs 
were recorded on Kodak Industrex synchrotron radiation 
films (grain size 1-2 lxm). Images were digitized from the 
films using a CCD camera (with linear intensity response) 
coupled to a microscope and the dislocation image width 
analysed using an image-analysis program. The widths were 
obtained from the half widths of the 'grey level' profiles 
measured perpendicularly to the dislocation line. In order to 
reduce the noise, the measurements were made on intensity 
profiles generated from projections of segments of the 
dislocation image parallel to the line vector. In the case of 
double contrast, the profiles were fitted with two Gaussian 
functions in order to determine the separation between the 
lobes. Great care was taken to keep the mean intensity level 
of the topograph constant, since the image width depends 
a little on the degree of film saturation. We estimate the 
overall error in the measured widths due to the recording 
and analysis methods to be ca 10%. The stability of the set- 
up was not a crucial point, since the exposure times were 
ca 0.5 s. The experimental results on the direct images are 
presented in §4. 

Another series of experiments have been performed 
using monochromatic radiation on the same sample using 
a silicon monochromator in transmission geometry in an 
almost non-dispersive mode. Since silicon has intrinsic 
diffraction widths smaller than those of germanium for 
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(a) 

Figure 1 
Explanation of the double contrast in direct images of dislocations. 
(a) The equal misorientation contours around an edge dislocation 
with b parallel to the surface, b, n and Sh indicate the directions 
of the Burgers vector, of the normal to the entrance surface and of 
the diffracted beam, respectively. (b) The qualitative distribution 
of the diffracted intensity. 
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Reflection I I l 

• - 1 , , ,  i - ' '  i ' ' ' 1  ' '  " l  ' ' ' 1 ' ' "  I ' '  ' i ' ' ' l ' ' ' i ' '  

Pure screw 

• *e-- 60 ° 

32 m 

. . j . . ,  i , , , i , , , J , . , l . , .  I . , , I . , . I , l , J . . . I , ,  

0 l0 20 30 40 50 60 70 80 90 100 l l 0  

Sample-to-film distance (cm) 

Reflection 220 

. - . . i , ' ' 1 ' ' ' 1 '  , . i , , .  i , , ,  i , , , 1 ' ' ' 1 - ' ' 1 ' ' ' 1 ' ' ' .  

--0-- 60 ° 

32m 

"°°~ 0"°° o . . . 0 - - -  --c) - "  . - -  . . . .  - - -  60m 

0 l0 20 30 40 50 60 70 80 90 100 l l0 

Sample-to-film distance (cm) 

Image width of the dominant screw dislocations of Figs. 4(a) and 
4(b) for the 111 and 220 reflections for both the orientations (see 
text). For reflection characteristics see Table 1. 
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the same reflection, the monochromatic beam behaves 
almost as a plane wave. Topographs were recorded on 
several points of the rocking curve of the Ge sample. 
The interpretation of the images has been carried out 
with the help of a simulation program written by one 
of us (YE) which considers the incident beam to be 
a monochromatic plane wave. A discussion about the 
experimental and simulated topographs is reported in §5. 

4. Experimental results on direct images 
4.1. Image width 

Two series of white-beam topographs were recorded at 
two sample-to-source distances (32 and 60 m) as a function 
of the sample-to-film distance, d. The sample was set to 
diffract at almost the same Bragg angle in both cases, but 
rotated by 180* around the vertical axis in the second series, 
i.e. exchanging the entrance and exit surfaces. We refer 
to the first series (at 32 m) as topographs taken in the 'H 
orientation', the second (at 60 m) as in the 'O orientation'. 
We could record images with an acceptable resolution up to 
1 m from the sample. The perfect dislocations studied had 
Burgers vector 1/2(110). Their straight segments typically 
lie along directions 110) at 0 or 60 ° to the Burgers vector 
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90  . . , . . . ,  . . , . . . , . . . , . . . , . . . , . . . , . . . ~ . . . ~ . . .  "t 

80 - - I - - -  Pure edge 
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Figure 3 
Image width of the dominant edge dislocations of Fig. 4(c) for 
the 220 and l i t  reflections for both the orientations (see text). 
For reflection properties see Table 1. 

owing to a low core energy for these orientations (Hull 
& Bacon, 1984). More rarely, pure edge dislocations were 
observed. 

For all the dislocations studied the only contrast change 
observed with increasing d was an evolution of the image 
width, but the behaviour depends strongly on the type of 
dislocation, on the directions of the Burgers vector, b, and 
the dislocation line, 1, with respect to the detector plane. 
Figs. 2 and 3 show the experimental image widths v e r s u s  d 

for the pure screw, 60 ° and pure edge dislocations shown 
in Fig. 4 (for the vectors b and 1 see Table 1). 

For a pure screw dislocation the image width increases 
linearly with d, more rapidly at 32 m than at 60 m and 
independently of the reflections studied. This difference 
therefore arises only from the different source-to-sample 
distances and not from the deformation around the dis- 
location core, and implies that it is a direct effect of 
the angular size of the source, .Q,. This is not surprising 
since the helicoidal deformation associated with a screw 
dislocation along the line 1 does not significantly affect the 
divergence perpendicular to 1. 

More surprising is the similarity in the behaviour 
between the 60 ° and the screw dislocations, since the 
edge component may, in principle, perturb the incoming 
beam divergence. We believe that this unchanged behaviour 
is connected with the magnitude of the projection of the 
edge component perpendicular to the dislocation line in the 
detector plane, b±,  which is negligible in this case. This 
means that the strain field of the 60 ° dislocation, as seen by 
the beam, closely resembles that of the pure screw (Fig. 5). 

b± is not negligible for the pure edge dislocation, which 
shows a completely different behaviour. Now the general 
trend depends mainly on the crystal orientation (O or H) 
and on the reflection rather than on the source-to-sample 
distance. We explain such behaviour as a change of the 
beam divergence produced by the projection b.a_ in the same 
way as proposed by Tanner et  al.  (1977). This change may 
result in a higher or lower slope of the fits if this component 
adds or subtracts divergence to the beam. 

The best fit of most of the experimental data is obtained 
using a linear fit V + D~d (where V is the intrinsic image 
width, i.e. the width at the exit surface of the crystal). 
This may be due to the fact that the dislocation is not a 
'Gaussian" object. 

The slope of the linear fit in the case of a pure screw 
dislocation may be used to estimate the source size. In our 
case, taking .f2, _~ 10 !arad at 60 m we calculate a horizontal 
source size of ca  0.6 mm since the dislocation studied had 
their line vector oriented approximately perpendicular to 
the orbital plane, a value which is in reasonable agreement 
with previous measurements (0.4 mm FWHM). 

Comparison of the extrapolated values of V with those 
calculated from equations (1) and (2) (see Table 1) gives 
a fairly good agreement with the theoretical image width 
when the value of x is between 0.5 and 1.5, i. e. we obtain 
the predicted values apart from a simple broadening term 
due to the angular size of the source. This remains true 
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Table 1 
Calculated [from equations (1) and (2) for x = 1] v e r s u s  experimental values at d = 0 for the image width for the examined dislocations. 

Dislocation I b Reflection Orientation V,.,. (Hm) Ve~p Ham) 

Pure screw 10111 1/2101 I] 
111 O 9 7.5 

A _~ 0.23 ,~ 
111 I-I 9 9.5 

A ~ 0.24 .~ 

60 ° [1011 1/2[0111 
!11 O 9* 8 

A ~_ 0.23 .~ 
111 H 9* 8.5 

A ~ 0.24 .-~ 
220 O 10" 14 

A ~_ 0.17 .~ 
220 FI 9* 18.5 

A _~ 0.18 .~ 

Pure edge [011 ] 1/2[01 ] ] 
220 O 17 26.5 

A ~ 0.17 .~ 
220 H 16 21 

A _~ 0.i8 .~ 
i l i  O 16 17 

A ~ 0.23.4 
11] H 15 19] 

A _~ 0.24.4 

* Value for the screw ease. t Value obtained by fitting results with quadratic function. 

even  for the pure  edge  d is loca t ion ,  for  w h i c h  the i m a g e  

wid th  of ten does  not  increase  l inear ly  for  reasons  w h i c h  are 

d i scussed  in §4.3. In this case  the va lues  at zero d i s tance  are 

more  diff icult  to d e t e r m i n e  due  to the qual i ty  o f  the fitting 

p rocedure .  H o w e v e r ,  it is f ound  that  the m e a s u r e d  wid ths  in 

the two or ien ta t ions  s e e m  to c o n v e r g e  to a c o m m o n  va lue  

(see Table  1). Aga in ,  the ex t rapo la ted  va lues  at d = 0 are 

in fair a g r e e m e n t  wi th  the theore t ica l  ones.  

"" :11. *'1! 

(a) 
(b) 

(c) 

h ---.. . .  

H 200 p.m 

Figure 4 
Topographs of the investigated dislocation: (a) pure screw dislocation; (b) the 60 ° dislocation; (c) dominant edge dislocation. The 
reflections are: 111 for (a) and (b), and 11 i for (c) (see Table 1 for characteristics of the reflections). 
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4.2. The focus ing/defocus ing e f fec t  

In the case where b± is maximized (b± ~ b), the 
contrast change when changing from the O to the 1/ 
orientation can be rather spectacular. Figs. 6(a) and 6(b) 
show what we call the 'focusing/defocusing' effect in 
the image of the dislocation marked by the arrow in the 
220 topographs recorded at 50 cm from the sample. The 
dislocation of Burgers vector 1/2[ll0] is composed of 
three segments A, B and C, running roughly parallel to 
the directions [ l l l ] ,  [ l l0]  and [ l l i ] ,  respectively. The 
contrast of segments A and C changes from double to single 
type and vice versa when changing from orientation O to 
orientation II, whereas the contrast of segment B remains 
unchanged. This effect can be explained by noting that the 
be component changes sign with respect to the dislocation 
line between A and C, and is zero along segment B (Fig. 
6c). This sensitivity to the sign of the edge component of 
the Burgers vector is such that when the sign is positive 
the separation of the lobes is visible through orientation 
contrast, and when the sign is negative the deformation 
'focuses' the beam and single contrast is observed (Fig. 7), 
the contrast remaining unchanged for segment B because of 
its pure screw character. The focusing/defocusing behaviour 
is confirmed when we plot the image width of the three 
segments versus d for the orientation of Fig. 6(a) (Fig. 6d). 
The width of segment A increases rapidly as a function 
of d, that of segment C shows a slight minimum around 
d - 50 cm, and segment B behaves in the same way as 
the dominantly screw dislocations as analysed before. An 
extrapolation of these results to zero distance leads to an 
image width for segment A very close to the one observed 
for segment C, as could be expected since in this reflection 
the two segments are almost equivalent from the point of 
view of the intrinsic image. 

The analysis of the double contrast versus  d also provides 
a means of determining the parameter x in equation (3), and 

bj_=O 

Figure 5 
Geometrical situation where b± = 0. In this case the 'edge'-type 
distortion around the dislocation core does not perturb the beam 
divergence. 

hence allows the estimation of the modulus of b, which 
for X-rays is usually carried out by analysis of section 
topographs (Epelboin, 1985). 

As an example, for the 220 reflection (0B = 2.47 °, a = 
0), equation (3) simplifies to 

Lo ~- (b/47rXWh)[COS/3 + 2.9 sin3], (4) 

since v _~ 0.27 for germanium, b, = b cos 60 ° and be = 

b sin60 °. For our geometry, the expression inside the 

(a) (b) 

I I 
I I lO01am 

A b [111] 
b b~ [I10] , ~ i ~  ~ 

be ~ be [l l i l  

{il0l 

B 

C 

(c) 

Segment A ~ .  
70 --O- - Segment B r / . 1 1  r " 

6 0  ° °  

~ 5o 

.~ 4o 

~ 30 ,~ x & - '~!~ "'~ 

1 . . . .  . . . .  . . . . . . . .  . . . . .  

10 0 orientation 

0 . . .  i . . , i . . i - ,  l ,  , l . , ,  i . . . i . . , 1 . . l  t . . .  i . . . " I  

0 10 20 30 40 50 60 70 80 90 100 110 
Sample-to-film distance (cm) 

(d) 
Figure 6 
'Focusing/defocusing' effect for the dislocation segment marked 
by the arrow when going from (a) the O orientation (A = 0.19 ,t,) 
to (b) the II orientation (A = 0.18/1,); 220 reflection (for reflection 
characteristics see Table 1). (c) The geometrical explanation of the 
contrast change (see text). (d) The image width versus the distance 
d for the three segments (Barrett, Baruchel, H~"twig & Zontone, 
1995). 
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square brackets is ---3. so that the modulus of b is 

b ~- 4.2xwhL.. (5/ 

Fig. 8 shows the lobe separation as a function of d tot 
segment A in the topograph of Fig. 6(al. A linear fit allows 
estimation [using (5)] of the intrinsic separation /~ fi'om 
the interpolated value at zero distance, and the parameter 
x from the slope 4x,.'h. since each side of the dislocation 
misoriented by xw~, with respect to the perfect matrix adds 
a divergence 2x,.'h to the diffracted beam. The linear fit 
gives Lo ~ 16btm and the slope ~ 28 grad. so that x ~_ 
1 since ~ ,  = 6.5 larad. Neglecting projection effects in the 
measurements we calculate b _~ 4.4/~, which differs by 
10% from the theoretical value (4 7k). 

4.3. Uncertainties in the determination of x 

The simple analysis of the double-contrast evolution 
v e r s u s  d in direct images gives a method for measuring the 
modulus of the Burgers vector for an edge dislocation via 

the calculation of the x parameter. Two main phenomena 
may give uncertainties in the x value calculated from the 
double-contrast separation v e r s u s  d. 

.....>-- 
Figure 7 
Geometrical explanation of the single and double contrast for an 
edge-type dislo'cation (Miltat, 1980). 
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The lirst concerns the "white" extended spectrum of the 
synchrotron radiation sources. Fig. 9 shows the measured 
image width of the 60 ° dislocation as a function of wave- 
length. At longer wavelengths the image width does not 
decrease continuously but jumps to higher values when the 
contribution of the harmonic becomes dominant. This can 
be a serious problem when using white-beam illumination, 
since some filtering is always necessary in order to keep a 
low heat load on the sample during the exposure time. This 
cuts out the longer wavelengths and hence enhances the 
harmonic contribution. The harmonic content can therefore 
modify the apparent value of x. 

Another source of errors may, in principle, derive from 
the transmission geometry itself, since it adds a supple- 
mentary divergence 2w;, (in the symmetrical case) in the 
diffraction plane because of chromatic aberration (Brauer et 

al. ,  1995). At longer wavelengths where the direct images 
are narrower, this contribution can exceed the intrinsic 
source divergence and hence may cause an important loss 
of resolution in the diffraction plane. 

The experimental observation of this chromatic aberra- 
tion is not easy since it is difficult to simultaneously find 
dislocations aligned parallel and normal to the diffraction 
plane in the same reflection. We have tried to estimate 
this effect through the single- and double-contrast analysis 
v e r s u s  d. In the previous calculations it was assumed that 
the double contrast depends principally upon the misorien- 
tation of the Bragg planes. However, more rigorously, the 
total image width will depend also on the divergence of 
the incoming beam. Figs. 10(a) and 10(b) show the results 
for segment C of the dislocation of Fig. 6 for the 111 and 
220 reflections. Since in the 111 reflection this segment 
is perpendicular to the diffraction plane and the intrinsic 
diffraction width co/, is quite large (_~ 12 grad), we expect 
the slope of the image width as a function of d to be larger 
than the double-contrast image slope. For the 220 reflection, 
for which Wh is only 7 grad and the diffraction plane is 
at ca  45 ° with respect to the dislocation line, we should 
observe similar behaviour for both features. This seems to 
be confirmed qualitatively by the plots of Fig. 10, but a 
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Figure 8 
Separation of the lobes versus the distance d for the dislocation 
part A of Fig. 5(a) for the 220 reflection. 
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quantitative inspection of the gradients suggests another 
interpretation. 

Indeed, if we assume that the double contrast depends 
only on the misorientation of the Bragg planes and the 
image width also on the beam divergence, we calculate 
a beam divergence of ca 4.5wh for the 111 reflection 
(Fig. 10a), and 2wh for the 220 reflection (Fig. 10b). This 
is the reason why we observe a defocusing effect, when 
changing the orientation, only for the 220 reflection, the 
misorientation measured from the double contrast being 
4Wh for the 111 reflection and 3~h for the 220 reflection. 
Here we neglect the intrinsic source divergence (the angular 
source size) because it is always less than 10 grad. 

In conclusion, we have one case which is in agreement 
with the supposed 2wh diffracted beam divergence and 
another one which differs by a factor of two from this 
value. The reason for the higher beam divergence for the 
111 reflection can be explained by the fact that we are 
actually looking at the beam diffracted by a defect, which 
is in principle not related to the perfect crystal matrix. In §2 
we have seen that the intensity of the direct image depends 
on the volume of the crystal which is misoriented by +xwh, 
x _~ 1, with respect to the perfect matrix. In the white 
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Figure 10 
Image widths and double-contrast widths for the segment C of 
the dislocation of Fig. 5(a) as a function of the distance d for (a) 
the 111 reflection, and (b) the 220 reflection for both the c r,/stal 
orientations (O and 1-I) (for reflection characteristics see Table 1). 

beam all the regions inside the misorientation contours 
+l~h,  +2~h . . . .  are excited, but the volume, and thus the 
diffracted intensity, decreases with the square of 1/x. The 
region +2~h,  which still carries a significant amount of 
intensity, may extend the direct image observed far from 
the sample because of the orientation contrast: the centre 
of gravity of the lobes will vary only slightly, but the total 
image width can be larger. Such a reason could explain 
even the non-linear behaviour of the pure edge dislocation 
observed in the l l i  reflection. This does not apply for 
the 220 reflection, because the +~ch contour is larger, ~h 
being smaller, hence even far from the sample this contour 
dominates the image formation. 

So far, no definitive interpretation can be found at the 
moment in our measurements, since the error in the slope 
is too large (_~ 10 prad), but we expect some improvement 
in the experimental results when the ID19 'Topography 
and High-Resolution' beamline is ready, since the intrinsic 
source divergence is much smaller (_~ 1 larad) (Baruchel, 
Draperi & Zontone, 1993). 

4.4. Contrast along the dislocation line 

The high geometrical resolution of the ESRF sources and 
the possibility of analysis of the contrast variation with d 
help to explain the contrast which is sometimes observed 
along the dislocation line. Fig. 11 shows the 'fraying' 
of a screw dislocation image when observed far from 
the sample. The image variations, due to the orientation 
contrast, can be explained by the presence of other defects 
close to the dislocation which distort the Bragg planes 
perpendicular to the dislocation line (as does the defect 
D in the region indicated by the arrow in Fig. 11). The 
misorientation can therefore be measured (_ 25 wad  in the 
example) and information could be extracted about the 
interaction between defects. 

Another example is shown in Fig. 12, where a pro- 
nounced dot character appears along an edge dislocation 
at increasing values of d. Since the number of dots varies 
as a function of d we think that the contrast change could 
be attributed to the overlapping of very divergent beams 
coming from highly misoriented regions ('precipitates') 
near the dislocation core, i.e. the dislocation is probably 
'clecorated' with segregation defects (Van Bueren, 1960). 

5. Double-crystal topography 
5.1. Dislocation images recorded near to the peak of the 
rocking curve 

It is well known that the contrast in monochromatic beam 
topography is related to the geometrical property of the 
incident beam which can produce either a spherical or a 
plane wave. We expect to be in a plane-wave condition 
when Wh > >  -Qe, where -Qe is the effective divergence of 
the beam measured from the base of the Borrmann triangle. 
In particular, for the symmetrical case ,qe ~ 2t sin OB/D, t 

being the crystal thickness (Carvalho & Epelboin, 1990). 
Since D is very large at the ESRF topographic stations, -Qe 
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can easily be as small as 1 Iarad. This justifies the "almost 

plane-wave" assumption. Several 1 1 1 topographs of the Ge 

crystal have been recorded using the 111 reflection from 

a Si monochromator  in Laue geometry at A _~ 0.17 and 

0.35/~. The experimental  images have been compared with 

simulated ones. A complete description of the program 

and the method used to simulate straight dislocations in 

X-ray topographs can be found in a review paper by 

Epelboin (1985). In particular, the contrast variations and 

width of dislocation images for different working points 

on the Ge rocking curve were studied• Figs. 13(a) and 

13(b) show the experimental  and simulated images of the 

dislocation of Fig. 4(b) recorded at the peak of the Ge 

rocking curve for the chosen wavelength.  They display a 
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Figure 11 
The 'fraying' of part of the screw dislocation image at different sample-to-film distances d. The reflection is the 111 (see Table 1). The 
effect is seen through orientation contrast due to the distortion induced by the defect D (see arrows). 
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The 11 i topograph of the edge dislocation for different sample-to-film distances d. Note the pronounced dot character at increas- 
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complex dashed pattern which is due to the dislocation 
being inclined relative to the crystal surface and arises from 
'beating' of the wave fields with a period given by the 
Pendell6sung length. This is confirmed by the variation 
of the periodicity of the fringes when we change the 
working wavelength. We can see that this complex pattern 
is very well reproduced by the simulations. In particular, the 
non-homogenous character of the topograph of Fig. 13(b), 
which is due to a small bending, has been simulated by 
taking into account a small departure from the Bragg angle 
(2 grad). Comparison with computer simulations allows the 
strain field to be fully characterized. For example, from the 
white-black sequence along the dislocation line of Fig. 13 
it was possible to establish the modulus and sign of the 
Burgers vector (+1/2 [011]). 

Exper imen ta l  S imula ted  
images  images  

). = 0 .35]~  

= o.17A 

I I 
I I 

h 200 g m  

Figure 13 
111 experimental and simulated topographs of the dislocation of 
Fig. 4(a) near to the peak of the Ge rocking curve at A = 0.35 A, 
and A = 0.17/~. 

5.2. Dislocation imago width in the 'woak-boam' case 

One interesting aspect of monochromatic beam topog- 
raphy is that the spatial resolution can be enhanced if we 
record the topographs on the tails of the rocking curve of the 
sample ('weak-beam' topography). This happens because 
only the deformed regions close to the core of the defect 
are in the Bragg position so that the images are very thin, 
the spatial resolution being limited by the detector and by 
the signal-to-noise ratio. 

We have therefore measured the image width as a func- 
tion of the angular offset from the Bragg peak. The results 
are shown in Fig. 14. They indicate that the image width 
drops rapidly until about (.U h and then decreases very slowly 
at higher angular offset, the contrast becoming weaker and 
the exposure time longer. This trend is confirmed by the 
simulated image width as shown in Fig. 14. An example 
of weak-beam topography and the corresponding simulated 
image is shown in Fig. 15. 

The weaker contrast at high angular deviations can be 
explained by considering a simple model. We consider 
the ratio between two Lorentzian functions assumed to be 
the rocking curves of the perfect matrix and the reflecting 
region of the dislocation, whose centres differ by Wh. This 
ratio has a maximum at ca 3/2 o3 h where the image width is 
already small. Going further away will therefore result in 
longer exposure times and lower signal-to-noise ratios with 
no significant enhancement of the spatial resolution. 

We note that the simulated image in 'weak beam' at 
36 keV still has a dashed character which is not observed on 
the topograph. The dashed character of the simulated image 
arises from the dynamical image. Since the dislocation is 
inclined inside the crystal it creates a set of fringes which 
are visible, near the black-line image corresponding to the 
misoriented region near the core of the dislocation which 
fulfills the Bragg condition ('weak-beam' image), in the 
simulations. It is blurred in the experiment. 

The discrepancy between the experimental and simulated 
values is attributed to a blurring effect associated with the 
sample-to-film distance (_~ 13 cm), the grain size of the syn- 
chrotron radiation films (2-3 gm), the residual divergence, 
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Figure 14 
Experimental and simulated image width as a function of the 
Bragg-angle offset for the 60 ° dislocation; 111 reflection. 
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the limited spatial resolution of the films, and the finite 
band pass of the incoming beam and background intensity 
levels. The factors are thought to combine to reduce the 
visibility of the finely spaced (5-6 lam) fringes. 

6. Conclusions 

The results presented show that the propagation out of the 
crystal of the beam diffracted by the strained regions around 
a defect should be taken into account in order to explain the 
direct image width of the dislocations. The simple analysis 
of the direct images as a function of the sample-to-film 
distance allows: 

(i) identification of the character of the dislocation; 

Experimental 
images 

- . ,  ~tr 

~. = 0.35 k 

Simulated 
images 

~. =0.]7k 

I 

200 Ixm 

Figure 15 
111 experimental and simulated topographs of the dislocation of 
Fig. 4(a) in the weak-beam condition at 2 = 0.35 ,~, (Bragg-angle 
offset: 601arad) and at 2 = 0.17A (Bragg-angle offset: 17~trad). 
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(ii) determination of the sign of the Burgers vector of a 
non-screw dislocation; 

(iii) in favourable conditions, calculation of the modulus 
of the Burgers vector of a non-screw dislocation. 

This analysis demonstrates that the high collimation of 
the X-ray beams of third-generation synchrotron radiation 
sources enhances the potential of topographic investiga- 
tions. When it is possible to extrapolate the image width 
at zero distance the results are substantially in agreement 
with the presently accepted theory. 

In these studies, no absolute evidence of contrast changes 
in direct images at high values of d have been observed 
which could be related to the large coherence width of 
the ESRF beams together with the change of propagation 
direction as a function of A as proposed by Carvalho & 
Epelboin (1990). In §4.2 we discussed the appearance of the 
double contrast as produced by a 'defocusing' effect and not 
by a coherent effect. The fact that it is easier to observe the 
double contrast at shorter wavelengths tends to confirm this 
hypothesis. This is not a definitive answer on this subject, 
however, since the coherence width in our experiments was 
perhaps too small (< 3 lam). A more precise analysis will 
be possible at the ID19 'Topography and High-Resolution 
Diffraction' beamline, where the coherence width is five 
times higher because of the larger source-to-sample distance 
(145 m). In addition, the tunability of the wiggler source 
will permit the use of higher wavelengths without excessive 
harmonic contamination. 

For experimental observation in a monochromatic beam, 
the simulations based on the plane-wave approximation are 
in close agreement with the experimental results both on 
the peak and on the tails of the rocking curve, and in our 
case appear to confirm the almost plane-wave character of 
the ESRF beams. Since plane-wave images are rather easy 
to simulate, it means that quantitative analysis of defects 
might be easily made at the ESRF using monochromatic 
experiments together with simulations. 
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in 'weak-beam' topography. They are also very grateful to 
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