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An important goal of x-ray microdiffraction is to characterize texture and strain 
in two or three dimensions with micron resolution. With this scanning x-ray 
microdiffraction, it is essential to accelerate data collection and to automate the 
diffraction data analysis. One solution is to collect wide bandpass Laue images 
which have information equivalent to that of many monochromatic diffraction 
scans. However, to get a scanned image, tens of thousands of Laue images must 
be analyzed in reasonable time; automated indexing of Laue points is essential. 
By comparing measured angles between scattering vectors of Laue points to angles 
between possible indexes derived from the bandpass, a unique set of indexes can 
be found. Indexing multi-grain images can also be done by repeating the indexing 
process for points which do not match an allowed reflection. 

Scanning X-ray Microdiffraction 

The availability of third generation syn- 
chrotrons and newly developed x-ray microfocus- 
ing optics[l, 21 have enabled the use of micron- 
size x-ray beams with significant intensities. 
This new measuring tool makes new kinds of 
measurements possible. One of them is micro- 
diffraction for the measurement of phase, tex- 
ture and micro-strain with micron resolution. 
By scanning a microprobe x-ray beam over the 
sample, the strain distribution can be measured 
non-destructively with the spatial resolution of 
the beam size. Until recently, the size of x-ray 
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beams has been on the order of mm2; this probe 
size is large compared to the spatial inhomogene- 
ity of most technologically interesting samples. 
With intense micron-size beam, new information 
about strain texture and phase inhomogeneities 
can be obtained with micron spatial resolution. 

The basic principle of measuring strain in mi- 
crodiffraction follows from Bragg's law; the same 
principle is used in traditional measurements; 

(1) 
hc 

2 d h k l  sin8 = X = -. E 
Here dhkl  is the distance between scattering 
planes. The strain can be measured from Ad / d. 
But to get a scanned image, the strain has to 
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X-ray source Detector of measuring strain should be developed, since 
the conventional method would take days, weeks 
or years. 

The white-beam Laue method greatly acceler- 
ates data collection compared to measuring rock- 
ing curves with monochromatic x-rays. Each re- 
flection in a Laue image has information equiva- 
lent to a rocking curve. Thus a single Laue image 
avoids the time of orienting and rocking a crystal 
at many reflections. Just one image gives almost 
all the information about the crystal. 

be measured for tens of thousands of different White beam Laue patterns can be digitized by 
points in the sample and conventional measure- an x-ray sensitive CCD area detector, an image 

plate or a 2D wire proportional counter. CCD’s ments take too much time. 
To make scanning x-ray microdiffmction use- are favored because they have fast read out and 

ful in practice, it is necessary to achieve a Strain can collect intense beams without damage. Mod- 
resolution Of - lo-* and a Spatial reSOlutiOn Of ern CCD’~  like one in our setup, typically have - lpm. At these performance levels, this new more than a million pixels with a pixel size of 
analysis tool will benefit many material stud- < 25pm and well capacities of more than 5 x 105 
ies like stress induced cracking, eleCtrOInigratiOn, electrons. These CCDys provide enough dynamic 
etc. until recently, measurements with Such range and angular resolution for obtaining pre- 
small beams have been impractical because of cision diffraction information from Laue points. 
weak sources and limited x-ray optics. With Figure 2 shows a typical experimental setup 
various techniques like hard x-ray zone plates[3], for taking Laue images with a CCD detector. 
Kirkpatrick-Baez mirror@, 51, and glass CaPil- Since x-rays from a synchrotron have strong po- 
lary optics[6], x-ray beam sizes mdler than  l/Jm larization in the plane of the orbit, the CCD is 
have been recently reported. With these new de- 
velopments in hardware, scanning x-ray microd- 

Figure 1: Scanning x-ray microdiffraction 

installed in the vertical scattering plane. 

iffraction is now practical. 
The biggest obstacle in scanning x-ray mi- 

crodiffraction is processing measured data fast 
enough to get a scanned image in a reasonable 
time. With conventional techniques, the mea- 
surement of strain at a single point depends 
strongly on the nature of the sample, and can 
range fiom a few seconds for a single crystal sam- 
ple to a few hours for a polycrystalline sample 
with unknown crystal orientations. To repeat 
measurements at tens of thousands of different 
points in polycrystalline samples, a new method 

WIDE BANDPASS 
MEASUREMENTS 

LAUE 

Typical bandpass of undulators is only about 
l%0[7]. There are some benefits of having nar- 
row bandpass. As shown in Fig. 3, the range of 
angles for each reflection decreases with smaller 
bandpass. Thus when the diffraction angle, 8 is 
measured from a CCD image, there are only a 
few possible indexes for the reflection. Index- 
ing is simpler in this case. The disadvantage 
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Figure 2: A side view of a experimental setup 
for microdiffraction 

of a small bandpass is that it generally doesn't 
generate enough Laue points. To measure the 
strain tensor, at least three non-coplanar reflec- 
tions have to be measured; with an undulator 
source, energy may have to be scanned to collect 
enough reflections. The scanning of energy re- 
quires extra measuring time, and would reduce 
the advantage of using a CCD. 

Wider bandpasses can be achieved by us- 
ing off axis synchrotron radiation or a tapered 
undulator['l]. Even though indexing is slightly 
more complicated with wider bandpass, more 
than three linearly independent reflections can 
be measured in a single image. With a 10% 
bandpass around 20 keV, a single Laue image 
from an fcc lattice has enough points to deter- 
mine the unit cell, yet indexing time was negli- 
gible. Wide bandpass Laue images seem to be 
more efficient for microdiffraction experiments. 

Scanning x-ray microdiffraction using wide 
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Figure 3: Changes in the ranges of angles for 
different bandpasses. Each line represents the 
range for the reflection written at the bottom. 

Figure 4: Ray tracing method in finding the cen- 
ter of diffracted beams 
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bandpass Laue images can be done by automat- 
ing the following procedures. First, since the 
accurate distance between the sample and the 
CCD screen is essential, at least two images have 
to be taken at two different distances. The dis- 
tance and the center of diffracted beams can be 
derived by using ray tracing methods as shown in 
Fig. 4. Then from the image, an automated algo- 
rithm has to find and fit the precise positions of 
the Laue spots. Typical difficulties are eliminat- 
ing backgrounds from the image and finding the 
centers of distorted spots. Next the Laue spots 
must be indexed. This critical step is covered 
in detail in the next section. Fkom the indexes 
of the Laue spots, the orientation and strain can 
be derived. By repeating these procedures at dif- 
ferent locations in the sample, a scanned map of 
strain and orientation can be achieved. 

AUTOMATED INDEXING 
We have developed an algorithm that generates 
possible sets of indexes from the Laue spot loca- 
tions, the known crystal structure, and the lat- 
tice constants of a unstrained crystal. For a Si 
(001) wafer, it was able to find indexes uniquely. 

Our algorithm is based on the fact that the 
direction of the scattering vector 4' can be mea- 
sured from kout, the direction vector of the 
diffracted beam. Since we also know Lin, the 
direction vector of the incident beam, the direc- 
tion of 4' can be derived from 

Thus, the angles between 4''s can be derived from 
the locations of Laue spots. Later, these mea- 
sured angles can be compared with the angles 
between possible indexes of reflections. 

From the positions on CCD, 
derive the direction of it, 

Within the given bandpass, find possible 
indexes for the first two points 

the same angle as the measured 
angle between two points 

point within the given bandpass 

Choose only the indexes which 

of indexes w 
Figure 5: The flow chart of automated indexing 

As the indexes get larger, the reflections be- 
comes weaker because the atomic scattering fac- 
tor diminishes for large scattering vectors. In 
addition, the incident beam wavelength sets an 
upper bound on ]h2 + k2 + Z21.  Thus only small 
integers like integers between -20 and 20 need to 
be considered as possible indexes. By imposing 
a limited bandpass on the incident beam, only 
manageable number of indexes need to be consid- 
ered for each reflection. In our calculation, with 
a 10% bandpass, each reflection has 200 - 500 
possible indexes. The angles between possible 
indexes are calculated and compared with the 
measured angles one by one. Usually when an- 
gles of more than three points are checked, there 
are only a few choices left. The algorithm is 
summarized in Fig. 5 .  

In a test of our algorithm for Si (001) crystal, a 
conventional x-ray tube with W target was used. 
To simulate the 10% bandpass of a tapered un- 
dulator, a pair of Mo and Zr foils were calibrated 
as balanced filters[8]. The image with the Mo fil- 
ter was subtracted from the image with the Zr 
filter. The result is shown in Fig. 6. White dots 
represent diffracted beam with energy between 
18 to 20 keV. Some black dots also showed up 

4 



Figure 6: Subtracted Laue image of Si (001) 
crystal with balanced Mo & Zr filters 

in the image because of imperfect balancing for 
hv > 2OkeV. 

As a reference, a program called laueX written 
by Alain Soyer[S] was used to get a simulated 
Laue image. The result of the simulation for Si 
crystal in the (001) orientation is presented in 
Fig. 7 with all the indexes. 

The result of automated indexing is summa- 
rized in Table 1 and Table 2. The key param- 
eter in this calculation appears to be the band- 
pass of x-ray energy. The bandpass should al- 
low enough Laue points to specify the unit cell, 
but generate onIy manageable number of possi- 
ble indexes. In this example, the 10% bandpass 
worked well. Table 1 shows how our algorithm 
narrows down the possibilities as we increase the 
number of points of which angles were compared. 
After three or four points, it generated almost 
a unique set of indexes. This is expected from 
the fact that three non-coplanar reflections de- 
fine the unit cell parameters and the orientation. 

3 i  13 
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1 3  13 

Figure 7: Simulated Laue pattern from laueX 
written by Alain Soyer [9] 

Table 1: Progress of automated indexing with 
increased number of points for Si (001) crystal. 
Nband, the number of possible indexes only with 
bandpass requirement. Nangle is the number af- 
ter comparing angles. 

points Nband Nangle 
1st 452 452 
2nd 503 324 
3rd 367 67 
4t h 264 2 
5th 246 2 
6th 367 2 

5 



Table 2: Final results of automated indexing 

Point I Simulation 
1 1 1 1 3  

1 i 11 
i 3 13 
I 1  11 
0 2 10 
2 0 10 

Aut o-indexing 
1 1 1 3  

1 i 11 or i 1 11 
3 1 13 or i 3 13 
1 I 11 or I 1 11 
O 2 10 or 2 o 10 
o Z 10 or 2 o 10 

Since our algorithm uses arc-cosines to decide 
angles, two indexes with mirror symmetries can- 
not be distinguished. Because of that, the num- 
ber of final results are two in most cases. As 
shown in Table 2, the final results are identi- 
cal to that of the simulation except additional 
points with mirror symmetries. The whole pro- 
cess took only less than 2 seconds of CPU time 
with a 200MHz Pentium Pro processor. 

For multi-grain Laue images, this algorithm 
can be generalized. Some reflections may not 
find any index which satisfies the angle require- 
ments because they are from different grains. 
These points are left out and the program con- 
tinues to index as many points as possible. Later 
the same algorithm can be re-applied to get sep- 
arate sets of indexes from the points left out. 
Different sets represent different grains in the 
crystal. 

SUMMARY 
We have shown that our algorithm can index 
wide bandpass Laue images quickly. This is a 
key step towards automated scanning x-ray mi- 
crodiffraction. The result of indexing for Si (001) 
crystal was identical to that of a simulated Laue 

image. The bandpass of the incident x-ray beam 
is critical to measurement efficiency; it has to be 
wide enough to get more than three Laue spots 
in a single image, but narrow enough not to leave 
too many possible indexes. 
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