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7. Introduction

IT is a fairly well-known fact that the geometric character of the X-ray
reflections given by diamond varies from crystal to crystal. Mark (1925)
found that, with the best specimens, the crystal reflecton is so perfect that
the MoKgq, and Ka, radiations can be photographed beautifully at a dis-
tance of 10 metres. On the other hand, certain other specimens were so
bad that the X-ray lines were not resolved at all. Ehrenberg, Ewald and
Mark (1928) found by means of the double spectrometer that some specimens
give extraordinarily precise reflections, while others were far inferior in this
respect. However, these workers made no attempt to correlate the X-ray
effects with the other properties of diamond. Recently, Lonsdale (1942)
found that diamonds of the ultra-violet transparent type give much more
intense X-ray reflections than those which are opaque to the ultra-violet,
indicating a greater mosaicity in the structure of the former. XKrishnan
(1944) and Hariharan (1944) have studied this aspect more thoroughly, and
have found that, among the opaque diamonds, which fluoresce blue, the
intensity of X-ray reflection steadily increases with the intensity of fluorescence,
a result which becomes intelligible on the idea (Raman, 1944) that diamonds
of the ultra-violet opaque variety consist of the positive and the negative
tetrahedral structures interpenetrating each other, and that the intensity of
fluorescence is greater the more intimately the two structures are intermixed-

In the present paper, an investigation of the angular divergence of the
X-ray reflection given by different diamonds is reported. The method con-
sists in obtaining the reflection of the MoKa,; and Ka, radiations from the
surface (111) planes of a stationary crystal, using a fine slit, and measuring
the widths of the lines registered on a photographic film kept at a large
distance from the crystal. Allowing for the lack of monochromatism of
the incident X-ray, and the consequent divergence arising from this cause,
it is possible to calculate the actual divergence of a monochromatic reflection
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given by the crystal. It is clearly found that, in blue-fluorescent diamonds
which are fairly free from birefringence, the divergence is greater, the larger
is the intensity of fluorescence.

2. Experimental Arrangement

The apparatus employed was very simple, being similar to that used by
the author (1944) in his investigation of the X-ray topographs of diamond.
A fine lead slit, about 0-07 mm. in width and 1 mm. in height, placed in
front of the window of a molybdenum target X-ray tube, was the source of
X-rays. At a distance of 6-5 cm. from the slit was placed a two-circle
goniometer, on which the crystal was to be mounted. The goniometer was
so adjusted that its vertical axis was accurately parallel to the height of the.
slit. The crystal of diamond, in the form of an octahedral cleavage plate,
was mounted on the goniometer such that its surface (111) planes were
exactly in the vertical plane, and were parallel to the vertical axis of rotation
of the goniometer. By trial, the crystal was set so that the characteristic
MoKa line appeared in the distorted 111 X-ray topograph given by the
crystal on a film kept normal to the incident beam at a distance of about
3 c¢cm. from the crystal. Then the film was moved away to a distance of 40 cm.
from the crystal, and was kept normal to the reflected beam. The MoKa,
and Ka, lines were then obtained clearly resolved. A series of pictures
were taken with suitable exposures with the film at distances of 20, 40, 60,
&0 and 120 cm. from the crystal, for reasons to be explained in a later
section. The exposures were adjusted so that the image obtained on the
film was just clearly visible, so as to avoid any spreading of the image. No
intensifying screen was used, and the development was always carried out
in developers made from the same stock solution, and for a standard time of
11 minutes. In this way, the reflections were recorded with four blue-
fluorescent diamonds, exhibiting varying intensities of blue fluorescence,
which were carefully chosen from Prof. Sir C. V. Raman’s collection.

It may be remarked here that the method employed in the present
experiment is similar to that used by Mark (loc. «it.), and by Valasek (1930)
in his investigation on the fine-structure of X-ray lines. Mark used a pinhole
as the source. The advantage of using a fine slit is that the width of the
slit can be reduced without appreciable loss in intensity, for the height can
be increased. Of course, there is an upper limit to the height on account of
the fact that it has a detrimental effect on the sharpness of the line on the
film. Under the conditions of the present experiment, however, it can
easily be shown that the broadening so produced is negligible, being only
of the order of 0-001 mm. at a distance of 50 cm. and less at larger distances.
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3. Theory of the Experiment

Fic. 1. X-Ray Reflection from a St&ionary Crystal

Fig. 1 represents a horizontal cross-section of the experimental arrange-
ment. S is the slit, which is the source of X-rays, and FF!' is the photographic
film, placed normal to the reflected beam at a large distance from the
crystal. Suppose that the crystal were such that it gives a reflection only
at the precise Bragg angle (6 say), and further assume that the X-rays are
strictly monochromatic. It is then obvious from Fig. 1 that, ¥ the crystal
were oriented properly, then the width of the reflected line obtained on the
film at F would be equal to the width of the slit, and would be independent
of the distance of the film from the crystal.

Actually, neither of the above two conditions is satisfied. The Bragg
reflection for a monochromatic beam takes place over a finite range of
angles, and besides, the X-ray line (the MoKa,; or Ka, say) covers a small
range of wave-lengths. The effect of both of these is to produce a divergence
of the reflected beam, and as will be obvious from Fig. 1, if df is the range of
angles over which the reflection occurs, the reflected beam would have a
divergence equal to this, and would appear to diverge from a point S’, which
is the image of S in the plane of the crystal. The width of the line obtained
on the film would, therefore, be greater than the width of the slit, and it would
increase with increasing distance of the film from the crystal.

The above is the case with a perfect crystal. Now, suppose that the
crystal possesses a certain amount of mosaic structure, i.e., it consists of a
large number of blocks which are slightly disoriented with respect to one
another. It is then obvious that the Bragg reflection can occur over a
wider range of angles than with a perfect crystal, and that the reflected beam
would consequently be more divergent. It may also be remarked in this
connection that a variation of the lattice spacing of the crystal would also
produce precisely the same effect. In fact, such a variation of Ilattice
spacing cannot be distinguished from the presence of mosaic structure by
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the present experimental technique.  What one can determine is only the
magnitude of the resulting divergence, which may be due to either cause, or
both. Consequently, we shall denote by the term ° divergence of the crystal
reflection,’ the total angular divergence arising from the finite width of the
Bragg reflection which occurs even in a perfect crystal, as well as from the
presence of mosaicity or a variation in the lattice spacing as the case
may be.

We shall now consider what the half-width of the line would be at a
distance R from the source. Since the reflected beam appears to diverge
from the image S’ of the source, R is the sum of the distance of the film
from the crystal, and that of the crystal from the slit. The intensity distri-
bution in the line has a shape similar to that of a Gaussian error curve, as
will be seen below. The term ‘ half-width > consequently stands for the
half-width at half-maximum.

Ever since the classical work of Ehrenberg, Ewald and Mark (1928)
on the width of X-ray reflection, it is customary to represent the reflection
curve for a perfect crystal in the form

Is= exp [— (¢*/c?) log 2] ()
where ¢ is the angular departure from the Bragg angle corrected for refractive
index, and c is the half-width at half maximum. In the same way, for an

imperfect crystal, we shall represent the variation of the intensity of the
reflected beam with angle in the form

Is=exp [— ¢* (log 2)/w¥] )
where ¢ is the angle measured from that for which I is a maximum, and w
is the half-width of the ““ divergence.” We shall not consider in this section
the relation between w and the half-width of a perfect crystal reflection c.

Now, the X-ray line also has a distribution of intensity of the form

I, = exp [~ (A= A))* (log 2)/w)?) ©)

where A, is the wavelength of maximum intensity, and w, is the half-width
at half-maximum. If D is the dispersion (d¢/dA) of the crystal for the wave-

length concerned (Ay), then it is easily seen that the angular variation of the
intensity in the reflected beam is given by

Ig=exp [— ¢ (log 2)/(w?+ D?w,3)] 4)
where ¢ is the angle measured from that for which the intensity is a maximum.
Putting Dw, =/, the half-width at half-maximum is equal to (w2 4 72)i.
Denoting this by W,

' W= vw+ P (5).

.
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We shall now derive an expression for the half-width @ of the line on a
film kept at a distance R from the source in terms of W and the width of the
slit 2b. For this, we follow a procedure analogous to that employed in a
theory, first given by Allison (1931), for an arrangement slightly different
from ours. If F be the centre of the line on the film (Fig. 1), and if we con-
sider a point F, at a distance x from it, then the intensity at F, is given by

!.+tL

R
—(&%/w) log 2
Ix=fe (@it log2 N ©

# b

’ R R
Put (x/R)~ (W/+/Ilog 2)= X and (b/R) = (W/+/Tog2)=B. Then,
X+B
L= f e ds, 0
xB ‘

This gives the intensity distribution of the line on the plate, and its half-width
a can be determined by plotting the value of the integral (6) as was done
by Allison. The elaborate procedure of plotting graphs can, however, be
avoided, and the half-width can be determined with greater accuracy by
the method described below. One has only to make use of a table of the
error integral

Bi ()= [ e ¢ dp. ®)

First determine I, = 2Ei (B), and then find from the tables the value of X,
for which Ei(X + B) — Ei (X — B) =1Iy/2=FEi (B). This can easily be
done by interpolation. In this way, the half-width of the line has been
evaluated for various values of B, and the results are tabulated in Table I.
The actual quantities given in the table are those that would be needed in
calculations with the observed values. A is =a/R, D is ==b/R, and W
has the same significance as before. The various ratios of these quantities
are given in Table I, since they alone come in, in the numerical computations.

Making use of this table, it is a simple matter to determine the half-
width of the divergence w from the measured value of a, knowing the slit-
width 2b. One has only to find the ratio a/b, which is equal to A/D, and then
find the corresponding value of A/W. The magnitude of W is then known,
and from (5), w can be calculated, knowing /.

4. Technigue of Measurement

‘In actual practice, it is not possible to apply directly the theory described
in the previous section' for the evaluation of the divergence of the crystal
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TABLE I

D/W AW A/D j D/W I AW ~ AD
0-120 1-003 8-35 1-500 1-581 1-054
0-240 1-014 4-22 1-562 1-631 1-045
0-500 1-059 212 1.682 1-732 1-030
0-601 1-086 1-81 1-802 1-838 1-020
0-721 1-126 1-56 1-922 1-947 1-014
0-841 1-173 1-395 2-042 2-060 1-009
0-961 1-228 1-280 2162 2-174 1-006
1-000 1-247 1-247 2.282 2291 1-004
1-081 1-294 1-197 2-402 2406 1-002
1-201 1-367 1-138 2523 | 2525 1-001
1-321 1-448 1-096 2.763 2764 1-0005
1-442 1-537 1-066 3-003 3-003 1-0002

reflection from the measured width. This is because a microphotometer has
to be emploved for the measurement of the half-width of the phtographic
line, and the microphotometric spot which scans the line has a finite width.
This brings in complications, and the half-width deduced from the micro-
photometric trace has to be corrected for this. Jt is obvious that it is not
possible to carry out the correction in an exact manner, since too many un-
known quantities come in. In the present experiment, the following approxi-
mate method was employed.

It was assumed that the effect of the microphotometry is merely to in-
crease the effective width of the slit. In other words, the broadening
produced by the instrument could be represented as equivalent to an increase
in the width of the slit. Consequently, the width 25 of the slit in the formulae
in section 3 should be replaced by another quantity 25’ which may be called
the « effective width ” of the slit, and which has to be determined. It was
for this purpose that a number of photographs were taken with each diamond
at different distances.

The method of determining the effective width was as follows. As a
first approximation, the half-width measured from the microphotometric
trace of the line at the shortest distance, i.e., 20 cm., was taken to be equal
to half the effective width., This is justified because, for this distance, ¢/R
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was actually of the order of 2:5 X 10-%, and the half-width W even for the
most intensely fluorescent diamond was 1-1 x 105, so that A/W was > 2,
and A/D was less than 1-01. Thus, the error introduced by taking the half-
width of the line a to be equal to b was less than 19;. With this value for
the effective slit-width, the magnitude of W was deduced from the measure-
ment of the line-widths at other distances as an average. For the Ileast
fluorescent diamonds, N.C. 72 and 73, the individual values varied by as
much as 20%, but for the other two diamonds examined, N.C. 62 and 81
the variation was much less, being less than 109,. No systematic variation
with distance occurred in any of these cases, showing that the effective width
is practically a constant.

A second approximation was also worked out for one of the diamonds
by using the mean value of W, and the measured half-width at 20 cm., and
then evaluating the effective slit-width from these. The correction so intro-
duced was less than 1%, and since the individual variations due to the errors
of measurement far exceeded this value, it was not thought worthwhile to apply
this correction. The validity of the approximation was also shown by the
fact that the half-width a at 20 cm. was the same for all the four diamonds
for which the value of W varied from 8 to 20 seconds, and also for both the
Ka, and the Ka, lines.

The distance of the film from the source was not determined by direct
measurement, but was deduced from the measured separation of the Ka
and Ka, components, the wavelength difference between which is accurately
known. This had the advantage that any errors due to the shrinkage of
the film, etc., were automatically corrected for. The half-width of the photo-
graphic line was obtained from the microphotometric trace after converting
it into a curve showing the intensity plotted against distance, and then deter-
mining the width at half-maximum. This was done for both the Ka, and
the Ka, lines, and incidentally, it was verified that the Ka, intensity was
very nearly half that of the Ka,, the mean of the measured values being
0-493 (¢f. Williams, 1933).

The magnitude of w, the half-width of the crystal reflection was deduced
by using the relation

W2 =wt + 2
derived in section 3. The width of the X-ray line was taken from the results
of Allison and Williams (1930). 2w, =0-29 X.U. for Mo. Ka, and

=0-32 X.U. for MoKa,. The corresponding values of / for diamond
are 3-58 x 10-° and 3-95 x 10-%
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Typical intensity curves for the line at 865 cm. with the four diamonds
that were studied are reproduced in Fig. 2. The distance between the short
vertical lines in these indicates the effective width of the slit. The mean

Fi1e. 2. Intensity Curves for Four Diamonds

values of W and w are collected in Table II below. An estimate of the
relative intensity of fluorescence is also given in the last column, '
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TasLE 11
Mean value of W. . . (
Diamond in radians w in radians vin | min ! Rflati);s
intensi
N.C. seconds | seconds | of Fluores-
Kay Koy Kay ‘ Kag , Mean l cence
73 3-78x10"% | 4.20x107® | 1.22x10-8 143x10-¢ | 1.3x10-¢ 27 19 1.0
72 426 4.62 2.31 2:39 2.35 4.8 4.3 4.1
!
81 7.51 7-88 6-60 6-82 6-7 13-8 13.8 ] 23
62 11-07 11.07 10.47 10-34 10-4 214 214 990

This was obtained by photographic photometry of the fluorescence intensity,
All the four diamonds were placed in a beam of ultra-violet light from a
source of constant intensity, and were photographed by fluorescent light,
using a filter of sodium nitrite solution to cut off the ultra-violet. A series
of photographs with varying exposures from 2 seconds to 45 minutes were
taken, and the density of the images on the plate was obtained by a micro-
photometer. By interpolation, the exposure necessary for each of the
diamonds to give an image of a certain density was determined, and the
reciprocal of this quantity gave a reasonable estimate of the relative inten-
sities of fluorescence. - |

5. Interpretation of the Results

The results described in the previous section make it very clear that the
more intensely blue-fluorescent a diamond is, the greater is the angular diver-
gence of the crystal reflection. Now, it is well known that even for a perfect
crystal, the monochromatic reflected beam has a finite angular divergence,
the half-width of which is ¢ (Eq. 1). Any increase in the divergence must
therefore be attributed to the presence of discontinuities in the Ilattice
structure. As already said, this may be in the form of a mosaic structure
i.e., the crystal may consist of a large number of mosaic crystallites, which
are slightly tilted with respect to one another, or there may be some irregu.-
larities in the spacing of the atomic planes, without any angular tilting, which
also has the effect that the crystal reflection occurs for a range of angles
larger than that for a perfect crystal. In the former case, we may consider
the.angular distribution of the mosaic blocks to be of the form

n(a) = exp [ (log 2) (a¥im?), o)

where « is the inclination of a block to the mean orientation, and m is that
value of a, for which 7 (a) is half the maximum, i.e., n(0). It is then easily
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verified that the half-width of the crystal reflection, w, is given by
w2 =c? + m? (10)

The same result holds also in the case of a variation in lattice spacing ; but
m here represents the half-width of the divergence of the reflected X-ray
beam resulting from such a variation. In either case, m obviously gives
one an idea of the departure from perfection of the crystal. Its magnitude
is also included in Table II. This was calculated from w, making use of
the theoretical value of ¢ as calculated from Ewald’s theory (see Ehrenberg
et al 1928) viz., 0-96 x 108,

It is interesting to compare the magnitude of m with that of the intensity
of fluorescence F. In Fig. 3, m has been plotted against log F. It will be
seen from the figure that the deviation from perfection is very small for small
intensities of fluorescence, then increases rapidly, finally reaching a saturation
value for high intensities of fluorescence.

—— ) in deconds
LN

-

-1

,--—- 109 r

Fie. 3. Curve showing relation between fluorescence intensity and crystal perfection

We shall now consider the relation between the divergence of crystal
reflection and the integrated intensity of the Bragg reflection. Considering
a monochromatic X-ray, it is clear that with a perfect crystal the reflected
beam would have a half-width equal to ¢. In an imperfect crystal, however,
the reflection would occur over a wider range of angles, and the reflected
beam would have a half-width w, greater than ¢, The integrated intensity
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would consequently be proportional to
+f°°e—-aog D G b o/ (11)

This is true for every monochromatic component of the X-ray, so that the
integrated reflection is directly proportional to w. Now, from Table II,
the ratio of the values of w for the two diamonds N.C. 81 and 72 is 2-85.
Hariharan (loc. cit.) who studied the integrated intensity of the Bragg reflec-
tion, finds that the ratio for the same two diamonds, D 41 and D 45 res-
pectively, is 3-2. The two are in satisfactory agreement, considering the
limits of experimental error. As far as the author is aware, this relation
between the integrated intensity and the width of X-ray reflection does not
seem to have been verified by anybody previously.

It is interesting to note that in N.C. 73, the most perfect of the diamonds
examined, the half-width of the divergence is very nearly the same as the
theoretical value, being equal to 13 x 10-%, as compared with 0-96 x 10-¢,
given by Ewald’s theory.

A remark is here necessary on the statement made by Allison (1931) on
Valasek’s (1930) determination of the width of X-ray lines by the photo-
graphic method, employing an experimental arrangement similar to the
author’s. Commenting on the fact that Valasek’s value is appreciably
greater than that obtained by the double spectrometer method, Allison
remarks that the photographic method is unreliable since a lateral spreading
of the image occurs owing to the scattering in the photographic film. That.
such an effect, if it exists, can be reduced to negligible proportions is shown
by the present experiment. Here, special care was taken to obtain the
photograph with the least density necessary to obtain measurable micro-
photometric traces. It is obvious that, if spreading had occurred, the values
obtained with increasing distances (R) would not be a constant. The large
value obtained by Valasek is most probably to be attributed to the effect
of the finite width of the microphotometric spot, for which he has not corrected,
and not to the spreading of the photographic image.

In conclusion, I wish to express my grateful thanks to Prof. Sir C. V,
Raman for the suggestion of the problem, and for the kind interest he took
in the investigation.

”

6. Summary

The angular divergence of the monochromatic X-ray reflection given
by four blue-fluorescent diamonds has been measured. The diamonds were
chosen to have widely different intensities of fluorescence, the intensities



256 . G. N. Ramachandran

being in the ratio of 1:4-1:23:990. The divergence of crystal reflection
was measured by means of a stationary crystal, using a narrow slit as the
source of X-rays, the characteristic MoKa. and Ka, reflected beams being
photographed at a large distance from the crystal. Correcting for the lack
of monochromatism of the X-rays, the half-widths of the divergence for
the four specimens were found to be respectively 2-7, 4-8, 13-8 and 21-4
seconds of arc, as compared with the theoretical wvalue 2-0 for a perfect
crystal, showing clearly that the more intensely blue-fluorescent a diamond is,
the larger is the divergence of the reflection given by it. It is pointed out
that the integrated intensity of the Bragg reflection should be proportional

to the half-width of the divergence, ad this has been verified to be the case
for two of the diamonds studied. '
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