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the absorption of the celluloid which remained was measured in the same way. 
The results of these experiments gave the values (\xt) =  0-204, and C =  0-220. 
Using these values of the constants the theoretical relation between I)2 and ^ 
has been calculated and is represented graphically in fig. 2, together with the 
experimental results. I t  will be seen that the agreement is quite good.

The assumption was made earlier that the photographic densities con­
cerned were small. This will not always be the case, but it is easy to see what 
kind of error is introduced by the assumption. For large densities an increase 
of incident intensity results in a smaller fractional increase of the number of 
grains blackened. Conversely, an increase of activated grains in the ratio 
k^/kN will correspond to an increase of apparent intensity in a greater ratio 
than In other words, D2 will have a smaller value than is indicated
by the formula (5) for large photographic densities. Reference to fig. 2 shows 
that the experimental points, on the whole, lie a little below the theoretical 
curve, as would be expected from this reasoning, but the discrepancy is small.

Tables of values of D2 have been constructed in a form suitable for use in 
experimental work. With a cylindrical film the angle of incidence, and so 
D2, depends only on the co-ordinate £ of the particular reflected spot in the 
reciprocal lattice, and Table I gives D2 for various values of £, up to £ =  0-8.

Table I.—Absorption Factor D2 for Cylindrical Films. 
For Doneo Films and Copper Ka Radiation.

c-
■

0-00 . 1 1-00
0-02 1-00
0-04 1-00
0-06 1-00
0-08 0-995
0-10 0-995
0-12 0-995
0-14 0-99
0-16 0-99
0-18 0-985
0-20 0-985
0-22 0-98
0-24 0-975
0-26 0-97
0-28 0-965
0-30 0-96
0-32 0-955
0-34 0-95
0-36 0-945
0-38 0-94
0-40 0-93

Di-

0-42 0-925
0-44 0-915
0-46 0-905
0-48 0-90
0-50 0-89
0-52 0-88
0-54 0-87
0-56 0-86
0-58 0-85
0-60 0-835
0-62 0-825
0-64 0-81
0-66 0-80
0-68 0-785
0-70 0-77
0-72 0-755
0-74 0-735
0-76 0-715
0-78 0-695
0-80 0-675
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With a plane film D2 depends upon the glancing angle of reflexion 0, and so 
upon the distance of the photographic spot from the centre of the film for a 
given distance from the crystal; Table II  gives D2 in terms of 0 and the dis­
tance x of the spot from the centre for the film at a distance of 10 cms. from 
the crystal. This table is continued as far as 0 =  26°, and 13 cms.
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Table II.—Absorption Factor D2 for Flat Films.
For Doneo Films and Copper Ka Kadiation ; film at a distance of 10 cms. from

the crystal.

Distance between 
spot and centre 

of film x.
d 2.

Glancing angle 
of

reflexion 0.
D*-

cms.
0-0 1-00

o
0 1-00

0-5 1-00 1 1-00
1-0 0-995 2 0-995

. 1-5 0-99 3 0-995
2 0 0-985 4 0-99
2-5 0-975 5 0-985
3 0 0-965 6 0-98
3-5 0-955 7 0-975
4-0 0-94 8 0-97
4-5 0-925 9 0-96
5-0 0-915 10 0-95
5-5 0-90 11 0-94
6-0 0-885 12 0-93
6-5 0-87 13 0-915
7-0 0-85 14 0-905
7-5 0-835 15 0-89
8-0 0-82 16 0-875
8-5 0-805 17 0-86
9-0 0-79 •18 0-845
9-5 0-78 19 0-83

10-0 0-765 20 0-81
10-5 0-75 21 0-79
11-0 0-735 22 0-775
11-5 0-72 23 0-755
12-0 0-71 24 0-735
12-5 0-695 25 0-71
1 3 0 0-685 26 0-69

Values of D2 for other types of photographic films, or for X-rays other than 
copper Ka radiation, may be measured experimentally if required, or may be cal­
culated from equation (5), using the easily determined values of ([it) and C. I t 
may be noted that for small values of ij;, D2 may be taken equal to cos '\i with 
little error, and this approximation is increasingly accurate the smaller ([it) 
and C, and so the greater the frequency of the X-radiation used. I t  may be 
considered applicable for Doneo films, to an accuracy of about 1 per cent.,
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for wave-lengths not greater than that of copper Ka radiation (1-539 x  
10~8 cms.), np to v}; =  20° at least.

4. The Polarisation Factor.
The measured intensity of a crystal reflexion must also be divided by a 

factor which takes into account the state of polarisation of the primary X-ray 
beam. If this radiation is unpolarised, the “ polarisation factor ” is*

2 (1 "k cos2 20),
0 being the glancing angle of reflexion. If, however, there is a plane-polarised 
component present, the factor has a different value. I t is important, therefore, 
to know the state of polarisation in all intensity work in order to have an 
accurate knowledge of the factor to be employed. Since the experimental 
work which has been published on this subject in the past few years has been 
somewhat contradictory, the writers have thought it advisable to make a 
critical examination of the various results which have been obtained.

The work of Kirkpatrick, and of Wagner and ()tt,j* has shown that “ white ” 
radiation, from a tube run at a potential insufficient to excite the characteristic 
radiation of the anticathode, is partially plane-polarised. The electric vector 
of the polarised component lies in the plane containing the cathode-ray stream 
and the X-ray beam, as would be expected.

On the other hand Barkla and Sadler, and more recently, A. H. Compton, 
and Mark and SzilardJ have shown in different ways that fluorescent X-rays, 
i.e., characteristic radiation excited from a secondary source by an X-ray 
stream of higher frequency, are unpolarised. As little is known of the funda­
mental differences between the modes of production of characteristic, general, 
and fluorescent radiation, no prediction can be made from these results as to 
the probable state of polarisation of characteristic rays.

The first experimental investigation was made by Bishop.§ A water- 
cooled Coolidge tube with a molybdenum anticathode was used, filters of 
zirconium or strontium being inserted in the beam to remove the general 
radiation and leave the Ka or rays, respectively. Reference should be 
made to Bishop’s paper for details of the experiment; it is sufficient to state * * * §

* W. H. Bragg and W. L. Bragg, “ X-Rays and Crystal Structure,” chap. 13.
t  Kirkpatrick, ‘ Phys. Rev.,’ vol. 22, p. 226 (1923); Wagner and Ott, ‘ Ann. Physik,’ 

vol. 85, p. 425 (1928).
X Barkla and Sadler, ‘ Phil. Mag.,’ vol. 16, p. 550 (1908); Compton, ‘ Proc. Nat. Acad. 

Sci.,’ vol. 14, p. 425 (1928); Mark and Szilard, ‘ Z. Physik,’ vol. 35, p. 732 (1926).
§ ‘ Phys. Rev.,’ vol. 28, p. 625 (1926).
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here that a considerable percentage of plane-polarisation was found. Realising 
the extreme importance of removing as completely as possible the background 
radiation, Bearden and Wollan* isolated a truly monochromatic beam of 
molybdenum K„ radiation by reflexion from a crystal and examined it for 
polarisation. They agreed in finding that the X-rays were unpolarised, within 
the limits of experimental error (about 1 per cent.). Haasf has recently 
examined iron Ka radiation, and Mark and Wolft have investigated copper 
Ka rays, both using pure beams obtained in this way ; in neither case was any 
polarisation observed, the possible error again being about 1 per cent.

In view of these results there can be little doubt that Bishop’s system of 
filters was in reality inefficient, and that the polarisation which he observed 
was due to the residual white radiation. I t  is significant that the percentage 
of polarisation which he found agrees reasonably closely with that predicted 
by extrapolation from, Kirkpatrick’s measurements on general radiation.

I t  may be concluded that there is not more than 1 per cent, of plane- 
polarisation in the characteristic Ka radiations of molybdenum, iron, and 
copper; presumably this will be true of all characteristic X-rays of the 
K series.

The effect of the presence of a small amount of plane-polarisation will now 
be investigated. Kirkpatrick§ has derived an expression for the factor which 
is to be used in the case of a partially polarised beam, for measurements on 
the ionisation spectrometer. Defining the state of polarisation by a factor

p  =  ( i 0 - i P) / ( i 0 +  ip ),

where IP and I 0 are respectively the intensity of the polarised component and 
the total intensity, he finds

Polarisation factor =  [sin2 a +  P cos2 a -f- (P sin2 a +  cos2 a) cos2 26]/(l +  P),
where a =  the angle between the plane of reflexion and the plane containing 
the cathode stream and the incident X-ray beam.

In the experiments of Bearden, Wollan, Haas, and Mark and Wolf ( 
cit.), P was found equal to unity, with a possible error of 1 per cent. If a =  0°, 
which is the most common arrangement of tube and spectrometer in practice, 
and P =  0*99, the factor assumes the value

(0-99 +  cos2 20)/l * 99
* Bearden, ‘ Proc. Nat. Acad. Sci.,’ vol. 14, p. 539 (1928); Wollan, ibid., p. 864.
t ‘ Ann. Physik,’ vol. 85, p. 470 (1928).

X‘ Z. Physik.,’ vol. 52, p. 1 (1928).
§ ‘ Phys. Rev.,’ vol. 29, p. 632 (1927).
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involving a maximum error of £ per cent, (for 0 =  45°), in using the ordinary 
factor £ (1 -j- cos2 20).

This formula is applicable only to reflexions on the zero layer-line ; as 
photographic work is concerned with reflexions at any angle to the axis of 
crystal rotation, it is necessary to see if an error of more than £ per cent, can 
be introduced in the general case. The general expression is found to be

Polarisation factor =  1/I0 [£(I0 — Ip) -f Ip sin2 (3 (1 +  cos2 20)

+  Ip cos2 x cos 2p],

where (S =  the angle between the axis of rotation of the crystal and the 
electric vector of the polarised component.

X =  the complement of the angle between the reflected beam and the 
axis of rotation.

For p =  90° (which corresponds to a =  0° in Kirkpatrick’s expression), and 
P =  0 • 99 as before, this gives

Factor =  0-5025 (1 -j- cos2 20) — 0-00503 cos2x-

On the zero layer-line x =  0°, so that the difference between the true value 
of the polarisation factor and £ (1 -f- cos2 20) decreases with increase of x ; 
the maximum error which can occur is thus £ per cent., for reflexions by planes 
which contain the axis of rotation.

If there were any appreciable amount of polarisation in monochromatic 
X-ray beams, it would show up in the measurement of the intensities of the 
spots on single-crystal rotation photographs. With the same lattice plane, 
or planes equal in reflecting power, of a small single crystal, giving reflexions in 
different directions, the spot with the larger value of x should have the greater 
measured intensity (corrected with the appropriate factors Di and D2) if 
there is polarisation. The figures quoted in section 5 to test the validity of 
Di and E>2 show that there is no systematic difference of this kind, and conse­
quently no evidence from these photographs in favour of plane-polarisation 
in the beam.

Two conclusions may be drawn from the discussions of this section :—
(i) That characteristic X-ray beams contain not more than 1 per cent, of 

plane-polarised radiation.
(ii) That the maximum error involved in assuming the polarisation factor 

to have the value £ (1 -{- cos2 20) is £ per cent.
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5. Experimental Evidence.

I t  sometimes happens that in the rotation or oscillation of a crystal, two 
(or more) lattice planes of equal reflecting power give reflected spots in different 
regions of the same photograph. A photograph of this type may be used to 
test the accuracy of the correction factors Dj and D2. The integrated intensities 
of the spots are measured by means of the photometer, multiplied by the 
appropriate values of the factors, and the resultant corrected intensities should 
be equal.

In a series of measurements on an organic hexagonal crystal by Mr. B. W. 
Robinson of this laboratory, the following four pairs of equivalent lattice plane 
reflexions were determined :—

Equivalent-
planes. c.

Measured
intensity. IV

!
d 2. Corrected

intensity.

/no 0-103 0-176 73 0-50 0-99 36
\0 2 0 0-205 0-000 45 1-00 1-00 45

f i l l 0-281 0-176 158 0-83 0-99 130
\0 2 1 0-332 0-000 125 1-00 1-00 125

/  221 0-332 0-352 162 0-65 0-95 100
\0 4 1 0-487 0-000 98 1-00 1-00 98
/  201 0-261 0-352 247 0-57 0-95 134
\  131 0-404 0-176 155 0-91 0-99 140

As extra confirmation a small diamond was rotated about a random axis, 
and the intensities of the photographic spots given by the (111) planes were 
measured. These gave the results :—

1- Measured intensity. Dv d 2. Corrected intensity.

0-700
0-64

0-285
0-42

100
(111, 114, 120, 116) 

Mean =  115

0-90
0-80

0-97
0-925

87-3
85-1

The corrected intensities in the last column, for a pair of planes, cannot be 
expected to be exactly the same, since the paths of the reflected beams in the 
crystal, and therefore their losses of intensity by absorption, are not in general 
equal. The absorption in organic crystals is usually small, and as may be 
seen above, the application of the corrections Di and 13 2 is sufficient to give 
intensities which are correct within 2 or 3 per cent. Since the uncorrected

 on October 17, 2018http://rspa.royalsocietypublishing.org/Downloaded from 

http://rspa.royalsocietypublishing.org/


88 Measurement o f  X -R ay  Intensities in Crystal Analysis.

intensities may be as much as 100 per cent, too great, the importance of the 
corrections is at once apparent.

Summary.
Possible sources of error in the measurement of the integrated intensities of 

X-ray reflexions by crystals from photographic records are discussed, and 
correction factors developed for their elimination. These are :—

(i) A factor dependent upon the geometrical arrangements of the crystal 
and the X-ray spectrometer.

(ii) A correction introduced by obliquity of incidence of the reflected X-rays 
on the photographic film.

The ordinary polarisation factor (1 -(-cos226) is examined critically and 
found to be valid in practice. Experimental figures are quoted illustrating the 
use of the correction factors.

The authors wish to express their gratitude to Sir William Bragg for his 
interest in the investigation, and to the Managers of the Royal Institution for 
providing facilities for the work. They also wish to thank Mr. B. W. Robinson 
for numerous fruitful discussions on the subject of the absorption factor, and 
for providing some of the experimental data used in section 5.
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