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L. The Intensity of Reflexion of X-Rays by Rock-Salt.—
Part 1I. By W. L. Brace, F.R.S., Langworthy Professor
of Physics, Manchester University, R. W. Jamms, M.A.,
Sentor Lecturer in Physics, Manchester University, and
C. H. BosaNqQueT, Balliol College, Oxford *.

Reflexion Formule.
1. IN a previous paper in the Philosophical Magazine *,

we described a series of measurements of the in-
tensity of reflexion of X-rays by various planes of the rock-
salt crystal structure. In analysing the results obtained,
a formula for the intensity of reflexion was assumed which
is essentially the same as that obtained by Darwin } and
Compton §.
Let the Intensity I, of a beam of homogeneous X-rays, at
a given point, be defined as the total amount of radiation
falling on an area of one square centimetre at right-angles
to the direction of the beam. If a crystal-element of
volume dV, supposed to be so small that absorption of the
rays by the crystal is inappreciable, be placed so that it is
bathed by the X-rays, and if it is turned with angular

#* Communicated by the Authors,
lggl?ragg, James, and Bosanquet, Phil. Mag. vol. xli, p. 809 (March
t C. G. Darwin, Phil. Mag. vl xxvii. pp. 815 & 675 (Feb. and
April 1914).
§ A. H. Compton, Phys. Rev. ix. p. 1 (Jan, 1917).

Phil. Mag. 8. 6. Vol. 42. No. 247. July 1921. B
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velocity o through the angle at which some plane in it
reflects the X.rays, the theoretical expression for the total
quantity of radiation Ii reflected states that

Ew NA® oy et 1dcos?20 L.
- = —— ——y e g~ B 8I0% .. i)
I, sin 2(9F miet 2 ¢ av (1)

= Q (ZV. . . . . . . . . . . . (2)

In this expression :

s

N = No. of diffracting units per unit volume,

A = wave-length of X-rays,

0 = glancing angle at which reflexion takes place,
e = electronic charge,

m = » mass,

¢ = velocity of light.

The constant B, which occurs in the Debye factor ¢~ Bsin?6,
was assumed to be 4'12, on the basis of an experimental
determination by W. H. Bragg *.

The contribution of a single electron is represented by the

4
factor izi in this formula.
mle

The factor F depends on the number and arrangement of
the electrons in the diffracting unit. At zero glancing-angle,
it has a maximum value equal to the total number of electrons
in the unit. As the glancing~-angle increases, I talls off,
owing to interference between the wave-trains diffracted by
the separate electrons.

2. In the case of a large crystal, the linear absorption-
coefficient, w, of the rays in the crystal has to be taken
into account in caleulating the intensity ol reflexion. Two
special cases present themselves.

In the first place, a narrow beam of rays may be reflected
from the face of a crystal cut parallel to the reflecting planes.
In this case, if the intensity 1 of the incident beam is defined
as the total amount of radiation falling on the crystal per
second, calculation shows that

Em_Q
T—E’(g)

where Q has the same significance as in equation (2). This
is the case dealt with in our previous paper.

* W. H. Bragg, Phil. Mag, vol. xxvii. p. 897.



Philosophical Magazine Series 6 1921.42:1-17.

T'he Intensity of Replevion of X-Rays by Rock-Salt. 3

The second case is illustrated by fig. 1. A beam of
homogeneous X-rays is obtained by reflexion by the first
crystal C. This beam is reflected by a second ecrystal

Fig. 1.

AN,
N

plate S, which is cut so that the reflecting planes are at
right angles to its surface, and is turned with angular
velocity w.

In this case, all the rays bave to traverse a depth ¢,secd
in the crystal, where ¢, is the thickness of the plate. Calcu-
Iation shows that

R I O

where t=t,sec 8, and Q and I have the same meaning as in

-equation (3).

B2
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This expression has a maximum value%, when
"
t=>. . . . . . .« . . (5

The Determination of Q.

3. The object of the measurements described here and
in the previous paper has been the determination of the
absolute value of the quantity F over a range of glancing
angles. T can be calculated if @ is determined experi-
mentally, since the other quantities in the expression for Q
are known,

In the former paper, Q was found by determining the

reflecting power EVI(D for a erystal face, for which the formula

]%(B= % holds good. The linear absorption-coefticient pu

was measured directly, by passing the homogeneous beam
throngh plates of rock-salt of various thicknesses. It was
pointed out, however, that in the case of reflexions at small
glancing-angles, the value of g determined in this way is
certainly too Jow. When X-rays pass through a crysial
in such a direction that the erystal reflects the rays, the
absorption of the transmitted beam is greater than that
for other directions. This effect was first noticed in the
case of the diamond by W. H. Bragg*, and the effect
also exists in the case of rock-salt +. Kig.? shows some
determinations made with the apparatus arranged as in
fig. 1, but with the jonization-chamber placed so as to
receive the transmitted beam. 'The ordinates represent
the strength of the transmitted beam, plotted for a number
of crystal settings. It will be seen that the transmitted
beam is reduced by 20 per cent. when the crystal is
set at 4° 50" 1, the angle at which it reflects the X-rays
most strongly.

The value of p is therefore greater than its normal
value (10°7), for beams passing through the crystal in any
direction in which they are reflected strongly, and the
values of Q, calculated using the value 10°7 for p, will

* W. H. Bragg, I’bil. Mag. vol. xxvii. p. 81 (May 1914).

+ Cp. the fignres obtained by Rutherford and Andrade in their deter-
mination of the wave-length of y-ravs, Phil. Mag. ser. 6, vol. xxviil,
no. 164, p. 263 (August 1914).

{ Owing to a zero error in setting the crystal plate, this angle differs
from the reflexion angle 6° 17,
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be too small. This was pointed out in the former paper,
but no allowance could be made for this effect, as the
increase in g had not been measured. This increase has

Fig. 2.
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now been determined by a direct method, and in this paper
the necessary corrections have been made to the values

of @, and so of T\

4. The increase in u cannot be determined from a curve
such as that of fig. 2. The beam falling on the crystal
is not absolutely parallel ; therefore it is not possible to
set the crystal so that all the rays of the beam pass through
at that angle for which absorption is a maximum. The
apparent increase in w indicated by the curve sets a lower
limit to the effect, which may be considerably greater.

When reflexion takes place inside a ecrystal plate, as
in fig. 1, the strength of the reflected beam is given by
equation (4), B

)

T = Qte"‘f,

where t = #;sec .

In this equation, w is the effective absorption-coefficient
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appropriate to rays passing through the crystal at the
reflecting-angle, since all rays entering the ionization-
chamber have passed through at this angle.

If a number of plates of different thickness are taken,
the intensity of reflexion measured in each case, and ifs
value plotted against ¢, the points should lie on a curve
such as that in fig. 3. The circles in this figure are the

Fig. 8.
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experimental determinations of the intensity of reflexion
(100) for a number of plates varying in thickness from
0'2 to 25 mm., and a curve of the form y=ate#* has
been drawn so as to conform as closely as possible to the
absolute cxperimental values.

The constants of this curve give the values of Q and p.

“u” can be measured by noting the value of ¢ at which

. . . . . 1
the curve has its maximum, since at this point ¢,sec 6=~

7
The maximum occurs at ¢,=0'610 mm. ; whence x=1630.
The value measured directly is p=107, so that the increase
in pu at the reflecting angle is 52 per cent.

The value of Q is given by the equation

(E;)ma:e%. (6

The mean of our experimental determinations gave

E
(73’) = 365 x 10~
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Substituting e=2'718, x=16-30, we obtain
Q(IOO) = 1616 % 1078,

From the value of Qo) the absolute value of (Fo+ Ifxa)
can be calculated, from equation (1).

This yields Foit Fxa = 2010

at the glancing-angle 6° 17, corresponding to reflexion
from (100). In other words, when the rays ave diffracted
through an angle of 12° 34/, the total effect of the 28 electronx
in a pair of sodium and chlorine atoms is reduced, by
interference, to an effect 20°10 times that due to a single
electron.

;

This value for Tw may be compared with that obtained
by reflexion from the face (100) of rock-salt. Formule (33)
and (4) state that

Bo _ Q

—= for reflexion at a face.
I 2

(‘%ﬁ) = 9 for reflexion through a plate.

ep
The experimental value for the reflexion in the first case is
EIE’- = 541x107**.

If the effective coefficient of absorption w were the same

for the crystal face and for the plate, the value of E_Ico for
reflexion through the plate would be :

9
541 x 1074 x 5 =399 x 104,

The experimental value, as stated above, is 365 x 1074
As will be seen, the value of w for a crystal plate depends
on the way in which the plate has been prepared, so that too
much stress must not be laid on the numerical agreement;
but this comparison serves to show that u is approximately
the same in both cases, and that the absolute values for the
reflecting power of a small crystal element got by these
different methods are in agreement with each other.

% This redetermined absolute value is lower than that given in the
former paper (6-12X10-4).



Philosophical Magazine Series 6 1921.42:1-17.

8 Prof. W. L. Bragg and Messrs. James and Bosanquet :
Effect of Imperfection in the Crystal.

5. The effect of irregularity in the crystal is discussed
very fully by Darwin (Phil. Mag. April 1914, p. 685).

When X-rays are passing througha homogeneous element
of the crystal at the correct angle {or retlexion, the reflected
beam is in its turn again reflected by the crystal. The beam
which has nndergone this double reflexion is parallel to the
transmitted beam, but it< phase differs from it by 7, so that
it tends to diminish it. The absorption of the transmitted
baam 13 therefore greater than the mormal absorption, for
rays going through at any other angle. The greater the
depth of the homogeneous element traversed by the X-rays,
the greater is the increase in the effective absorption-
coefficient. It is this which gives rise to the diminution
of the transmitted beam when a crystal is set so as to reflect
the rays. (See fig. 2.)

It the homogeneous elements in a composite crystal are
small, so that the X-rays traverse a few planes only in
each homogeneous fragment, the increase in the ahsorption-
coefficient at the reflecting angle will be inappreciable.
In this case the formulx (3) and (4) will hold good for
reflexion by a face and through a plate, u being the normal
coefficient of absorption. On the other hand, if the homo-
geneous fragments are so large that the increase in the
absorption-coefficient is appreciable, the intensity of re-
flexion will be thereby diminished. The upper layers of
each homogeneous element cut down the transmitted beam
to an abnormal extent, so that the lower layers do not
contribute so much to the total reflected beam. The more
irregular the cerystal, the stronger we should expect to find
the reflected beam.

Darwin (loc. cit. p. 688) shows that, in a perfect crystal,
all the radiation that can be reflected, is so, long hefore the
depth is reached at which rays at a different angle are
appreciably absorbed. Over a small range of angles
reflexion is complete, the mnormal absorption-coeflicient
playing no part in diminishing the intensity. He takes
the case of a crystal composed of homogeneous layers,
each of sufficient depth to give the maximum possible
amount of reflexion of the X-rays. Tbe orientation of
these successive layers is slightly different, so that the
lower layers do contribute to the reflected heam when
the X-rays fall on the crystal face at the angle which is
appropriate to them, since rays reflected at them are
able to pass through the upper layers.
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To quote from Darwin’s paper: ... We have sirong
experimental reason to believe that the crystals are even
more imperfect than this. For when the reflexion is
evaluated . . . it will be found that the second order of
reflexion is as strong as the first—a result known to be
untrue. This must be taken to indicate that the crystals
are so badly twisted that their planes do not remain parallel
even long enough to produce a single perfect reflexion.”

We may therefore distinguish two degrees of irregularity
in a crystal structure. On the one hand, the crystal may
be so irregular that the absorption in each homogeneous
fragment 1s entirely due to the conversion of the X-ray
energy into cathode-ray energy. The absorption-coefficient
will then be the same for rays passing through the crystal
in any direction. This absorption-coefficient, which we
will call pg, can be found by direct measurement, and,
in the case of these very irregular erystals, it is the correct
coeflicient to substitute in all the formule for reflexion.
On the other hand, the homogeneous fragments, while still
irregularly arranged, may each be sufficiently large for
the extinction of the transmitted beam at the reflecting
angle to be appreciable, in comparison with the reduction
in intensity due to normal absorption. Tn this case,
X-rays, passing through the composite erystal at such an
angle that some of the fragments are reflecting, will be
absorhed more strongly than rays passing through at
other angles. There will be an increase in the effective
absorption-coefficient. If the effective coefficient of ab-
sorption is now u, we can state that

= pote
The coefficient ¢ will be called the “coefficient of extinction™
of the X-rays in the crystal.

The Measurement of the Extinction-Coefficient.

6. Our experimental results show that the regularity in
structure of rock-salt is such that e is appreciable for strong
reflexions, but is very small for the reflexions of high order.
We have measured the normal coeflicient of absorption uy
for rays passing through the crvstal at any angle, and
found it to be equal to 10-7. We have then determined
the effective coefficient of absorption g at the reflecting
angle by the method described in paragraph 4. This has
been done for the reflexions (100), (110), (200), and (300).
The results are shown in figs. 4, 5, and 6.
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In fig. 4 (a), for example, the intensities of the (100)
reflexion through slips of various thicknesses are plotted
against the thickness of the slip. Since the object of the
experiment is to determine the position of the maximum of

Fig. 4.
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the curve, the intensities are relative, that given by one
of the slips whose thickness was 049 mm. being taken
as standard in each case. The X-rays were not rendered
homogeneous by a previous reflexion ; but this does not
affect the curves, since it was found that the allowance
for * white” radiation of neighbouring wave-lengths was
the same for all the slips. Figs. 4(b), 4(¢), and 4 (d)
are the curves for the reflexions (110), (200), and (300).

It will be seen that the maximum of the curve occurs at a
progressively greater thickness in passing from one curve to
that below it. Since the curves are placed in order of the



Philosophical Magazine Series 6 1921.42:1-17.

Tle Intensity of Refleaion of X-Rays by Rock-Salt. 11

intensity of reflexion by the corresponding faces, this means
that x diminishes in passing to less intense reflexions (vp.
equation (5)).

The effective coefficient u can be calculated more readily
by plotting the results as in fig. 5.

Since
EI—&’ = Q.fysec fe~Huseod,
log, . (AI?}?%%—@)—FCOADS = —utysecd.
. Fig. 5.
SN
b\
3 \,\
s \\\O\ ’\\Q
c (}O
e N AN
? ~ | T Ny | N
3 0, Ao \
o \@o\o)
2 \\ Ve \\O\
\3‘00)
i \\\
\o\

‘04 -08 2 -6 20 ‘24 128
t, n centimetre.

o

In fig. 5, loge<}§—:) is plotted against #. The slope of

the curve then gives u directly, allowing for the factor sec 6.
The results are tabulated below.

Effective Extinetion . - .
Reflexion. coeﬂ;llcient, cﬁo—tif;ic_ie’?t, Ifi‘ée::g{rgl{ ; el?nei:n
100 16:30 560 100
110 1360 2:90 505
200 12-66 1-96 19-90
300 10-72 002 4-87

Normal coefficient of absorption, 10-70.
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The intensity of reflexion is that from a rock-salt face,
determined as described in a previous paper. It would be
perhaps more accurate to compare e with Q, but the com-
parison has been made in this way in order to tacilitate the
application for the correction for € to our results.

Fig. 6.

16 5
.~

14 /
‘ e

Q 20 40 60 80 100

Relstive values of £w

In fig. 6, p is plotted against the intensity of reflexion.
It will be seen that the points, with the exception of (200),
lie on a straight line which cuts the y axis at 10-80, a value
very close to the normal coeflicient of absorption 10-70.
We may therefore assume, without introducing any large
error, that we can calculate for any reflexion from the

formula

the value of % being determined from the slope of the
curve.

The Relation between Regularity of Structure and
Intensity of Replexion.

7. An interesting point was observed in measuring the
intensities of reflexion through the crystal plates. In
the case of certain plates, the intensity was found to be
abnormally high. In fig. 4, the points corresponding to
these plates which gave the high values are denoted by
crosses instead of circles. This abnormality is much more
marked in the case of the (100) reflexions than for those
which are less intense.

This effect was traced to a greater irregularity in structure
of the erystal plates. In every case in which the value came
to be abnormally high, it was found that the crystal gave
reflexion over a wide range of angles. It was also found
that this irregularity could be produced artificially by
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grinding the erystal plate on coarse emery-paper, plates
prepared in this way giving a reflexion over a long range,
and abnormally high values for the intensity.

Fig. 7 will illustrate this effect. A single crystal plate
was cut across in two equal portions, and from these
two plates of the same thickness (0°78 mm.) were prepared.

Fig. 7.
10¢
A B
j\ a0t
so| / \ j‘
| I 7
P A
60 N
»‘j 1 N i B ! \l\x-x
' 4° 5° 6°
40} Crystal Setiing.
ol ]
X
Y
o VM\"’(){ ! L )
6° 7° 8°

Crystal Setting.
A. Intensity of reflexion O 93.
B.

»” 2 » 20.

The first plate was rubbed down on ground glass with water
so as to avoid all mechanical strain. The second was
ground dewn on coarse emery-paper. The curves of fig. 7
show the amount of radiation reflected by the plutes over a
range of a few degrees. 'The first gives a narrow maximum,
showing that the structure is regular; the second, an irre-
gular curve over a much larger angle, The intensities of
reflexion in terms of that of the standard plate were 0:93 and
1-20 respectively for the (100) reflexion, showing how much
greater the intensity is for the irregular than for the regular
crystal. In fig. 4, the points correspondiny to these two
crystals are denoted by “A” and “ B.” The irregularity
of the points in fig. 4 is therefore to he ascribed to slight
differences in the perfection of structure of the crystal
plates, and the fact that they can be made to fit with
a fair approximation to a te™# curve shows that all the
plates have much the same degree of irregularity of
structure. As stated above, the few dl)normal points
were all found to cmlespond to crystals which for some
reason had an exceedingly irregular structure.
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Corrected Values for Fey and Fya.

8. From the curve in fig. 3, we can calculats the absolute
value of Qo0 and therefore the value of Foy+ Fy, for rays
diffracted through an angle of 12° 34' (twice the glancing
angle for reflexion from this face). This, as stated above,
comes to be 20°10. Since allowance has been made for the
extinction-coeflicient, this is now an accurate determination.
In the previous paper the value of F¢ + Fx, was obtained by
measurements on the intensity of reflexion from a face, taking
p to be 10:7. These measurements give Fo+ Fy,=16 68.
The difference between the two values shows the effect of
allowing for the extinction-coeflicient,

‘We now have sufficient data to calculate the correct values
for Fei and Fya over the whole range of angles which has
been examined. When the glancing angle is large, the
reflexion is so weak that the extinction-coefficient may
be neglected. The values for Fgo—Fy,, given in the
previous paper, therefore hold good, allowance being made
for the differences due to the re-determination of the absolute
intensity of reflexion mentioned above. On the other hand,
the measurements described in paragraph 4 make possible
the ahsolute determination of Fg+ Fy. for the angle of
most intense reflexion, by a method which is independent
of any uncertainty as to the value of u. We can therefore
estimate to what extent the (100) reflexion is diminished by
the extinction-coefficient in the case of the measurements
with a crystal face, and using the formula p=p,+ kI we
can raise the values of the (110), (222), (200), and other
strong reflexions, so as to bring them iuto line with the
new data. The values for F¢y and Fy, so obtained are
tabulated below, and plotted in fig. 8.

Values of F¢ and Fy,.

sin§.  For+Fya (gglljrﬁ)lfa@ Fo—Fye Fo.  Fxa 20,
1000 1712 2105 440 1272 832 117 o4
1305 156 1821 298 1059 761 150
1736 1386 1489 282 860 623 200
2164 1171 12:35 253 744 491 95
2588 1019 1051 2490 650 401 300
3007 886 911 246 578 337 85°
3420 784 790 240 515 275 40°
3827 683 653 239 461 2322 45°
4926 591 591 230 415 176 50°
4617 507 507 253 370 187 550

-5000 392 392 240 316 076 60°
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The figures for (Fo + Fy,) in the third column have been
cotrected for the extinction-coefficient. The intensity of
reflexion is so weak In the case of the planes with odd
indices that the extinction-coefficient is negligible, and the
values for Fa— Fy. need no correction. In the fitth and
sixth columns are given the corrected values for Ko

Fig. 8,
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The amplitude of the waves diffracted through an aungle 28 by the

Chlorine and Sodium atoms are expressed in terms of that scattered

by a single electron. The wave-length A of the rays is equal to
0616 10-8 cm.

and Fy,. The angle of 26 through which the rays are
diffracted is given in the last column.

In fig. 8, both the former values, and those corrected for
the extinction-coefficient, are shown. The maximum values
for F at §=0 would be expected to be 10 for sodium, 138 for
chlorine, assuming both atoms to be ionized. The general
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trend of the corrected curves ix towards maxima in the
neighbourhood of these values, whereas the uncorrected
curves drop too quickly as they approach the y axis,
this being particularly noticeable in the curve for sodium.
The fact that the corrected curves tend towards these
maxima confirms the accuracy, both of the experimental
determinations and of the assumptions which have been
made in the calculations.

SUMMARY.

The object of these experiments has been the deter-
mination of the amplitude of the wave diffracted in various
directions by the chlorine and sedium atoms when homeo-
geneous X-rays of unit amplitude fall on these atoms.
This amplitude is expressed in terms of that diffracted
by a single electron, the results for chlorine and sodium
being shown In fig. 8.

The following fmmu]se for the intensity of reflexion have
been used :—

Eo _ Q
I 7 2%
for reflexion atl a face ;
,_EIE) — Qto sec He_f‘foSEOB

for reflexion at glancing angle @ through a crystal plate of
thickness ¢, cut pexpendlcular to the reflecting planes.
Q is given by the formula

94 3 4 9
Q= NN ‘. 1+C(f_26 _g-Bsinto
sin 29 mﬂc4 2 sin 20
Allowance has been made for the increase in the effective
coefficient of absorption p, in the case of strong reflexions,

due to the existence of the *“ extinction-coefficient.”
The amplitude of the wave diffracted by a palr of sodium

The two

and chlorine atoms is given by the f:

atoms diffract waves which are in phase Wlth each other
for all planes except those with wholly odd indices, when
the wasesare opposed in phase. By measuring the intensity
of reflexion for both types of plane, it has been possible
to assign values to the amplitude diffracted by the chlorine
and sodivm atoms separately over a range of angles from
10° to 60°.
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The results confirm the accuracy of the measurements
and of the theoretical assumptions, since they indicate the
correct nummber of electrons in the atoms of chlorine and
sodium.

An estimate of the distribution of the electrons around
the nuclei of these atoms may be obtained by analvsis of
the results, since the forms of the diffraction curves are
dependent on the arrangement of the electrons. We hope
to publish this analysis shortly.

Manchester University,

20th March, 1921,
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I. INTRODUCTION.
THE present paper deals with the theory and confirma-

tory experiments carried out with the modified
apparatus referred to in the previous puper on this subject +.
All three pendulums in use still bave bobs of equal masses
as before, and their total lengthy ave still all equal. But a
rather simpler system of suspension is here adopted which
both facilitates the experiments and simplities the theory.
This mechanical form still secures a degree of generality
equivalent to thut which could be obtained with three equal
electrical circuits in which each pair had a different mutual
induction.
The equations of motion for these pendulums lead to a
general solution, showing that each pendulum may execute
#* Communicated by the Authors.
: t See “ Triple Pendulums,” ete. I, Phil. Mag. Nov, 1920.
Phil. Mag. S. 6. Vol. 42, No. 247, July 1921. ¢



