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Experimefits 0.12 the Difl~action of Cc~thode Rays.  
By G. I?. THO~SON,  M.A., Pellom of Corpus Christi College and Professor of 

Xatural Yhitosophy in the University of Aberdeen. 

(Communicated by Sir Joseph Thomson, P.R.S.-Becei.ved Nove~liber4, 1927.) 

1. &I.L. de Broglie has introduced a theory of mechanics according to which 
a moving particle behaves as a group of waves whose velocity and wave-length 
are governed by the speed and mass oE the particle. In  fact if m, is the mass 
for slow speed and v the speed of a Ereely rnoving particle, the wave-length is 
given by h = h l / l  -v~lc/vt,v, and the svavc velocity V by V = c2/v, the 
group velocity being v, the velocity of the particle. Here c is the velocity of 
light and i t  will be seen Ghat the wave velocity is greater than c. There is 
nothing impossible in this because the waves are regarded as purely geometrical 

t i- phase waves "-not as carrying energy. Compare, in ordinary optical 
theory, the case of substances, such as sodium, for which the refractive index 
is less than unity. The above is for free space ; in the presence of a field of 
forceV varies, andthe consequent bending of the waves by refraction corresponds, 
on the Reiv theory, t o  the deviation of the path of the particle by the field of 
force, on the old. 

The consequences of this theory have been worked out by de Broglie, Schrodinger 
and others and applied to probiems in spectroscopy where they have provided 
the solution of several outstanding difficulties left by the older theory of orbits. 
In  view, however, of the extremely fundamental nature of the theory it is highly 
desirable that i t  should rest on more direct evidence, and, in particular, that 
i t  should be shown capable of predicting as well as of merely explaining. 
Dymond* has obtained some remarliable results on the scattering of slow elec- 
trons in helium which are of the general nature to be expected in bhjs theory, 
but our knowledge of the structure of helium, together with the mathematical 
dii%cul.tiesof the problem have so far prevented any exact comparisioli of the 
theory with experiment,. Davisson and Kunsrnan-i; and Dsvisson and Germerl 
have obtained results on tlie reflection of slow electrons Iron1 the surfaces of 
crystals, especially nickel, which show good qualitative agreemeo: wihh the 

* 'Nature,' vol. 118, p. 336 (1926). 
'Phys. Rev.,' vol. 22, p. 213 (1923). 

1 ' Sature,' vol. 119, p. 558 (1927). 

1. &I.L. de Broglie has introduced a theory of mechanics according to which a moving particle behaves as a group of waves whose velocity and wave-length are governed by the speed and mass oE the particle. In fact if m, is the mass for slow speed and v the speed of a Ereely rnoving particle, the wave-length is given by h = hl/l - v~lc/vt,v,and the svavcvelocity V

eBroglie,Schrodinger and others
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theory but a discrepancy of 30 per cent. in certain magnitudes. It is hoped 
that the experiments described in this paper will advance the matter a stage 
further. They are a development of some experiments of which a preliminary 
accoui~t appeared recently in ' Nature.'" 

2. These experiments were begun last year with the idea of extending 
Dymond's experiments on scattering to solid films and faster elechons, where i t  
seemed probable that the technique developed for dealing with positive ray- 
scattering could be applied with advantage. The results now obtained, how- 
ever, are best looked a t  from a slightly different point of view to that applicable 
to Dymond's work, namely, as follows. 

On the de Broglie theory the electron is considered as a group of waves and 
its motion through matter is determined by considerations of scattering and 
diffraction. For electrons of 25,000 volts energy the wave-length h calculated 
from the above formula is about 0.75 x em. This is of the order of that 
of hard X-rays and the waves associated with electrons of this energy should 
behave in many respects like hard X-rays. I n  fact on this view there is a very 
close analogy between the two. The quantum effects of X-rays are regarded as 
due to  centres of energy guided by waves, while in the case of the electrons the 
motion of the electric charge, in which the energy is centred, is regarded as 
taking place along the rays of the group of phase waves associated with it. I n  
particular the electrons should show diffraction effects when passed through a 
crystal identical with those shown by X-rays of the same wave-length. It is, 
perhaps, hardly necessary to say that this does not mean that the two are 
jizdistinguishable. Unlike X-rays the electrons are deflected by electric and 
magnetic fields. They carry a charge, and for equal wave-lengths, have much 
less energy and less penetrating power. 

3. In  essence the experiments to be described consist in sending a beam of 
approximately homogeneous cathode rays through a very thin film a t  normal 
incidence and receiving them on a photographic plate some distance behind. 
If the film consists of a number of minute crystals arranged a t  random we should 
get a pattern identical with that obtained in a Hull-Debye-Scherrer apparatus 
with X-rays of the same wave-length. If certain directions of crystal predomi- 
nate the pattern will be modified in a calculable manner. It will be seen below 
that both these cases have been found. The only other necessary condition is 
that the film shall be so thin that the electron in its passage through i t  is only 
scattered once, otherwise the pattern will be hopelessly blurred by the super- 
position of the deflections and will appear on the photographic plates as a 

* Thomson and Reid, 'Nature,' vol. 119, p. 890 (1927). 
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nearly uniform blackening except, perhaps, for an increased intensity near the 
placc corresponding to the direction of the original beam. 

It is this requirement which gives rise to the chief experimental difficulties 
and accounts for the effect not having been observed before. 

4. The experimental arrangement used (set? fig. 1)is of the simplest. Cathode 
rays generated by ail induction coil in the tub^ A pass through the fine tube B 

of bore 0.23 mm. and length 6 ems., and strike a film mounted at  C. B is 
shielded from magnetic effects by the iron tube shaded in fig. I. Between 
C and the plate at  D is a distance of 32.5 ems. and the plate can be lowercd in 
two stages by a magnetic release. This enables two exposures to he take11 
on each plate which is an advantage as ix is difficult to  estimate the best time 
of exposure to show up the pattern. At E is a willemite screen which can be 
~ s e dto examine the rays while the plate is still in the upper part of the camera. 
Thc camera was exhausted to a low vacuum, the gas coming through the fine 
tube from A being remored by a three-stage mercury sapour pump. The 
voltagc of the discharge was nleasurecl as carefully as possible by means of a 
spa,rk gap betv-een 4 ems. aluminium spheres. -4 prelinlinary experiment of 
deflecting the rays by a magnet on their pa.th betbeen C and 73 showed that they 
wese very nearly homogeneous, the spot on the plate deflecting as a whole except 
for a very faint tail. 

5.  Specimens of the results obtained with film of aluminium, gold, celluloid, 
and a substance X (at first thought to be platinum), are shown in the plate. 
It mill be seen that in all cases the general effect is that of s series of concentric 
rings round the spot made by the undeflected beam. In  some cases these rings 
are uniform round t,he circumference, in othcrs the intensity is more or less 
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concentrated in a series of spots on the circumference. It should be said a t  
once that there can be no doubt that the whole pattern is due to cathode rays 
which have been deflected by the film. Thus in the absence of the film only 
the central spot is seen, and if a magnet is brought up between C and D the whole 
pattern is shifted together. In  some cases, when i t  is brigh'~ enough, this can 
be seen by following the changes in appearance of the willemite screen when a 
magnet is brought near. I n  others, when the rings could not be seen on the 
screen, photographs were taken with a magnetic field between C and D strong 
enough to move the central spot, which could always be seen, through a con- 
siderable distance. I n  all cases the pattern showed the spot at  the centre of 
the rings, showing that spot and rings had been deflected together. They thus 
are due to cathode rays of appreciably the same velocity. 

6 .  Vccriatio~with the Energy of the Rays.-If the rings are in any way of the 
nature of a diffraction pattern their size, for a given film, must vary inversely 
as the wave-length of the waves concerned. According to the formula of de 
Broglie h = h Z / 1  - v2/c2/mov. If v/c is small h = h/mov and if P is the 
potential difference in volts through which the rays have fallen to acquire their 
energy, = v 2/2eP/300m0. Thus h is proportional to and if D is the diameter 
of any given ring D ~ / Pshould be constant. If the accurate formula is used 
and allowance made for the variation of mass with velocity in the acceleration 
of the ray, it is easy to show that h = eP/1200moc2). Theh ~ 1 5 0 / e ~ r n ~ / ( l $  
correcting term never exceeds 3 per cent. in these experiments. The following 
table shows the constancy for various films of D 1 / P  ( 1  +Pe/1200mocz). About 
equally good agreement is shown by the simple expression D ~ I ? .  

AZu?nipziunz. 

Plate. S.G. 1 P. n,. D, J P  (1+~1/1200in,,,.").I 
mms. ems. 

October7 (3) . . . . . . . . . . . . .  5 17,500 3 . 1  
October 10 (2) . . . . . . . . . . . .  9.5  30,500 2.45 
October7 
October7 

(2) 
(4) 

. . . . . . . . .  
. . . . . . . . . . . . .  

10 
13 

31,800 2.32 

October 7 (5) . . . . . . . . . .  14.5 
October 7 (6) . . . . . . . . . . .  16.5  
Oct,oberl l  (1) . . . . . . . . . . .  16.5 
October 12 (2) . . . . . . . . . . .  20 
October 12 (3)  . . . . . . . . . . . .  20 

h = hZ/1 - v2/c2/mov. If v/c is small h = h/mov and if P is the potential difference in volts through which the rays have fallen to acquire their energy,= v2/2eP/300m0.Thushisproportionalto andifDisthediameter of any given ring D ~ / Pshould be constant.
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mmq. ems. 
October 13 (1) 7 .5  34,600 2.50 
October 12 (4) 10 31,800 2.15 
October 12 (5) 12.75 39,400 2.00 
October 12 (6)  15.25 45,600 1.86 /October 12 (7)  19 54,300 1.63 
October 17 61,200 / 1.61 

This close agreement is in itself strong evidence for the de Broglie theory, 
and justifies us in considering in detail the other consequences to be expected 
on this view. 

7. Suppose that a beam of cathode rays is incident at  an angle O on a plane 
of indices (hkZ)of a small element of crystal. According to the Bragg formula 
i t  will be reflected provided that 2d sill 0 = 7% A,where d is the spacing between 
parallel planes of the type (h,  k, b ) .  If L is the distance of the plate, this vrill 
give rise to a mark on the plate at  a distance D/2 from the central spot where 
D = 4 0 L = 2% h Lid, assunling 0 is small. 

If a large number of small crystals are present arranged at  random so that 
some are preseni at  all angles we shall 
have a ring of diameter given by the 
above formula for every spacing d in the 
crystal lattice and 1% = 1, 2, 3, etc. This 
is, of course, the well-known Hail-Debye- 

FIG.2. Scherrer pattern for powdered crystals. 
If the crystals have definite orientations 

with respect to the film some of these rings will be absent. Thus consider 
a crystal with rectangular axes and suppose a (1, 0, 0) face is always 
(approximately) parallel to  the film surface, we shall have reflections from 
(0, 1, 0) and (0, 1, 1)faces because the small angle 0 required can be provided 
by the slight divergence of the cathode ray beam, and by lack of fiatness in the 
film. On the other hand the reflection from (1, 1, 1)will not appear because 
the rays would have to make a large angle with the plane of the film in order 
to be incident on (1, I ,  1) at  the small angle required by the law 2 d sin 0 =n h 
remembering that h is of the order of 1/50 that of d. If, further, the crystals 
are so orientated that not merely i b  one axis perpendicular to the film, but the 

This close agreement is in itself strong evidence for the de Broglie theory, and justifies us in considering in detail the other consequences to be expected on this view.
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axes in the film arc not arranged at  random, then the rings which do appear 
will not be of uniform intensity, each direction of the axes giving risc, in the 
case of cubic symmetry, to four spots on the circumference of the ring. 
8.Alurainiurn.--Let us examine the results obtained with aluminium from 

this point of view. The films used were thc thinnest foil etched down by 
floating in caustic potash till they were transparent. It is difficult t o  estimate. 
the thickness actunliy used as the films so fornzed are not uniform, but probably 
to give good results they mu& not be more than 10-"m. Looking at  figs. 1 
and 2 (Plate 19), wc see that the rings are non-uniform so that pres~~mnbly the 
crystals have become orientated in the process of rolling the film. Besidcs the 
inner ring Dl, two others, D2 and D,, can be disting~is11cd outside it," and traces 
of a fourth between D, and D,. The ratios of U,/D, D, 'Dl are shown below. 

In so*r,e of the cases in mhich no value of D,/D, is given the ring was outside 
the field on view, in some i t  was too faint t o  measure. It will be seen that the 
ratios correspond closely to 1/2  : 1 and 2 : 1. 

Now aluminiam is found from X-ray experiments to have a fore-centred cubic 
lattice. For such s lattice the distances + - d " of the planes are given by 
ti  =n/l/h2 + k24-l2 where h, k,  1 are tho indices of the plane and " a  " the side 
of the unit cube. If some of the quautities (h, k ,  1) are odd and some even, 
counting zero even, all are to be doubled. 

Kow, if one axis is perpendicular to the film, the possible planes are those for 
which one index is zero, alzd the smallest values of IA, lz, I are (I,  0, 01, (1, 1, O), 
(1, 2, 0), etc. Now D = 2n l.1~2/1z2 + k2+ 12/a, heme doubling the indices 
when required we have in succession DaIAL = ,24, n 4 ~ ' ? ,  nil.%/$ etc. If 
we pat n = 1,2  in the first and n =2 in the second, we get DaIhL ;=4 , 4  l/2,8 
or in the ratio 1:42 : 2 as found for @, : D, : D,, and it is easy to see that 
any other ring will be outside thesc. The faint ring between D, and D, is, 
J think, probably due to a few of them not being orientated in the way 
assumed. As far as can be measured its dianzeter is to D, as l /3 :1and thus 
would correspond to the second order reflection from a (1, 1, 1) plane. 

I n  the examples reproduced there are too many crystals, as shown by the 
* D, is not visible in the reproductions.  

VOL. CXV1I.-A. 2 T  



numerous spots, for their symmetry to show up clearly. Fortunately I found 
another specimen which was apparently, in the sxall region used, alnlost n 
single crystal. IPere the inner circle ID, was reduced to four short arcs at  the 
corners of a square while D, took the same form 11itl-l the dieerenee that 
the diagonals of the two squares make an angle of 45" with each other. 
This specimen was rather thicker, and the background of general scattered 
rays was heavier ; i t  is reproduced in fig. 3, Plate 19. Since the (I, I ,  0) planes 
are at  45" to  the (1, 0, 0) planes this result is in exact agreement with what 
would be expected on the theory. 

Finally we can compare the calculated value of " a " with that found for 
aluminium by X-;.ay anaiysis. The values for three specimens agreed with 
each other within the limits of experimental error, and excluding some eqeri-  
lnents at  very high voltages for which the spark gap measurements have a large 
probable crror, I find as a mean n = 3.80 x lo-', the value given by X-ray 
analysis is a = 4.046 x 10c8. There is a discrepancy of 6 per cent. While 
this is outside the casual error of experiment, as may be seen from a consjdera- 
tion of the agreement of the figures on p. 603, it may perhaps be due to a 
systematic error." The measurement of energy by sparlr gap is not a very 
satisfactory method, especially when a rapidly alternating potential like that of 
an induction coil is used. and there may quite possibly be a systematic error 
due to this. On the other hand there may be some correction required in the 
theory. The discrepancy would have been one or two per cent, less if the 
relativity correction had been ignored. 

9. Gold.--Gold films were prepared from the thinnest leaf obtainable by 
reduction in aqua regia. The pattern due to one is shown in fig. 4, Plate 19, 
and the constancy of IDrl/F is shown in the table above. Nere D' is the 
mean ol the diameters of the two inner rings? which at  the lower energy of 
rays mere unresolved. Here the rings are quite continuous, indicating the 
presence of many crystals and suggesting that they are probably orientated 
a t  random, as inight be cspected from the fact that the leaf is prepared by 
beating. Gold also has a face-centred cubic lattice. Assuming that the 
crystals are a t  random, we must take all possible values of (12, k, l ) ,  and 
resulting values of Dai2 hL are shown below. 

(By treating, e.g., (4, 0, O j  as different from (2, 0, 0) we avoid the necessity 

* Xre note at tflc end of the paper. 
Shown in the reproductiol~as a mther broad ring with a fine dark circle dividing it illto 

t\,0. 

I find as a mean n = 3.80 x lo-', the value given by X-ray analysis is a = 4.046 x 10c8.
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of introducing n as a separate variable.) The " observed " values are rat.ios 
calculated so as to make the diameter of the first ring 2/3. 

Observed. 

($ 6,  1). yih~+ k2 + lL. 

Itwillbe seen that the agreement is very good, that all the rings can be accounted 
for, and that all the rings to be expected in the region covered by the plate 
are present, except the higher order of the (1, 0, 0)which might be expected to 
be very faint. The rings dii and 412,and again 2/19 and 2/20 are not 
resolved. 

As regards the absolute value of 'h"Ifind a = 3.80 x The X-ray 
result is n = 4.065 x lo-', a discrepancy of 64 per cent., to which the same 
remarks apply as in the case of aluminium. 

10. CeB7~loicl.-A few photographs were taken with a thin film of celluloid, 
of the order of 5 x cm. thick, similar to those used by Mr. Reid in the 
experiments described in ' Nature.' One of these is shown in fig. 5 ,  Plate 19. 
There is a well-defined inner ring and a much lainter outer one of about twice 
the size not visible in the reproduction. Nr. Reid is continuing the work on 
these films with the apparatus originally used, which, while slightly more 
complicated, has the advantage that the energy of the rays can be measured 
with much greater accuracy. It is hoped that a detailed account of this 
work will shortly be ready for publication. 

Film X.-The first experiments with the apparatus described were made 
with a thin film believed to be platinum. This was obtained by acting with 
aqua regia on the film formed on the inside of a bulb by cathode spluttering 
from platinum. I t  was found accidentally in the course of cleaning the bulb 
that the film came off in the acid in flakes 2 or 3 mm. across. Two of the most 

2 ~ 2 



transparent of these I\-ere mounted and tested. The thinnest showed a T-ery \?-ell- 
marked inner rine (fig. 6, Plate 19) and a feint olrter one (not reproducible) 
of about twice the size. The thicker film only showed the inner ring, and 
thal rather faintly, but the sizc \?-as the same. The inner ring of the thinner 
specimen varied in size with the voltage in the way now familiar. as shown 
in the foliowing table :-

Sparh gap. It:nnletrr. 1 ?I., w. 

The absolute size of tho ring is, however. exactly half that to be expected from 
platinum talien as a face-centred cube of side 3.91 x It is almost exactly 
that of the celluloid ring though the latter is rather sharper. J t  scems possible 
that these films were really due to  some greasy substance present on the bulb 
(which was originally used Eor quite a diBerent purpose). A film of this sub- 
stance would be selected as apparently the thinnest owing to its transparency. 
Attempts were made to obtain films of undoubted p la t in~~m by the same process, 
but they were unsuccessfl~l as the films al-cvays broke while drying on the mount. 
This increases the probability that the films in question were not platinum. 

It is difficult to  prepare thin platinum films by the methods that has been 
successful with gold and aluminiun~ as I have been unable to obtain sufficiently 
thin foil to  start with:! 

G'o~~clzcsio.rzs. 
The detailed agreement shown in these experiments with the de Broglie 

theory must, I think, be regarded as strong evidence in its favour. 'These means 
accepting the view that ordinary Newtonian mechanics (including the relativity 
modifications) are only a first approximation to the truth, bearing the same 

* I n  this case the solarisation near thc undeflected beam gives the appearance of an extra 
inner ring. A similar effect, less marked, can be seen in figs. 3, 4 and 5. Tnese false rings 
can easily be distinguished in practice by taking photographs with varying exposures. 

-f Note added in Proof.--I have since been able to show that  platinum films give the 
rings to  be expected from the lrnown crystal structure of the metal, see 'Nature,' 
December 3, p. 802. 

The detailed agreement shown in these experiments with the de Broglie theory must, I think, be regarded as strong evidence in its favour. 'These means accepting the view that ordinary Newtonian mechanics (including the relativity modifications) are only a first approximation to the truth, bearing the same
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relation to the complete theory that geometrical optics does to the wave theory. 
However difficult it may seem to accept such a sweeping generalisation, it seems 
impossible to explain the results obtained except by the assumption of some kind 
of diffraction, and the numerical agreement with the wave-length given by the 
theory is striking. It should be emphasised that there are no adjustable con- 
stants ; the agreement is direct except for a 5per cent. error. I t  is an important 
question whether this error is an experimental one in the measurement of the 
speed of the rays, as suggested above, or whether it represents some correction 
on the simple theory." Further experiments on this point are in progress. It 
is also hoped to extend Dymond's results by obtaining the diffraction pattern 
for the molecules of a gas with these fast rays. My sincere thanks are due to 
Mr. C. G. Praser and to Mr. J. D. McKay for their valuable assistance in pre- 
paring the films and making the experiments. 

Summary. 

1. Experiments are described giving the patterns formed by cathode rays 
scattered by thin films of aluminium, gold, celluloid, and an unknown substance. 

2. These patterns are closely similar to those obtained with X-rays in the 
" powder method." 

3. The sizes of the patterns agree to 5 per cent. with those predicted on the de 
Broglie theory of wave mechanics, regarding the phenomenon as one of diffrac- 
tion of the phase waves associated with the electrons. 

[Note added in Proof.-I have now traced the error to a loss of potential 
in the high tension leads, ammeter, etc. If the spark gap is measured 
directly across the discharge tube instead of, as in the above experiments, 
near the coil, the value found for " a " in the case of platinum is within 
1 per cent. of that found by X-rays, while with the measurements taken in 
the old way there is a discrepancy of 6 per cent. as in the case of the other 
metals, the results with which are therefore also explained.] 

* It may be remarked that Davissons and Germers' results appear to show an error of 
about the same magnitude in the same direction. 

relation to the complete theory that geometrical optics doesto the wave theory.

and the numerical agreement with the wave-length given by the theory is striking.


