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:KLI. Tire Mass and Velocity of the ~ particles expelled from 
Hadium and Actinium. By :E. RUTHERFORD, F.R.S.,  
Macdonald Pro]essor of l~]t2/sics, McGill University, 
Montreal ~. 

[Plate V.] 

T H E  present paper contains an account of investigations 
that have been made to determine, as accurately as 

possible, the mass and velocity of the a particles expelled 
from some of the products of radium and actinium. At  the  
present stage of our knowledge of radioactivity, such measure- 
ments have an important theoretical value in throwing light 
on the following questions : - -  

1. Has the a particle expelled from all radioactive products 
the same mass ? 

2. Does the value of elm of the a particle vary in its 
passage through matter ? 

3. What  is the connexion between the velocity of the a 
particle and its range of ionization in air ? 

4. Wha t  is the connexion, if any, between the a particle 
and the helium atom ? 

5. Is the heating effect of radium or other radioactive 
substance due to  the bombardment of the radioactive 
matter by the a particles expelled throughout its own 
mass ? 

In  the course of these investigations, sufficient data have 
been accumulated, if  not f~ ,answer completely all of the 
above questions, at leas~ to indicate with some certainty the 
relations that exist between the various quantities. 

The experiments outlined in this paper have been in pro- 
gress for more than a year 1-, but publication has been delayed 
in order to determine the mass of the tt particle from thorium 
and actinium as well as from radium. 

The investigations on the mass of the ,t particle from thorium 
have been made in conjunction with Dr. Hahn, and are 
described in a following paper. 

Determinations of the mass and velocity of the a particles 
from radium have been made by several observers. In 1902, 
using the eleetra~eopic method and radium of activity 19000, 
I showed that the a particles from radium consisted of post. 
tively charged particles which were appreciably deflected in 

" Communicated by the Author. 
A preliminary account of the measurements of the value of e/m for 

the particle from radium C was given before the American Physical 
Society, December 1905. An abstract of the results appeared in the 
Physical Review, Feb. 1906. 
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The a particles expeUed from Radium and Actinium. 349 

intense magnetic and electric fields*. I deduced that the 
yalue of e/m--the ratio of the charge on the a particle to its 
mass--was about 6 • 10 ~, and that the swiftest a particles 
emitted from radium had a velocity of about 2"5 • s cms. 
per second. Shortly afterwards, these experiments were re- 
peated by Des Coudrest,  using the photographic method and 
with pure radium bromide as a source of rays. ]fie found 
the value oE e/m to be 6"3 • 10 a, and the average velocity to 
be 1"65 x 109 cms. per second. 

On account of the difficulty of obtaining a sufficiently large 
deflexion of the a rays in passing through a?n electric field, 
the values of elm and of the velocity of the a particles obtained 
by Rutherford and Des Coudres could only be considered as 
a first approximation to the true values. 

Recently the question has again been attacked by Mac- 
kenzie:~, using the photographic method and pure radium 
bromide as a source of rays. Fairly large deflexions of tim 
pencil of rays were obtained by using strong magnetic and 
electric fields, t i e  showed that the a particles emitted by a 
thick layer of radium bromide were unequally deflected in a 
magnetic ~md electric field, and presumably consisted of a 
particles moving with different velocities. By assuming that 
the value of e/m was the same for all the a particles, he 
deduced that the value of e/m for the average ray was 4"6 x 103, 
and that the average velocity was 1"37 x 109 cms. per second. 

I t  will be seen that all or" these investigators have used a 
thick layer of radium in radioactive equilibrium as a source 
of rays. We know that the a particles from radium in equi- 
librium come from four distinct a ray products. The a 
particles from each of these products have different ranges 
of ionization in air and different velocities of projection. In 
addition, the a particles from each single product reach the 
surface from different depths of radioactive matter, and con- 
sequently have different velocities. I t  is thus seen that the 
a radiation from radium is very complex, and consists of four 
groups of a particles, each of which is made up of a particles 
which escape at widely different velocities. 

On account of the dispersion of the pencil of rays in 
passing through an electric and magnetic field, it is difficult 
to interpret with certainty the deflexions observed. The 
difficulties which arise are clearly pointed out by Ylackonzi~ 
in his paper (loc. cir.) 

In a previous paper (Phil. Mag. Ju ly  1905} I pointed our 

~, Rutherford, Phys. Zeit: iv. p. 235 (1902) ; Phil. Mag. Feb. 1903. 
~" Des Coudres, _Phys. Zeit. iv. p. 483 (1903). 
~: Mackenzie, Phil. Mug. Nov. 1905. 
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350 Pro[. E. Rutherford on the l~J[ass and Velocity of 

that these diMculties would disappear if" a homogeneous 
pencil of a rays was employed. I showed that such a homo- 
geneous pencil could be obtained by using as a source of rays 
a small wire which had been made very active by exposure 
to the radium emanation. Fifteen minutes after removal 
from the emanation, radium A has been transformed, and the 

particles are then emitted only from radium C. 
An examination of the deflexion of the rays in a magnetic 

field showed that such an active wire futfi[led the conditions 
necessary {br a homogeneous source o[ rays. The a particles 
all escaped from the thin fihn of radioactive matter at the 
same speed, and all suffered the same reduction of velocity 
in passing through an absorbing screen. On account of the 
rapid decay of the activity of the active deposit, it is necessary 
to employ an intensely active wire to obtain a strong photo- 
graphic effect. In most of the experiments described later, 
the active deposit was concentrated on the wire by making 
it the only negatively charged surface in a vessel containing 
a large quantity of the radium emanation. In this way, very 
active wires were obtained which served as suitable sources 
of homogeneous a rays. 

.Electric J)eflcxlon of  the a .Rays. 

The determination of elm and of the velocity of the 
particle was made in the usual way by measuring the de- 
flexion of a pencil of' rays in passing through both a magnetic 
and electric field of known strength. The method 'employed 
for measuring the magnetic deflexion has already been de- 
scribed in a previous paper. After some preliminary experi- 
ments, the following arrangement was adopted to determine 
the deflexion of the a rays in passing through an electric 
field. The rays from the active wire W (fig, 1), after tra- 
versing a thin mic~ plate in the bas~ :of the brass vessel l-Yl, 
passed between two parallel insulated plates A and B about 
4 cms, high and 0"21 mm. apart. The distance between the 
plates was fixed by thin strips of mica placed at the four 
corners~ and the plates were rigidly held together by:rubber 
bands. The teiminals of a storage-battery were connected 
with A and B so that a strong electric field could be produced 
between the two plates. The pencil of rays, after emerging 
from the plates, fell on a photographic plate P. The latter 
was rigidly fixed to a ground-brass plate which fitted accu- 
rately on the top surface of the vessel. The ground surfaces 
were air-tight, and the photographic plate could thus easily 
be placed in position or removed without disturbing the rest. 
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the a particles expelled/tom Radium and Actinium. 351 

of the apparatus. The vessel was connected to a mercury 
pump and exhausted to a low vacuum. I f  necessary, the 
exhaustion was completed by means of a sido tube filled with 
cocoanut charcoal and immersed in liquid air. 

f t . -  ! 

Fig. i. 

n 
I 

II ;; 

l, 

i 
I L 

i L 

,I 
I 

-1 p 
I 

The plates A and B were placed close together for several 
reasons. In the first place, a strong electric field could be 
produced between the plates for a comparatively small voltage. 
The greatest P.D. necessary in the experiments was about 
500 volts. Since the plates were about one-fifth of a milli- 
metre apart, this voltage produced an electric field between 
the plates corresponding to 25000 volts per cm. One ad- 
vantage of the arrangement lies in the fact that, provided the 
P.D. is below about 350 volts, there is no danger of a dis- 
charge between the plates, even if there is not a good vacuum. 
This is particularly convenient where it is found necessary to 
expose the photographic plate to a weak source of radiation 

D
ow

nl
oa

de
d 

by
 [

M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
] 

at
 1

0:
26

 2
7 

Fe
br

ua
ry

 2
01

5 



352 Prof. 1~. Rutherford on the Mass a,td Veloeit 7 of 

for several days, for there is no necessity to continually watch 
the state of the vacuum. 

On account of the small distance between the plates, there 
is no necessity to correct for the disturbance of the electric 
field near the ends of the plates. In addition, the parallel 
plates acted as a slit in order to obtain a narrow pencil of 
rays. In its passage through the electric field each a particle 
describes a parabolic path, and after emergence travels in a 
straight line to the photographic plate. By reversing the 
electric field at intervals, the direction of deflexion of the 
pencil of rays is reversed. 

The general effect of the electric field in altering the ap- 
pearance of the trace of the pencil of rays impinging on the 
photographic plate is shown in fig. 2 (P1. V.) A shows the 
natural width of the line without an electric field, B for a P.D. 
of 255 volts, C for 340 volts, and D for 497 volts. These are 
reproduced from the actual photographs (magnification about 
1"4 times). When a small P.D. is applied, the natural width 
of the photographic trace is broadened. Above a certain 
voltage, the single band breaks into two. As the voltage is 
further increased, the distance apart of these bands increases 
while the width of each band steadily narrows. The outside 
edge of each band is sharply defined, but it is difficult to fix 
vcith certainty the inner boundary of the bands. 

Theorg of the E, vpeviment. 

The theory of ~he experimental arrangement where the 
parallel plates act both as a slit and a means of applTing the 
electric field, is more complicated than the ordinary case 
where a narrow pencil of ~ rays is made to pass between the 
two parallel plates of the condenser without impinging on 
the sides. 

A_ diagram of the experimental arrangement is shown in 
fig. 3. AB and CD are the two charged parallel plates, and 
CE the radiant source which was of greater width than the 
distance between the plates. It is required to find the width 
of the trace on the photographic plate when a P.D. V is 
a p ~ d  between the plates. 

m=mass of a particle, 
e=charge on a particle, 
u=velocity of a particle in passing between plates, 

AB=/1,  CD=/~, B b=la, 
d=distance between plates~ 
D=distance between extreme edges of the photo- 

graphic trace for reversal of the electric field. 
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ts r162 particles expelled from Radium aad Actinium. 353 

There are two cases of the theory which must bo separately 
considered : -  

Case 1~ when the deflexion of the ~ particle in passing 
through the electric field is less than el, the distance 
between the plates, 

Case 2,, when the deflexion is greater than d. 

Fig. 3 A. 

L 

l ,  
I 

II 

t~ B 

+ 

I' 
, t  
,I 
!t 

t_ 
c s 

Case 1. 

P 

Fi~'. 3 ~. 

p 

D 8 

r 

, ~q 

.3__ 
C E 
Case 7. 

Case 1 . - - W e  shall now consider the theory for the first 
case. On entering the electric field at A, each a particle 
describes a parabolic path, and on emergence from the field 
moves in a straight line, the direction of which is a tangent 
to the parabolic path at the moment of emergence. The 
distance between the plates (0"21 ram.) is so small compared 
with the length AB (3"77 cms.)~ that we may assume without 
sensible error that the electric field is everywhere normal to 
the path of the rays. Suppose that the electric field is applied 
in such a direction that the a particle is urged in the direction 
of the plate AB. Some of the a particles, which before the 
field was applied fell on the photographic plate~ are now 

_Phil. Mag. S. 6. Vol. 12. No. 70. Oct. 1906. 2 A 
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354 Prof. E. Rutherford on the ~l[ass a~ul Velocity of 

stopped by the plate AB, but other ~ particles previously 
stopped by the plate CD are able to emerge. 

Suppose that the ~ particle in passing through the electric 
field is deflected normally through a distance S represented 
by FB. All the ~ particles which before the application of 
the electric field passed throu,~'h the point F now just emerge 
at B at grazing incidence. The ~ particle which ibrms the 
extreme edge of the photographic trace at f must obviously 
be projected initially in the direction CF, and after emergence 
will travel along the line Bf .  

Since the normal acceleration of the ~ particle in passing 

through the electric field is V e and the time occupied in 
dD~ ' 

passing between the charged plates is /-l, the distance 
U 

Ve Ii -~ 
FB = s = 2din" u: ' 

O1" (~ V s=~ll  ~, where ~ :  
2m" du ~ " 

At the moment of lea~ing the electric field, the tangent of 
the angle 0, which the direction of motion makes with the 
initial direction of projection CF, is given by tan 6----2kli. 

If the angle DCF=01, the emerging ray makes an angle 
3+0 ,  with the direction of the plates Bb. The distance 
tf----l~ tan (0 + 01). Since the angles 0 and 01 are sInall, 

bf= 13 (0 + 01) 

l~('2klI + d - s~ 
= _ -~.~_/" 

In a similar way when the electric field is reversed, the 
corresponding distance 

ctf' = 13(ZXlt + 
(l 

In this ease, the ~ particle which is most deflected enters 
the electric field at grazing incidence at the poiut A. 

The distance D between the extreme edges f f '  of the 
photographic impression is consequently given by 

D = b f  + a b + a f '  
=4~lll~-t-l~(d--s) + [2 +d. 

Substituting the value s=.Xla ~, 

D__~./x/3(3_ ~}+{ ~ + [ ~ 1 1 " / 1 3  l~ 4-, 1)d. 
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the a particles ex~elled f'rom ~adium and Actini~tm. 355 

But it is easily seen that the natural width of the photo- 
graphic band without the electric field is given by 

l;~ + 1;d. 

Therefore the increase D, of the breadth of the band by 
the reversal of the electric field is given by 

D~=~.ll /3(3--  ~ ) .  

Substituting the value of X, 

mu ~ YllI.~/ /1\ 

This gives the formula required for determining the value 

of m~'--~t~ for case 1. 

Case 2 . ~ I u  this case the electric field is supposed to he 
sufi%iently strong to deflect the a particle in passing between 
the charged plates through a distance greater than d. 

Suppose the electric field urges the a particle towards the 
plate AB (fig. 3 B). A little consideration shows that the 
a particle which forms the extreme edge of the photogr'tphic 
impression at f must touch at grazing incidence the plate 
CD. Let L K F  be the direction of projection of such an 
,~ particle, intersecting the plate CD at K. The path of the 
,~ particle under the action of the electric field is shown by 
the dotted line in the figure. The path touches the plate 
CD at H and emerges at B at grazing ineideuee. 

Let D H = y .  
Then with the same notation as before, d-----Xy ~. 
The angle 0 which the tangent to the parabola at B makes 

with the direction of the plate AB is given by 

tan 0 = 2?tjr 

The distance b/=/3 tan 0 = 27~j/13. 

The total distance D between the extreme edges of the 
photographic impression on the plate P by reversal of the field 
is consequently given by 

D = 4xyl3 + d. 

Then (D--d) ~= 16Xd/~ ~. 

Substituting the value of X as before, 

m,d 8V/a ~ 
- -  o 

e (D --d)" 
. . . . .  (5) 

2 A 2  
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356 Prof. E. Rutherford on the Mass and Velocit.v of  

I t  is interesting to note that this formula for the determi- 

nation of mu~ does not i~volve Ii or l~, and only invoh, es the 
e 

distance d to a subordinate exten[. For  example, in one 
experiment where 13-----10 cms., the value of d was only 1/15 D. 
This is a great advantage, as the distance d is difficult to 
measure a'ith accuracy. 

While the distance" 11 is not involved in the final formula, 
it  must be remembered that the formula (2) only applies 
when the a particle is deflected through a distance greater 
than d in passing between the plates. I f  11 is made smaller, 
the value of V must be made correspondingly greater before 
the formula can be applied. 

I t  has been mentioned that the Width of two deflected 
traces obtained by reversal of the electric field decreases in 
width with increase i~l strength of the electric field. The 
reason of this can readily be shown from theoretical con- 
siderations. For example, it is seen that the inside edge of 
the deflected pencil (fig. 3 B) is produced by the a particles 
whose paths touch at grazing incidence the plate AB at A 
and also touch the plate CD. These conditions determine 
the direction of the ~ particle in entering the electric field 
at A. All a particles passing through A which make a 
greater angle with the plate AB than the ~bove a particle 
are stopped by the plate CD. As the width of the trace is 
not required in the experiment, it has not been thought 
necessary to include here the connexion between the width 
of the deflected pencil and the strength of the electric field. 
The calen]ations, though a little long, are not difficult. 

I t  is now necessary to consider how we are able to know 
i~'om the photographs obtained whether the formula (1) or (2) 
is to be applied. The formula (1) holds provided the distance 
of defexion of the ~ particle is not greater than d. Suppose 
that the ~ particle is deflected through a distance d in passing 
between the charged plates. The outside edge of the photo- 
graphic impression, ibr example, on the right of the plate P 
(fig. 3) is due to the a particles which start from the point C 
parallel to the plate CD. -With the same notation as befbre, 

d = Xlt 2. 

Following the same method of calculation as for case (2)~ 
it is seen that the value of D is givea by 

I ) = 4 ~  / 113+d. 
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tire ~ particles expelled from Raclivm and Actinium. 357 
d 

Substituting the val .e  ~,= ~ ,  

. 4 
In most of the exper-ments to be described later~ 

18=3"94 cms., 11~3"77 cms., d='21 ram. 

Consequently~ D = 1"09 ram. 

From the data given below it will be seen that the 
tbrmula (2)applies tbr all voltages greater than about 300, 
while the formula (1) applies for all values smaller than 
this. 

-Results of Ex])eriments. 

The electrostatic defle.~:ion of the a rays from radimn C 
was first determined for different voltages between the plates. 
The rays from the active wire passed through a mica plate in 
the base of the vessel, equivalent in stopping power to about 
3"5 cms. of air. The extreme distance D between the outside 
edges of the photographic impressions obtained on tile plate 
by reversal of the electric field was measured by the lantern 
method described in a previous paper*. 

In most of the experiments, the value l.~ of the distance of 
the photographic plate above the parallel plates was 3"94 cms. 
In one experiment this distance was 10"00 cms. 

/~-----3"77 eros, 12=4"165 eros., d=0"210 ram. 

The values of ~u~ obtained for different voltages and 
e 

distances of the photographic plate are tabulated below. 

V o l t s  b e t w e e n  m u  2 
p l a t e s .  13" D .  ~ -  . 

1 7 t  

2 5 5  

340  

497  

508  6 

3"94 eros. 

10 ' 00  ,, 

0"857 r a m s .  

0"995 ,, 

1"136 ,, 

1"34(i ,, 

3"10 ,, 

5 '1  • 101. 

4 ' 9  •  1~ 

4 ' 9 3  • 101. 

4"79 • 10 l* 

4 ' 8 7 •  TM 

Each o~ the ~,alues of D given above is the meun of u large 
nmnber of separate measurements which agreed closely among 

* Rutherford, Phil. Mag. August 1906. 
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358 Prof.  E.  Rutheribrd on t],~ Mass a~d Velocity qf 

themselves. The values for 171 and 255 volts are calculated 
from formula (1)~ the natmal width of the photographic 
trace being 0"61 ram., and for the higher voltages from 
formula (2). Stone of the photographs from which the 
measm'ements were made are reproduced in fig. 2, magnifi- 
cation about 1"~. 

Two good photographs were obtained with a P.D. of 
340 volts. In each case two active wires were used sue- 
eessively to give a strong photographic impression. On 
account of the greater distance, the i)hotographie impression 
was not so strongly marked for the distance 10 cms. 

Giving a weight 1 to the measm'ement of ,~_u~ for 497 
e 

volts, and a weight 2 for both 340 and 508"6 volts, the mean 
value is given by 

- - = 4 " 8 7  x 1014 electromagnetic units . . . .  (3) 
e 

By measurement of the magnetic deflexion, the maximmn 

value of m u for the ~ rays from radimn C was found to be 
e 

4"06 x 10 ~. The mica screen cut down the velocity of the 

rays to "763 of the initial velocity, so that the value of " ~  
e 

for the rays whleh passed through the electric field is given 
by 

~ U  
. . . . .  3"10x 10 ~ . . . . . .  (4) 

e 

]3), combining equations (3) and (4) 

u=1"57 x 109 eros. per second, 

e /m= 5"07 x i0  a electromagnetic units. 

I think that the values of u and e/m are certainly correct 
within two per eeut. 

The initial velocity of the ~ particles expelled fi'om radium C 
is consequently 2'06 x 109 eros. per second. 

Does t]~e value of e/m for t/~e a particle vary in its 2~assage 
through matte~" ? 

In order to test this point, the value of e/m for the c~ particle 
was determined under the following conditions : - -  

(1) The active wire was placed on top instead of under  
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t]~e a particles expelted fi'om ~adium and Actinium. 359 

the mica screen, so that the electrostatic deflexion was 
de~ermined for the ~ particle from the unscreened wire. 

(2) The ~ ][)articles passed through a mica screen equivalent 
in stoppin(~ power to 3"5 cms. of air. The value of e/m under 
these conditions has been determined in the previous section. 

(3) The ~ particles passed through a screen of mica and 
aluminium equivalent to about 6"5 cms. of air. 

The magnetic and electrostatic deflexion were separately 

determined. The former gives the value of~ ~nu and the 
e 

latter mu2 The results of the measurements are collected 
e 

in the following table, where D has the same meaning as 
before. The value of la in all cases was 3"94 cms. 

Interposed absorbing 
screen in t erms  o f  air. 

0 

3"5 cms. 

6"5 ems. 

Volts. 

340 

34O 

Do 

0"8S m m .  

o,. 

1~ ram. 

-7-" 

4 '06  • 105 

3 '  10 x 10 z 

2 '11  • 10 ~ 

e 
i 

9"4 • ~ 

4"87 X 10 ~ * 

2" lI • 10 t~ 

c 

5 '7  X 103 

5"07 • 103 

4"8 • 103 

The deflexion for the rays from the bare wire was small, but 
could be measured with fair certainty. I think the value of e/m 
obtained in this case, viz. 5"7 x 1 0  3, is undoubtedly too high. On 
removing the active wire after completion of' tile experiment, 
it was noticed that its position was displaced somewhat to the 
side oi' the opening of the parallel plates. This would tend 
to make the observed width of the photographic trace zoo 
small, and consequently to give too great a value of e/m, 
when calculated from formula (1), which is based on  the 
assmnption that the active som-ce completely covers the 
opening between the parallel plates. 

The impression on the photographic plate due to the 
particles which have passed through an absorbing screen 
equivalent to 6"5 cms. of air was weak but clearly defined, 
and admitted of faMy accurate measurement. Allowing for 
an error in the estimation of e/m for the ~ particles from the 
bare wire, I think the agreement of the values of e/m obtained 
under the different conditions is sufficiently close to prove 
definitely that the value of' e/m for the ~ particle is unaltered 
in its passage through matLer. 
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360 Prof. E. Rutherford on tlw Mass and Velocity of 

Value of e/m ,for the ~ particles from Radium A. 
In a previous paper (loc. cit.) I gave the results of the measure- 

ments by the photographic method of ,,m__~t for tile a particle 
e 

emitted from radium A. For  the unscreened wire the value 

of m~t =3"67 x 10 ~, and for the wire covered with a mica 
e 

plate of the same thickness as that over the opening in the 
base of the electrostatic apparatus, I !bund the value of' 

mu = 2"19 x i0  ~. 
e 

I pointed out in that paper the diffieulLy of accurately 
measuring the magnetic deflexion of the a particles from 
such a rapidly changing product as radimn A, which is half 
transformed in three mimltes. The difficulty of obtaining 
a sufficiently marked photographic impression, in order to 
measure the electric deflexions of the rays, was still greater. 
I t  was found necessary to place twenty active wires succes- 
sively in position under the base of the apparatus, in order to 
obtain a measurable darkening of' the photographic plate. 
Each wire was exposed for t~o minutes as negative electrode 
in a vessel containing a large quantity of the radium eman- 
ation. For  such a short exposure, the initial radiation from 
the wire mainly comes from radium A. The wire was 
rapidly removed from the emanation vessel and placed in 
position and left for six minutes. In  that time, the ~ ray 
activity of radium A is reduced to one quarter of its initial 
value. The ~ rays from the active wire passed through the 
standard mica plate befbre entering the electric field. The 
,electric deflexion of the a rays from radimn A is considerably 
greater than that for the swifter ~ particles froln radium C ; 
so that there is no danger of confusion between the two types 
of rays, even though the photographic impression of the 
rays from radium C present on the active wire is comparable 
with that due to the rays from radium A. 

In the experiment the voltage was 255 ; /3=3"94 cms. ; 
and 1)=1"30 mm. This gave 

~1,1/, 2 --2"67 X 1 0 1 4  . 
e 

The value m~__tt for the a rays from radium A after traversing 
e 

the standard mica was 2"19 x 10L This gives the values 

u = 1"22 x 109 cms. per sec. 
e/m = 5"6 x 10L 
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tlte ~ particles expelled from Radium and Actinium. 361 

I t  was found by experiment that the measured value of D 
- - t h e  distance between the extreme edges of the ~,race--was 
always underestimated for a very feeble photographic trace. 
An underestimate of the v,due of D gives too large a value 
for e/re. Taking this factor into consideration, the values of 
e/m obtained for the a particles from radium A and from 
radium C agree within the limit of experimental error, 
This shows that the a particles expelled from radium A and C 
]~ave the saale mass and differ only in their initial velocities of 
projection. 

~]/[ass of the a particle from Radium F. 

A bismuth rod coated with radiotellurlum was used as a 
source of a rays. I t  is now definitely established that the 
active constituent in both radiotelturium and polonium is 
the same and consists of the transformation product of 
radium, radium F. The active m~/tter is deposited in the 
form of a thin fihn on the bismuth rod, and the a particles 
all escape from the surface at practically the same velocity. 
A piece of the rod was placed in position inside the electro- 
static apparatus, and the photographic plate exposed for 
four da,~'s to the action of the a rays from the bare rod. The 
vaiue [~ = 10'00 eros, the v o I t a g e =  443, and the observed 
value D = 2'72 mm. 

,ltl?t 2 
This gives a value - -  = 5"63 x 10 ~ for the a rays from 

e 
the unscreened source. The value of mu = 3"2x 10 a was 

e 
deduced by me in a previous paper from measurement of 
the range of the ~t particles ii 'om radium F in air. The 
experimental  value found directly by Mackenzie (loc. cit.) 

' " c ,  xl() ~,we was 3"3 X 10t  [[akm~ the mean value mu=3"25  
e 

find that  e/m=5"3 x 103, and u = 1 " 7 3  x 109 eros. per second. 
Tho actual photograph obtained was ~'ery weak in intensity, 

and, for the reasons previously mentioned, there is no doubt 
that  the value e/m obtained is too large~ We ,nay con- 
sequently conclude that  the a particle from radium F has 
the same mass as that expelled from radium C. Using a 
more active rod or a longer t ime of exposure, the value of 
e/m should be obtained with much greater precision ; but 
there can be no doubt that it would be found identical with 
that observed for the ~ particle from radium C. 
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362 Prof.  E. Rutherford on the Mass and Velocit~j of 

JT~tss of tlre a particles f rom Actinium. 

In order to obtain a homogeneous source of a rays, the 
active deposit of actinium was used. The active deposit was 
concentrated on a small copper plate by making it tile 
negative electrode in a small vessel containing the eman- 
ating actinium compound. This active deposit consists of 
two products, actinium A and ]3, the former of which is 
rayless. The activity imparted to a plate, ten minutes after 
removal from the emanation, decays exponentially with a 
period of 36 minutes. The rays emitted are all of one kind 
and have a range in air, found by Dr. Hahn in this laboratory, 
of 5"5 ems. 

The preparation of ac t in imn* employed was not very 
active, and the activity imparted to the copper plate was to~ 
weak to produce appreciable photogr:~phie action at the 
distances required. With  the experience gained in the 
m'e~ious experiments with weak radioactive sources, it was 
]'ecog,ized that at least twenty active wires, placed successively 
in position, would have been required to produce a measur- 
able i)hotooraf)hic efi~ect in the magnetic deflexion apparatus. 
Three or four times this number would have been necessary 
in the electrostatic experiment. In  order to avoid the 
necessity of such :; procedure, the apparatus was constructed 
so that the copper plate could be kept active in the position 
required for any length of time. The aetinimn compound, 
wrapped in thin Faper, was placed round the sides of a 
small t)rass vessel, which was attached to the base of the 
magnetic or electric deflexion apparatus. A small insulated 
copper plate, with its plane slightly inclined to the vertical. 
was placed below a narrow slit covered with mica in the 
base of' the apparatus and was kept  negatively charged. 
The activity on the plate reached a maximum after three 
hours and then remained constant. The radiation passing 
through the slit into the magnetic deflexion apparatus was 
mainly due to the a rays from actinium ]3. The photo- 
graphic effect of the radiations from the enmnation close to 
the active plate was too weak to be observed. The magnetic 
deflexion of the pencil of the a rays was determined under 
identically the same conditions "~s in the experiments using 
radimn C as a source of rays. The photographic plate was 
exposed for ten hours in a constant magnetic field which was 
reversed at interva]s. Two fine well-defined lines were 
obtait~ed on the plate. The amount of the magnetic deflexion 

* I am indebted to Mr. H. Lieber of New York for his kindness in 
lendirg me the sample of actinium used in this experiment. 
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the ~ particles expelled from Radium and Actinium. 363 

was then directly compared with that due to the rays from 
radium C under the same conditions. Fe r  this purpose, the 
copper plate was removed and made active by exposure to 
the radimn emanation. It  was then placed back in its 
original position, and another photograph taken. The mica 
plate, covering the opening in the base of the magnetic 
apparatus, was of the same thickness as that used in the base 
of the electrostatic apparatus. The following numbers illus- 
trate the results obtained : -  

Distance between centres of deflected band~" due to rays 
from actinium B--1"85 ram. 

Distance between centres of deflected bands due to rays 
from radimn C =  1"53 ram. 

W e  have previously shown that the value of ~nu for the 
e 

a particles of radium C after passing through the standard 
mica screen, absorbing-power equal to 3"5 eros. of air, is 

3"10 x 10 ~. Consequently the value of m~ for the ~ particles 
e 

from actinium B is given by 

mu 1"53 
-- --= x 3"10 x 10 ~ = 2 " 5 6  x 105. 

e 1 ' 8 5  

I t  is interesting to note that the comparative magnetic 
deflexions observed fbr the rays of aetinimn B and of 
radium C agree with those to be expected from their known 
ranges in air, assuming the value of' e/m for the ~ particle to 
be the same in both eases. 

I have shown in a previous paper that the velocity V of' 
an ~ particle of range r eros. in air is given by 

v - =  .3~s~/~7+i.9_~,  
~'0 

where V0 is the maximum velocity of the rays from radium C 
which have a range of 7"06 eros. Now, after passing through 
the mica screen, the rays from aetinimn t3 have a range 
5"5- -3"5=2 '0  eros., while those from radium C have a range 
7"06--3"5---=3"56 eros. 

Consequently, 

velocity of rays from radium C after passage through mica 
velocity of rays from actinium B after passage through mica 

!3"56+1"~5 
=%/' ~.0+1.2~- 1.22. 
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364 Prof. E.  Rutherford on the Mass a~d Velocity of 

The experimental ratio is 1"21. From the agreement between 
the experimental and the theoretical ratios, it could be con- 
cluded-with confidence that the mass of the ~ particle from 
actinimn is the same as that fi-om radlmn C. This, however 
has been experimentally verified by measuring the electric 
deflexion of the r162 rays from actinium ]3. 

The apparatus for de termini ,g  the electric deflexion of the 
rays was the same as that used in the radimn experiments. 

The copper plate which served as a source of cr rays was 
kept  active by an arrangement similar to that used for the 
magnetic deflexion. The photographic plate was exposed 
tbr six days. Through an accident in the connexions, the 
electric field was not acting between the plates for the first 
three days. The photozraphie plate consequently showed 
the undeflected trace of the rays and the deflected trace on 
one side of it. The distance between the centre of the nn- 
deflected trace and the outside edge of the deflected trace 

gives the value of D �9 )-. The value of la was 10"00 cms. ; the 

voltage 340, and D was 3"i74 cms. Consequently the value 

of mu! for the rays after passing through the standard mica 

~ u  

T/,y/t 2 
= 3"10 x 101~. 

e 

We have previously shown that 

- - =  2"56 x 10 '~, 
d 

Therefore 

and 

e 
- = 4 " 7  x 1 0 3 ,  
D~ 

u ---- 1"21 x 109 eros. per second, 

We may thus conclude that the ~ particle from actinium 
has the same mass as that from radimn. 

Com~exion of the ~ particle with the helium atom. 
We have seen that, within the limit of experimental error, 

the mass of the a particle expelled from radium A, radimn C, 
radium F, or aetinimn B is the same. In  a later paper, in 
conjunction with Dr. Hahn, it will be shown that the mass of 
the ~ particle expelled from thorium C is also identical with 
that expelled from the radium products. We have also shown 
in a previous paper that the amount of the magnetic deflexion 
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the a pa~'ticles expelled from ftadium aact Actbd~m. 3t15 

of the a particle from radimn itself is in agreement with that 
to be deduced from its range in a i r - -a  result which is only 
to be expected if the a particle from radimn has the same 
mass as that from radium C. 

There then remains only one ~ ray product of radimn, viz. 
the emanation, whose radiation has not been closely examined. 
There is, however, no reason to suppose that the ~ particles 
from the emanation differ in mass from those of the other 
products. An examination of the complex pencil of rays 
from a layer of radium in equilibrium shows no evidence of 
the presence of ~ rays which suffer an abnormal amount of 
deflexion. I think there can be no doubt that the ~ particles 
emitted from the various products of radium have an identical 
mass, but differ only in the initial velocities of projection. 
Although the mass of the a particles has been determined for 
only a single product of thorium and of aetinimn, the analogy 
with radium would lead us to expect that the a particle has 
the same mass for all the products of these substances. 

We may thus reasonably conclude that the a particles 
expelled from the different radio-elements have the stone mass 
in all cases. This is an important conclusion; for it shows 
that  uranium, thorimn, radium, and aetinimn, which behave 
ehemically as distinct elements, have a common product of 
transformation. The a particle constitutes one of the funda- 
mental units of matter of which the atoms of these elements 
are built up. When it is remembered that in the process of 
their transformation radimn and thorium each expel five a par- 
titles, actinium four, and uranium one, and that radium is in 
all probability a transformation product of uranimn, it is seen 
that the ~ particle is an important fundamental constituent 
of (.he atoms of the radio-elements proper. I have often pointed 
out what an important part the a particles playin radioactive 
transformations. In  comparison, the/3 and ~/rays play quite 
a secondary r61e. 

I t  is now necessary to consider what deductions can be 
drawn from the observed value of elm found tbr the a particle. 
The value of e/m for the hydrogen ion in the electrolysis of 
water is known to be very nearly 10 '. The hydrogen ion is 
supposed to be the hydrogen atom with a positive charge, so 
~hat the value of elm for the hydrogen a~om is 1@. The 
observed value of e/m for the a particle is 5"1 x 10 ~, or, in 
round numbers, one half of that of the hydrogen atom. The 
density of helium has been tbund to l~e 1"98 times that of 
hydrogen, and from observations of the velocity of sound in 
helium, it has been deduced that helimn is a monatomie gas. 
From this ie is concluded that the helimn atom has an atomic 
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366 ProF. E. Rutherford on t/~e Mass and Velocitj of 

weight 3"96. I f  a helimn atom carries the same charge as 
the hydrogen ion, the value of e/m for the helium atom should 
consequently be about 2"5 x 103. If  we assume that the 

particle carries the same charge as the hydrogen ion, the 
mass of the ~ particle is twice that of the hydrogen atom. 
We are here unfortunately confronted with several possi- 
bilities between which it is difficult to make a definite 
decision. 

The value of e/m for the ~ particle may be explained on 
the assumptions that the a particle is (1) a ~nolecule of hydro- 
gen carrying the ionic charge of hydrogen, ('2) a helium 
atom carrying twice the ionic charge of hydrogen, or (3) o~e 
l~a!f of the helium atom carrying .~ single ionic charge. 

The hypothesis that the ~ particle is a molecule of hydrogen 
seems for many reasons improbable. I f  hydrogen is a con- 
stituent of radioactive matter, it is to be expected that it 
would be expelled in the atomic, and nor in the molecular 
state. In addition, it seems improbable that, even if the 
hydrogen were initially projected in the molecular state, it 
would escape decomposition into its component atoms in 
passing through matter, for the ~ particle is projected at an 
enormous -r and the shock of  the collisions of the 

particle with the molecules of matter must be very intense, 
and tend to disrupt the bonds that hold the hydrogen atoms 
together. I f  the a particle is hydrogen, we should expect to 
find a large quantity of' hydrogen present in the old radio- 
active minerals, which are sufficiently compact to prevent its 
escape. This does not appear to be the case, but, on the 
other hand, the comparatively large anmunt of helium present 
supports the view that the , particle is a helium atom. A 
strong argument in support of the view of' a connexion 
between helium and the ~ particle rests on the observed 
facts s that helium is produced by actinium as well as by 
radium. [Phe only point of identity between these two sub- 
stances lies in the expulsion of ~ particles of the same mass. 
The production of helimn by both substances is at once 
obvious if the helium is derived from the accumulated 
partieies, but is difficult to explain on any other hypothesis. 
We are thus reduced to the view that either the ~ particle is 
a helium atom carrying twice the ionic charge of hydrogen, 
or is half' of a helimn atom carrying a single ionic charge. 

The latter assmnption involves the conception thug helium, 
while consisting of a monovalent atom under ordinary chemi- 
cal and physical conditions, may exisg in a still more elemen- 
tary state as a component of the atoms of radioactive matter, 

* Debierne, 6'./?. cxli. p. 383 (1905). 
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and that, after expulsion, the parts of the atom lose their 
charge and recombine to form atoms of helium; while such 
a view cannot be dismissed as inherently improbable, there 
is as yet no direct ~vidence in its favour. On tile other 
hand, the second hypothesis has the merit of greater simplicity 
and probability. 

On this view, the a particle is in reality a helium atom 
which is either expelled with a double ionic charge or acquires 
this charge in its passage through matter. Even if the a 
particle were initially proiected without charge, it would 
certainly acquire one after the first few collisions with the 
molecules in its path. We know ~hat the a particle is a very 
efficient ionizer, and there is every reason to suppose that it 
would itself be ionized by its collisions with the molecules in 
its path, i. e. it would lose one or more electrons and retain 
a positive charge. I f  the a particle can remain stable with 
the loss of two electrons, these electrons would almost cer- 
tainly be renmved as a result of the intense disturbance set 
up by the collision of the a particle with the molecules of 
matter. The r162 particle would then have twice the normal 
ionic charge, and the value of e/m, as found by measurement, 
would be quite consistent with the view that the a particle is 
an atom of helium. 

In a previous paper * I showed, from measurement of the 
charge carried by the a rays, that 6"2 x 10 ~~ a particles were 
expelled per second from one gram of radium at its minimmn 
activity. This was based on the assumption that each a 
particle carried a positive charge equal to the ionic charge of 
hydrogen, viz. 3"4: x 10 -t~ electrostatic units. Assuming that 
the ~ particle carries two ionic charges, the corresponding 
number is reduced to one half of the above, viz. a ' i  x 10 ~~ 
This would make the calculated period of radimn 2600 years 
instead of 1300 years (see 'Radioactivity, '  second edition, 
1905, p. 457). In a similar way, the calculated volume of 
the emanation released from one gram of radium would be 
0"4 cubic mm. instead of 0"8 cubic ram. The calculated 
volume of helium produced per year per gram of radium 
would be 0" l t  cubic eros. (' Radioactivity,'  p. 481). 

On the hypothesis that the a particle is a helimn atom, the 
atomic weight of each product is diminished by four units, 
in consequence of the expulsion of an a particle. On the 
hypothesis that the a particle is half a helium atom carrying 
a single ionic charge, the atomic weight is diminished by 
two units instead of ibur. Taking the latter hypothesis: the 
number of ~ particles expelled per second from one gram of 

Phil. 5Iag, August 1905. 
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368 Pro[. E.  Rutherford on the Mass and Velocity of 

radium at its minimum activity is 6"2 • 101~ The calculated 
volume of the emanation is 0"8 cubic rams., while the pro- 
duction of helium per year is 0"11 cubic cms. per gram. 
The two hypotheses thus lead to the same rate of production 
of helimn by radium. 

Age of Radioactive Minerals. 
I have previously pointed out that the age of the radio- 

active minerals can be calctllated from the amount of helium 
contained in them. T h e  method is based on the assumption 
that, in a compact mineral, the greater part of the helium is 
mechanie~lly imprisoned in the minerM and is unable to 
escape. Let  us consider, for example, the mineral fergu- 
sonite, which was found by Ramsay and Travers to costain 
1"81 c.c. of helimn per gram of the mineral. The fergusonite 
contains about 7 per cent. of uranium. The amount of helimn 
per gram of uranium is consequently 26 e.c. Now we have 
seen that one gram of radium produces 0"11 e.c. of helium 
per year. The content of radium per gram of uranium is 
3"8 • 10 -7 gram*.  Supposing that uranium emits only one 

particle corresponding to the five emitted by radium in 
equilibrium where the product radium F is present, the 
production of helium per year per gram of uranium is 
~ • 2 1 5 2 1 5  -7 or 6"3•  -s c.c. per year. Assuming 
as a first approximation that the rate of' production of helimn 
has been constant since the formation of the mineral, the 
time required for a production of 26 c.c. of helimn is about, 
400 million years. This is a minimum estimate, for some of 
the helimn has probably escaped from the mineral. 

As another example, consider the mineral thorianite, which 
contains about 72 per cent. of thorium and 10 per cent. of 
uranium. The evolution of helium per gram of the mineral 
was found by ~amsay to be 9'5 c.c. Bragg (Phil. Mug. 
June 1906) bus shown that thorimn breaks up at "26 of ~he 
rate of uranium. This was based on measurements made with 
ordinary commercial thorlmn. Boltwood (Amer. Journ. Sci. 
June 1906) has, however, drawn attention to the fact that 
ordinary commercial thorium has in many cases only about 
one half of the activity obtained by direct preparation of the 
thorium from the radioactive minerals. This would double 
the ' ra te  of breaking up of thorium observed bv~ Bragg. 
Rememberir~g that a thorium atom during its transformatiolls 
emits five ~ particles, and assuming that thorium breaks up 
at ha]Yf the rate of nranimn, it is seen that 7:Z per cent. of 
thorium in a mineral corresponds as a producer of helium to 

* Rutherford and I~oltwood, Amer. Journ. Sci. July 1906. 
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about 5 x 72 = 3 0  per cent. of uranimn. The amount of helium 

corresponding to one gram of uranimn or its equivalent in 
the mineral is consequently 24 c.c. As before, the age  of 
the mineral works out to be about 400 million years. 

~Tumerous other examples may be given, but these serve 
to illustrate the method of calculation from radioactive data 
of the age of some radioactive minerals~ and indirectly, in 
some cases, of the geological strata in which they are found. 

Velocity and Energtj of the a particles expelled from 
liadium products. 

I f  the value of e/m is the same f~r the a particle expelled 
from the various radium products, the maximum velocity of" 
each set of a particles can he deduced from their range in 
air, knowing the velocity of the a particles expelled from 
radimn C. The velocities so determined are probably more 
accurate than those obtained by direct measurement under 
difficult conditions. In the following table, the second column 
gives the range in air of the a particles from the radium 
products, found by Bragg and Kleeman; in the fourth colnmn 

is given the value of muS - - ,  where u is the initial velocity of 
e 

projection of the a particles. 

R a n g e  o f  Veloci ty  in  ~nu 2 
:Product .  ~ pa r t i c le  in  cms.  cms.  per  see. e 

R a d i u m  

:Emanat ion  . . . . . . . . .  

R a d i u m  .4 

R a d i u m  (J 

! ~ a d i u m  F ~ 

3"50 cms. 

4 ' 36  ,, 

4 ' 83  ,, 

7"06 ,, 

3"86 ,, 

1"56 • 109 

1 '70  • 109 

1"77 • 109 

2 '06  • 109 

1'61 • 109 

4"78 X 1014 

5"65 • 10~4 

6 '12  • 10 ~4 

8 '37 • 1014 

5"15 • 1014 

T h e  r a n g e  o f  the  r ays  for  p o l o n i u m  ( r ad ium F)  h a s  been recent ly  measured  
b y  Lev in  (Amer .  J o u r n .  Sol. J u l y  1906). 

Disregarding radium F, the average energy of the ~ par- 
ticle expelled from radium in equilibrium ~s 3"11•  
where e is the charge carried by the ~ particle. Assuming 
that the heating effect 6f radimn is a measme of the kinetic 
energy of the expelled ~ particles, ~e  'can'at once deduce the 
total number of ~ particles expelled per second per gram of 
radium in equilibrium. One gram o f  radium in equilibrium 
emits 100 gram-calories of heat per 'hour .  This rate of 

_Phil. Mag. S. 6. Vol. 12. No. 70. Oct. 1906. 2 B 
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370 The a particles expelled from Radium and Actinium. 

emission of energy is mechanically equivalent to 1"16 x 10 ~ 
ergs per second. Since the average energy of the expelled 

particle is 3"11 x 10 TM e, the number of e particles expelled 
per second from one gram of radium in equilibrium is 
3"65 

The number previously found by the writer by 109 e " 

measuring the total charge carried by the a particles was 
2"82 

- i. e. 77 ~er cent. of ~he theoretical number. The 109 e '  * 
agreement between theory and experiment is thus fairly 
good. In the above estimate, it is assumed that the heating 
effect is due entirely to the kinetic energy of the expelled 
a particles. It  is known experimentally that the heating 
effect of the ~ and ~/rays is only a small percentage of that 
due to the ~r rays. The expulsion of an ~ particle from an 
atom should lead to the recoil of the residue of the atom. 
Assuming that the momentum of the atom is equal and 
opposite to that of the a particle, the velocity of recoil of the 
atom can be simply calculated. Taking the mass of the ~ par- 
ticle as 4: and of the radium atom as 225, the velocity of 
recoil of' the disintegrated radium atom, for example, is 
1/55 x 1"56 x 109 or 2"8 x 107 cms. per second. The heating 
effect resulting from this recoil is thus only about 2 per cent. 
of that due to the a particle. 

Assuming that each a particle carries a single ionic charge 
of 1'13 x 10 -~~ electromagnetic units, the number of a par- 
titles which must be expelled per second t?om one gram of 
radium in order to account entirely for r, he heating effect is 
3"2 • 1011. The experimental num'})er is 2"5 x 10 n. I f  it is 
assumed that the a particle carries twice the usual ionic charge, 
each of these numbers is reduced by one half. 

I t  is of interest to calculate the ~tistribution of the heating 
effect of radium in equilibrium amongst the various a ray 
products. The theoretical percentages of the total healing 
effect are given in column 1. These are calculated from 
the known energy of the a particles expelled from each 
product. The observed percentages are deduced from the 
experimental nmnhers and curves given by Rutherford and 
Barnes (Phil.  Nag.  Feb. 1904). 

Calculated Observed 
Product. heating effect,  heating effect. 

Radium . . . . . . . . .  19"2 23 
Emanation . . . . . .  22"7 ). 
Radium & . . . . . .  2~:'5 j 47"2 45 
Radium (3 . . . . . .  33"6 32 
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Mass of the ~ particles from Thorium. 37I 

The observed heating effects of the emanation and radium A 
are given together, as it is very diftlcult exper~menta}ty to 
determine their separate effects. I t  will be seen that there 
is a substantial agreement between the calculated and observed 
values. 

Connexion between t]~e Velocity and Amount of Ionization 
produced by the a particle. 

Bragg (Phil. Mag. Nov. 1905) has shown that the ~oniza- 
tion produced by a single a particle increases with'the distance 
from the source to nearly the end of its range, when the 
ionization falls off very abruptly. He has shown that the 
ionization produced by the a particle at a distance ~-cms. 
from the end of the path is inversely proportional to v/r-+-c -, 
where c is a constant equal to 1"33. In a previous paper 
(Phil. Nag. Aug. 1906) I have shown that the velocity of an 

particle at a distance r cms. from the end of its range is 
proportional to v / r + d ,  where d is a constant equal to 1"25. 
The close agreement between these two expressions shows that 
the ionization produced per uni~ path by the a particle is 
inversely proportional to its velocity. This is in agreement 
with the theoretical views of Bragg, who supposed that the 
rate of expenditure of energy of the a particle in ionization at 
any point is inversely proportional to the energy of motion 
which it possesses. 

A comparison of the velocities of the a particles expelled 
from the various products of the radio-elements, and a dis- 
cussion of the connexion that exists between the velocity of 
expulsion of the ~ particle and the character of the trans- 
formation will be given in a later paper. 

I desire to express my thanks to Dr. Hahn and Dr. Levin 
for their assistance in the measurement of the numerous 
photographs obtained in this investigation. 

Berkeley, California, July 20, 1906. 

XLII .  ~lass of the a part{des .from Thorium. By E. 
RUT~ERFOnD, F.R.S., Macdonald Professor of JPhyslcs, 
Mc Gill University, Montreal, and O. HAHN, Ph.D.* 

[Plate V. figs. 1-3.] 

T HE present investigation, which has involved the 
determination by the photographic method of the 

deflexion of the ~ rays from the active deposit of thorium in 
a magnetic and electric fieId, has been rendered possible by 

* Communicated by the Authors. 
2 B 2  
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