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types of rays. On the basis of this assumption the whole 
number of ions produced by a/3 particle of high speed per em. 
of its path at atmospheric pressure is 67. 

Our thanks are due to Professor Rutherford for his help 
and interest in these experiments. 

Physical Laboratories. 
The Victoria University, Manchester. 

LVI [. The Ranges of the a particles from Various Radioactive 
Substances and a Relation between Range and .Period of 
~lrans]ormation. By H. GnmEa, Ph.D., and J. M. 
NUTTALL, B Sc., University of Manchester*. 

I T is well known that the a particles from different radio- 
active substances are characterized by their ranges, 

i. e. by the distance through which they can travel in air at 
atmospheric pressure. This was first pointed out by Bragg, 
an(] the ranges of a number of products have been deter- 
mined by him and his co-workers. The method applied by 
Bragg to determine the ranges is well known. By means of 
a set of parallel tubes placed directly above the active plate 
a rays ~ith practically parallel paths were obtained. The 
ionization produced by these rays was measured at different 
distances in a shallow ionization vessel, and the distance in 
air at which the ionization just disappeared was taken as the 
range of the a particles. 

It was shown by Rutherford theft at the same distance 
from the source at which the a particles fail to produce ioni- 
zation they also lose their power of producing scintillations. 
The observation of the scintillations at different distances 
from the source theretbre presents another way of deter- 
mining the ranges of the a particles, and this method has 
frequently been made use of by Hahn and other observers. 
I t  appears, however, that the scintillations method gives 
somewhat smaller values for the ranges than the ionization 
method. 

Great difficulty has been experienced in the determination 
of the ranges of the very inactive substances uranium and 
thorium. In these cases, the methods mentioned above are 
not applicable. Estimates of the ranges of these products 
were, however, made by Bragg~, but more accurate values 

* C~.mmunicated by Prof. E. Rutherford, F.R.S. 
t W. H. Bragg, Phil. Mag. xi. p. 754 (1906). 

_Phil. Mag. S. 6. Vol. 22. No. 130. Oct. 1911. 2 S 
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614 Dr. H. Geiger and Mr. J.  M. Nuttall on the Ranges 

- - i n  the case of uranlum--have  recently been giw,,n by 
Geiger and Rutherford*,  and by Foch t .  

I t  would be of great importance if a method could be 
devised which would be equally suitable for the accurate 
determination of the ranges of all the known a ray products, 
but at present no such method has been found. The main 
difficulties result from the fact that some of the products are 
gases, whilst some are very feebly active or only available in 
the presence of other a ray products. 

In the present investigation we have employed a method 
which appears specially suitable tot tim determination of the 
ranges of the substances whose activities are snmll. The 
arrangement is indicated in fig. 1. The inside of a large 
glass bulb is silvered and connected to 
a battery of about 700 volts. The active 
film is placed in the centre of the bulb 
on a small metal disk B which is con- 
nected to the electrometer by means of 
the wire H. The brass tube K K  sur- 
rounding the wire, and insulated from it 
by ebonite plugs, serves ~ls electrostatic 
protection, and prevents any electrical 
leak from the glass bulb to the wire. 
The tube passes air-tight through the 
~round-glass joint  E,  which fits into the 
corresponding p , r t  F, sealed to the glass 
bulb. The length of the wire H is care- 
fully adjusted so that the plate B is 
exactly in the centre of the bull). It' 
the pressure in the bulb is reduced the 
ionization produced by the a particles 
will remain practically constant so long 
as the range of the a particles at the 
particular pressure does not exceed the 
radius of the bulb, viz. 7"95 cm. But as soon as the pressure 
is decreased below that value the ionization current will also 
decrease. From this critical pressure and the radius of the 
bulb the range of the a particles can easily be deduced. I t  
adds greatly to the accuracy of the determination of the 
critical pressure if the active layer is very thin, and if" the 
area over which it is spread is small. Experiments with 
polonium showed that plates with diameters up to 2"6 cm. 
could be used without introducing an appreciable error. 

* YI. Goiger and E. Rutherford, Ze .Radium, vii. p. 225 (1910), and 
Phil. Meg. xx. p. 691 (1910). 

t A. Foch, Ze .Radium, viii. p. 101 (1911). 

Fig. ]. 
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of ~ particles.from various Radioactive Substances. 615 

In fig. 2 the curves for air obtained with different sub- 
stances are given. The abscissae give the pressure in 

Fig. '2. 

( 
- Ura.rdu m 

Thorium 

T h. and Ra,-T~. ia equilihc 

)nivm 

,--Polortium 

R~diothorium 

~. I s I ~ . o f  R~.,,Se 

centimetres of mercury, and for convenience also tbe cor- 
responding ranges reduced to 76 cm. pressure and 15 ~ 
centigrade are marked. The ordinates give the ionization 
current  measured by the electrometer for each particular 
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616 Dr. It. Geiger and Mr. J. M. Nuttall on the Ranges 

pressure. It will be seen that the critical pressure is sharply 
defined in each case. 

A few details regarding the radioactive substances used in 
these experiments may be given. 

1. Uranlum.--3 mgr. of uranium oxide were spread 
uniformly over an area of 2"5 era. diameter. Experiments 
made with thicker fihns gave practically the same result. 

2. Thorlum.--It is well known that thorium cannot be 
separated from radiothorium. Through the kindness o f  
Prof. Boltwood we have, however, obtained some thorimn 
which, on account of frequent precipitalions over a period 
of many years, was repeatedly freed from mesothorium, and 
thus the radiothorium had practically died away. Imme- 
diately before tile measurements were taken the thorium 
was precipitated several times in order to get rid of the 
thorium X and the subsequent products which might have 
been present. 

3. Thorium and Radlothorium in equilibrium.--Some 
thorium with the radiothorium in equilibrium was separated 
from thorite mineral, and by several precipitations free(] ~rom 
thorium X and the following products. The curve shows 
two distinct breaks corresponding to the a rays from thorium 
and radiothorium. 

4. Ionium.--The source consisted of a small and hardly 
visible spot of  ionium mixed with thorium on a thin 
aluminium-foil. The activity due to the thorium was too 
small to be detected. 

5. Radium.--A radium solution was first freed from 
polonium, emanation, and active deposit. A drop of the 
solution was evaporated on a platinmn plate and the measure- 
ments taken immediately. 

6. Polouium.--The polonium films were prepared by 
bringing the polonium solution in contact with a carefully 
cleaned copper-foil. By electrolytic action the polonium is 
then deposited on the copper-foil. 

7. Radiothorlum.--Radiothorium was separated from a 
mesothorium preparation and freed from thorium X and the 
following products. A thin film was prepared and measure- 
ments taken at once. 

The results for the different products employed in these 
measurements are collected in the following table. In each 
case the average value of all the measurements is given and 
reduced to a pressure of 76 cm. and a temperature of i5 ~ 
and 0 ~ centigrade respectively. But it must be remembered 
that recent investigations have shown that actually only a 
small fraction of the a particles traverses the whole range, 
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of a particles from various Radioactive Substances. 617 

and that on account of scattering and possibly other causes 
many are stopped at a somewhat shorter distance. One of 
us"  has shown that the velocity of expulsion of the a par- 
ticles is proportional to the cube root of its maximum range. 
Thus, knowing the velocity of one product the velocities of the 
others can be deduced. Comparison is most suitably made 
with Ra C, for which the initial velocity has been measured 
by Rutherfordt  and was found to be 2"06 x 109 em./sec. The 
initial velocities of expulsion calculated in this way are added 
in the table. 

Initial Velocity Substance. Range 15 ~ C. Range 0 ~ C. of Expulsion. 

Uranium ......... 

Ionium ............ 

Radium ............ 

Polonium ......... 

Thorium ......... 

Radiothorium ... 

2"72 cm. 

3"00 ,, 

3"30 ,, 

3"77 ,, 

2"72 ,, 

3"87 ,, 

2"58 cm. 

2"84 ,, 

3'13 ,, 

3'58 ,, 

2"58 ,, 

3"67 ,, 

1"51 • 109 c m . / s e c .  

1 " 5 6 •  109 ,, 

1"61 • 109 ,, 

1"68 • l 0  g ,, 

1 '51 • 10  ~ , ,  

1"70 x 1 0 '  ,, 

We have already mentioned the earlier estimates of the 
ranges of uranium and thorium. The range of ionium has 
been measured by Boltwood :~, that of radium by Bragg  and 
Kleemanw that of polonium by Kucera and Masek I1, and by 
Levin�82 and that of radiothorium by Hahn**. Nearly all 
the figures given in the table above are in fair agreement 
with those obtained by previous observers. In some cases, 
however, pressure and temperature of the air are not men- 
tioned, so that it is difficult to nmke a comparison of value 
between the present and older determinations. 

In  connexion with the redetermination of the ranges of 
the a particles from a number of products, given above and 
in a previous paper by one of us t t ,  we have reconsidered the 
possibility of a relation between the period of the active 
substances and the ranges of the a particles emitted by them. 

* H. Geiger, Prec. Roy. See. A. lxxxiii, p. 505 (1910). 
# E. Rutherford, Phil. Mag. xii. p. 348 (1906). 
:t B. B. Boltwood, Amer. Journ. Se. xxv. p, 365 (1908). 
w W. H. Bragg and R. D. Kleeman, Phil. Mat. x. p. 318 (1905). 
II Kucera and Masek, Phys. Zeitschr. vii. p. 337 (1906). 
�82 M. Levin, Phys. Zeitsehr. vii. p. 519 (1906). 
~** O. Hahn, Phys. Zeitsehr. vii. p. 456 (1906). 
t t  H. Geiger, Phil. Mat. xxii. p. 201 (1911). 
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618 Dr. H. Geiger and Mr. J.  M. :Nuttall o~ the Ranges 

I t  has been already pointed out by Rutherford* in 1907 that 
possibly a relation exists between these quantities. I t  
appeared that the range of the a particles was greater the 
smaller the period of transformation of the substance. There 
were, however, several products for which this relation did 
not seem to hold. 

In order to find any possible relation between the range 
and the period we have plotted in fig. 3 the logarithms of 

Fig. 3. 
+6 

o 

~-I0 ..... 

o 

-1~ 

/.~ 

�9 4 .~ "6 "7 -B 
Logarithms of ranges. 

the transformation constants of the different products against 
the logarithms of the corresponding ranges for the pr , -  
ducts in the uranimn-radium series and in the actilliu,, 
series. The data from which these curves are plotted are 
given in the following table. For convenien,.'e th3 initial 
velocity of expulsion is added as well as the halt:value period 
and the transformation constant. The ranges are reduced to 
0 ~ centigrade. 

�9 E. Rutherford, Phil. Mag. xiii. p. 110 (1907). 
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of a particles from various Radioactive Substances. 619 

Substance .  

U r a n i u m  . . . . . . . . .  

I o n i u m  . . . . . . . . . . . .  

R a d i u m  . . . . . . . . . . . .  

R a  E m a n a t i o n  ...  

R a d i u m  _A_ . . . . . . . . .  

R a d i u m  C . . . . . . . . .  

P o l o n i m n  . . . . . . . . .  

R a d i o a c t i n i u m  ... 

A c t i n i u m  X . . . . . .  

A c t  E m a n a t i o n . . .  

A c t i n i u m  A . . . . . .  

A c t i n i u m  C . . . . . .  
i 

In i t i a l  
Veloci ty.  

1"51 X 10 ~ era_. 
B e o ,  

1 '56  . . . .  

1"61 . . . .  

1"74 . . . .  

1"81 . . . .  

2 ' 06  . . . .  

1 '68  . . . .  

1"82 . . . .  

1"77 . . . .  

1"93 . . . .  

2 ' 02  . . . .  

1"90 . . . .  

Transformat io~ 
Oons tan t .  

4-6 •  - i s  

1"1 X 10 - 1 1  

2 .085 • 1 0 -  6 
3 

3"85 • 10 

5"~0 • 10 - s  

4"1 •  - 7  

7 '6  x 10 - 7  

1 '8 x 10 - t  

350  

5 4  •  - s  

H a l f - v a l u e  
Pe r iod .  

5 • 10 ~ yea r s  

2000  y e a r s  

3"85 days  

3"0 minu t e s  

143 d a y s  

19"5 days  

1 0 5  days  

3"9 seconds  

~h ,  second 

2 '15  minu te s  

All the products in the uranium-radium series are marked 
on the curve except ionium and radimn C. In the case of 
ionium the period has not yet been determined, but according 
to Soddy* it is between 5 x  104 and 10 s years. I t  will be 
seen that the numbers of the uranimn-radium series lie very 
closely on a straight line. Assmning that ionium is no ex- 
ception to ttle rule, and taking the range of its a particles to 
be 2"84 era., an inspection of the curve shows that its half- 
value period should be nearly as high as one million years. 

The discussion of radium C presents some difficulties, for 
from its range the half-value period of the product should be 
exceedingly short, about 10 -s second. The recent work of 
Hahn and Meitner]- and of Fajans+, has shown that the sub- 
stance ordinarily called radium C is undoubtedly complex, and 
that the changes occurring in these substances are perhaps 
irregular. There is certainly no definite evidence yet  
available which would contradict the possibility that the 
period of transformation of the product which gives rise to 
the long-range a particles is very short. 

I t  should be pointed out that a certain difl3culty exists 
with regard to uranium. Boltwood w has shown that the 
change in uranium gives rise to two a particles for one in 
each of the successive products, and this has been confirmed 

* F .  S o d d y ,  Le t~adium, vii .  p.  2 9 5  ( 1 9 1 0 ) .  
J" O.  H a h n  a n d  L .  M e i t n e r ,  Phys. Zeitschr. x.  p.  6 9 7  ( 1 9 0 9 ) .  
it K .  F a j a n s ,  Phtls. Zeitsehr. xi i .  p.  3 6 9  (1911 ) .  
w B .  B. B o l t w o o d ,  A m e r .  J o u r n .  o f  Sci .  x x v .  p.  2 6 9  ( 1 9 0 8 ) .  
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620 Ranges of a particles from Radioactive Substances. 

by the scintillation method by Geiger and Rutherford*. 
This may be ascribed to the existence of two successive a-ray 
products, or to the emission of two a particles in the disinte- 
gration of each atom. This latter hypothesis is excluded by 
the experiments of Marsden and Barrattt ,  who found no 
evidence that two a particles were emitted simultaneously. 
In regard to the first supposition Marsden and Barratt's 
work also indicates that the period of the second product is 
more than a few seconds. It  seems not impossible that there 
may exist two successive products, each of long period, which 
cannot be separated by ordinary chemical me thods .  For 
example, if the periods of these two substances were of the 
same order of magnitude the ranges of the a particles would 
differ very little and therefore be difficult to distinguish. 

In regard to actinium, it will be observed that the previous 
notation has been changed in consequence of the discovery of 
a new a-ray product following the emanation. The new 
product is called actinium A, the second product actinium 
B, &c. The reason for the change of nomenclatm'e is given 
in the following paper by Rutherford and Geiger. It will 
be seen from the figure that the relation between range and 
period is again represented by a straight line falling below 
the corresponding line of the uranium-radium series. Radio- 
actinimn does not lie exactly on the line ; this may be due 
to a slight error in the range, which is in this case difficult 
to determine. 

The nomenclature for the active deposit of the thorium 
emanation has also been changed in a similar manner to that 
of actinimn in consequence of the discovery of another quickly 
decaying a-ray product, but the ranges of this product and 
of the emanation have not yet been determined with accuracy. 
Some preliminary experiments, however, made by one of us 
indicated that the nmnbers referring to the products of ~ e  
thorium series also lie on a straight line when plotted in the 
same way as has been done for the uranium-radium and 
actinium series. The details will be discussed later when 
some experiments now in progress have been completed. 

The connexion indicated above between the period and 
range is at present only empirical, but it may depend on 
some simple relation which may ultimately be brought to 
light. Similar straight lines to those above would be obtained 
by plotting period against initial velocity of expulsion, since 
the range is proportional to the third power of the velocity. 

It  is of interest that the relation discussed above offers a 

It. Geiger and E. Rutherford, Phil. Mag. xx. p. 691 (1910). 
t E. Marsden and J. Barratt, Proc. Phys. Soc. xxiii, p. 367 (1911). 
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Transformation of the Radioactive Emanations. 621 

possible explanation of the reason why no substance has been 
found emitting a rays of range shorter than 2"58 cm. For  
example, the life of u substance which emitted a rays of 
range 1 cm. would be so long, and consequently its trans- 
formation so slow, that its activity would be beyond the limits 
or' detection by present methods. 

Experiments are at present in progress with the view of 
determining with accuracy the ranges of the products which 
are yet uncertain. The result of such a complete investi- 
gation may I:e expected to show definitely whether the relation 
given holds generally for all the substances emittting a rays. 

We are indebted to Prof.  Rutherford for his help and his 
interest in these experiments. 

The Victoria University, Manchester, 
Physical Labora~mries. 

LV[I I .  Transformation and ~Vomenclature of the Radioactive 
Emanations. B~/ Prof.  E. RUTHERFOI~D, F.R.S., and 
Dr. H. GEIGER, University of ~lancl~ester *. 

I N a recent paper, H.  Geiger ~ has described experiments 
which show that the emanation of actinimn contains a 

product ot very quick transformation, which emits a rays of 
long range, 6"5 cm. in air, while the range of the a particles 
from the emanation itself is 5"7 cm. Immediately after its 
formation, this new substance has a positive charge, and 
travels to the negative electrode in an electric field. By 
assuming that ~his positive carrier has the s:lme mobility in 
air as a positive ion produced in air, it was deduced that the 
quick product  was half transformed in about 1/500 of a 
second. The proof of the existence of this product at 
once explained the observation made some time before 
by Geiger and Marsden that the emanation of actinium 
apparently emitted two a ray particles at nearly the same 
time. Since the new product is almost completely trans- 
formed in 1/50 of a second after its formation, the a ray 
particle from the emanation itself would be followed within 
this interval by one from the new product, and the interval 
between them" could not be detected by the eye using the 
scintillation method. In a previous paper, Geiger and 
Marsden ~f have also shown that the emanation of thorium 
emits two a particles in rapid succession. In this case there 
was on the average a distinct interwd between the appearance 
of two scintillations on the zinc sulphide screen, indicating 

* Communicated by the Authors. 
t Phil. Mag. July 1~911. $ Phys. Zeit. xi. p. 7 (1910). 
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