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capillary canal about one half millimetre in diameter, the
absorption of water is as great as 18 per cent. of the volume
contained per hour. In finely porous rock correspondingly
larger absorptions are to be anticipated. Again, the temperatures and pressures given in the above experimenes would be
more than reached by, a column of water penetrating a few
miles below the earth s surface. Finally, the action of water
on silicates will be accelerated in proportion as higher
temperatures are entered with increasing terrestrial depth.
Eventually, therefore, heat must be evolved more rapidly than
it is conducted away.
With the above proviso, one may reasonably conclude that
the action of hot water on rock within the earth constitutes a
furnace whose efficiency increases in marked degree with the
depth of the seat of reaction below sea-level.
Brown University~
Providence, U.S.A.
VIII. Uranium Radiation and the Electrical Conduction produced by it. By E. RUTHERFORD,M.A., B.Sc., ]brmerly
185t Science Scholar, Coutts Trotter Student, Trinity

College, Cambridge; McDonald 2Professor of .Dhysics,
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H E remarkable radiation emitted by uranium and its
compounds has been studied by its discoverer, Becquerel,
T
and the results of his investigations on the nature and properties of the radiation have been given in a series of papers
in the Comptes Rendust. He showed that the radiation, continuously emitted from uranium compounds, has the power
of passing through considerable thicknesses of metals and
other opaque substances; it has the power of acting on a
photographic plate and of discharging positive and negative
electrification to an equal degree. The gas through which
the radiation passes is made a temporary conductor of electricity and preserves its power of discharging electrification for
a short time after the source of radiation has been removed.
The results of Becquerel showed that RSntgen and uranium
radiations were very similar in their power of penetrating
solid bodies and producing conduction in a gas exposed to
them; but there was an essential difference between the two
types of radiation. He found that uranium radiation could
be refracted and polarized, while no definite results showing
* Communicated by Prof. $. ft. Thomson, F.R.S.
t C. R. 1896, pp. 420, 501~559, 689, 762, 1086 ; 1897, pp. 438, 800,
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polarization or refraction have been obtained for RSntgen
radiation.
It is the object of the present paper to investigate in more
detail the nature of uranium radiation and the electrical
conduction produced. As most of the results obtained have
been interpreted on the ionization-theory of gases which was
introduced to explain the electrical conduction produced by
RSntgen radiation, a brief account is given of the theory and
the results to which it leads.
In the course of the investigation, the following subjects
have been considered :-§1. Comparison of methods of investigation.
§2. Refraction and polarization of uranium radiation.
43. Theory of ionization of gases.
§4. Complexity of uranium radiation.
§5. Comparison of the radiation from uranium and its
compounds.
§6. Opacity of substances for the radiation.
§7. Thorium radiation.
§8. Absorption Of radiation by gases.
§9. Variation of absorption with pressure.
410. Effect of pressure of the gas on the rate of discharge.
411. The conductivity produced in gases by complete
absorption of the radiation.
412. Variation of the rate of discharge with distance
between the plates.
413. Rate of re-combination of the ions.
§ 14. Velocity of the ions.
415. Fall of potential between two plates.
§ 16. Relation between the current through the gas and
electromotive force applied.
§17. Production of charged gases by separation of the ions.
§ is. Discharg g p i n ower of fine gauzes.
§19. General remarks.

§ 1. Comparison of Methods of Investigation.
The properties of uranium radiation may be investigated
by two methods, one depending on the action on a photographic plate and the other on the discharge of electrification.
The photographic method is very slow and tedious, and admits
of only the roughest measurements. Two or three days'
exposure to the radiation is generally required to produce any
marked effect on the photographic plate. In addition, when
we are dealing with very slight photographic action, the
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fogging of the plate, during the long exposures required, by
the vapours of substances ~ is liable to obscure the results.
On the other hand the method of testing the electrical discharge caused by the radiation is much more rapid than the
photographic method, and also admits of fairly accurate
quantitative determinations.
The question of polarization and refraction of the radiation
can~ however, only be tested by the photographic method.
The electrical experiment (explained in § 2)~ to test refi'actiou
is not very satisfactory.

§ 2. Polarization and Refraction.
The ahnost identical effects produced in gases by uranium
and RSntgen radiation (which will be described later) led me
to consider the question whether the two types of radiation
did not behave the same in other respects.
In order to test this, experiments were tried to see if
uranium radiation could be polarized or refracted. Becquerel ~[
had found evidence of polarization and refraction, but in
repeating experiments similar to those tried by him, I have
been unable to find any evidence of either. A large number
of photographs by the radiation have been taken under
various conditions, but in no case have I been able to observe
any effect on the photographic plate which showed the~presence
of polarization or refraction.
In order' to avoid fogging of the plate during the long
exposures required, by the vapours of substances, lead was
employed as far as possible in the neighbourhood of the
plate, as its effect on the film is very slight.
A brief account will now be given of the experiments on
refraction and polarization.
Refraction.--A thick lead plate was taken and a long
narrow slit cut through it; this was placed over a uniform
layer of uranium oxide ; the arrangement was then equivalent
to a line source of radiation and a slit. Thin prisms of glass,
aluminium, and paraffin-wax were fixed at intervals on the
lead plate with their edges just covering the slit. A photographic plate was supported 5 mms. from the slit. The plate
was left for a week in a dark box. On developing a dark
line was observed on the plate. This line was not appreciably
broadened or displaced above the prisms. Different sizes of
slits gave equally negative results. If there was any appreciable refraction we should expect the image of the" slit to be
displaced from the line of the slit.
Russells Prec. Roy. Soc. 1897.
t C,. R. 1896, p. 559.
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Becquerel* examined the opacity of glass for uranium
radiation in the solid and also in a finely-powdered state by
the method of electric leakage, and found that, if anything,
the transparency of the glass for the radiation was greater in
the finely-divided than in the solid strife. I have repeated
this experiment and obtained the same result. As Becquerel
stated, it is difficult to reconcile this result with the presence
of refraction.
.Polarization.--An arrangement very similar to that used
by Becquerel was employed. A deep hole was cut in a thick
lead plate and partly filled with uranium oxide. A small
tourmaline covered the opening. Another small tourmaline
was cut in two and placed on top of the first, so that in
one half of the opening the tourmalines were crossed and in
the other half uncrossed. The tourmalines were very good
optically. The photographic plate was supported 1 to 3 ram.
above the tourmalines. The plate was exposed four days, and
on developing a black circle showed up on the plate, but in
not one of the photographs could the slightest difference in
the intensity be observed. Becquerel J" stated that in his
experiment the two halves were unequally darkened~ and
concluded from this result that the radiation was doubly
refracted by tourmaline~ and that the two rays were unequally
absorbed.

§ 3. Theory of Ionization.
To explain the conductivity of a gas exposed to Riintgen
radiation~ the theory :~ has been put forward that the rays in
passing through the gas produce positively and negatively
charged particles in the gas, and that the number produced
per second depends on the intensity of the radiation and the
pressure.
These carriers are assumed to be so small that they will
move with a uniform velocity through a gas under a constant
potential gradient. The term ion was given to them from
analogy with electrolytic conduction~ but in using the term
it is not assumed that the ion is necessarily of atomic dimensions ; it may be a multiple or submultiple of the atom.
Suppose we have a gas between two plates exposed to the
radiation and that the plates are kept at a constant difference
of potential. A certain number of ions will be produced
per second by the radiation and the number produced will in
general depend on the pressure of the gas. Under the electric
C. R. 1896~p. 559. _
? C./~. 1896, p. 559.
J. J. Thomson and E. Rutherford~ Phil Mag. Nov. 1896.
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field the positive ions travel towards tile negative plate and
the negative ions towards the other plate, and consequently
a current will pass through the gas. Some of the ions
will also recombine, the rate of' recombination l~eing proportional to the square of the number present. The current
passing through the gas for a given intensity of radi,~tion will
depend on the diflbrence of potential between the plates, but
when the potential-difference is greater than a certain value
the current will reach a maximum. When this is the case
all the ions are removed by the electric field before they
can recombine.
The positive and negative ions will be partially separated
by the electric field~ and an excess of ions of one sign may be
blown away~ so that a charged gas will be obtained. If the ions
are not uniformly distributed between the plates, the potential
gradient will be disturbed by the movement of the ions.
If energy is absorbed in producing ions, we should expect
the absorption to be proportional to the number of ions produced and thus depend on the pressure. If this theory be
applied to uranium radiation we should expect to obtain the
following results : - (1) Charged carriers produced through the volume of the
gas.
(2) Ionization proportional to the intensity of the radiation
and the pressure.
(3) Absorption of radiation proportional to pressure.
(4) Existence of saturation current.
(5) Rate of rec,mbination of the ions proportional to the
square of the number present.
(6) Partial separation of positive and negative ions.
(7) Disturbance of potential gradient under certain conditions between two plates exposed to the radiation.
The experiments now to be described sufficiently indicate
that the theory does form a satisfactory explanation of the
electrical conductivity produced by uranium radiation.
In all experiments to follow, the results are independent of
the sign of the charged plate, unless the contrary is expressly
stated.

§ 4. Complex _Nature of Uranium Radiation.
Before entering on the general phenomena of the conduction
produced by uranium radiation, an account will be given of some
experiments to decide whether the same radiation is emitted
by uranium and its compounds and whether the radiation is
.Phil. Mag. S. 5. Vol. 47. No. 284. Jan. 1899.
I
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homogeneous. RSntgen and others have observed that the
x-rays are in general of a complex nature, including rays of
wide differences in their power of penetrating solid bodies.
The penetrating power is also dependent to a large extent on
the stage of exhaustion of the Crookes tube.
In order to test the complexity of the radiation, an electrical
method was employed. The general arrangement is shown
in fig. 1.
Fig. 1.

s

The metallic uranimn or compound of uranium to be
employed was powdered and spread uniformly over the centre
of a ~orizontal zinc plate A, 20 era. square. A zinc plate B,
"20 era. square, was fixed parallel to A and 4 em. from it.
Both plates were insulated. A was connected to one pole of
a battery of 50 volts, the other pole of which was to earth;
B was connected to one pair of quadrants of an electrometer~
the other pair of which was connected to earth.
Under the influence of the uranium radiation there was a
rate of leak between the two plates A and B. The rate of
movement of the electrometer-needle, when the motion was
steady, was taken as a measure of the current through the
gas.
Successive layers of thin metal foil were then placed over
the uranium compound and the rate of leak determined for
each additional sheet. The table (p. 115) shows the results
obtained for thin Dutch metal.
In the third column the ratio of the rates of leak for each
additional thickness of metal leaf is given. Where two
thicknesses were added at (~nce, the square root of the observed
ratio is taken, for three thicknesses the cube root. The
table shows that for the first ten thicknesses of metal the rate
of leak diminished approximately in a geometrical progression
as the thickness of the metal increased in arithmetical progression.
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Thickness of Metal Leaf "00008 cm.
Layer of Uranium Oxide on plate.
Number of
Layers.

Leak per min. in
scale-divisions,

0

91

1
2

77
60

3

49
42

4
5
6
8
10
13

33
24"7
15"4
9"1
5"8

Ratio for each
layer.

'85
"78
"82
"86
'79
"75
"79
"77
"86

It will be shown later (§ 8) that the rate of leak between
two plates for a saturating voltage is proportional to the
intensity of the radiation after passing through the metal.
The voltage of 50 employed was not sufficient to saturate the
gas, but it was found that the comparative rates of leak under
similar conditions for 50 and 200 volts between the plates
were nearly the same. When. we are dealing with very
small rates of leak, it is advisable to employ as small a voltage
as possible, in order that any small changes in the voltage
of the battery should not appreciably affect the result. For
this reason the voltage of 50 was used, and the comparative
rates of leak obtained are very approximately the same as
for saturating electromotive forces.
Since the rate of leak diminishes in a geometrical progression with the thickness of metal, we see from the above
statement that the intensity of the radiation iklls off in a
geometrical progression, i. e. according to an ordinary absorption law. This shows that the par~ of the radiation considered
is approximately homogeneous.
With increase of the number of layers the absorption
commences to diminish. This is shown more clearly by using
uranium oxide with layers of thin aluminium leaf (see table
p. 116).
It will be observed that for the first three layers ofaluminium,
foil, the intensity of the radiation falls off according to the
ordinary absorption law, and that, after the fourth thickness,
the intensity of the radiation is only slightly diminished by
adding another eight layers.
I2
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Thickness of Aluminium foil "0005 cm.
:Number of Layers
of Aluminium foil.

Leak per min. in
scale-divisions,

l~tio.

182
2
3
4
12

77
33
14"6
9"4

"42
"43
"44
"65

7

The aluminium foil in this case was about "0005 cm. thick,
so that after the passage of the radiation through "002 cm. of
aluminium the intensity of the radiation is reduced to about
-~
2 0 of its value. The addition of a thickness of "001 cm. of
aluminium has only a small effect in cutting down the rate
of leak. The intensity is, however, again reduced to about
half of its value after passing through an additional thickness
of "05 cm., which corresponds to 100 sheets of aluminium
foil.
These experiments show that the uranium radiation is
complex, and that there are present at least two distinct types
of radiationwone that is very readily absorbed, which will be
termed for convenience the ~ radiation, and the other of a
more penetrative character, which will be termed the /~
radiation.
The character of the ~ radiation seems to be independent
of the nature of the filter through which it has passed. It
was found that radiation of the same intensity and of the same
penetrative power was obtained by cutting off the a radiation
by thin sheets of aluminium, tinfoil, or paper. The f~ radiation
passes through all the substances tried with far greater facility
than the a radiation. For example, a plate of thin coverglass placed over the uranium reduced the rate of leak to ~o
of its value; the B radiation, however, passed through it
with hardly any loss of intensity.
Some experiments with different thicknesses of aluminium
seem to show, as far as the results go, that the B radiation is
of an approximately homogeneous character. The following
table gives some of the results obtained for the fl radiation
from uranium oxide : - -
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/9 Radiation.
~hieknessof
Aluminiam.
"005

l~ate of Leak.
1

"028

'68

"051

"48

'09

"25

The rate of leak is taken as unity after the a radiation has
been absorbed by passing through ten layers of aluminium
foil. The intensity of the radiation diminishes with the
thickness of metal traversed according to the ordinary
absorption ]aw. It must be remembered that when we are
dealing with the /9 radiation alone, the rate of leak is in
general only a few per cent. of the leak due to the a radiation,
so that the investigation of the homogeneity of the/9 radiation
cannot be carried out with the same accuracy as for the a
radiation. As far, however, as the experiments have gone,
the results seem to point to the conclusion that the/9 radiation
is approximately homogeneous, although it is possible that
other types of radiation of either small intensity or very
great penetrating power may be present,

§ 5. Radiation emltted by di~erent Compounds of Uranium.
All the compounds of uranium examined gave out the two
types of radiation, and the penetrating power of the radiation
for both the a and/gradiations is the same for all the compounds.
The table (p. 118) shows the results obtained for some of
the uranium compounds.
Fig. 2 shows graphically some of the results obtained for
the various uranmm cmnpounds. The ordinates represent
rates of leak, and the abscissas thicknesses of aluminium
through which the radiation has passed.
The different compounds of uranium gave different rates
of leak, but, for convenience of comparison, the rate of leak
due to the uncovered salt is taken as unity.
It will be seen that the rate of decrease is approximately
the same for the first layer of metal, and that the rate of
decrease becomes much slower after four thicknesses of toil.
The rate of leak due to the /9 radiation is a different
proportion of the total amount in each case. The uranium
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metal was used in the form of powder, and a smaller area of
it was used than in the other cases. For the experiments on
uranium oxide a thin layer of fine powder was employed,
and we see, in that case, that the /3 radiation bears a much
smaller proportion to the total than for the other compounds.
When a thick layer of the oxide was used there was, however, an increase in the ratio, as the following table shows :-Rate of Leak.
Number of la Yers
.
of Aluminium fo~l.

Thin. layer of
Uranium Oxide.

1

1
"42
2

"18

4

"O5

18

5
"12
"113

8
12

Thick layer of
Uranium Oxide.

-0~:
"11

The amount of the a radiation depends chiefly on the
surface of the uranium compound, while the /9 radiation
depends also on the thickness of the layer. The increase of
the rate of leak due to the/3 radiation with the thickness of
the layer indicates that the B radiation can pass through a
considerable thickness of the uranium compound. Experiments showed that the leak due to the a radiation did not
increase much with the thickness of the layer. I did not,
however, have enough uranium salt to test the variation of
the rate of leak due to the/3 radiation for thick layers.
The rate of leak from a given weight of uranium or
uranium compound depends largely on the amount of surface.
The greater the surface, the greater the rate of leak. A small
crystal of uranium nitrate was dissolved in water, and the
water then evaporated so as to deposit a thin layer of the
salt over the bottom of the dish. This gave quite a large
leakage. The leakage in such a case is due chiefly to the
a radiation.
Since the rate of leak due to any uranium compound
depends largely on its amount of surface, it is difficult to
compare the quantity of radiation given out by equal amounts
of different salts: for the result will depend greatly on the
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state of division of the compound. It is possible that the
apparently very powerful radiation obtained from pitchblende
by Curie a may be partly due to the very fine state of division
of the substance rather than to the presence of a new and
powerful radiating substance.
The rate of leak due to the ~ radiation is, as a rul% small
compared with that produced by the a radiation. It is
dimcult, however, to compare the relative intensities of the
two kinds. The a radiation is strongly absorbed by gases
(§ 8), while the ~ radiation is only slightly so. It will be
shown later (§ 8) that the absorption of the radiation by the
gas is approximately proportional to the number of ions
produced. If therefore the /3 r~ldiation is only slightly
absorbed by the gas, the number of ions produced by it is
small, i. e. the rate of leak is small. The comparative rates
of leak due to the a and/~ radiation is thus dependent on the
relative absorption of the radiations by the gas as well as on
the relative intensity.
The photographic actions of the a and /3 radiations have
also been compared. A thin uniform layer of uranium oxide
was sprinkled over a glass plate ; one half of the plate was
covered by a piece of aluminium of sufficient thickness to practically absorb the a radiation. The photographic plate was fixed
about 4 mm, from the uranium surface. The plate was exposed
48 hours, and, on developing, it was found that the darkening of
the two halves was not greatly different. On the one half of the
plate the action was due to the fl radiation alone, and on the
other due to the al and fl radiations together. Except when
~he photographic plate is close to the uranium surface, the
photographic action is due principally to the fl radiation.

§ 6. Transparency of Substances to the two Types of
.Radiation,
I f the intensity of the radiation in traversing a substance
diminishes according to the ordinary absorption law, the
ratio r of the intensity of the radiation after passing through
a distance d of the substance to the intensity when the
substance is removed is given by

where ~. is the coefficient of absorption and e----2"7.
In the following table a few values of ~ are given for the
a and/~ radiatioas~ assmning in each case that the radiation is
* C. R. July 1898, p. 175.
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simple and that the intensity fails off according to the above
law

g- -

Substance.

Dutch metal ...
Alumiaium
Tinfoil
Copper
Silver ........
Platinum .
Glass

X
for the a radiation.

2700
1600
2650

k
for the/3 radiation.

15
108
49
97
'240
5'6

The above results show what a great difference there is in
the power of penetration of the two types of radiation. The
transparency of aluminium for the /3 radiation is over 100
times as great as for tile a radiation. The opacity of the
metals aluminium, copper, silver, platinum for the t9 radiation
fbllows the same order as their atomic weights. Aluminimn
is the most transparent of the metals used, but glass is more
transparent than aluminium for the fl radiation. Platinum
has an opacity 16 times as great as aluminium. F o r the
a radiation, alumininm is more transparent than Dutch metal
or tinfoil.
F o r a thickness of aluminium "09 era. the intensity of the
radiation was reduced to "25 of its value; for a thickness
of copper "03 cm. the intensity was reduced to "23 of its
value. These results are not in agreement with some given
by Becquerel *, who found copper was more transparent than
aluminium for uranium radiation.
T h e / 9 radiation has a penetrating power of about the same
order as the radiation given out by an average x-ray bulb.
Its power of penetration is, however, much less than for the
rays from a " h a r d " bulb. The a radiation, on the other
hand, is far more easily absorbed than rays from an ordinary
bulb, but is very similar in its penetrating power to the
secondary radiation t sent out when x-rays fall upon a metal
surface.
I t is possible that the a radiation is a secondary radiation
set up at the surface of the uranium by the passage of the
fl radiation through the uranimn, in exactly the same way
* C. R. 1896, p. 763.
t Perrin, (7./7. cxxiv. 13. 455; Sagnac, 6'./~. 1898.
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as a diffuse radiation is produced at the surface of a metal by
the passage of RSntgen-rays through it. There is not, however, sufficient evidence at present to decide the question.
§ 7. T]wrlum l~adiation.

While the experiments on the complex nature of uranium
radiation were in progress, the discovery ~ that thorium
and its salts also emitted a radiation, which had general
properties similar to uranium radiation, was announced. A
few experiments were made to compare the types of radiation
emitted by uranium and thorium.
The nitrate and the sulphate of thorium were used and gave
similar results, although the nitrate appeared to be the more
active of the two. The leakage effects due to these salts were
of quite the same order as those obtained for the uranium
compounds ; but no satisfactory quantitative comparison can
be made bet~'een the uranium and thorium salts as the amount
of leak depends on the amount of surface and thickness of
the layer.
It was found that thorium nitrate when first exposed to the
air on a platinum plate was not a steady source of radiation,
and for a time the rate of leak varied very capriciously, being
sometimes five times as great as at others. The salt was very
deliquescent, but after exposure of some hours to the atmosphere the rate of leak became more constant and allowed of
rough comparative measurements. Thorium sulphate was
more constant than the nitrate.
The absorption of the thorium radiation was tested in the
same way as for uranium radiation. The following table
gives some of the results. The aluminium foil was of the
same thickness ('0005 cm.) as that used in the uranium
experiments : - l~umber of Layers
of Aluminium foil

Leak per minute in
scale-divisions.

0

'200

4

94

8

37

12

19

17

7"5

G. C. Schmidt~ Wied. Annal. May 1898,
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The curve showing the relation between the rate of leak
and the thickness of the metal traversed is shown in fig. 2
(p. 118), together with the results for uranimn.
I t will be seen that thorium radiation is different in penetrative power from the a radiation of uranimn. The radiation
will pass through between three and four thicknesses of aluminium foil before the intensity is reduced to one-half, while
with uranium radiation the intensity is reduced to less than a
half after passing through one thickness of foil.
With a thick layer of thorium nitrate it was found that the
radiation was not homogeneous, but rays of a more penetrative
kind were present. On account of the inconstancy of thorium
nitrate as a source of radiation, no accurate experiments have
been made on this point.
The radiations from thorium and uranium are thus bo~h
complex, and as regards the a type of radiation are different
in penetrating power from each other.
In all the experiments on uranium and thorium, care was
taken that no stray radiation was present which would obscure
the results. Such precautions are very necessary when the
rate of leak, duo to the radiation transmitted through a considerable thickness of metal, is only a small percentage of the
total. The method generally employed was to cover the layer
of active salt with the metal screen, and then place in position
over it a large sheet of lead with a rectangular hole cut in it
of smaller area than that of the layer of salt. The lead was
pressed tightly down, and the only radiation between the
parallel plates had to pass through the metal screen, as the
lead was too thick to allow an)" to go through,

§8. Absorption of Uranium Radiation by Gases.
The a radiation from uranium and its compounds is rapidly
absorbed in its passage through gases. The absorption for
hydrogen, air, and carbonic acid was determined, and was
found to be least in hydrogen and greatest in carbonic acid.
To show the presence of absorption~ the following arrangement (fig. 3) was used : - A layer of uranium-potassium sulphate or uranium oxide
was spread uniformly over a metal plate P~ forming a lamella
of 11 cm. diameter. A glass vessel (Jr, 12 cm. in diameter, was
placed over the layer. Two parallel metal plates A and B,
1"5 cm. apartj were insulated from each other by ebonite
rods. A circular opening 7 cm. in diameter was cut in the
late A, and the opening covered by a sheet of aluminium
il 0"0005 cm. thick. ]2he plate B was connected through a
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rod R to a screw adjustment S, so that the condenser AB
could be moved as a whole parallel to the base-plate. The
system AB was adjusted parallel to the uranium surface and
did not rotate with the screw. The rod R passed through
Fig. 3.
s

~RANIUM

a short glass tube fixed in the ebonite plate C. A short
piece of indiarubber tubing T was passed over the glass
tube and a projecting flange in which the rod R was screwed.
This served ~he same purpose as the usual stuffing-box, and
allowed the distance of AB from the uranium to be adjusted
under low pressures.
The plate A was connected to one pole of a battery of
60 volts, the other pole of which was to earth. The plate B
was connected through the screw to one pair of quadrants of
an electrometer, the other pair of which was to earth. In
order to avoid the collection of an electrQstatie charge on the
glass surface due to the conduction between the uranium and
the glass near it, i~ was found very necessary to coat the
inside of the glass cylinder with tinfoil. The tinfoil and
base-plate P were connected to earth.
Since the surface of the uranium layer may be supposed
to be giving out radiation uniformly from all parts, the
intensity of the radiation at points near the centre of the
uranium surface should be approximately uniform. If there
were no absorption of the radiation in the gas, we should
expect the intensity of the radiation to vary but slightly with
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distances from the surface small c o m p a r e d with the d i a m e t e r
of the r a d i a t i n g surface.
The r a d i a t i o n p a s s i n g t h r o u g h the a l u m i n i u m produces
c o n d u c t i v i t y between A and B (fig. 3), and the rate of
l e a k d e p e n d s on t h e i n t e n s i t y of the r a d i a t i o n which has
passed t h r o u g h a c e r t a i n t h i c k n e s s of gas and t h e a l u m i n i u m
foil.
A s the s y s t e m A B is moved from the base-plate, if
t h e r e is a r a p i d a b s o r p t i o n o f t h e r a d i a t i o n in the gas, we
should e x p e c t the rate of l e a k to fall off r a p i d l y , and this
is f o u n d to be the case. The following table gives the results
o b t a i n e d for air, h y d r o g e n , carbonic acid~ a n d coal-gas. F o r
the first r e a d i n g the distance d of the a l u m i n i u m foil from the
b a s e - p l a t e was a b o u t 3"5 ram.
Rate of leak between plates.
Air.

Carbonic
Acid.

Coal-gas.

1

1

1

...

"67

"84

"45
"31
"21
"16

1
.74
"57
"41
"32

Distance of A1. foil Hydrogen.
from Uranium.
d
d + 1'25 mm .
,, + 2'5 ,,
,, + 3'75 . .
,, + 5
,,
,, + 7"5 . .
,, +10
,,
,, +12"5 . .
,, + 15
,,

. . .
. . .
. . .
"67
. . .
"53

'81
'63
"39
"22

o..

The rate of l e a k for the distance d is t a k e n as u n i t y in
each gas for the p u r p o s e of comparison. The a c t u a l rates of
l e a k b e t w e e n A a n d B for t h e distance d is given in t h e
following table : - -

Gas.

:Rate of leak
in scale-divisions
per rain.

Hydrogen ..................

25

Coal-gas.....................

35

Air ...........................

28

Carbonic acid ............

18
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The results of the previous table are shown graphically in
fig. 4, where the ordinates represent currents and the abscissae
Fig. 4.
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distances from the base-plato. It will be seen that the
current decreases most rapidly in carbonic acid and least in
hydrogen. As the distance from the base-plate increases in
arithmetical progression, the rate of leak diminishes approximately in geometrical progression. The rapid decrease of
the current is due to the absorption of the radiation in its
passage through the gas. The decrease of the current in air
at 190 ram. pressure is also shown in the figure. Since the
absorption is smaller for air at this pressure than at normal
pressure, the rate of leak diminishes much more slowly with
the distance.
In the above experiments both the a and /9 radiations
produce conductivity in the gas. A thin layer of uranium
oxide was, however, used, and in that case the rate of leak due
to the/3 radiation may be neglected in comparison with that
produced by the a radiation.
The results that have been obtained on the variation of the
rate of leak with distance may be simply interpreted on the
theory of the ionization of the gas through which the radiation passes. It is assumed that the rate of ionization is
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proportional to the intensity of the radiation (as is the case
in RSntgen-ray conduction), and that the intensity of the
radiation near the uranium surface is constant over a plane
parallel to that surface. This is very approximately the case
if the distance from the uranium surface is small compared
with the diameter of the radiating surface.
For simplicity we will consider the case of an infinite
plane of uranium giving out homogeneous radiation.
If I be the intensity of the radiation close to the uranium
surface, the intensity at a distance x is equal to Ie -~x where ~,
is the coefficient of absorption of the gas. The intensity is
diminished in passing through the layer of aluminium foil A
(fig. 3) in a constant ratio for all distances from the uranium.
The intensity at a distance x after passing through the
aluminium is thus ale - ~ where ~¢is a constant. The rate of
production of the ions between two parallel planes between
A and B (fig. 3) at distances x + dx and x from the uranium
is therefore proportional to IcIe-~dx. I f r be the distance of
A from the uranium, and l the distance between A and B,
the total number of ions produced per second between A and
B is proportional to

~

l+ r

Ixe-~dx,

or to
-e-~{1-~-~}.

When a " saturating" electromotive force (see § 16) acts
between A and B, the current is proportional to the total
number of ions produced. Now, as the system AB is moved
from the radiating surface, ~ (1--e -~) is a constant for any
particular gas. We thus see that the rate of leak is proportional to e- ~ , or the rate of leak decreases in geometric~d
progression as the distance r increases in arithmetical progresslon.
This result allows us to at once deduce the value of the
coefficient of absorption for different gases from the data we
have previously given.
The results are given in the following table : - -
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?':
/ Hydrogen ............
Air

_ Value
_ ofh.
.43

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

Carbonic acid ......
Coal-gas...............

2.3
.93

or, to express the same results in a different way, the
intensity of the radiation from an infinite plane of uranium
is reduced by absorption to half its value after having passed
through
3 mm. of carbonic acid,
4"3 mm. of air,
7"5 ram. of coal-gas,
16"3 mm. of hydrogen.
W e see that the absorption is least in hydrogen and greatest
in carbonic acid, and follows the same order as the density of
the gases.
The values given above are for the o: radiation. The /3
radiation is not nearly so rapidly absorbed as the a, but, on
account of the small electrical leakage produced in'its p,assage,,
through the gas, it was not found feasible to measure the
absorption in air or other gases.
The absorption of the a radiation by gases is very much
greater than the absorption of rays from an ordinary Crookes'
tube. I n a previous paper a it ]~as been shown that the value
of • for the radiation from the particular bulb used was "01.
The absorption coefficient for the a radiation is 1"6, or 160
times as great. The absorption of the/3 radiation in gases is
probably of the same order as the absorption for ordinary
x-rays.

§ 9. Variation of Absorption with Pressure,
The absorption of the a radiation increases with increase
of pressure and very approximately varies directly as the
pressure.
The same apparatus was used as in fig, 3, and the vessel
was kept connected to an air-pump. The variation of the
Phil. Mag. April 1897.
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rate of leak between A and B for different distances from the
base-plate was determined for pressures of 760, 370, and
190 ram., and the results are given below : 7
Rate of leak between plates.
Distance of A
from Uranium.

Air 760 ram.

Air 370 ram.

Air 190 ram.

d (= 3"5 ram.)
,, "4- 2"5 mm.
,, + 5 ,,
,, + 7"5 ,,
,, +10 ,,
,, .4.12"5 ,,
,, + 1 5 ,,

1

1

1

67
"45
'31
"21
"16

'71

. . .

'78

. . .

'51

, ° .

° . .

"59

'36

For the purpose of comparison the rate of leak at the
distance d is taken as unity in each case. I t can readily be
deduced from the results that the intensity of the radiation is
reduced to half its value after passing ~hrough
4"3 mm. of air at 760 mm.
10
,,
,,
370 ,,
19"5

,,

,,

190

,,

The absorption is thus approximately proportional to the
pressure for the range that has been tried.
I t was not
found feasible to measure the absorption at lower pressures
on account o f the large distances through which the radiation
must pass to be appreciably absorbed.
A second method of measuring the absorption of the radiation in gases, which depends on the variation of the rate
of leak between two plates as the distance between them is
varied, is given in § 12,
§ 10. Effect of P~essure on the Rate of Discharge.
Becquerel * has given a few results for the effects of
pressure, and showed that the rate of leak due to uranium
diminished with the pressure. Beattie and S. de Smolan t also

• ComptesRendus, p. 438 (1897).
? Phil Mag. xliii, p. 418 (1897).
_Phil. Mug. 8. 5. Vol. 47. ~ o . 284:. Jan. 1899.

K
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investigated the subject, and came to the conclusion that in
some cases the rate of leak varied as the pressure, and in
others as the square root of the pressure, according to the
voltage employed. Their tabulated results, however, do not
show any close agreement with either law, and in fact, as I
hope to show later, the relation between the rate of leak and
the pressure is a very variable one, depending to a large
extent on the distances between the uranium and the surFig. 5.
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rounding conductors, as well as on the gas employed. The
subject is greatly complicated by the. rapid absorption of the
radiation by gases, but all the results obtained may be interpreted on the assumption that the rate of production of ions
at any point varies directly as the intensity of the radiation
and the pressure of the gas.
To determine the effects of pressure, an apparatus similar
to fig. 3 was used, with the difference that the plate A was
removed. The uranium compound was spread uniformly
over the central part of the lower plate. The movable
plate, which was connected with the electrometer~ was 10 ¢m.
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in diameter and moved parallel to the uranium surface.
The base-plate was connected to one pole of a battery of
100 volts~ the other pole of which was connected to earth.
The rate of movement of the electrometer-needle was taken
as a measure of the current between the plates. In some
eases the uranium compound was covered with a thin layer of
almninium foil, but although this diminished the rate of leak
the general relations obtained were unaltered.
The following tables give the results obtained for air,
hydrogen~ and carbonic acid at different pressures with a
potential-difference of 100 volts between the plates--an
a rod°~y~ r?g~eci.e n Mt°c~Pl~matl~laYg:: S:rt:raqu; :e~h:o g ; : : 3 ~
approximate saturation for carbonic acid.
Air : Uranium oxide on base-plate. Plates about 3"5 mm.
apart.
Air.
Current.

Pressure.
mill.

1
"86
"74
'56
"32
'23
"17
"088
"062

760
6OO
480
365
210
150
I00
5O
35

F o r hydrogen and carbonic acid.

Plates about 3"5 ram.

apart.
Carbonic Acid.

Hydrogen.
Pressure.

mm.
76O

Pressure.

Current.

mm,

760

1

Current.

1

540

"73

410

'92

335

"46

220

"69

220

'29

125

'38

135

'18

55

"175

K2
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The curren~ a~ atmospheric pressure is in each case taken as
unity for comparison, although the actual rates of leak were
different for the three gases. Fig. 5 (p. 130) shows these
results graphically, where the ordinates represent current
and the abscissze pressure. The dotted line shows the position
of the curve if the rate of leak varied directly as the pressure.
It will be observed that for all three gases the rate of leak
first of all increases directly as the pressure, and then
increases more slowly as the pressure increases. The difference is least marked in hydrogen and most marked in
carbonic acid. In hydrogen the rate of leak is nearly proportional to the pressure.
The relation between the rate of leak and the pressure
depends also on the distance between the plates. The following
few numbers are typical of the results obtained. There was
a potential-difference of 200 volts between the plates and the
rate of leak is given in scale-divisions per ram.
Rate of Leak.
Pressure.
Distance between Distance between
plates 15 ram.
plates 2"5 ram.
mE,

187

11

47

376

21

83

752

41
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For small distances between the plates the rate of leak is
more nearly proportional ¢o the pressure than for large dis=
tances.
The differences between the results for various gases and
for different distances re~ive a simple explanation if we
aonsider that the intensity of the radiation falls off rapidly
between the plates on account of the absorption in the gas.
The tables given fQr the relation between current and pressure, where the distance between the plates is small~ show
that when the absorption is small, the rate of leak varies
directly as the pressure. For small absorption the intensity
of the radiation is approximately uniform between the plates,
and therefore the ionization of the gas is uniform throughout
t~he volume of the gas between the plates. Since under a
saturating electromotive force the rate of leak is proportional
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to the total ionization, the above experiments show that the
rate of production of the ions at any point is proportional to
the pressure. It has been previously shown that the absorp.
tion of the radiation is approximately proportional to th~
pressure.
Let q----rate of production of the ions near the uranium
surface for unit pressure.
ko---coefficient of absorption of the gas for unit pressure.
The total number of ions produced between the plates, distsnt
d apart, per unit area of the plate is therefore easily seen to
be equal to

pq

e-P~o~dov;
~0

or to
q
since we have shown that the ionization and absorption are
proportional to the pressure. I f there is a saturating electromotive force acting on the gas, the ratio of the rats of leak at
the pressure Pl to that at the pressure p~is equal to the ratio
of the total number of ions produced a~ the pressure Pl to the
total number at pressure 22 and is given by
1 --e-p~ ~oa
Now plXo is the coefficient of absorption of the gas for the
pressure Pl. If the absorption is small between the plates,
plXod and p~k0d are both small and the value of r reduces to
22
or the rate of leak when the pressure is small is proportional
to the pressure.
If the absorption is large between the plates at both the
pressures Pl and Pp, the value of r is nearly unity--/, e. the
rate of leak is approximately independent of the pressure.
Experimental results on this point are shown graphically in
fig. 7 (p. 138).
For intermediate values of the absorption, the value of r
changes more slowly than the pressure.
With the same distance between the plates, the difference
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between the curves (fig. 5) for air and hydrogen is due to the
greater absorption of the radiation by the air. The less the
absorption of the gas, the more nearly is the rate of leak proportional to the pressure. For carbonic acid the rate of
leak decreases far more slowly with the pressure than for
hydrogen; this is due partly to the much greater value of the
absorption in carbonic acid and partly to the fact that
100 volts between the plates was not sufficient to saturate tho
gas.

I f we take the rate of leak between two parallel plates
some distance from the source of radiation, we obtain the
somewhat surprising result that the rate of leak increases at
first with diminution of pressure, although a saturating electromotive force is applied.
The arrangement used was very similar to that in fig. 3.
The rate of leak was taken between the plates A and B, which
were 2 cm. apart, and the plate A was about 1'5 cm. from
the uranium surface. The following table gives the results
obtained :-Pressure.

Ourrent.

E[1EI2 °

76O
645
525
380
295
180
100
49

1

1"46
2
2'2
2"05
1'6
1"04
'58

The current at atmospheric pressure i s taken as unity.
The results are represented graphically in fig. 6.
The rate of leak reaches a maximum at a pressure of less
than half an atmosphere, and then decreases, and at a pressure
of 100 ram. the rate of leak is still greater than at atmospheric pressure.
This result is readily explained by the great absorption of
the radiation at atmospheric pressure and the diminution of
absorption with pressure.
Let dl = distance of plato A from the uranium.
d==

,,

,,

B

,,

,,
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With the notation previously used,the total ionization between
A and B (on the assumption that the radiating surface is
infinite in extent) is readily seen to be equal to
~X {e-'~°~' --e-'~°~ } "
This is a function of the pressure, and is a maximum when
dle-P~d, -- d~e-r~o6 =0,
i.e. when
log e dl ------pX0 (d~-- dl).
The value of pXo for air at 760 mm. is 1'6.

Fig. 6.
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If d~=3 cm., dl----1, the leak is a maximum when the
pressure is about ½ of an atmosphere. On account of the
large distance of the plates from the uranium surface in
the experimental arrangements, no comparison between
experiment and theory could be made.
In all the investigations on the relation between the pressure and the rate of leak, large electromotive forces have
been used to ensure that the current through the gas is
proportional to the total ionization of the gas. With low
voltages the relation between current and pressure would be
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very different, and would vary greatly with the voltage and
distance between the electrodes as well as with the gas. I t
has not been considered necessary to introduce the results
obtained for small voltages in this paper, as they are very
variable under varying conditions. Although they may all be
simply explained on the results obtained for the saturating
electromotive forces they do not admit of simple calculation,
and only serve to obscure the simple laws which govern the
relations between ionization, absorption, and pressure. The
general nature of the results for low voltages can be deduced
from a consideration of the results given for the connexion
(see § 16) between the current through the gas and the
electromotive force acting on it at various pressures.
The above results for the reIation between current and
pressure may be compared with those obtained for R(intgen
radiation. Perrin * found that the rate of leak varied directly
as the pressure ibr saturating electromotive forces when the
radiation did not impinge on the surface of the metal plates.
This is in agreement with the results obtained for uranium
radiation, for Perrin's result practically asserts that the ionization is proportional to the pressure. The results, however,
of other experimenters on the subject are very variable and
contradictory, due chiefly to the fact that in some cases the
results were obtained for non-saturating electromotive forces,
while, in addition, the surface ionization at the electrodes
greatly complicated the relation, especially at low pressures.
§ 11. Amount of lonlzation in Different Gases.
It has been shown that the a radiation from uranium is
rapidly absorbed by air and other gases. In consequence of
this the total amount of ionization produced, when the radiation is completely absorbed, can be determined.
The following arrangement was used :--A brass ball 2"2 em.
in diameter was covered with a thin layer of uranium oxide.
A thin brass rod was screwed into it and the sphere was fixed
centrally inside a bell-jar of 13 cm. diameter, the brass rod
passing through an ebonite stopper. The bell-jar was fixed
to a base-plate, and was made air-tight. The inside and outside of the bell-jar were covered with tinfoil. In practice an
E.M.F. of 800 volts was applied to the outside of the belljar. The sphere, through the metal rod, was connected to
one pair of quadrants of an electrometer. It was assumed
that, with such a large potential-difference between the belljar and the sphere, the gas was approximately saturated and
* Comptes ]~endus, exxiii, p. 878.
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the rate of movement of the electrometer-needle was proportional to the total number of ions produced in the gas.
The following were some of the results obtained, the rate of
leak due to air being taken as 100.

Gas.

Total
Ionization.

Air ..............................

100

H y d r o g e n .....................
Oxygen . . . . . . . . . . . . . . . . . . . . . . . . I
Carbonic Acid ............... I
Coal, gas

..................... I

95
106
96
111

H y d r o c h l o r i c Acid Oas ...

102

X m m o n i a 6~as ...............

101

The results for hydrochloric acid and ammonia, are only
approximate, for it was found that both gases slightly altered
the radiation emitted by the uranium oxide. For example,
before the introduction of the gas the rate of leak due to air
was found to be 100 divisions in 69 see.; af~er the introduction
of hydrochloric acid 100 divisions in 72 sec.; and with air
again after the gas was removed 100 divisions in 74 see.
The rate of leak is greatest in coal-gas and least in hydrogen, but all the gases tried show roughly the same amount
of ionization as air. In the case considered both kinds of
radiation emitted by uranium are producing ionization in
the gas. By covering over the uranium oxide with a few
layers of thin tinfoil it was found that, for the arrangement
used, the rate of leak due to the penetrating ray was small in
comparison with the rate of leak due to the a radiation.
The effect of diminution of the pressure on the rate of leak
for air, hydrogen, and carbonic acid is shown in fig. 7,
where ~he abscissm represent pressure and the ordinates rate
of leak. In the case of air and carbonic acid it was found
that the rate of leak slightly increased at first with diminution of pressure. This was ascribed to the fac~ that even
with 800 volts acting between the uranimn and the surrounding conductor the saturation for atmospheric pressure was
not complete. It will be observed that the rate of leak in
air remains practically constant down to a pressure of
400 mm., and for carbonic acid down to a pressure of
200 mm. In hydrogen, however, the change of rate of leak
with pressure is more rapid, and shows that all the radiation
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emitted by the uranium was not completely absorbed at
atmospheric pressure, so that the total ionization is probably larger than the value given in the table.
Fig, 7.
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Assuming that there is the same energy of radiation
emitted whatever the gas surrounding the uranium and that
the radiation is almost completely absorbed in the gas, we
see that there is approximately the same amount of ionization
in all the gases for the same absorption of energy. This is a
very interesting result, as it affbrds us some information on
the subject of the relative amounts of energy required to
produce ionization in different gases. In whatever process
ionization may consist there is energy absorbed, and the
energy required to produce a separation of the same quantity
of electricity (which is carried by the ions of the gas) is
approximately the same in all the gases tried.
From the results we have just given, it will be seen how
indefinite it is to speak of the conductivity of a gas produced
by uranium radiation. The ratio of the conductivities for
different gases will depend very largely on the distance
apart of the electrodes between which the rate of leak is
observed. When the distance between the electrodes (e. g.
two parallel plates) is small, the rate of leak is greater in
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carbonic acid than in air~ and greater in air than in hydrogen.
As the distance between the plates is inereased~ these values
tend to approximate equality. If, however, the rate of leak is
taken between two plates some distance from the radiating
surface (e. g. the plates A and B in fig. 3), the ratio of the
rates of leak for different gases will depend on the distance
of the plate A from the surface of the uranium. If the
plate A is several centimetres distant from the uranium~ the
rate of leak will be greater with hydrogen than with air, and
greater in air than in carbonic acid--the exact reverse of the
other case. These considerations will also apply to what is
meant by the conductivity of a gas for uranium radiation.
In a previous paper ~ I found the coefficient of absorption
of a gas for RSntgen rays to be roughly proportional to the
conductivity of the gas. The conductivity in this case was
measured by the rate of leak between two plates close together
and not far from the Crookes tube. The absorption in the
air between the bulb and the testing apparatus was small.
If it were possible to completely absorb the RSntgen radiation in a gas and measure the resulting conductivity, the total
current s]~ould be independent of the gas in which the radiation was absorbed. This result follows at once if the absorption is proportional to the ionization produced for all
gases. The results for uranium and Riintgen radiation are
thus very similar in this respect.
§ 12. Variation of the Current between two Plates with the
Distance between them.
The experimental arrangement adopted was similar to tha~
in fig. 3 with the plate A removed. Two horizontal polished
zinc plates 10 era. in diameter were placed inside a bell-jar.
The lower plate was fixed and covered with a uniform layer
of uranium oxide, and the upper plate was movable, by
means of a sere% parallel to the lower plate. The bell-jar
was air-tight, and was connected with an air-pump. The
lower plate was connected to one pole of a battery of 200
volts, the other pole of which was ear~hed, and the insulated
top plate was connected with the electrometer. The exterior
surface of the glass was covered with tinfoil connected to
earth.
The following table gives the results of the variation of the
rate of leak with distance for air at pressures of 752, 376,
and 187 ram. The results have been corrected for change of
* Phil. Mug. April 1897.
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the capacity of the electrometer circuit with movement of the
plates.
:Rate of leak in scale-divlsions per min.
Distance between
plates.

752 mm.

376mm.

187 ram.

40

20

53
65

36

76
83

47

mm°

2"5

41

5
7"5
10
12-5

7O
92
109
123

15

I28

The results are shown graphically in fig. 8, where the
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abscissm represent distances between the plates and the ordinates rates of leak. The values given above correspond to
saturation rates of leak ; for 200 volts between the plates is
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sumcient to very approximately saturate the gas even for the
greatest distance apart of 1"5 cm.
It will be observed that the rate of leak increases nearly
proportionally to the distance between the plates for short
distances~ but for air at atmospheric pressure increases very
slowly with the distance when the distances are large.
If there were no appreciable absorption of the radiation by
the gas~ the ionization would be approximately uniform
between the plates~ provided the diameter of the uranium
surface was large compared with the greatest distance between
the plates. The saturation rate of leak would in that case
vary as the distance. If there is a large absorption of the
radiation by the gas, the ionization will be greatest near the
uranium and will fall off rapidly with the distance. The
saturation rate of leak will thus increase at first with the
distance, and then tend to a constant value when the radiation
is completely absorbed between the plates.
The results given in the previous table allow us to determine the absorption coefficient of air at various pressures.
My attention was first drawn to the rapid absorption of the
radiation by experiments of this kind.
The number of ions produced between two parallel plates
distant d apart is equal to

Tq
i.e., to

f e-~a°~dx,

~0

qo(1-e-p"0~),
assuming the ionization and. the absorption are proporgional
to the pressure. The notation is the same as that used
in § 10.
For the pressure p the saturation rate of leak between the
plates is thus proportional to 1--e -p~o~.
If p and d are varied so that p x d is a constant, the rate
of leak should be a constant. This is approximately true as
the numbers previously given (see fig. 8) show. It must,
however, be borne in mind that the conditions, on which the
calculations are based, are only approximately fulfilled in
practice, for we have assumed the uranium surface to be
infinite in extent and that the saturation is complete.
The variation of the rate of leak with distance agrees fairly
closely with the theory. When pXod is small the rate of leak
is nearly proportional to the distance between the plates and
the pressure of the gas. When p)~od is large the rate Of leak
varies very slowly with the distance.
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The value of pXo can be deduced from the experimental results, so that we have here an independent method
of determining the absorption of the radiation at different
pressures.
The lower the pressure the more uniform is the ionization
between the plates~ so that the saturation rate of leak at low
pressures is nearly proportional to the distance between the
plates. This is seen to be the case in t~g. 8, where the curve
for a pressure of 187 mm. is approximately a straight line.
Similar results have been obtained for hydrogen and carbonic
acid.
§ 13. Rate of Recombination of t]ze Ions.
Air that has been blown by the surface of a uranium compound has the power of discharging both positive and negative
electrification. The following arrangement was used to find
the duration of the after-conductivity induced by uranium
radiation :--A sheet of thick paper was covered over with a
thin layer of gum-arabic, and then uranium oxide or uranium
potassium sulphate in the form of fine powder was sprinkled
over it. After this had dried the sheet of paper was formed
into a cylinder with the uranium layer inside. This was then
placed in a metal tube T (fig. 9) of 4 cm. diameter. A
Fig. 9.
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blast of air from a gasometer, after passing through a plug C
of cotton-wool to remove dust, passed through the cylinder T
and then down a long metal tube connected to earth.
Insulated electrodes A and B were fixed in the metal tube.
The electrometer could be connected to either of the electrodes A or B. In practice the quadrants of the electrometer were first connected together. The electrode A or B
and the electrometer were then charged up to a potential of
30 volts, and the quadrants then separated.
When the uranium was removed there was no rate of leak
at either A or B when a rapid current of air was sent through
the tube. On replacing the uranium cylinder and sending a
current of air along the tube, the electrometer showed a
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gradual loss of charge which continued until the electrode
was discharged.
When the electrode A was charged to 30 volts there was
no rate of leak of :B. The rate of leak of B o r A i s thus
proportional to total number of ions in the gas. The ions
recombine in the interval taken for the air to pass between
A and B. The rate of leak of B for a saturating voltage,
when A is to earth~ is thus less than that of A.
:For a particular experiment the rate of leak of the electrode
A was 146 divisions per minute. When A was connected to
earth~ the saturation rate of leak of B was 100 divisions per
minute. The distance between A and B was 44 cm, and the
mean velocity of the current of air along the tube 70 cm. per
second. In the time, therefor% of "63 sec. the conductivity
of the gas has fallen to "68 of its value.
I f we assume~ as in the case of RSntgenized air *~ that the
loss of conductivity is due to the recombination of the ions~
the variation of the number with the time is given by

dn
where n is the number of ions per c.c. and a a constant. If
N is the number of ions at the electrode A~ the number of
ions n at B after an interval t is given by
1
n

1
N

Now the saturating rates of leak at A and B are proportional to N and n~ and it can readily be deduced that the
time taken for the number of ions to recombine to half their
number is equal to 1"3 sec. This is a much slower rate of
recombination than with ]~Sntgenized air near an ordinary
Crookes tube.
The amount of ionization by the uranium radiation is in
general much smaller than that due to RSntgen rays, so that
the time taken for the ions to fall to half their number is
longer.
The phenomenon of recombination of"the ions is very similar
in both uranium and RSntgen conduction. In order to test
whether the rate of recombination of the ions is proportional
to the square of the number present in the gas, the following
experiment was performed : - * Phil, Mag. Nov. 1897.
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A tube A (fig. 10) was taken, 3 metres long and 5"5 cm.
in diameter. A cylinder D, 25 cm. long, had its interior
surface coated with uranium oxide. This cylinder just fitted
the large tube, and its position in the tube could be varied
by means of strings attached to it, which passed through
corks at the ends of the long tube. The air was forced
Fig. 10.

C

B

r~; L

hM~;f-~V~7;~,~

,,i~

E~RTH
EARTH

through the tube from a gasometer, and on entering the tube
A passed through a plug of cotton-wool, E, in order to remove
dust from the air and to make the current of air more
uniform over the cross-section of the tube. The air passed
by the uranium surface and then through a gauze L into
the testing cylinder B of 2"8 cm. diameter. An insulated
rod C, 1"6 cm. in diameter, p~sed centrally through the
cylinder ]3 and was connected with the electrometer. The
cylinders A and 13 were connected to one pole of a battery of
3~2 volts, the other pole of which was to earth.
The potential-difibrence of 32 volts between B and C was
sufficient to almost completely remove all the ions from the
gas in their passage along the cylinder. The rate of leak of
the electrometer was thus proportional to the number of ions
in the gas.
The following rates of leak were obtained for different
distances of the uranium cylinder from the gauze L
(table, p. 145).
The first column of the table gives the distances of the
end of the uranium cylinder from the gauze L. d (about
20 cm.) was the disfance for which the first measurement
was made. In the second column the time intervals taken
for the air to pass over the various distances are given. The
value of t corresponds to the distance d. The mean velocity
of the current of air along the ~abe was about 25 cm. per sec.
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Rate of leak in
I
I scale-divisions
Calculated
rates
of
leak.
j!
I per minute.

T.

d

t

d + 2 5 era.

t + l see.

d+50

,,

t+2

,,

* 87

d + l O 0 ,,

t+4

,,

62

60

d+200

t+8 ,,

39

37

,,

~159

~159

111

112
~

87

In the third column are given the observed rates of leak, and
in the fourth column the calculated values.
The values were calculated on the assumption that the rate
of recombination of the ions was proportional to the square
of the number present, i. e. that

dn
d'--t = -'~n~'
where n is the number of ions present and ~ is a constant.
The two numbers with the asterisk were used to determine
the constants of the equation. The agreement of the other
numbers is closer than would be expected, for in practice the
velocity of the blast is not constant over the cross-section,
and there is also a slight loss of conductivity of the gas due
to the diffusion of the ions to the side of the long tube.
It will be observed that the rate of recombination is very
slow when a small number of ions are present in the gas, and
that the air preserves one quarter of its conducting power
after an interval of 8 seconds.
§ 14. Velocity of the Ions.
The method ~ adopted to determine the velocity of the
ions in l=t5ntgen conduction cannot be employed for uranium
conduction. It is not practicable to measure the rate of recombination of the ions between the plates on account of the
very small after-conductivity in such a case ; and, moreover,
the inequality of the ionization between the two plates greatly
disturbs the electric field between the plates.
A comparison of the velocities, under similar conditions, of
the ions in Riintgen and uranium conduction can, however,
* P h i l . Mag. Nov. 1897,

Phil. Ma 9. S. 5. Vol. 47. No. 284. Jan. 1899.
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be readily made. The results show that the ions in the two
types of conduction are the same.
In order to compare the velocities an apparatus slmi]ar to
fig. 10 was used. The ions were blown by a charged wire A,
and the conductivity of the gas tested immediately afterwards
at an electrode B, which was fixed close to A. The electrode
A was cylindrical and fixed centrally in. the metal tube L,
which was connected to earth. For convenience of calculation it is assmned that the electric field between the cylinders
is the same as if the cylinders were :infinitely long.
Let a, b be the radii of the electrode A and the tube L
(internal) ;
Let V be the potential of A (supposed positive).
The electromotive intensity X (without regard to sign) at
a distance r from the centre of the tube is given by
X--

V
b.
rlog, a

Let u, u~ be the velocities of the -positive and negative ions
for a potential gradient of I volt per cm. If the velocity is
proportional fo the electric force at any point, the distance dr
traversed by the negative ion in the time dt is given by
dr = X % dr,

loge ~ r dr
or

dt~

Vu2

Let r~ be the distance fi'om the centre from which the
negative ion can just reach the electrode in the time t taken
for the air to passalong the electrode.
Then

t= (r2~--a2) loge b
2Vu2

a "

If P2 be the ratio of the number of the negative ions that
reach the electrode A to the total number passing by,
then

,/, 2

~2

p,=

Therefore

p2(b~--a ~) loge b
2V . t

-.

. . . . . .

(1)
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Similarly the ratio pl of the nmnber of positive ions that
give up their charge to the external cylinder to the total
number is given by
px(b~--a~) log~b
ul=

2V. t

. . . . . . .

(2)

In the above.equations it is assumed that the current of
air is uniform over the cross-section of the tube, and that the
ions are uniformly distributed over the cross-section; also,
that the movement of the ions does not appreciably disturb
the electric field. Since the value of t can be calculated from
fhe velocity of the current of air and the length of the electrode, the values of the velocities of the ions under unit
potential gradient can at once be determined.
The equation (1) shows that p~ is proportional to V , - i. e. that the rate of leak of the electrode A varies directly as
the potential of A, provided the value of V is not large
enough to remove all the ions from the gas as it passes
by the electrode. This was experimentally found to be the
case.

In the comparison of the velocities the potential V was
adjusted to such a value that p2 was about one half. This was
determined by testing the rate of leak at B with a saturating
electromotive force. The amount of recombination of the
ions between the electrodes A and B was very small, and
could be neglected.
The uranium cylinder was then removed, all the other
parts of the apparatus remaining unchanged. An aluminium
cylinder was substituted for the uranium cylinder, and x-rays
were allowed to fall on the aluminium. The bulb and
induction-coil were placed in a metal box in order to carefully screen off all electrostatic disturbances. The rays were
only allowed to fall on the central portion of the cylinder.
The intensity of the rays was adjusted so that, with the same
current of air, the rate of leak was comparable with that
produced by the uranium. It was then found that the value
of p~ was nearly the same as for the uranium conduction.
For example, the rate of leak of B was reduced from 38 to
14 scale-divisions per rain. by charging A to a certain small
potential, when the air was blown by the surface of the
uranmm. When l~Sntgenizcd air was substituted, the rate of
leak was reduced from 50 to 18 divisions per min. under the
same conditions. The values of P2 were "63 and "64: respectively. This agreement is closer than would be expected,
as the bulb was not a very steady source of radiation.
L2
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This result shows that the ions in l~Sntgen and uranium
conduction move with the same velocity and are probably
identical. The velocity of an ion in passing through a gas
e
is proportional to m' where e is the charge carried by the ion,
and m its mass. Unless e and m vary in the same ratio it
ibllows that the charge carried by the ion in uranium and
l~Sntgen conduction is the same, and also that their masses
are equal.
It was found that the velocity of the negative ion was
somewhat greater than that of the positive ion. This has
been shown to be the case for ions produced by RSntgen
rays ~. The difference of velocity between the positive and
negative carrier is readily shown. The rate of leak of B is
observed when charged positively and negatively. When B
was charged positively the rate of leak measured the number
of negative ions that escaped the electrode A, a n d when
charged negatively the number of positive ions. The rate of
leak was always found to be slightly greater when B was
charged negatively. This is true whether A is charged
positively or negatively~ and shows that there is an excess of
positive ions in the gas after passing by the electrode A.
The difference of velocities of the ions can also readily
be shown by applying an alternating electromotive force to
the electrode A sufficient to remove a large proportion of the
ions as the air passes by. The issuing gas is always found
to be positively charged, showing that there is an excess of
positive over negative ions.
A large number of determinations of the velocities of the
uranium ions have been made, with steady and alternating
electromotive forces, when the air passed between concentric
cylinders or plane rectangular plates. In consequence of the
inequality of the velocity of the current of air over the
cross-section of the tube, and other disturbing factors which
could not be allowed for, the determination could not be
made with the accuracy that was desired. For an accurate
determination, a method independent of currents of air is
very desirable.
§ 15. _Potential Gradient between two _Plates.
The normal potential gradient between two plates is altered
by the movement of the ions in the electric field.
Two methods were used to determine the potential gradient.
* Zeleny, Phil. Mag. July 1898.
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In the first method a thin wire or strip was placed between
two parallel plates one of which was covered with m'anium.
The wire was connected with the electrometer~ and after being
left some time took up the potential in the air close to the
wire. In the second method the ordinary mercury- or
water-dropper was employed to measure the potential at a
point.
:For the first method two large zinc plates were taken
and placed horizontal and parallel to one another. A layer
of uranium oxide was spread over the lower plate. The
bottom plate was connected to one pole of a battery of 8 volts,
and the top plate was connected to earth. An insulated thin
zinc strip was placed between the plates and parallel to
them. The strip was connected with the electrometer, and
gradually took up the potential of the point. By moving
the strip the potential at different points between the plates
could be determined.
The following table is an example of the results obtained.
Plates 4"8 cm. apart ; 8 volts between plates.
DistanCe from

top plate.

Potential in
Potential in volts
volts
without
Uranium.
with Uranium."

0

0

o

"6

2"5

1

1"2

3"8

2

2"1

5"9

3"5

3"1

7

5'2

4"8

8

8

£he third column is catcutatea on the assumption that without
the uranium the potential falls off uniformly between the
plates.
The method given above is not very satisfactory when the
strip is close to the plates, as it takes up the potential of the
point very slowly.
The water- or mercury-dropper was more rapid in its
action~ and gave results very similar to those obtained by the
first method. Two parallel brass plates were placed vertically
and insulated. One plate was connected to the positive amt
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the other to the negative pole of a battery. The middle
point of the battery was placed to earth. The water-dropper
was connected with the electrometer. The potential at a point
was first determined without any uranium near. One plate
was then removed, and an exactly similar plate, covered with
the uranium compound, substituted. The potential of the
point was then observed again. In this way the potential at
any point with and without the uranium could be determined.
The curve shown in fig. 11 is an example o£ the potential
gradient observed between two parallel plates 6"6 cm. apart.
The dotted line represents the potential gradient when the
uranium is removed. The ordinates represent volts and the
abscissa distances from the plate covered with the uranium
compound.
Fig. 11.
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It will be observed that the potential gradient is diminished
near the nranimn and increased near the other plate. The
point of zero potential is displaced away from the uranium.
From curves showing the potential gradient between two
plates, the distribution of free electrification between the plates
can be deduced. By taking the first differential of the curve
dv

we obtain dx' the electric force at any point, and by taking
d2v
the second differential of the curve we obtain ~xx2~ which is
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equal to --4~rp~ where p is the volume-density of electrification at any point. In order to produce the disturbance of
the electric field shown in fig. 11~ there must be an excess
of ions of one kind distributed between the plates~ Such a
result follows at once from what has been said in regard to
the inequality of the ionization between the plates due to the
absorption of the radiation.
It was found that the potential gradient approached more
and more its undisturbed value with increase of the electromotive force between the plates. The displacement of the
point of zero-potential from the uranium surface increased
with diminution of electromotive force. For example, for
two plates 51 ram. apart, charged to equal and opposite
potentials~ the points of zero potential were 28~ 307 33 mm.
from the uranium when the differences of potential between
the plates were i6, 8, and 4 volts respectively.
When the uranium was charged positively, the point of
zero potential was more displaced than when it was charged
negatively. This is due to the slower velocity of the positive
ion.

The slope of potential very close to the surface of the
uranium has not been investigated. The deviation frmn the
normal potential slope between the plates depends very
largely on the intensity of the ionization produced in the gas.
With very weak ionization the normal potential gradient is
only slightly affected.
Child * and Zeleny t have shown that the potential gradient
between two parallel plates exposed to RSntgen rays is not
uniform. In their cases the ionization was uniform between
the plates~ and ~he disturbance in the field manifested itself in
a sudden drop at both electrodes, fn the case considered
for uranimn radiation~ the ionization is too small for this
effect to be appreciable. The disturbance of the field is due
chiefly to the inequality of the ionization, and does not only
take place at the electrodes.

§ 16. Relation between Current and Electromotive Force.
The variation with electromotive force of the current
through a gas exposed ~o uranium radiation has been investigated by Becquerel :~ and later by de Smolan and Beattie §.
* Wied. Annul. April 1898~p. 152.
Phil. Mug., July 1898.
Comptes Rendus, pp. 438, 800 (1897).
~ Phil. Mug. vol. xliii, p. 418 (1897).
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The general relation between the current through the gas and
the E.M.F. acting on it is very similar to that obtained for
gases exposed to RSntgen radiation. The current at first
increases nearly proportionally with the E.NI.F. (provided
the E.M.F.'s of contact between the metals are taken into
account), then more slowly, till finally a stage is reached,
which may be termed the " saturation stage," where there is
only a very slight increase of current with a very large
increase of electromotive force. As far as experiments have
gone, uranium oxide, when immersed in gases which do not
attack it, gives out a constant radiation at a definite temperature, and the variation of the intensity of radiation with the
temperature over the ordinary atmospheric range is inappreciable. For this reason it is possible to do more accurate
work with uranium radiation than with RSntgen radiation,
for it is almost impossible to get a really steady source of
x-rays t'or any length of time.
It was the object of these experiments to determine the
relation between current and electromotive force with accuracy,
and to see whether the gas really becomes saturated ; i.e.,
whether the current appreciably increases with electromotive
forces when the electromotive forces are great, but still not
sufficient to break down the gas and to produce conduction
in the gas without the uranium radiation.
A null method was devised to measure the current, in order
to be independent of the electrometer as a measuring instrument and to merely use it as an indicator of difference of
potential.
Fig. 12.

£,~erH
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_

Fig. 12 shows the general arrangement of the experiment.
A and B were two insulated parallel zinc plates : on the lower
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plate A was spread a uniform layer of uranium oxide. The
bottom plate was connected to one pole of a battery of a large
number of storage-cells, the other pole of which was to earth.
The insulated plate B was connected to one pair of quadrants
of an electrometer, the other pair of which was to earth.
Under the influence of the uranium the air between the plates
A and B is made a partial conductor, and the potential of B
tends to become equal to that of A. In order to keep the
potential of B at zero, B is connected through a very high
resistance T of xylol, one end of which is kept at a steady
potential. If the amount of electricity supplied to B through
the xylol by the battery is equal and opposite in sign to the
quantity passing between A and B, tile potential of B will
remain steadily at zero. In order to adjust the potential to
be applied to one end of the xylol-tube T, a battery was
connected through resistance-boxes R 1 R~, the wire between
being connected to earth. The ratio of the E.M.F. e acting
on T to the E.M.F. E of the battery is given by
.

R~

E -- RI+R2"
In practice R I + R 2 was always kept constant and equal to
10,000 ohms, and, in adiusting the resistance, plugs taken
frmn one box were transferred to the other. The value of e
is thus proportional to R1, and the amount of current supplied
to B (assuming xylol obeys Ohm's Law) is proportional to RI.
If the resistances are varied till the electrometer remains at
the "earth zero," the current between the plates is proportional to 1%1. If the value of the E.M.F. applied is too
great the needle moves in one direction, if too small in the
opposite direction. For fairly rapid leaks the current could
be determined to an accuracy of 1 per cent.; but for slow
electromotive leaks this accuracy is not possible on account
of slow changes of the electrometer zero when the quadrants
are disconnected.
The following tables show the results of an experiment with
uranium oxide. The surface of the uranium was 14 cm.
square. In order to get rid of stray radiation at the sides
lead strips, which nearly reached to the top plate, were placed
round the uranium. 16 volts were applied to the resistancebox~ and a resistance of 10,000 ohms kept steadily in the
circuit.
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Plates 2"5 cm. apart.
Volts.

Current R x.

Plates "5 cm. apart.
Volts.

CurrentR~.

425

"125

1400

1

825

•25

2800

2

1570

•5

4300

•5

4

2750

1

8

3750

2

5250
5650

16

4230

4

6200

37"5

47O0

8

6670

112

5250

16

6950

375
8OO

5625
5825

100

7400

335

7850

Under the column of volts the difference of potential
between A and B is given. The current is given in terms of
the resistance R1 required to keep the electrometer at the
earth zero. It will be observed that for the first few readings
Ohm's Law is approximately obeyed, and then the current
increases more gradually till for large E.M.F.'s the rate of
increase is very slow. For the plates "5 cm. apart the
•rate of leak for 335 volts is only 50 per cent. greater than
the rate of leak for 1 volt.
The same general results are obtained if the surface of the
uranium is bare or covered with thin metal. The disadvantages
of covering the surface with thin tin or aluminium foil are (1)
that the intensity of the radiation is considerably decreased ;
(2) that the ions diffuse fi'om under the tinfoil through any
small holes or any slight openings in the side. The drawback
of using the uncovered oranium in the form of fine powders
is that under large electric forces the fine uranium particles
are set in motion between the plates and cause an additional
leakage. In practice the rate of leak was measured with
potential-differences too small to produce any appreciable
action of this kind.
In order to investigate the current-electromotive-force
relations for different gases the same method was used, but
the leakage in this case took place between two concentric
cylinders. The apparatus is shown in the lower part of
fig. 12 : C and D were two concentric cylinders of brass 4"5
and 3"75 cm. in diame~er~ insulated from each other.
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The ends of the cylinder D were closed by ebonite collars,
and the central cylinder was supported in position by brass
rods passing through the ebonite. The surface C was uniformly
covered with uranimn oxide. The cylinder D was connected
to one pole of a battery, the other pole of which was to earth.
The cylinder C was connected to the electrometer. The
following tables show the results obtained for hydrogen~ carbonic
acid, and air. Distance between cylinders "375 cm.
Hydrogen.
Volts.
0
'062
•125
•25
"5
1
2
4
8
16
108
216
-

Current.
1P.2
125
123
142
150
160
163
165
1~8
172
178
185

Carbonic Acid.
Volts.

Cttrrent.

95
205

+1

418

2

451

305
355
405
460
52O
590
7O5

4

495

8

533

36

601

108

615

216

630

V o l t s . . Current.
0
[
--" 125

1
2
4
8
16
36
108
216

Air.

787
820

The above results are expressed graphically in fig. 13,
where the ordinates represent current on an arbitrary scale
and the abscissae volts. I n the tables given fbr hydrogen and
carbonic acid it will be observed that the current has a
definite value when there is no external electromotive force
acting. The reason for this is probably due to the contact
difference of potential between the uranium surface and the
interior brass surface of the outside cylinder.
When the
external cylinder was connected to earth the inside cylinder
became charged* to - - ' 1 2 volt after it was left a short time.
This phenomenon has been studied by Lord Kelvin, Beattie, and
S. de Smolan, and it has been shown that metals are charged up to small
potentials under the influence of uranium radi:~ion. The steady
diiterenee of potential between two metal platzs between which the
radiation falls is the same as the contact difference of potential. An
exactly similar phenomenon has been studied by Perrln (Con,ptes Readus,
cxxiii, p. 496) for ~ .rays.
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Iu consequence o£ th~s action, for small electromotive forces
the rates of leak are different for positive and negative.
Fig. 13.
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Results of this kind are shown more clearly in fig. 14, which
gives the current-electromotive-force curves for hydrogen
and carbonic acid for small voltages. When there is no
external electromotive force acting, the current has a fixed
value; if the uranium is charged positively, the current
increases slowly with the voltage; when the uranium is
charged negatively~ the current is at first reversed~ becomes
zero, and rapidly increases with the voltage until for about
1 volt between the plates the positive and negative currents
are nearly equal. The curve for carbonic acid with a positive
charge on the uranium is also shown. It will be seen that
the initial slope of the curve is greater for carbonic acid than
for hydrogen.
It is remarkable that the current with zero E.M.F. for
hydrogen is about two-thirds of its value when 216 volts are
acting between the plates. The ions in hydrogen diffuse more
rapidly than in air~ and in consequence a large proportion
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of the negative ions reach the uranium and give up their
charge ~o it before recombination can take place.
Fig. 14.
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If the radiation fellTbetween two plates of exactly the same
metal, the inequalit~ between the positive and negative
current values for low voltages would almost disappear, but
even in that case there would still be an apparent current
through the gas, due to the fact that the negative carriers
diffuse with greater rapidity than the positive. Effects of
this kind have been studied for l=tSntgen radiation by Zelenv*.
For large E.M.F.'s no appreciable difference in the value
of the current could be detected whether the uranium ~vas
positively or negatively charged, i. e. positive and negative
electrifications are discharged with equal facility.
For the different gases the current tends more rapidly to a
saturation value in hydrogen than in air, and more rapidly in
air than ill carbonic acid. In all these cases there is still a
slight increase of current with increase of E.M.F. long after
the "knee " of the saturation curve has been passed, and in
no case has complete saturation been observed at atmospheric
pressure, even for a potential gradient of 1300 volts per cm.
The explanation of the general form of the curves showing
the re]ation between current and electromotive force for
ionized gases has been given in a previous papert. In the
* Phil. Mag, July 1898.
t J. J. Thomson and ]~. t~utherford, Phil. l~Ia$.November1896.
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case of uranium conduction the phenomenon is still further
complicated .by the want of aniformity of ionization between
the plates and the resulting disturbance of the electrostatic
field due to the excess of ions of one kind between the
plates.
The ionization of the gas is greatest near the uranium surface, and falls off rapidly with the distance. The rate of
recombination of the ions thus varies from point to point
between the plates, being greatest near the surface of the
uranium.
The equations which express completely the relation between
the current and electromotive force for the rate of leak between
two parallel plates, one of which is covered with uranium, are
very complex and cannot be expressed in simple form. The
disturbance of the electrostatic field between the plates, due to
tim movemen~ of the ions, has to be considered as well as
the variable rates of recombination at the different points, and
the difference of velocity between the positive and negative
ions.
The great difficulty in producing complete saturation, i. e. to
reach a stage when all the ions produced reach the electrodes,
may be due to one or more of three causes:-(1) Rapid rate of recombination of the ions very near the
surface of the uranium.
(2) Presence of very slow moving ions together with the
more rapidly moving carriers.
(3) An effect of the electric field on the production of
the ions.
The effect of (3) is probably very small, for there is no
experimental evidence of any such action unless the electromotive forces are very high. That the slow increase of the
current in strong fields is due to (1) rather than (2) receives
some support from an experiment that has been recently
tried. Instead of measuring the current with the uranium
covering one electrode, the air which had passed over uranimn
was forced between two concentric cylinders between which
the electromotive force was acting. The rate of leak was
found to only ificrease 2 or 3 per cent. when the E.M.F. was
increased from 16 to 320 volts. This increase is much smaller
than in the results previously given. Since the effect of (2)
would be present in both cases, this experiment seems to show
that the difficulty in removing all the ions from the gas is not
due to the presence of some very slow-moving carriers.
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Effect of f)ressure.
Some current electromotive-force curves for small voltages
have been obtained at different pressures. Examples of the
results are shown in fig. 15. which gi~es the relation between
the current and the electromotive ibrce at pressllrcs of 7G0,
380, 190, and 95 ram. of mercury.
These results were obtained with a different apparatus and
by a different method to that given in fig. 12. Two parallel
insulated metal plates, about 3 cm. apart, one of which was
covered with uranimn oxide, were placed inside an air-tight
vessel. One plate was connected to earth and the other to
the electrometer. The plate connected to the electrometer
was then charged up to a potential of 10 volts. On account
of the presence of the uranium oxide the charge slowly leaked
away, and the rate of movement of the electrometer-needle
measured the current corresponding to different values of the
electromotive force.
Fig. 15.
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The method did not admit of the accuracy of that previously employed (see fig. 12). The rate of leak for small
fractions of a volt could not be determined, so that in the
curves fig. 15 it is assumed that the current was zero when
the electromotive force was zero. This is probably not quite
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accurate owing to the slight contact-difference of potential
between the plates, so that there was a small initial current
for zero external electromotive force.
The general results show that the gas tends to become more
readily saturated with diminution of pressure. The variation
of the current with the E.M.F. depends on two factors--the
velocities of the ions, and their rate of recombination. Some
experiments on the velocity of the carriers* in ultra-violet
li.ght conduction showed that the velocity of the ions in a
given electric field is inversely proportional to the pressure.
This is probably also true for the ions in RSntgen conduction;
so that under the pressure of 95 mm. the ions would move
eight times as fast as at atmospheric pressure. The variation
of the rate of recombination with pressure has not yet been
determined.
The curve for hydrogen at atmospheric pressure is also
given in fig. 157 and shows that hydrogen is about as easily
saturated as air at 190 mm. pressure.
§ 17. Separation of the Positive and -Negative Ions.
It is a simple matter to partially separate the positive and
negative ions in uranium conductions and produce an
electrified gas. The subject of the production of electrification hy passing a current of air over the surface of uranium
enclosed in a metal vessel has been examined by Beattie t~
who found the electrification obtained was of the same sign
as the charge on the uranium. His results admit of a simple
explanation on the theory of ionization. The gas near the
surface of the uranium is far more strongly ionized than that
some distance away on account of the rapid absorption of the
radiation by the air. For convenience of explanation, let us
suppose a piece of uranimn, charged positively, placed inside
a metal vessel connected to earth, and a current of air passed
through the vessel. Under the influence of the electromotive
force the negative ions travel in towards the uranium, and the
positive ions towards the outer vessel. Since the ionization
is greater near the surface of the uranium, there will be an
excess of positive ions in the air some distance away from
the uranium. Part of this is blown out by the current of air,
and gives up its charge to a filter of cotton-wool. The total
number of negative ions blown out in the same time is much
less~ as the electromotive intensity, and therefore the velocity
of the carrier, is greater near the uranium than near the outside cylinder. Consequently there is an excess of positive
* Prec. Camb. Phil. Soc. Feb. 21, 1888.
t Phil. Mag. July 1897~xliv. p. 102.
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ions blown out, and a positively electrified gas is obtained.
As the potential-difi~rence between the electrodes is increased,
the amount of electrification obtained depends on two opposing
actions. The velocity of the carriers is increased, and consequently the ratio of the number of carriers removed is diminished. But if the gas is not saturated~ with increase of
electromotive force the number of ions travelling between the
electrodes is increased, and for small voltages this increase
more than counterbalances the diminution due to increase of
velocity. The amount of electrification obtained will therefore increase at first with increase of voltage, reach a maximum, and then diminish; for when the gas is saturated no
more ions can be supplied with increase of electromotive
force. This is exactly the result which Beattie obtained, and
which I also obtained in the case of the separation of the ions
of RSntgenized air. The fact that more positive than negative e!eotrification is obtained is due to the greater velocity
with which the negative ion travels. (See § 14.)
The properties of this electrified gas are similar to that which
has been found from RSntgen conduction. The opposite sign
of the electrification obtained by Beattie for uranium induction, and by myself for RSntgen conduction*, is to be
expected on account of the different methods employed. For
obtaining electrification from RSntgenized air a rapid current
of air was directed close to the charged wire. In that case
the sign of the electrification obtained is opposite to that of
the wire, as it is the carriers of opposite sign to the wire which
are blown out before they reach the ~'ire. In the case of
uranium the current of air filled the cross-section of the space
between the electrodes ; and it has been shown that under such
conditions electrification of the same sign as the uranium is to
be expected.
§ 18. Discharging-power of.Fine Gauzes.
Air blown over the surface of nranium loses all trace of conductivity after being forced through cotton-wool or through
any finely divided substance, in this respect it is quite
similar tn RSntgenized air. The discharging-power of cottonwool and fine gauzes is at first sight surprising~ for there is
considerable evidence that the ions themselves are of molecular
dimensions, and might therefore be expected to pass through
small orifices ; but a little consideration shows that the ions,
like the molecules, are continually in rapid motion, and, in
addition, have free charges, so that whenever they approach
within a certain distance of a solid body they tend to be
attracted towards it, and give up their charge or adhere to
* Phil. Mug. April 1897.
_Phil. Mag. S. 5. Vol, 47. No. 284. Jan. 1899.
M
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the surface. On account of the rapidity of diffusion ~ of the
ions, the discharging-power of a metal gauze, with openings
very large compared with the diameter of a carrier, may be
considerable. The table below gives some results obtained for
the discharging-power of fine copper gauze. The copper
gauze had two strands per inillim., and the area occupied by
the metal was roughly equal to the area of the openings. The
gauzes filled the cross-section of the tube at A (fig. 9), and
were tightly pressed together. The conductivity of the air
was tested after its passage through the gauzes, the velocity
of the air along the tube being kept approximately constant.
The rates of leak per minute due to the qir after its passage
through different numbers of gauzes is given below.
Nt,mber of Gal;zes.

0

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

1

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

Rate of leak in divisions
per minute.
44
32"5
I

2

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

!

26 5

3

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

f

19"5

4

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

5 ..................... :

10"5

6

After passing through 5 gauzes the conductivity of the air
has fallen to less than } of' its original value. Experiments
were tried with gauzes of different degrees of coarseness with
the same general result. The discharging-power varies with
tlle coarseness of the gauze, and appears to depend more on
the ratio of the area of metal to the qrea of the openings than
on the actual size of the opening. If a copper gauze has such
a power of removing the carriers from the gas, we can readily
see why a small plug of cotton-wool should completely abstract
the ions from the gas passing through it. The rapid loss of
conductivity is thus due to the smallness of the carrier and
the consequent rapidity of diffusion.
§ 19. General R e m a r k s .
The cause and origin of the radiation continuously emitted
by uranium and its salts still remain a mystery. All the
results that have been obtained point to the conclusion that
uranium gives out types of radiation which, as regards their
effect on gases, are similar to RSntgen rays and the secondary
radiation emitted by metals when RSntgen rays fall upon
them. If there is no polarization or refraction the similarity
* Townsend, Phil. Meg. June 1898.
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is complete. J . J. T h o m s o n * has suggested that the regrouping of the constituents of the atom may give rise to
electrical effects such as are produced in the ionization of a
gas. RSntgen's~ and Wiedemann's :~ results seem to show
that in the process of ionization a radiation is emitted which
has similar properties to easily absorbed I{Sutgen radiation.
The energy spent in producing uranium radiation is probably
extremely small, so that the radiation could continue for long
intervals of time without much diminution of internal energy
of the uranium. The effect of the temperature of the uranimn
on the amount of radiation given out has been tried. An
arrangement similar to that described in § 11 was employed.
'£he radiation was completely absorbed in the gas. The
vessel was heated up to about 200 ° C.; but not much differ-.
('nce in the rate of discharge was observed. The results of
such experiments are very difficult to interpret~ as the wlriation
of ionization with temperature is not known.
I have been unable to observe the presence of any secondar:y
radiation produced when uranium radiation falls on a metal.
Such a radiation is probably produced, but its effects are too
small for measurement.
In conclusion, I desire to express my best thanks to
Pro/'. J . J. Thomson for his kindly interest and encouragement
during the course of this investigation.
Cavendish Laboratory, Sept. 1st, 1898.
I X . -Notices respecting ~Tew Books.
A Treatise on Dy'r~amics era Particle ; with numerous examples. By
Dr. E. J. :Ro~T~, F.R.~.
Cambridge: University l~ress.
Pp. xii -t- 417.
HAT this ~(nk is a thorough one on its subieet is a matter of
course, but it is more than this, it is a most interesting one. As
Dr. Routh remarks iu the opening words of his preface, "so many
questions which necessarily excite our interest and curiosity are
discussed in the dynamics of a particle that this subject has always
been a favourite one with students." Ite puts the question, how
is it that by observing the motion of a pendulum we caa tell the
time of rotation of the earth, or, knowing this, can deduce lhe
]a|itude of the place ? Other such problems excite our curiosity
at the very beginning of the subject. When we study the replies
to those problems we find new objects of interest, and so we
mount higher and higher until we include the planetary perturbations, and take account of the finite size of bodies. So far
does Dr. Routh carry us until he approximates quite closely to
his familiar Rigid Dynamics. One has hithel'tO associated his
work and name primarily with this latter subject, but as for
~ome forty years the whole mathematical curriculum must have
~ccupied his thoughts, he must have many potential books in his
Prec. Camb. Phil. See. vol. ix. pt. viii. p. 397 (1898).
~f Wied. Ann. lxiv. (1898). ~ Zeit. f..Electrochemie, it. p. 159 (1895).
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