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THE VARIATION OF THE ALPHA-RAY IONIZATION OF
RADIOACTIVE SOLIDS WITH THE THICKNESS OF

THE LAYER.

BY HERBERT N. MCCOY.

HE subject indicated by the title of this paper was first studied by
Rutherford and McClung, ' who assumed an exponential absorp-

tion law. Later the writer' studied the matter extensively after having
devised a method of making very thin layers or 61ms of uranium com-
pounds of quite uniform thickness. The results were in satisfactory
agreement with an exponential absorption law. After Bragg's discovery
that an n particle has a definite range, it became evident that there could
be no true "absorption" of the 0. rays and therefore that an exponential
law could not serve as a logical explanation of the facts. Bragg, ' St.
Meyer and v. Schweidler4 and others have studied the closely related
problems of the activity of a thick or thin active layer covered with one
or more thin foils.

The work of Bragg and Kleeman' and also McClung' supplemented by
the more recent work of Geiger and Taylor' shows the true shape of the
ionization curve. Geiger found that the ionization at any point in the
path of a particle is inversely proportional to the cube-root of the remain-
der of its range. This leads to the conclusion that the total ionization of
an e particle of range R is proportional to E&. Although it is very prob-
able that this empirical law is not absolutely exact it is at least a close
approximation and as such is very useful in several ways. In a paper
just published with C. H. Viol, ' it was shown that the relative activities
of the u-ray products of thorium are very closely proportional to the Pg

powers of the ranges of their respective o.-rays. I have also found a
similar result in a still more recent, unpublished, study of radium and its
products.

~ Phil. Trans. , A, Ig6, 25 (I9ox).
2 Jour. Amer. Chem. Soc., zp, 39I (I9o5).
' Phil. Mag. , II, 754 (I906).
4 Wien Sitzungsberichte, II5, II. a, 736 (I906).
5 Phil. Mag. , 8, 726 (I904)' Io, 3I8 (I905).

Ibid. , II, I3I (X906).
~ Proc. Roy. Soc., A, 8z, 486 (x9o9).
»mer. Journ. Sci., zg, 357 (x9o9); Phil. Mag. , zz, 57x (I9II); 23, 670 (I9I2).
9 Taylor, Phil. Mag. , zz, 57x (I9II).
'0 Phil. Mag. , zy, 333 (I9I3).
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If we assume that the total number of ions produced in air by any 0.

particle is proportional to the 2/g power of the distance it travels in
air after leaving a radioactive layer, we may readily get an expression
for the activity of such a layer as a function of its thickness. Let
n = the number of n particles per second from z g. of the substance.
The number shot upward from r sq. cm. of a layer of thickness dl = /~s

npd/, where p is the density. These go equally to every element of a
circumscribed hemisphere of surface an.a' (a = radius). Those rays
which emerge between the angles 0 and 0 + de to a normal strike a zone
of area 2m'Q sin ed' and therefore constitute the fraction sin Od8 of the
rays shot upward; so that the number of rays reaching the zone is

/&g ep sin 8d8dl. Now suppose the current due to a single n ray is Cr&

where C is a factor which is constant for. the n rays of all substances and r
is the eGective air range. If R is the range when there is no retardation
in the solid, it is readily seen that (R —kl/cos 8) = r is the eRective
range of the emerging ray, if. E is the depth from which the a particle
comes and k is the ratio of R to the "range" l0 of the 0. particle in the
solid; that is 0 = R/lo. The current due to rays between 8 and 8+ d8
from an infinitesimal thickness dl at a depth l from the upper surface is
/&grl pC(R —kl/cos 8)~ sin 8d8dl and for the whole of the rays is

8 kl
dA = /&~mpC R — sin 8d8dl,

0 cos 0

where the upper limit of 8 = cos ' kl/R; since if 8 ) cos ' kl/R the n
rays from the lower surface do not get out of the film. If l0 is the "range"
in the solid and l/lo ——x; x is the thickness of a 61m in terms of the thick-
ness just necessary to give maximum activity. Since k = R/lo, kl/R
= l/lo ——x and therefore

COS S g R.
. dA = Xdx sin Od9,

0 cos 0

where K = g&2mpCR&lo, a constant for a given substance. Therefore the
ionization current of a film of thickness x is

A = E' dx I — sin Od8.

If the indicated integral of function 8 is written f(x) then

Og

A = K f(x)dx
0

As the 0 integration gave a very complex expression which presented
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difficulties for the x integration, the ordinary method was abandoned
and the integrations accomplished without difficulty, by graphic methods.
The results are shown in Table I., in which A is expressed in terms of the
maximum activity as unity, the numbers in the last column being pro-
portional to those in the third column.

TABLE I.

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

57.30
41 ~ 58
31.85
24.06
17.67
12.61
8.44
5.01
2.44
0.76
0.00

f~~)~

0.00
4.87
8.52

11.31
13.39
14.90
15.95
16.59
16.96
17.12
17.16.

0.000
0.284
0.497
0.659
0.780
0.869
0.930
0.967
0.989
0.998
1.000

The graph of A. as a function of x is practically identical with an
exponential curve up to about A. = o.5; while for larger values of x it
lies only I to g per cent. higher. Since my earlier work on uranium com-

pounds and also that of Goettsch' had shown agreement with the expo-
nential law within the experimental error of less than I per cent. , excepting
for films of nearly maximum activity where the deviation was a little
greater, it follows at once that the facts are also in good agreement with
the formula developed above. However the earlier experiments did not
conform strictly to the conditions assumed in the derivation of the for-

mula in that the films were made in shallow tins, having rims o.8 cm.
high instead of on flat plates; also, the uranium used contained UX
the P rays of which produced a measurable part of the observed activity
and finally uranium itself gives two sets of a rays of different ranges. '

i Jour. Amer. Chem. Soc., 28, z54o, zyo6.
~ The suggestion that uranium gives two sets of a rays has occasionally been credited to

Boltwood, Amer. Jour. Sci., 2y, 2g8 (zyo8). I should like to point out that the first announce-
ment of this idea, as far as I can find, was that by Dr. Ross and myself at the Chicago meeting
of the Amer. Phys. Soc., Dec. x, zgo6. The abstract of this paper dated November 23, z906,
appeared in the PHYs. REv. , January, xgov. In this paper as a result of our measurements
of the relative activities of uranium and radium in minerals we concluded that "Since uranium

is about twice as active as the equilibrium amount of radium the former must produce two
a particles for every one produced by the equilibrium amount of the latter. This indicates
that each atom of uranium produces upon disintegration two alpha particles or that there
is an alpha-ray product not yet isolated between uranium and uranium X." Dr. Boltwood,
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The first two conditions could easily be corrected experimentally, while

the e6ect of two sets of n rays could be treated theoretically.
Fo a i fi ii ly ihi fi j(*'i = ii.io; Whil i = r,P(*)d* =

I7.I6
I7.I6; Table I. The ratio = o.2994 is the activity of a film of

57 3o

just suf6cient thickness, lo, to have maximum activity, in terms of the
activity of the same mass of material spread into an infinitely thin film

on a Hat surface. This ratio may be taken practically as o.3. The
activity of a thick film of a uranium compound, say U308, is the sum of
the partial activities of the two sets of a rays. If we call the maximum
partial activities of I sq. cm. A& and A2 respectively, we may easily find
theoretically the relative magnitudes of A~ and A2. Let W~ be the weight
of I sq. cm. of a film just thick enough to have maximum activity for the
U~ rays (those of uranium itself) and Ws be the weight for Us rays. Let
a& be the activity due to U& rays of I g. in an infinitely thin film on a Hat

plate and a2 be the activity for the U2 rays. Then A& = o.3W&a~ and
A2 ——o.3W,a, but W~/W2 ——R,/R2 where R~ and R2 are the respective
ranges and

Therefore

For uranium Geiger' has found R& = 2.37 and R2 ——2.75 at o' and 760
mm. Therefore A~ = o.78r A2 and a~ = o.9o6c2, also

A$ + A2 0.3 X 0.934(ng + Q2) W2.

If a film is thick enough to have maximum activity for the more pene-
trating U2 rays the activity due to the rays of uranium itself (U, ) should
be o.78I of the activity due to U2. Maximum activity for U& rays would
be reached for a thickness R&/R2 = o.862 as great as is required for the
U2 rays. By plotting a curve with x and A as coordinates and adding

whose first communication on this subject is in a letter dated December x7, xyo6, to Nature,
January 3, xgo7, wrote: "It will be noted in the above that the activity of uranium is about
twice that of the radium present, which is in good agreement with the conclusion of Moore and
Schlundt that there are two alpha ray changes in uranium if it is assumed that the average
range of the two uranium particles is about 3.S cm." Dr. Boltwood's conclusion was based,
therefore, on the same facts (obtained in independent experiments) as our own. While it is
true that Moore and Schlundt did think that UX gives alpha rays, thus suggesting a second
alpha-ray change in uranium; this was disproved later and so has nothing to do with the
matter in question. See also McCoy and Ross, Jour. Amer. Chem. Soc., zg, x7os (xgo7).

' Phil. Mag. , z4, 653 (xgxa).



Voz.. I.)
No. g. J IONIZA TION, OF RADIOA CTIVE SOLIDS. 397

to it a curve of the same form, but having its maximum ordinate o.p8z
of that of the first curve while its maximum abscissa is 0.862 we get the
theoretical curve for the total activity of a film of any uranium compound
as a function of its thickness, where the thickness is expressed as a fraction
of that required for maximum activity oi the Uz rays. (See Fig. x.)
Table II. gives the total activities for various values of x. It is seen by
comparison with Table I. that the total activities thus found are, for
each value of x, a little greater than for a substance giving but one set
of 0 rays.

TABLE II.
S
Activity

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.300 0.522 0.686 0.810 0.894 0.945 0.977 0.993 0.999 1.000

To test the accuracy of these deductions as carefully as possible new

experiments were made with films of U308. Pure uranium nitrate was

completely freed from UX and also any possible trace of radium by
means of barium sulphate in the usual way, The nitrate was decom-

posed by heat and the oxide heated to constant weight at 7oo' in an

V'

.g,

O ./ .g

Theoretical curve

~& ~ w .4 .7 & g /0

Activity.

Fig. 1.
with experimentally determined points.

electric mufRe. ' The product so obtained was pure U308. This material
was made into films on Hat circular brass or copper plates in the manner

previously described 2 alcohol being used as the suspending liquid. The
films were dried at Io5', those that showed any unevenness or imperfec-
tion were discarded. The activity measurements were made in the
gold-leaf electroscope described by McCoy and Ashman. The errors
of measurement were not over 0.2 to 0.3 per cent.

Two series of films were made; the first on copper plates 7.oo cm. in
diameter; the second on brass plates 6.9x4 cm. in diameter. The results

' McCoy and Ashman, Amer. Jour. Sci., z6, 523 (z9o8).
2McCoy and Ross, Jour. Amer. Chem. Soc., zg, x699, I907.
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are given in Table III. and plotted in Fig. I, where the points are seen to
fall very close to the theoretical curve.

TABLE III.

Weight in Mg.
per. Sq. Cm.

0.544
0.683
1.385
1.637
1.996
2.258
2.481
2.715
3.339
3.768
4.074
6.764
7.033

19.87

First Series.

Observed
Activity.

0.179
0.217
0.392
0.437
0.512
0.551
0.590
0.612
0.693
0.759
0.783
0.941
0.946
1.000

Calculated
Activity.

0.165
0.200
0.375
0.430
0.500
0.545
0.594
0.616
0.706
0.758
0.794
0.959
0.966
1.000

Weight in Mg.
per Sq. Cm.

0.775
0.812
1.878
1.950
2.291
3.780
5.119
9.458

10.09
12.83
13.57
16.37

Second Series.

Observed
Activity.

0.240
0.243
0.485
0.498
0.569
0.766
0.867
0.980
0.985
0.$91
1.000
1.000

Calculated
Activity.

0.224
0.232
0.478
0.491
0.552
0.760
0.879
0.997
0.999
1.000
1.000
1.000

In order to calculate the theoretical activities it is first necessary to
find a factor which converts the weight into the fraction which this weight
is of that necessary to give maximum activity. This factor will be a
constant for all films of U308, it may be found from any one determina-
tion or the mean of several. This factor proved to be 94; so that x = 94
W where TV is the weight in g. per sq. cm. The values given as "calcu-
lated activity" are those corresponding to the value of x = 94 W indi-
cated by the theoretical curve (Fig. r). We see that the agreement
between facts and theory is quite close; not, perhaps, within the experi-
mental error. But this is not to be expected, as some of the assumptions
made in deriving the formula are not absolutely exact. Thus, the as-
sumption that the factor k is a constant for a given substance is not
strictly in accord with the fact that the stopping power of a metallic
foil is somewhat dependent upon the velocity of the a particle. ' The
error caused by taking k constant is not large and probably would not
greatly change the theoretical curve.

By means of an equation given in a foregoing paragraph it is easy to
get a second test of the accuracy of the theoretical assumptions made in
this paper. It was shown that

Ay + A2 = 0.3 )( 0.934 (Gy + GQ) W2.

I Bragg, Phil. Mag. , z3, 5o7 (x9o7); Taylor, Amer. Jour. Sci., zS, 357 (l909); Phil. Mag. ,
I8, 604 (I909).
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If we take the O.-ray activity of z sq. cm. of a thick film of U308 as'the
unit of activity, then A& + A2 = r. and

I
Cy+Q2 =.

0.3 X 0.934.+'2

a~+ a2 is the activity that z g. of U308 would have in the form of an
infinitely thin film on a flat surface. The value of a& + a2 is readily
found from the weight and observed activity of films as given in Table
III. The ratio of activity to weight increases with the thinness of the
film and reaches a maximum for a vanishingly thin film. By a short
and quite definite extrapolation of this ratio, as determined by the values

given in Table III., it was found that a~ + a~ = 335.' Since x = 94K
if x = x, W& = x/94 = o.oxo64, the weight per sq. cm. just necessary to
give the maximum U2 activity. By substituting this value in the above
equation c& + cp = 336. The close agreement between the values found

in the two ways is further proof of the correctness of assumptions made

in the theoretical discussion.
The "range" of the n rays in F08 is easily calculated from the above

data. If p, the density of USOS, is taken as 7.3I, lo, the range of the Uz

rays = o.oxo64/7. 3x = o.oox46 cm. The range of the Uq rays is R~/R2

X o.oox45 = o.oox25 cm. Then the constant k = R~/lo ——x89o for

both sets of rays. By substituting for the ranges in air and U808 the
weights per sq. cm. , which an af ray can penetrate we get a constant into
which a knowledge of the density of U308 does not enter. The mass of a
column of air z sq. cm. in section and 2.75 cm. in length is 0.00355 g. ;

while S'2 = 0.0?064 g. The ratio of the latter weight to the former is

3.0x. This is the ratio of the weights of U;08 and air which produce
the same retardation of an n particle; it is the same for both sets of
rays of U308.

The relative "absorption" or, properly speaking, retardation of the
o. rays in passing through matter of different kinds has been studied

extensively. Bragg and Kleeman' found that the stopping power of a
substance was an atomic property and for equal masses per sq. cm.
nearly inversely proportional to the square-root of the atomic weight.

I arrived at similar conclusions4 in a somewhat different way from that
' The value, 33S, is only half of the total activity, as half of the rays are absorbed in the

plate on which the film is made. The total activity is therefore 2 X 33S = 67o. Since

UsOS contains 84.8 per cent. of uranium, this corresponds to an activity of 79o for x g. of
uranium. This is exactly the value I found in the earliest determination of this constant:
Jour. Amer. Chem. Soc., gg, 3yx (xgos); while with Dr. Ross, later, Ibid. , loc. cit., the value

found was 796.
' Ebelman, Ann. Chim. phys. (3), 5', x89 (x842).
' Phil. Mag. , Io, 3x8 (xyog).
' Jour. Amer. Chem. Soc., 28, xssm (xgo6).
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of Bragg and Kleeman. The conclusions reached in the preceding para-
graph may easily be compared with the results expected by the square-
root law. By this law we calculate that 59.z per cent. of the retardation
that an n particle experiences in passing through a layer of U308 is caused

by the uranium and 40.9 per cent. by the oxygen. Since 0.0r064 g. of
U308 containing 84.8 per cent. of uranium mill completely stop a U2

particle; the same result. would be produced by 0.0153 g. of uranium per
sq. cm. or by o.oo4oo g. of oxygen. The corresponding calculated
values for nitrogen and air are o.oo374 g. and 0.00377 g. The ratio of
O.OI 064 to 0.00377 is 2.82; while the experimental result is 3.or . The
calculated ranges in air at 0' and 76 cm. are 2.52 cm. and 2.92 cm. for
UI and U2 instead of 2.37 cm. and 2.75 cm. as found by Geiger. The
differences are probably largely due to inexactness of the square-root law.

SUMMARY.

A formula has been developed for the O,-ray activity of a layer of a
radio-active solid as a function of its thickness. It was assumed that the
air range of an a-ray is diminished in its passage through the solid by an
amount directly proportional to the distance it travels in the solid before
emerging and that the ionization produced is proportional to the 2/g
power of the distance the n-ray then travels in air. The theoretical
curve for the rise of activity with increasing thickness of the layer is
almost the same as an exponential curve, although the fundamental
equations are entirely difIerent.

2. It has been shown that the activity of a film of any a-ray substance
just thick enough to give maximum activity is 0.3 of the activity that
the same material would have if spread on a Hat surface in an infinitely
thin 61m.

3. It has been shown that the partial activities of a thick film which gives
equai numbers of n-rays of ranges R, and R~ are in the ratio (R~/R2)&.

4. It has been found experimentally that the activities of films of
U308 were in good agreement with those calculated by theory.

5. The weights per sq. cm. of U308 and of air which produce equal
retardation of an a-ray are as 3.0r to r. This ratio is approximately
that calculated by the law, first stated by Bragg. and Kleeman, that the
stopping power of matter is approximately inversely proportional to the
square-root of the atomic weight of the material through which an
n-ray passes.

In the experimental part of this work I have been ably assisted by Mr.
Edwin D. Leman, to whom I wish here to express my sincere thanks.

KENT CHEMICAL LABORATORY,

UNIvERsITY QF CHIcAGQ, February Io, IQI3.


