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Cloud-Chamber Photograyhs at 4310 Meters Altitude

H. BOSTICK

Ryerson Physica/ Laboratory, University of Chicago, Chicago, Ilhnois

(Received December 1, 1941)

Cloud-chamber photographs taken at 4310 meters altitude give evidence for the existence
of penetrating particles in air showers. Out of 2983 successful expansions 5.8 percent showed
particles classi6ed either as slow mesotrons or slow protons. 1.3 percent of the expansions show
particles whose speci6c ionization increases markedly on passing through a 1.3-cm lead plate
in the chamber. Twenty-seven photographs show penetrating pairs and thus indicate the
production of penetrating secondaries at this altitude. Some photographs give evidence for
nuclear processes associated with showers. Five photographs show electrons which may have
come from the disintegration of mesotrons within the chamber.

' 'N connection with a cosmic-ray expedition
~ - sent from the University of Chicago to Mt.
Evans in August, 1940, the author took a series
of cloud-chamber photographs. It was hoped by
these experiments to conhrm the existence of
penetrating particles believed from previous
counter tube observations to be present in large
air showers. It was also desired to obtain data on
the number of heavily ionizing cosmic-ray par-
ticles and on the number of particles generated
and stopped in a lead plate in the chamber.

The equipment consisted of a cloud chamber,
counter controlled by any of the two-, three-, and
fourfold coincidence arrangements of Geiger-
Mueller counter tubes shown in Fig. 1 and
indicated by the letters, A, 8, G. To aid in

distinguishing particles of diferent types a lead
plate 1.3 cm thick was placed in the middle of
the chamber. Kith this procedure, some of the
cosmic-ray particles can be identihed on the basis
of (a) the increase of ionization on passing
through the lead plate, (b) the production of
secondaries, and (c) the scattering of the particle
in the lead plate.

The cloud chamber, 24 cm in diameter and 7

cm in illuminated depth, was used withou t
magnetic held. The illumination was provided by
four automobile headlight lamps, each having
two 32-candle-power 6laments. The lamps were
mounted in parabolic reAectors and all the fila-
ments were connected in series. Power for these
lamps was provided by a 450-watt a.c. gasoline
electric generator. The 61aments were operated
at a dull red except during expansions. The
camera arrangement was stereoscopic. The
counter circuit and cloud-chamber timing control

5

were those used by Herzog' and Herzog and
Bostick. '

(1) PENETRATING PARTICLES IN AIR SHOWERS

The fourfold coincidence arrangements D and
F in Fig. 1 were used to photograph particles in

air showers penetrating, respectively, 12.7 and
20 cm of lead. For electrons that traverse the
1.3-cm lead plate, under the conditions of the
experiment, there is a probability of from 3 to
22 percent that no multiplication will occur. '
If, as is actually the case, a much larger fraction
of the particles traverse without multiplication,
we may infer the presence of mesotrons or
protons. This fraction traversing without multi-
plication is seen from Table II to be, respec-
tively, 93 and 86 percent of the total number of
traversing particles observed in the photographs
triggered by air showers. This demonstrates the
presence of penetrating particles (mesotrons or
protons) in air showers.

The investigations of Janossy and Ingleby, 'and
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Fle. 1. Arrangement of counters.

~ G. Herzog, Phys. Rev. 59, 117 (1941).'G. Herzog and %. H. Bostick, Phys. Rev. 59, 122
(1941).

3 According to Arley's calculation )Proc. Roy. Soc.
A168, 52S (1938)j 3 percent of the electrons of energy
above 2X101 ev traversing the lead plate should emerge
as single particles. For electrons under 2X10s ev, this
calculated fraction is 22 percent.' L. Janossy and P. Ingleby, Nature 145, 511 (1940).
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TABLE I. Data on cloud-chamber photographs.

Counter Arrangement A B C D E Ii G Totals

21
2
3
5
5
5

{13 Total number of photographs 653
(2) Number of particles penetrating the 1.3-cm lead plate in the chamber without producing

any secondaries 210
(3) Number of particles producing secondaries in the 1.3-cm lead plate (excluding those

cases where a large shower was seen in the chamber) 24
(4) Number of particles penetrating the 1.3-cm lead plate in pairs without producing any

second anes 6
Angle with the vertical

(S) Number of particles judged by their specific ionization and 0 —30
range to be slow mesotrons 30'-60'

60 -90
0 -30

slow protons 30'-60'
60 -90

25 4
7 4
3 3

18 8
11 7
6 0

5 3
2 0
0 0
1 1
3 1
3 1

1430 593 58 89

330 252 13 38

55 25 1 5

24 18 2 2

6 3
2 1
0 0
2 0
0 0
0 1

67'
18
9,172

35 (5.8 jo}
27
16,

80 80 2983
859

4 (29'Fo)
116

2 4 (3.9q}
54
(1.8@)

(6) Number of particles showing marked increase in specific
ionization on passing through 1.3 cm of lead in the chamber
and their classification according to that appearance (see
Figs. 8, 9, 10, and 11)

{7) Number of particles produced in 1.3 cm of lead in the chamber
by non-ionizing radiation, judged by their specific ionization
and range to be (see Fig. 12)

(8) Particles stopped in 1.3 cm of lead in the chamber judged by
their specific ionization to be (see Fig. 9)

{9) Number of large showers with greater than 50 particles in the
chamber {see Fig. 4)

slow mesotrons
slow protons

slow mesotrons
slow protons
fast particles
slow mesotrons
slow protons
fast particles

14
0

5
2

19
1
0
7

6 5
6 3

16 3
10 4
83 25
11 2

2 1
37 9

2 2
0 0

4 2
1 0

10 6
1 1
1 0
1 3

1 3 3 0

0 0 29) 39
0 10J (1.3'P )

2 341 Si
(1 3'Fo)

3 3 146
1 1 18) 23

0 Sj' (O.SP}
5 4 66

11
2 1 (0.4%)

of Kataghin, Pompeia, and Santos' demonstrate
the existence of cosmic-ray particles in showers
at sea level capable of penetrating 50 and 63 cm
of lead. If the extremely high penetration of
these showers is to be interpreted by the cascade
theory, these showers would have been initiated
at the top of the atmosphere by single particles
with the unbelievably high energy of 10" ev.
Swann and Ramsey' report pairs of particles
penetrating 4 to 18 cm of lead without any
apparent production of secondaries. Auger' and
also Hilberry find the number of extensive
showers at low altitudes considerably greater
than the number predicted by the cascade
theory. Finally, Hilberry and Regener, 9 working
with extensive showers at Mt. Evans, and
Wataghin, ' using counter arrangements sepa-
rated by 11 and 30 cm of lead, show that the
reduction in the number of showers by lead
absorbers is far less than expected from the
cascade theory. The same discrepancy is shown

in the contrast between rows 11 and 13 of Table
II in this paper. In order to explain these
departures from the cascade theory all of the
above mentioned investigators suggest, in accord
with the evidence just presented, that pene-
trating particles are present in air showers.

~ G. W. %'ataghin, M. D. Santos, and P. A. Pompeia,
Phys. Rev. 57, 61 (1940); 57, 339 (1940); 59, 902 (1941).

'W. F. G. Swann and W. E. Ramsey, Phys. Rev. 57,
1051 (1940).

~ P. Auger et e/. , Rev. Mod. Phys. 11, 289 (1939).
s N. Hilberry, Phys. Rev. 59, 763 (1941).
'N. Hilberry and V. H. Regener, Phys. Rev. 59, 471

(1941).

A possible explanation for the presence of such
particles in air showers was suggested by Booth
and Wilson" and also by Christy and Kusaka"
who calculated the pair production of spin 1

mesotrons by y-rays and found that at energies
greater than 10"ev mesotron pair production is
more probable than pair production of electrons.

TABLE II. Photographs showing penetrating particles
taken with counter arrangements D and I' of Fig. 1.

{1) Counter arrangement
(2) Thickness of lead above the chamber
(3) Number of photographs taken with four-

fold shower triggering of Table I
(4) Number of photographs in (3) with par-

ticles penetrating the 1.3-cm lead plate
without multiplying

(5) Ratio, Item (4)/Item (3)
(63 Fraction of random expansions showing

particles penetrating 1.3 cm of lead
without multiplication

(7) Number of particles in (3) that penetrate
the 1.3-cm lead plate without multi-
plication

(8) Number of particles in (3) penetrating
the 1.3 cm of lead with multiplication (ex-
cluding particles in showers of greater
than 50 particles in the chamber)

(9} The fractional number of particles in (33
penetrating without multiplication, i.e.,
(7}/ [(7)+(8)j

(103 The fractional number of electrons (cal-
culated by Arley) which would penetrate
the plate without multiplication

(11) Item (4) per hour
{12) Accidental fourfold shower triggerings

per hour
(13)* For purely cascade processes the rela-

tive numbers of showers penetrating the
di8erent thicknesses of lead to be ex-
pected in equal time intervals

{14}Number of photographs in (3) showing
large showers (more than 50 particles in
the chamber)

D
12.7 cm
58

12

13

93~+

0.43 +0.12
0.02

F
20 cm
80

14'
4.6 &2.7 'Pp

8601

3'Po-22 ~yp

0.42 +0.12
0.02

10 4

*This calculation uses curves plotted by N. Hilberry from Serber's
calculations [Phys. Rev. 54. 317 (1938)j for the penetration of showers
of a given energy, and a difFerential primary energy spectrum
dN =kB~ odp.

F. Booth and A. H. Wilson, Proc. Roy. Soc. A175,
483 (1940).

I R. F. Christy and S. Kusaka, Phys. Rev. 59, 403
(1941).
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However, it is very doubtful that the mesotron
possesses spin 1, and for mesotrons of spin 0 or
~ the predicted pair production is practically
negligible even at the highest y ray energies.

(2) ABUNDANCE OF HEAVILY IONIZING PARTICLES

The differentiation between a slow mesotron
and a slow proton on the basis of measurements
of range and estimates of ionization, though
theoretically possible, is not very accurate.
Nevertheless, some information can thus be
obtained. The numbers of slow particles classified
by this method are tabulated in Table I, row (5).
The classification is divided according to the
angles the tracks make with the vertical. The
number of slow particles showing tracks with
angles less than 30' with the vertical predomi-
nates for both mesotrons and protons. This leads
to the belief that some of the slow protons and a
large proportion of the slow mesotrons are
produced not in nuclear evaporations, which
would certainly give a more uniform angular dis-
tribution of the heavy particles than observed,
but in events in which the vertical direction pre-
dominates.

Several investigators have obtained photo-
graphs of heavily ionizing cosmic-ray particles
at various altitudes. A brief summary of their
work is given in Table III. These results show a
very marked increase in the number of heavily
ionizing particles with height above sea level.
As can be seen from Table I, row (5), the author
obtained such tracks in 5.8 percent of the
photographs taken at Mt. Evans, thus confirm-
ing these earlier results.

(3) CLASSIFICATION OF PARTICLES SHOWING AN
INCREASE IN SPECIFIC IONIZATION ON
PASSING THROUGH THE LEAD PLATE

(a) A marked increase in ionization on passing
through the' 1.3-cm lead plate in the chamber
was observed for 39 tracks (see Table I, row (6),
and Figs. 8, 9, 10, and 11).These particles were
classified as mesotrons or protons according to
the curves A and J3 in Fig. 2, which show the
expected increases in ionization for mesotrons and
protons of various incident kinetic energies as
they traverse the lead plate. These curves in
Fig. 2 were calculated from the range curves for
mesotrons and protons in lead (see Fig. 3, curves

TABLE III. Summary of photographs of
heavily ionizing particles.

AUTHOR 0 OUO GHAM8ER

P I ~

Anderson I
5cm

7900 oersteds t
Q

Q I

Powell

j
H=O

ao gy
8 ~

I Rx

l4PNft. QI88

see level

I4000ft

I-
ecn~70 is&

g $47~ O %

l23 I in 75

I in 885

Hsrmg 3

H= 708

Q I I

o
l55 39 51

Q s ft

IMO0 ft
+000 to 29

90 lin I.7

3 lin I0

Srode
2l 80 I in 66

Q

Auger 5

H=&

with ordinary shosver control lan 75
l0,000fi

with extensive shower control I in 8
Q s I

8osticli
14000ft. 2983 94 78 l72 lin I8

1 C. D. Anderson and S. H. Neddermeyer, Phys. Rev. 50, 263 (1936).
s W. Powell, Phys. Rev. 58, 474 (1940).
4 G. Herzog, Phys. Rev. 59, 117 (1941).
4 R. B. Brode, Phys. Rev. 50, $87 (1936).
4 P. Auger, Rev. Mod. Phys. 11, 289 (1939).
4 T. H. Johnson, Barry, and Shutt, Phys. Rev. SV, 1047 (1940).

~ See Appendix A.

5 and 6) and from the energy loss by ionization
curves in argon, the gas in the chamber. The
former were obtained by graphical integration of
the Bloch formula for energy loss by ionization. *
Figure 2 shows that a 10' ev proton entering the
lead plate should exhibit an ionization in argon
of 3.7 (curve A y) in the units used in Fig. 2, and
after traversing the plate should exhibit an
ionization of 9.5 (curve B~), which respresents
an increase by a factor of 2.6. On the other hand,
a mesotron which traverses the lead plate and
exhibits an increase in ionization by a factor of
2.6, should enter with an ionization of only 1.55



%'. H. BOSTI C K

I & I ) l I II f ( ~00

100 lo'

Io

LJ

Qz

z
Ct
LLJ

I

e

~09

KINETIC E, NF-&Y

FiG. 2. The specific ionization in argon is expressed in terms of the minimum ionization
that a particle can experience in argon. p, refers to a mesotron of mass 200m, and I' to a
proton of mass i840m, .A„is the specific ionization in argon by a mesotron entering the
lead plate vs. its kinetic energy. 8„is the specific ionization in argon by a mesotron as it
leaves the lead plate es. the kinetic energy it possessed mken it entered. Ap and BI are
the corresponding curves for protons. ((ai')A~)„& is the root mean square scattering angle
of a mesotron calculated from Williams {see Appendix 8) for a Finite nucleus and shield-
ing, for j..3 cm of lead, neglecting the loss of energy by ionization in the lead plate.
{(a&')A„}p& is the corresponding curve for a proton. ((aP)A&')y& is the root mean square scat-
tering angle for a mesotron after energy loss in the plate has been considered. {(a~')Ay )p~

is the corresponding curve for a proton.

(curve A„),and is thereby distinguishable from
a proton. Finally, if a mesotron enters the lead
plate with an ionization any higher than 1.56
it shouM stop in the lead plate. With this
method, of the 39 tracks classi6ed in row (6) of
Table I, 29 were found to be slow mesotrons and
10 to be slow protons.

(b) Some of the 39 particles show a definite
scattering in the lead plate. According to the
theory of multiple scattering the mean scattering
angle is a function of the kinetic energy. For the
purposes of calculation this mean scattering angle
was identified with the observed scattering angle,
and the kinetic energies of the incident particles,
assumed in turn to be mesotrons and protons,
were computed. ~~ Using this value of the kinetic

~~ See Appendix B.

energy of the incident particle, one can read from
the curves A and J3 in Fig. 2 the expected in-

crease in ionization as the particle passes through
the lead plate. If the particles are assumed to be
mesotrons, the expected increases of ionization
thus calculated are not high enough to agree
with the observed increases in any of the 39
tracks. On the other hand, if the particles are
assumed to be protons, the expected increases of
ionization are of the right order of magnitude
i.e. , from a comparison oF the increase in ioniza-
tion with the scattering angle all 39 particles are
identified as protons.

Although for protons the calculated increase
of ionization is thus of the right order of magni-
tude, the calculated density of ionization by the
protons as they enter the lead plate is in most
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FK'. 3. Energy loss per cm by ionization is —BZ/Bx, Pc is the momentum multiplied by c, P is
ejc. —BE/Bx in lead es. kinetic energy (1) for an electron; (2) for a mesotron of mass 100m& ', (3) for
a mesotron of mass 200m&„(4)for a proton of mass 1840m, .

Range in lead vs. kinetic energy (5) for a mesotron of mass 200m, ; (6) for a proton of mass 1840m, .
pc os. kinetic energy (7) for an electron; (8) for a mesotron of mass 100@&„(9)for a mesotron of

mass 200m&„(10}for a proton.
P es. kinetic energy (11) for a proton; {12)for a mesotron of mass 200m, ; (13) for a mesotron of

mass 100m&, (14}for an electron.

cases three times higher than the observed value.
This indicates that the identification of these
particles as protons by using the scattering angle
and increase of ionization as criteria is doubtful.
Since the kinetic energy was not measured by a
direct method (such as deflection in a magnetic
field), but was calculatai in case (a) from the
theory of ionization loss, and in case (b) from
the combination of ionization increase and the
theory of multiple scattering, both methods have
limitations in identifying heavily ionizing par-
ticles in cloud chambers. The diR'erence in the
classi6cation of the particles by the two methods
may thus merely reAect the uncertainty in the
estimates of the density of ionization.

(4) PAIRS OF PENETRATING PARTICLES

Row (4) of Table I shows twenty-seven cases
in which pairs of particles penetrated the 1.3-cm
lead plate without producing secondaries. ""In
Fig. 5 a group of particles coming from the top
(left) strike the plate, and two of them penetrate
without multiplying. In Fig. 12 can be found a
similar pair. All twenty-seven photographs show
that penetrating particles can be produced in
pairs or groups.

"H. J.J. Braddick and G. S. Hensby, Nature 144, 1012
{1939),publish a photograph of a penetrating pair taken
at sea level."%. Powell, Phys. Rev. SS, 474 (1940), publishes a
photograph of a penetrating pair obtained at Mt. Evans.
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CAPTIONS TO FIGURES ON OPPOSITE PAGE

Figure 4, triggered by the fourfoM coincidence arrange-
ment E in Fig. 1 with 20 cm of lead above the chamber,
shows a large shower in the chamber.

Figures 5 and 6 taken with no lead above the chamber
show showers containing particles with speci6c ionization
high enough to be either slow mesotrons or slow protons.
Figure 5 shows at least 2 particles passing obliquely
through the 1.3-cm lead plate without producing second-
aries. It is, therefore, probable that these particles are not
electrons, but are a shower of mesotrons or protons.

Figure 7, the two stereoscopic views show a particle with
the specihc ionization of a s1ow mesotron or a slow proton
entering the plate and a particle with the specific ioniza-
tion of a fast electron coming out below at an angle of
40' with the direction of the first track. A possible in-
terpretation is that a slow mesotron disintegrates and gives
rise to the electron below.

Figure 8 was taken with 12.7 cm of lead above the cham-
ber and was triggered with the fourfold shower arrange-
ment shown in D, Fig. 1. It shows a particle with the ap-
pearance of a fast mesotron markedly increasing its
ionization on passing through 1.3 cm of lead, and according
to the curves A„and8„in Fig. 2 it is classified as a meso-
tron. It is possible that the track in the bottom of the
chamber is the decay electron of the slow mesotron.

Figures 9, 10, and ii are examples of tracks showing a
marked increase in specific ionization on passing through
the lead plate. Figures 9 and 10 were taken with 12.7 cm
of lead above the chamber, Fig. 11 with no lead above the
chamber.

Figure 12, taken with arrangement J3, Fig. 1, shows the
following events occurring in the same expansion: (a)
Shower production in the lead p1ate by an electron, (b)
shower production in the lead plate by a photon, (c) a
pair of particles penetrating the lead plate without multi-
plication, and (d) the production in the lead plate of a
heavy particle by non-ionizing radiation. This heavy
particle with its delta-rays is very similar in appearance
to a heavy particle photographed by Herzog' at 8,800
meters.

(5) HEAVILY IONIZING PARTICLES
ASSOCIATED WITH SHO%ERS

Figure 12 shows the photograph of a heavy
particle produced in the lead plate by non-
ionizing radiation. This occurs simultaneously
with a cascade shower in the chamber. The
heavy particle with its accompanying delta-rays
is very similar in appearance to that photo-
graphed by Herzog' at 8,800 meters altitude.
Other cases of the simultaneous occurrence of
heavily ionizing particles and cascade showers
are reproduced in Figs. 5 and 6. These photo-
graphs agree with KorH's" conclusions that
protons (and also neutrons) can be produced by
a process connected with the spft component.

(6) POSSISLE CASES OZ MESOTRON DECAV

In Figs. 7 and 8 are reproduced two of the hve
photographs which might be explained by a spon-
taneous decay of the mesotron. In four of these

"S.A. Kor&', Phys. Rev. 59, 949 (1941).

6ve photographs the particle assumed to be a
decay electron originates from the stopping of a
heavily ionizing particle in the lead plate (Fig. 7).
Row (8) of Table I shows that 23 heavily ionizing
particles and 66 particles with normal ionization
were observed to stop in the lead plate. If all of
these particles were mesotrons, we should expect
more than the four observed disintegrations. The
same infrequency of decay electrons was re-
ported by Herzog and Bostick' where a 0.3-cm
copper plate was placed in the middle of a cloud
chamber carried to an altitude of 8,800 meters.
Such results indicate that many of the heavily
ionizing particles are protons, and that most of
those of normal ionization which stop in the lead
plate are electrons.

The author wishes to express his gratitude to
Professor Compton for his advice on this work,
to Dr. Gerhard Herzog whose cloud-chamber
control system and Geiger counter circuit were
used, to Dr. Marcel Schein who gave constructive
criticisms of the paper, to Dr. Bruno Rossi who
suggested the experiment„and to Dr. Norman
Hilberry from whom were borrowed the curves
on Serber's calculations.

APPENDIX A

The Bloch"" formula for the energy loss per cm of a
charged particle by ionization processes in passing through
a substance of atomic number Z is

BE
~ m, c~ ng, c~P'W'——=2wtTZfy~ log +1—P~

where cr is the number of atoms per cc, rp=e'/m@', m, is
the mass of the electron, P =a/c, I is the mean ionization
energy and is equal to 13.5 ev, e is the electronic charge,
W is the maximum energy that can be imparted to an
electron by a particle of Mass M.

w.
Ep —Mc' mP+M +2m, My '

where Ep —Mc~ is the kinetic energy, M is the rest mass of
the incident particle and y=(1—p ) &.

The quantity —8E/Bx for lead can be plotted es. kinetic
energy for particles of mass os&, 100m„200m&, and 1840m,
as has been done in Fig. 3. When these curves are drawn
it is possible to obtain the range of the particles as a func-
tion of their kinetic energies by a graphical integration as
shown in Table IV.

APPENDIX 8
E. J. Williams" has calculated ((aP)A, )&, the root mean

square of the scattering angle, for a charged particle of
'5 F. Bloch, Ann. d. Physik 16, 285 (1933).
'P H. J. Bhabha, Proc. Roy. Soc. A164, 270 (1938).
'~ E. J. Williams, Proc. Roy. Soc. A169, 531 (1938-39).
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TAsLE IV. Distance d=(E;-EI}/-(8E/Bx)Av is that
traveled in lead when a particle of mass 200m, and of an
initial kinetic energy E; loses by ionization an amount of
energy equal to X;—Xy, where Ey is the kinetic energy
which the particle possesses after having traversed d.
The average ionizatiog, loss per cm -(BB/Bx)Av is read from
the curves in Fig. . 3. The sum of the d's gives the range for
a given Es.

Av.
Z; Xy -(aZ/ax) Av

(in ev) (in ev) (in ev/cm) (in cm)
Range

(in cm)

10s
5 X10s

104
5 X10s

10'
2 X10v

0
104
104

$ X10s
104

5 X10s
10'

10lo
S.Q X10s
$.0 X10s
2.7 X10s
1„14X10s
5.85 X10&
3.41 X10&

10 s
X1Q 6

10 s

1.8S X10 s

3.$4X10 s

8.5$ X10 s
0.294

10 s
10 4+1.8X10 &=1.9X10 &

1.02 X10 "s
2.87X10 s

3.83 X10s
0.125
0.419

mass M, where (ep)Av+(ep)Av=(8')Av and 8 is the total
scattering angle, and ai and ag are the scattering angles
projected in two perpendicular planes, each of which
contains the track of the incident particle. Neglecting the
energy loss by ionization in the scattering material, taking
into consideration shielding by electrons, and using a
finite nucleus with a radius of 10 " cm, %illiams obtains

the following expression:

gR

where 8' is the atomic weight, Z is the atomic number, t
is the thickness, and N is the number of atoms per cc of
the scattering material, and e is the electronic charge. The
values of ((ap}Av}& es. the kinetic energy for both mesotrons
and protons are plotted in Fig. 1.

It is now desired to calculate the corresponding values of
((ap)Av}& when the energy loss in the plate is taken into
account. Consider a particle of mass 200m, entering the
1.3-cm lead plate with a kinetic energy of 8X10' ev.
It will be seen from curve 5 of Fig. 3 that this particle will

emerge with a kinetic energy of 6.1X107 ev. For the aver-
age between the energies SX10~ and 6.1X107 ev, the
scattering angle ((ap)Av) & was read from the curve in Fig. 2.
If this value of ((a&')Av}& is now plotted against the incident
kinetic energy of SX10', we obtain a point on the curve for
({a1')Av'}&. For lower kinetic energies the averaging process
was made more precise by dividing the plate up into thin
sections, numbered e, b, c, -, and calculating the average
kinetic energy of the particle in each section and in turn
the resulting ((ap}Avi}& in each section. The total ((ap)Av'}&

for the 1.3 cm of lead is given by
((&1 )A } = $(M )Av+(b )Av+(M )Av+ ' ' ' j ~
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Radioactive Isotopes of Praseodymium

J. %. DE%IRK,* M. L. PooL, AND J. D. KURBATov
The Ohio State University, Columbus, Ohio

(Received March 3, 1942}

New nuclear reactions Pr'4'(dp}, Ce'~(pe}, and La"9(an} yielding radioactive isotope Pr'4'

have been observed. The decay curves obtained for Pr'" after chemical puri6cations showed a
half-life of 19.3+0.1 hours, a value considered to be more exact than that previously reported.
The negative beta-ray spectrum was measured with a recently constructed magnetic spec-
trometer of the 180' focusing type and was found to have an end point of 2.14+0.02 Mev. A
weak gamma-ray approximately 1.9 Mev was found associated with this period. The isotope
Pri4o has been formed by the reaction: Pr'4'(l, 2 n}. Its half-life was measured as 3.4+0.1 min-
utes. Cloud-chamber measurements yield an upper limit of 2.40+0.15 Mev for its positron
spectrum.

I. INTRODUCTION

HE study of radioactivity in praseodymium
began with the work of Fermi and co-

workers, who produced periods of 5 minutes and
l9 hours by bombarding praseodymium with
neutrons. ' They reported that the 19-hour
period was sensitive to water and found a half-
value thickness for its beta-rays of 0.12 g/cm' of
aluminum. Marsh and Sugden~ assigned the

* Now at Princeton University, Princeton, New Jersey.
~ E. Fermi @ el., Proc. Roy. Soc. 149, 522 (1935).

19-hour period to Pr'", and Pool and Quilia found
that the shorter period was a 3.5-minute positron
emitter and assigned it to Pr'4'. Recently these
assignments were conhrmed by Wu and Segrh, 4

who reported that the half-life of Pr'4' was 18.7
hours. They found that this isotope emitted only
electrons with a continuous spectrum having an
upper limit of 2 Mev.

. K. Marsh and S. Sugden, Nature 136, 102 (1935).
. L. Pool and L. L. Quill, Phys. Rev. 53, 437 (1938).

~

~

~ ~' C. S. Wu and E. Segre, Phys. Rev. 61, 203 (1942).




