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Further Evidence for a Single Component in the
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N former communications, ' ' the writer has given
- ~ reasons to suppose that there is no electron component
to the primary cosmic radiation, that the mesotrons are
secondary to primaries, and that the only electrons in the
atmosphere are secondary to the mesotrons 5 He has
pointed out, moreover, that insofar as mean life con-
siderations are more potent than energy loss in deter-
mining variation of mesotron intensity with altitude, such
variation in intensity should follow approximately-an
exponential law with a single cocci ent when plot ted
against true dhstunce. When intensity is plotted against
mater equivalent distance, the curve becomes compressed
parallel to the distance axis in such a manner that the
result is an apparent increase of absorption coefficient with
altitude. '

The purpose of the present communication is to add
further evidence in support of the foregoing views. Our
interest concerns that region of the atmosphere which
lies below the altitudes at which the approach to a maxi-

mum is felt. '
Figure 1 gives measurements made by W. F. G. Swann

and W. E. Danforth. In curve A, logip I/Ip, the logarithm
of the ratio of intensity to that at sea level is plotted against
true altitude in kilometers. In curve B, loglp I/Ip is plotted
against water equivalent altitude. The constancy of the
slope of A bears out the conclusions cited above, and the
change of slope of B shows how, on a water equivalent
basis, the existence of an increase of absorption coefficient
with altitude, and a consequent existence of more than one
component, is simulated.

If x represents true altitude in kilometers, and
I=Ip expI —ix) we obtain, from the slope of A, tt =0.156
)&2.3 =0.36. Now if u is the velocity of the mesotrons, and
t the time to travel the distance x, we may write tax =pvt

=0.36)&3X10t=105t where we have assumed v equal to
the velocity of light for purely kinematical purposes. Thus
I='I

p exp L
—10stg.

If the rays disappeared simply by mean life considera-
tions, we should have I=Ipexp[ —t/vj where r is the
mean life. A comparison of these two expressions gives
v=10 ' sec. If the mean life for a stationary mesotron is
10 sec. , this tells us that the mesotrons would have to
have a mass 10 times the rest mass, which would give them
an energy of 10P ev. If we should assume Yukawa's value
5&&10 sec. for the mean life for a mesotron at rest, the
corresponding energy would be 2X10' ev. This value is
sufficiently near the probable average value of the energy
of the mesotrons to provide support to the foregoing views.
A distribution of energy introduces a distribution of
apparent absorption coefficients, but high energies give
small absorption coefficients, and the story provided by
energy distribution for high energies concerns increase of
hardness for great depths, where, of course, disappearance
of rays by energy absorption becomes more important.

i W. F. G. Swann, Phys. Rev. 56, 209 (1939).
2 W. F. G. Swann, Rev. Mod. Phys. 11, 242 (1939), (see in particular

pp. 251-254).' W. F. G. Swann, Phys. Rev. 58, 200 (1940).
4 W. F. G. Swann, Phys. Rev. 59, 770 (1941).
~ Further evidence to support these views has also been supplied by

M. Schein, W. P. Jesse and E. O. Wollan, Phys. Rev. 59, 615 (1941).
6 The maximum becomes accounted for on the old and new views,

but in slightly different fashion.
'I W. F. G. Swann and W. E. Danforth, J.Frank. Inst. 228, 43 (1939).

The Stable Isotopes of ¹ickel
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&HE relative abundances of the nickel isotopes have
been measured by a large number of workers. ''

In these results discrepancies exist either between the
various values of the ratio Ni": Ni'4, or between the
atomic weight calculated therefrom and the chemical value.

The present results were obtained in August 1940, with
the type of mass spectrometer in which an initially mono-
energetic ion beam is passed through a semicircular
magnetic momentum analyzer, the emergent ion current
being proportional to the isotopic abundance. Ions were
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Fig. 1. A—intensity variation vs. true altitude; 8—intensity variation
vs. water equivalent altitude.
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formed by electron bombardment of a beam of Ni vapor
obtained from. a hot, nickel-plated platinum wire. The
nickel was especially purified for the experiment.

Figure 1 shows a typical mass spectrum of nickel and
serves to demonstrate that no corrections were necessary
due to incomplete resolution. The values obtained are:

58 60 61 62 64
67.4 26.7 1.2 3.8 0.88

From the nickel masses of Okuda et al. ' and the oxygen
ratio 1.000275, ~ 8 the value 58.71&0.02 is obtained for
the chemical atomic weight. This agrees within the
experimental error with the chemical value 58.69&0.01.'
The ratio Ni": Ni" obtained here is in agreement with
the recently published value of Straus, ' and in approximate
agreement with the photographic results of Dempster. 4

The assistance of Dr. H. H. Anderson who prepared
and purified the specimen is gratefully acknowledged.
The advice of Professor K. T. Bainbridge was most helpful.

*At present National Research Fellow at Harvard University.' F. W. Aston, Proc. Roy. Soc. 149, 396 (1935),' J. de Gier and P. Zeeman, Proc. K. Akad. Amst. 38.8, 810 (1935).
3 W. A. Lub, Proc. K. Akad. Amst. 423, 253 (1939).' A, J. Dempster, Phys. Rev. 50, 98 (1936).' H. A. Straus, Phys. Rev. 59, 430 (1941).
G T. Okuda, K. Ogata, H. Kuroda, S. Shima and S. Shindo, Phys.

Rev. 59, 104 (1941).' W. R. Smythe, Phys. Rev. 45, 299 (1934).
8 B. F. Murphey, Phys. Rev. 59, 320 (1941).
9 G. P. Baxter, M. Guichard, O. Honigschmid and R. Whytlaw-Gray,

J. Am. Chem. Soc. 62, 669 (1940).
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S is well known, capture with radiative emission and
elastic scattering are the principal collision processes

of neutrons with protons. Although the capture process is
known to be predominant only in the narrow range of very
slow neutron energies, elastic scattering will probably
play an important role over a wide range in the primary
neutron energy owing to the larger contribution to the
cross section of the partial waves with relatively high
angular momenta. For very high neutron energies, how-

ever, we must consider the possibility of radiative emission
in the collision of neutrons with protons, since the protons
set in motion during the collision are capable of emitting
radiation. In order to find the order of magnitude of the
cross section, we have worked out such a radiative col-
lision of heavy particles. The process is similar to that of
the radiative scattering (bremsstrahlung) of charged par-
ticles in an atomic field. The calculation, therefore, has
been treated in a similar manner to that of the brems-
strahlung of charged particles.

For the nuclear interaction between neutron and proton
we have assumed, as usual, a static potential with an
exchange operator of short range,

V= —V,(e-'"/r)O,

in which 0 is the exchange operator (Heisenberg's or
Majorana's), r the mutual distance, X= mc/A the reciprocal
Compton wave-length of a meson, and Uo the constant

dependent upon the depth of the potential. As a prelimi-
nary, the motion of heavy particles has been treated non-
relativistically, ' the radiative emission induced by the
magnetic dipole moment of a neutron being neglected, and,
further, we have used Born's approximation.

For the case that the neutrons with a given momentum
p&' and an energy Ez' impinge upon protons initially at
rest, we have obtained the following expression for the
differential cross section:

1 es Uo 2'dkv sin'8
d~vd~p

m~ AC C Av p~o

Av PpPX Pp~ Pp —MAv 1+ ——cosg'
2MC' Mc

X ($2A2+ P/0 —2 MAv —Pp2) ~ (2)

in which Av= the emitted quantum, M is the mass of a
heavy particle, cose = (k„pp)/kypp cose = (~p ' pN')/@PE'

~ Ak„and p~ represent the momenta of the photon and
recoil proton, respectively. dO„and dQ& are their elements
of solid angle. According to the conservation equations of
energy and momentum, pp is found to depend upon 8, q

and 0' if the primary energies of the colliding neutron and
of the emitted quantum are known. For the special case
that Av/Mc'((j. and ppp/Mc&i, the bracket expression in

(2) may be shown to depend on the angles through the
function pz only.

For an estimate of the order of magnitude of the total
cross section p„ for the emission of a quantum between Av

and Av+dAv, it is sufhcient, in the above approximation,
to consider the average value (2M(E~' —Av) j & g of the
reduced bracket expression in dp, taking into account that
P~ varies from 0 to (P~"—2MAv)&.

Then, integrating dp over all angles, we get

where g is a rather lengthy expression dependent upon
E~', Av and mc', which reduces to (E~'—Av)/(m'c'/2M)
for EN'»Av.

For neutrons of 10' electron volts energy, the above
formula gives a cross section of less than 10 "cm' for the
emission of y-rays of 10' electron volts. The corresponding
cross section for the bremsstrahlung of an electron in the
Coulomb field of a proton is found to be less than 10 ".cm',
being very large compared with that of the former process.
This is to be expected owing to the very short range of the
nuclear force and the relatively large mass of a proton.
Since the cross section for elastic scattering becomes'
approximately 10 "to 10 "crn for these neutronenergies,
the radiative collision of heavy particles may be reasonably
neglected in the study of neutron scattering by protons.
In connection with cosmic-ray phenomena, however, it
seems desirable to calculate the cross section of this process
for extremely high neutron energies. '

j The relativistic calculation, based upon the present meson theory,
of the radiative collision of heavy particles is now in progress; a full
account will be published elsewhere, together with details of this work.' H. A. Bethe and R. F. Bacher, Rev. Mod. Phys. 8, 122 (1936).


