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Fast Protons from the Capture of ~- Mesons in Photographic Emulsions~t
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The spectrum of fast protons from 1631 ~ meson absorptions in Ilford 0-5 and C-2 emulsions has been
studied. It has been found that (16.1+1.8) percent of all m meson absorptions are accompanied by protons
of energy greater than 20 Mev, and that (9.5~1.3) percent of all absorptions are accompanied by protons
of energy greater than 30 Mev. The proton energies were estimated by grain counting in comparison with

mesons of known residual range. Allowance was made for the variation of grain density with position
and depth in the emulsion. The energy spectrum is fairly fiat from 30-70 Mev, but only three events were
found above 70 Mev. Examination of stars from which the fast protons were emitted shows more prongs
ejected opposite to the direction of the fast proton than are accounted for by evaporation from a recoiling
nucleus. The energy spectrum favors the capture of the meson by a proton, with the recoil momentum
taken by a small, variable number of nucleons. Furthermore, the evidence suggests that the low energy
star prongs result from knock-on collisions of the primary nucleons with other nucleons inside the nucleus.

L INTRODUCTION

HERE have been several attempts recently to
discover the mechanism by which a m meson is

captured by a complex nucleus. In the earliest models,
the whole nucleus participated in the capture, and the
entire rest of the mass of the m meson (about 140 Mev)
was available for excitation of the nucleus. The evapo-
ration models with an excitation energy of 140 Mev' 2

fail to predict the observed energy spectrum' ' of the
emitted charged particles. Furthermore, the observed
average excitation energy of the meson stars was about
100 Mev, ' ' considerably less than the total available
energy. In 1949 Marshake proposed a model in which
the + meson interacts with a single proton of the
nucleus, and the recoil momentum is taken up by a
neighboring nucleon. The preliminary calculations indi-
cated that more than 10 percent of the m absorptions
shouM be accompanied by the emission of a proton of
energy greater than 30 Mev. More detailed calculations
by Fujimoto et at. ' and by Tamor' supported this
prediction. In order to check this prediction, the
author, ' Cheston and Goldfarb, " and Menon et al.'
examined m meson endings in photographic emulsions
capable of recording tracks of charged particles even at
minimum ionization. They observed that fast protons'~

~ Submitted in partial fu1611ment of the degree of Doctor of
Philosophy in the Department of Physics, University of California,
Berkeley, California.

f This work was performed under the auspices of the AKC.' E. Clementel and G. Puppi, Nuovo cimento 6, 494 (1949).' Y. Fujimoto and Y. Yamaguchi, Prog. Theor. Phys. 4, 468
(1949}.

~ D. Perkins, Phil. Mag. 40, 601 (1949).
4 Menon, Muirhead, and Rochat, Phil. Mag. 41, 583 (1950).
5 J. Heidmann and L. LePrince-Ringuet, Compt. rend. 226,

1716 (1948).
'R. Marshak, Echo Lake Symposium on Cosmic Radiation

(1949).
~ Fujimoto, Hayakawa, and Yamaguchi, Prog. Theor. Phys. 4,

576 (1949).
8 S. Tamor, Phys. Rev. 77, 412 (1950).' F. Adelman, Phys. Rev. 78, 86(A) (1950).
M W. Cheston and L. Goldfarb, Phys. Rev. 78, 683 (1950).
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FIG. 1. Schematic diagram of apparatus for exposing plates.

owker, Phys. Rev. 78, 8'l(A) (1950).

frere indeed emitted from meson-induced stars, a result
inconsistent with an evaporation process, but the data
were too inconclusive to conhrm or reject any of the

specific hypotheses. The author's 6rst study was
essentially exploratory, with very few statistics and a
crude method of energy estimation. Menon et a$. and
Cheston and Goldfarb had better statistics and more
precise methods of energy determination. However, in
each case the criterion of energy, the grain density,
varied relatively slowly with proton energy in the
neighborhood of 30 Mev. Furthermore, since the varia-
tion of observed grain density with position in the
plate" and with depth in the emulsion vms not taken
into account, the number of protons of energy greater
than 30 Mev could not be reliably determined.

II. EXPERIMENTAL ARRANGEMENT

The photographic plates were exposed in the 184-inch
Berkeley cyclotron as shown in Fig. 1. They were put
a relatively large distance from the target in. order to
reduce the background due to neutral particle from
the target. At this distance most of the mesons which
could reach the plates had enough energy ( 30 Mev
or more) to pass completely through the pack of plates.
Therefore, a 83-inch aluminum absorber was placed in
front of the plates to slow down the mesons.

Hford G-S emulsions vrere chosen for this experiment
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FIG. 2. (A) Photomicrograph of meson track taken at various velocities in 6-5 plate. A proton at the same velocities
would have the grain densities and energies shown. (8) 4-prong meson star, one of whose prongs is a 58-Mev proton.
(C) Meson star with single prong, a 55-Mev proton. An electron is also associated with this event.

so that the most energetic protons might be observed.
Since these plates had acquired a heavy background of
low energy electrons by the time they had reached
Berkeley, it was desirable to eradicate the latent images
by accelerated fading. " By storing the plates in an
oven at about 33'C over a pan of water for about 50
hours and then drying, it has been found possible to
eliminate 90 percent of the latent image electrons
without any noticeable loss of sensitivity. The plates
were exposed and developed as soon as possible after
the background eradication.

Shortly after work was begun on this project, how-
ever, it was found from the variation of the grain
density with meson residual range that the grain density
in G-5 emulsions was a slowly varying function of
proton energy below 40 Mev. Therefore, the proton
spectrum below 60 Mev was examined in the less
sensitive Ilford C-2 emulsions, which, incidentally,
require no eradication.

IIL PROCEDURE

To establish the variation of grain density with
energy, mesons were grain-counted up to a distance of

"J.Spence, private communication.

3.7 mm from the end of their ranges, at which point
the grain density was the same as that of a 90-Mev
proton. It was found that the diGerential grain count
could be treated as the product of two factors, one
depending only upon energy and the other, only upon
the depth in the emulsion.

The differential grain count was found to vary as
1/(E„,~,„)'in the G-5 plates in the range 45—90 Mev
and in the C-2 plate in the range 20-60 Mev. Protons
of energy greater than 60 Mev in the C-2 plates were
not included, as the Quctuations of grain count due to
the density of random grains are too large. Corrections
were applied for the variation of grain count with
depth in the emulsion.

IV. RESULTS

A total of 1631 meson absorptions were examined,
992 in 6-5 emulsion and 639 in C-2 emulsion. Typical
examples and grain densities of protons" of energy

'4 The grain density of a 20-Mev proton is equal to that of a
40-Mev deuteron or of a 60-Mev triton. Therefore the term
"proton" includes deuterons of twice the energy and tritons of
three times the energy in question. There are a few cases where
positive identi6cation can be made from the range of the particles, ,

as will be discussed below.
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greater than 20 Mev are given in Figs. 2 and 3. The
energy spectrum of these protons, after the application
of the geometrical corrections, is shown in Fig. 4; the
standard deviation in the energy of a proton varies
from 2-', Mev at 20 Mev to about 6 Mev at 70 Mev.
(16.1&1.8) percent of all meson absorptions are accom-
panied by protons of energy greater than 20 Mev, and
(9.5&1.3) percent of all absorptions are accompanied
by protons of energy greater than 30 Mev. In terms of
ejected particles, (10.3&1.2) percent of all star prongs
are protons of energy greater than 20 Mev, and (6.0
&0.8) percent are protons of energy greater than 30
Mev. These numbers are in agreement with those of
other workers. &"

A precise prong spectrum" for meson induced stars
may also be given by use of the data of this study.
Since Adelman and Jones, "and Menon et al.4 used the
same conventions" for star prongs as the author, their
data may be combined with that found here to give
the prong spectrum of Table I, based upon 3366 meson
stars.

V. DISCUSSION

Vfhen these results are compared with the theoretical
predictions of x meson capture, ' ' ""it may be seen
that most of the models yield higher energy protons or
larger numbers of protons (or both) than have been
found here.

The model of Menon et, ul. ,
4 however, does not seem

inconsistent with the present data. They assumed that
the primary interaction takes place among 3 or 4
nucleons, and that the energy of those nucleons which
do not escape is used in heating the nucleus. For their
preliminary calculations, they assumed an u-particle
model, for which calculations had been made by
Ruddlesden and Clark. " The predictions of this pre-
liminary computation are an excitation energy of 120
Mev, which is somewhat high, and a peak in the
number of protons between 30 and 40 Mev, for which
there is no evidence in Fig. 4. However, when the
interactions of the smaller numbers of nucleons are
taken into account, the mean excitatiod energy should
decrease and the peak should be smoothed out. Thus,
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FIG. 3. (A) Photomicrograph of meson track taken at various velocities in a C-2 plate. A proton at the same velocities

would have the grain densities and energies shown. (B) 2-prong meson star, one of whose prongs is a 20-,'-Mev proton.
(C) 3-prong meson star, one of whose prongs is a 56-', -Mev proton.

"I,e., the frequency distribution of stars of a given number of prongs."F.Adelman and S. Jones, Science 111,226 (1950).
' Any group of grains (except an electron track) leaving the terminus of a meson with a well-de6ned direction is a star prong.
's Fujimoto, Takayanagi, and Yamaguchi, Prog. Theor. Phys. 5, 498 i1950l."S, Ruddlesden and A. Clark, Nature 164, 487 (1949),
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FIG. 4. Energy spectrum of emitted protons of energy greater
than 20 Mev, before and after geometrical corrections.

their proposed model is not inconsistent with the
spectrum of Fig. 4.

In Fig. 4 the number of protons in the range 20—30
Mev is twice the number in the range 30—40 Mev.
Since a 20-Mev proton could reasonably have come
from a nuclear evaporation with excitation energy of
100 Mev, while a proton of 30 Mev is much less likely
to have come from such a process, the energy spectra
of the protons from the primary and secondary processes
overlap considerably. This implies either that relatively
low energy primary nucleons occur often or that some
of the lower energy protons are knock-on particles from
collisions with high energy primary nucleons.

Another characteristic of the energy spectrum is that
the number of protons decreases slowly with energy in
the range 30-70 Mev, and drops oB above 70 Mev;
there are fewer protons of energy greater than 70 Mev
than there are in any 5-Mev interval below 70 Mev.
Thus relatively few of the m absorptions take place
with the creation of a primary nucleon of energy greater
than 70 Mev, while nucleons occur often with energies
lower than this figure. Therefore, the primary act must
take place often among -two or more nucleons, with a
deuteron or triton seldom acting alone as the recoil
particle. On the other hand, three of the emitted
particles ended in the emulsion. Two of these were

actually protons by range and grain density, and the
third was a 54-Mev deuteron. In addition, one particle
was found which was probably a triton of 30 Mev, and

another was either a 23-Mev proton with abnormally
high grain density or a 31-Mev deuteron with abnor-
mally low grain density. Neither of these is included in
the data. Thus it appears that deuterons and tritons
actually take part in the primary process; if they were
knock-on particles, the energetic primaries required
wouM lead to a larger number of protons of energy
greater than 50 Mev than in the range 30—50 Mev, "
in contradiction to Fig. 4. This conclusion does not
contradict the earlier conclusion of this paragraph,
since there is not enough data to observe the relative
numbers of protons, deuterons, and tritons.

The prong spectrum of the stars in which a fast
proton appears is quite similar to the normal prong
spectrum of x mesons absorbed in photographic emul-
sions (Table I). If one takes into account the limitations
of the comparison of prong spectra with poor statistics
and the lack of detailed knowledge of the process, one
may still state reasonably that most of the m absorp-
tions which are not accompanied by protons of energy
greater than 20 Mev are accompanied by neutrons of
similar energies. This would seem to indicate that the
number of neutrons available as the recoil particle is
twice the number of available protons (since one
neutron is always involved), as in the n-particle model
of nuclei.

The most interesting feature of the data appeared
upon an examination of the stars associated with the
energetic protons. In these stars the observed ratio
between the numbers of star prongs emitted in the
backward and forward hemispheres (with respect to
the energetic proton) is very significantly higher than
that calculated with generous assumptions, ascribing
the asymmetry to the motion of the recoiling nucleus.
The asymmetry is calculated assuming that the residual
nucleus has a mass twelve times that of a proton, and
the outgoing particles are assumed to have the lowest
velocity which is used in measuring the asymmetry.
All particles are assumed to be either protons or
~-particles.

The disagreement between the observed and calcu-
lated ratios is, in fact, striking, and leads immediately
to an alternative model. The secondary star prongs are
assumed to be due mainly to impacts with primary
nucleons traveling through the nucleus. Seldom would
a particle be expected to be emitted in the direction of
an emitted fast proton. However, one can no longer
assume that there are two 70-Mev nucleons traveling
in opposite directions, for then the observed energy
spectrum would have more high energy protons. "$

'0 M. Goldberger, Phys. Rev. ?4, 1269 (1948).
f 1Vnte added iw proof: It has been pointed out by Dr. H. York

that the calculations of Goldberger (see reference 20) are not
consistent with experiment, so that the conclusions based upon
this computation are weakened considerably. (See J. Hadley and
H. York, Phys. Rev. 80, 345 (1950). (TIIe experimental data are,
unfortunately, not strictly applicable to the problem of meson
absorption. ) Nevertheless, since the energy spectrum of the
primary nucleons in the two-nucleon model will extend well
above 70 Mev when the initial momentum distribution is taken
into account, it is puzzling that so few protons of energy greg, tet.
thorn 70 Mev @rq pt;eq. ,
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Therefore it is proposed that the primary interaction
takes place among a small, but variable, number of
nucleons (most often 2, 3, or 4), as in Menon et al.'
This permits thc cInlsslon of pI'otoIis up to 70 Mcv with
reasonable probability, and protons up to 95 Mev
occasionally. These nucleons have a spread of energies
which favors the emission of low energy knock-on
particles. Since the mean free path of such a nucleon is
of the order of the nuclear radius for an element like
Ag,"each nucleon will collide, on the average, one time
lnslde thc Iluclcus. But, most of thc knock-on paltlclcs
will not be able to escape from the nucleus. Qualita-
tively, therefore, about one extra prong is expected, on
the average, to accompany an energetic prong. This
figure is consistent with the observed number of star
prollgs.

A test of this hypothesis would be to calculate the
energy and angular distribution of the knock-on parti-
cles. The Monte Carlo method of calculation appears

TAsLE I. Prong spectrum of ~ meson stars.

Num-
ber of

prongs

Percent
of stars 32.4 &1.0 32.7 +1.0 22.3 &0,8 10.5 +0.6 2.0 +0.2 0.1 +0.1

to be most suitable, but it will not be attempted in
thlS pRpCI.
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The systematics of beta-decay, alpha-emission, and spontaneous 6ssion will be investigated in order:
6rst, to determine the theoretical limits to the periodic table, and secondly, to examine the effects of nuclear
shell structure on the end of the periodic table. Curves of beta-stability and lifetimes against alpha-emission
and spontaneous fission will be drawn for the heaviest elements and will be extrapolated in order to yield
information about the stability or form of instability of the transuranic elements. Nuclear shell structure
will be seen to be responsible for the stability of Th'~ and U2'8 as well as the instability of the group of
highly radioactive elements beginning with polonium.

I. INTRODUCTION

1
' "RANIUM is the heaviest known naturally occur-

ring element on a macroscopic scale. Presumably,
when the earth was formed ( 3&&10' years ago),
several isotopes, now unknown, were present. The only
nuclei still occurring naturally are those whose half-
lives are appreciable compared to 10' ' years.

The beta-stable isotopes occur in a relatively narrow
band; those nuclei lying outside this band are unstable
with respect to positron eInission or E-capture on the
one side, and negative beta-emission on the other.
This band would theoretica, lly continue without limit
onward towards higher and higher atomic number.
However, the beta-stable transuranic elements do not
occur in nature because of instability against alpha-
decay or fission.

The manner in which a,n unstable nucleus is most
likely to have decayed is governed by the lifetimes
against the three forms of decomposition. At present
there is no isotope known which has had cession as its
IIlRln mode of dccRy.

Existing data will here be used to draw curves of beta-
*Part of a thesis submitted in partial fulfillment of the require-

ments for the degree of Master of Science in Physics in the
Graduate School of Cornell University.

stability and lifetimes against alpha-decay and fission.
These curves will yieM information on the effects of
nuclear shell structure on the end of the periodic table.
To obtain information about the stability or form of
instability of the transuranic elements, these curves
will be extrapolated. In performing the extrapolations,
it is assumed that nuclear shell structure alone is
responsible for all major irregularities in the nuclear
DlRSSCS.

II. BETA-STABILITY

As a result of the dependence on the even and odd
character of the proton and neutron numbers, all
nuclides may be divided into three general classes, those
of odd A, those of even A and even Z, and those of
even A and odd Z. For each class, the nuclear mass as a
function of A and Z lies on a surface having the general
shape of a valley. A curve connecting the values of Zg,
the coordinate of the bottom of the "odd A" valley,
as a function of A is often called the line of beta-sta-
bility. All beta-stable odd-A nuclei lie within —,Z units
of this curve. The region of stability of the even-even
nuclides is bounded by limits approximately sym-
metrical with respect to Z~. The curves representing Z~
and the region of beta-stability are here indicated on






