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minima at those positions would be given by a coeffi-
cient which varies from 0.84 for C to 1.13 for Pb. This is
again an indication of nuclear transparency.

B. Total Cross Sections for Elastic Scattering

The total cross sections for nuclear scattering, omitting
the Coulomb part, were determined by counting squares
on a curve of cross section per unit angle do/df
= 2= sinfdc/dQ, plotted as a function of angle. Although
the total solid angle offered at large angles is much
greater than that at small angles, the cross sections fall
off rapidly enough that the contribution for angles
greater than 30° is negligible in all cases. The results of
the integration are consistent with the neutron results in
that they fall always below the upper limits for elastic
scattering indicated by the neutron experiments.

C. Nuclear Eccentricities

The high spin nuclei show no statistically important
differences from their zero-spin neighbors, except that
the Al minimum appears slightly sharper, but the
resolution is such that nuclear eccentricities would need
to be much larger than currently held values to be
discernible.
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The stars and single proton tracks produced in photographic
emulsions exposed to a beam of high energy synchrotron gamma-
rays have been analyzed. The maximum energy of the brems-
strahlung spectrum was varied between 150 and 300 Mev. The
following subjects were studied: 1. the cross section for star
production as a function of the excitation energy; 2. the energy
distribution of the protons from stars as well as single protons;
3. the angular distribution of star protons as well as single
protons; and, 4. the relative number of stars associated with a
meson coming out.

The cross section for the nuclear photoevents increases with
increasing energy above the meson threshold. There seem to be
two sorts of processes taking place in competition with each other.
One is the so called free meson effect; namely, a free meson is

I. INTRODUCTION

OT much is known about the photodissociation
of nuclei by gamma-rays whose quantum energy
is above the threshold of photomeson production. The
cross section for (v,n), (v,p), (v,2n), (ymp), - - reac-
tions has been studied up to about 100 Mev, and the
results show that the cross sections reach their maxi-
mum somewhere below 50 Mev and then decrease
gradually to a very small value, which is not yet exactly
measured. The purpose of the present experiment is to
investigate the nuclear photodissociation when the
energy of the photon exceeds the meson threshold, by
studying the stars and the single proton tracks produced
in a photographic emulsion exposed directly to a beam
of high energy synchrotron gamma-rays.

* This work has been supported by the ONR.

produced inside the nucleus by the interaction of a photon with a
nucleon and is then absorbed in the same nucleus. The other
effect is a process in which a photon is absorbed directly by a
group of nuclear particles without emitting a real meson. Evidence
for the free meson effect is seen in the fact that the angular
distribution of star protons of energy between 20 and 60 Mev in
the case of 300-Mev excitation shows a strong forward peak.
Evidence for the existence of the direct absorption of photons
comes from the fact that the angular distribution of star protons
of high energy, say about 100 Mev, shows a forward asymmetry.

The cross section for direct absorption is much larger than
expected from Levinger’s theory of nuclear photodissociation.
The cross section should be at least of the same order of magnitude
as the free meson effect.

It is expected that above the meson threshold stars
will be produced by the emission and subsequent ab-
sorption of mesons in the same nucleus. Actually, it
was found that the probability for star production
begins to increase as the energy of the photon exceeds
the meson threshold.! The problem is whether or not
this effect can be explained in terms of the so called
free meson effect alone. The present results indicate
not only the existence of the free meson effect but the
existence of another effect whose cross section is
comparable with the free meson effect.

The production of high energy protons from any
target irradiated by high energy gamma-rays has been
reported, and their energy distribution and angular

1R. D. Miller, Phys. Rev. 82, 260 (1951); S. Kikuchi, Phys.
Rev. 81, 1060 (1951).
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TaBie I. Relative number of events produced in a photographic
emulsion at different excitation energies.

Excitation energy
in Mev

150 200 250 300 300-150

Single <20 Mev 20050 170420 —304:60

protons| >20 Mev 35+ 5 474 8 124+ 9
2-prong [positive 164 2 47+ 6 324 7

stars probable 9+ 2 464 7 37+ 7
3-or-more-prong .

stars 254+ 3 3644 8612 100 75+ 3
Meson-associated

stars 0 54 2 54+ 2

distribution have been studied.? It is expected that by
the study of individual nuclear photoevents in photo-
graphic emulsions the origin of these so called photo-
protons will be made clear. The advantage of the use
of the photographic emulsion method lies more in the
clarification of the qualitative side of the phenomenon
rather than the quantitative side. In the present work
a greater effort was made to take advantage of this
circumstance than to get accurate values.

II. EXPERIMENTAL PROCEDURE

The photographic emulsions used were both Ilford C2
and GS. The thicknesses of emulsion used were 200,
300, and 600 microns. At the earlier stage of the work,
emulsions were exposed to an uncollimated beam of
synchrotron bremsstrahlung gamma-rays, 3.6 meters
from the synchrotron target. Later, they were exposed
to a beam in the large vacuum chamber of the pair
spectrometer at about 6 meters from the synchrotron
target. The electron contamination of the beam was
swept away by the magnetic field of the pair spec-
trometer, and a pure gamma-ray beam hit the plates
which were set uncovered, emulsion side facing the
beam. For thick GS emulsion this procedure helped
very much to get rid of blackening due to the electron
contamination of the beam. In the case of G5 emulsion
there were many secondary electron tracks starting in
the emulsion. Most of them were parallel to the beam
and did not prevent us from finding or measuring the
prongs which were not parallel to the beam. When the
emulsion surface is perpendicular to the beam, the
secondary electrons travel normally to the surface and
the disturbance is the least.

In the case of 200-micron emulsion the maximum
radiation one can give to the G5 emulsion was about
5X108 Q,® distributed uniformly over the area of a 1 in.
X3 in. plate. In the case of 600-micron emulsion the
limit was one third of this amount. In the case of C2
emulsion about ten times more radiation can be given
than in the case of GS emulsion of the same thickness.

2C. Levinthal and A. Silverman, Phys. Rev. 82, 822 (1951);

D. Walker, Phys. Rev. 81, 654 (1951); J. C. Keck, Ph.D. thesis,
Cornell University (1951).

3 Q, the number of equivalent quanta, is a quantity defined by
Q=total flux of gamma-rays/
maximum energy of bremsstrahlung spectrum,

and is used conveniently in dealing with the bremsstrahlung
gamma-rays. See references 5 and 6.
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The processing of the plates was done according to
the method developed by Occhialini* and others using
amidol. In some cases of C2 emulsion, hydroquinone
developer was used instead of amidol. It was necessary
to underdevelop the plates in order to measure the
energy of protons between 20 and 60 Mev by the gap
density measurement. The uniformity of the develop-
ment for 200-micron emulsion was very satisfactory.
In the case of 600-micron emulsion there was a slight
depth dependence in the degree of development.

III. THE RELATIVE FREQUENCY OF APPEARANCE
OF DIFFERENT SORTS OF EVENTS

The nuclear photoevents analyzed were as follows:

1. Stars. In this note a star means an event such
that more than two visible prongs start from a point in
the emulsion. Prongs shorter than 3 microns were
regarded as recoils of the residual nucleus and were not
counted as prongs. The stars are classified according to
the number of prongs.

2. Single prongs. This means a visible prong starting
in the emulsion without association with any other
visible prongs. A single prong might be a proton,
deuteron, triton, alpha-particle, or meson. Some of
them might be associated with neutron prongs, which
are not visible. Among the single prongs only the proton
prongs were analyzed. The single meson prongs were
mostly light, and it was hard to obtain reliable statistics
from them.

3. Meson-associated stars. This means a kind of star
from which a meson comes out. If the meson is of low
energy and is stopped in the emulsion, it often forms a
sort of double star.

Table I shows the relative frequency with which
different sorts of events were observed at different
excitation energies. All the figures were taken from
data obtained with G5 emulsion. In the case of 300-
and 150-Mev excitation, most of the data was taken
from 600-micron emulsion. In the other cases 200-
micron emulsions were used. Though nothing has been
said yet about the energy measurement of the protons,
part of the classification of events in Table I is made
according to the energy of the protons.

The numbers for the cases of different excitation
energies are normalized to the same number of equiva-
lent quanta, using the data given in the next section.
The number of 3-or-more-prong stars in the case of
300-Mev excitation was taken as a standard.

There was an ambiguity about the number of two-
prong stars, as such a star was easily confused with a
single track suffering a large angle scattering. The use
of 600-micron thick emulsion diminished this ambiguity
considerably, compared with the case of 200-micron
emulsion. There are still an equal number of doubtful
cases and positive cases.

4 Dilworth, Occhialini, and Vermaesen, Bulletin Du Centre De
Physique Nucleaire De L’Universite De Bruxelles, No. 13a,
Fevrier (1950).



NUCLEAR PHOTODISSOCIATION 43

The knowledge of the number of single protons in
proportion to the number of stars is important in
connection with the discussion of the mechanism of
star production and also in connection with the rela-
tion of the present results to the results of other
workers on photoprotons observed by counter experi-
ments. To eliminate the doubt which might arise from
the fact that a single proton starting in the emulsion is
a rather inconspicuous event, so that the number given
might be too small, the efficiency of the scanning was
checked by scanning a part of the area twice. On the
average the efficiency for single protons was about 80
percent, whereas that for stars was 92 percent. The
figures given in Table I have not been corrected for this
factor.

The method by which the percentage of meson-
associated stars was determined will be mentioned in
Sec. VIIL.

As the numbers are normalized to equal Q, the differ-
ence of the corresponding numbers at two different
excitation energies indicates to a good approximation
the contribution of the photons whose energies lie
between the corresponding excitation energies.® Thus
the last column of Table I shows the contribution of
photons of energy above 150 Mev contained in the
bremsstrahlung spectrum of maximum energy 300 Mev.
It is worthwhile to note that a good fraction of the
single protons in the 300-Mev case is due to photons of
energy below 150 Mev. We will refer to this point
again in Sec. VL.

IV. THE EXCITATION CURVE FOR STAR PRODUCTION

The experiment described in this section was carried
out at a fairly early stage of the work, where only C2
emulsions had been used. The 200-micron C2 emulsions
were exposed directly to the beam of synchrotron
bremsstrahlung gamma-rays of maximum energy 150,
200, 250, and 300 Mev, and the numbers of stars
produced in the emulsions were compared. The intensity
of the beam at different excitation energies was cali-
brated by the intensity of radioactivity induced in a

TaBLE II. The cross section per Q for the production of stars
of three or more prongs.

Excitation
energy in Mev 150 200 250 300

Cross section
per Q, arb.
units

Cross section
per Q,
corrected

Absolute cross
section per
QX 10% cm?

1.95+0.18 2.55+0.19 5.63+0.56 6.04£0.41

2.054+0.20 3.00:£0.22 7.2040.72 8.1540.57

1.5 04 2.2 +02 54 +05 6.1 +£04

&It is a special character of the bremsstrahlung spectrum that,
if the spectra obtained at two different excitation energies E; and
E; (Ei<E,) are normalized to the same number of Q, they
coincide approximately with each other in the region below E;.
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Fi6. 1. Excitation curve for star production.

carbon plate exposed to the beam simultaneously with
the emulsion, by the reaction C'(v,%)C!. This means
that the beam intensity was normalized to the same
intensity at the resonance energy of the C2(y,n)CH
reaction, which lies at about 25 Mev. The cross section
in terms of equivalent quanta Q should be,® to a good
approximation, proportional to the number of stars
produced in the emulsion per standard intensity of the
CU activity. In every case the emulsion and the carbon
plate were exposed to the beam for three minutes. The
counting of the activity, started 5 minutes after the
exposure was finished, was done with a commercial
Geiger counter in standard geometry for 7 minutes. It
was checked in advance that the activity in this time
interval was due to C'. The actual number of counts
was 400 to 700 in 7 minutes, while the background
count was about 140 in 7 minutes.

In counting the stars there was the ambiguity about
the two-prong stars, as already mentioned. Only those
events were counted as two-prong stars when it was
certain that they were different particles because of the
difference in the grain density of the two prongs or
because of the increase in grain density of both prongs
along the track as the distance from the common point
increases.

6 The cross section in terms of Q, cg(E), at the excitation energy
E is defined by oqo(E)=n/(NXQ), where Q is the number of
equivalent quanta corresponding to the flux which went through
the area in which # events were found, and N is the number of
atoms per unit area of emulsion. To get the cross section per
photon, we have to take the difference, og(E+dE)—oq(E), and
divide it by the number of photons between E and E+-dE for
unit Q. If we use the approximation that the spectrum is given
by W(E)=Qo/E for E<Emnax and 0 for E> Emax, where W (E)dE
is the number of photons between E and E4dE and Qo is a
constant, Q is equal to Qy, as is easily shown. In this case the
cross section per photon ¢(E) is simply given by

o(E)=Edoo(E)/dE.
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The error caused by the fact that the C2 emulsion is
not sensitive to high energy protons was estimated in
the following way. First the sensitivity of the individual
emulsion was determined by finding out how far the
proton tracks could be followed from the end of their
range. The C2 emulsion is supposed to be sensitive to
protons up to the energy of 60 Mev. But in the present
case they were processed rather lightly by the hydro-
quinone developer using the dry method, and it was
determined that the emulsion was sensitive up to 30
Mev. Thus, knowing the sensitivity of C2, one can figure
out from the actual prong spectrum and energy spec-
trum obtained by analyzing the stars in G5 emulsion,
what the prong spectrum should be like and how many
stars are overlooked when C2 emulsion was used. A
careful study on about 300 stars obtained in 600-micron
G5 emulsion showed that the prong spectrum is some-
what distorted in C2 emulsion and that the correction
to be applied to the total number of the stars is about
(35435) percent in the case of 300-Mev excitation. In
the case of 150-Mev excitation the number of the
protons above 30 Mev is relatively small compared to
the case of 300-Mev excitation, and the same consider-
ation showed that the correction should be (543)
percent.

The results are shown in Table II. The first row
shows the figures proportional to the number of stars
for the standard intensity of CU! activity before the
correction for the insensitivity of the C2 emulsion. The
second row shows the values after this correction.
The amount of correction for the cases of 200 and 250
Mev was determined simply by linear interpolation.
The ratio of the number of stars per Q produced in the
emulsion at 300-Mev and 150-Mev excitation is 4.040.5
after the correction and 3.14-0.1 before the correction.
The other method of determining this ratio is to deter-
mine the number of low energy single protons in
proportion to the number of stars. The low energy
protons, say below 20 Mev, starting in the emulsion
would be due to gamma-rays of low energy through the
reactions (v,p), (v,np), and so on. Therefore one can
use the number of low energy single protons as a
measure of Q values; and the ratio of the number of
stars to the number of single protons of low energy gives

TaBLE III. The energy distribution of star protons and single
protons. The cross section is expressed in microbarns per Mev

per Q.

300-Mev excitation 150-Mev excitation

Energy

in Mev Star Single Star Single
20~ 30 150420 15532 366 135417
30~ 40 8917 75422 1744 5411
40- 50 7015 80423 542 204 6
50~ 60 6414 34415 62 15+ 6
60- 80 15+ 4 T7£ 5 0 24 1
80-100 10+ 3 T+ 5 1+1 2+ 1
100-120 124 4 T+ 5 141 3+ 2
120-140 8+ 3 0 0 0
140-160 7+ 3 0 0 0

the cross section per Q. Taking into account only those
single protons and stars which start in the middle 400
microns of the 600-micron emulsion, the ratio can be
determined fairly certainly. In the present case, the
protons of energy below 20 Mev were counted, and the
result was 4.541.6 for the ratio. Owing to the rather
small number counted, the error is fairly large. But the
value is in better agreement with the corrected value
from Table IT than with the value before the correction.

The cross section as a function of excitation energy
is plotted in Fig. 1. The value of the ordinate indicates
the absolute cross section (see next section). The cross
section seems to rise fairly steeply above 150 Mev.
The trend is similar to the excitation curve for photo-
meson production. One might argue that the steep
rise of the curve does not necessarily show the rapid
rise of the cross section of photonuclear interaction
itself. It might come from the fact that the energy of
the nucleon or group of nucleons set in motion by the
primary photonuclear event increases with the increas-
ing excitation energy and therefore the probability
that these particles produce a star by collision with
another nucleon, inside the nucleus, increases rapidly
with the excitation energy. This argument might be
true if star production were a small part of all photo-
nuclear events. However, as the figures of Table I show,
the production of stars of 3 or more prongs constitutes
a large part of all photonuclear events, so that the
result described in this section shows definitely that
the cross section for the photonuclear interaction does
increase rapidly above 150 Mev.

Similar results have been obtained by Miller! at
Berkeley. Miller used C2 emulsion and counted stars
of 3 or more prongs. The relative values of the cross
section at different excitation energies agree quite well
with the present values before correction.

V. THE ABSOLUTE MEASUREMENT OF THE
CROSS SECTION FOR STAR PRODUCTION

The absolute cross section for star production at
300-Mev excitation was determined by measuring the
integrated beam intensity sent through the emulsion
with the ionization chamber and current integrator
calibrated with the gamma-ray pair spectrometer? by
Keck? of this laboratory. 1.08X 108 Q was sent through
a 300-micron thick G5 emulsion. Stars of 3 or more
prongs were counted and the over-all average cross
section ¢ was determined by the relation ¢QN=un,
where NV is the sum of the number of atoms of different
kinds except hydrogen per cm? of emulsion, and # is
the total number of stars of 3 or more prongs. Since we
have as yet no information about the Z-dependence of
the cross section it is most reasonable to give the value
of cross section in this way. As soon as we know the
Z-dependence we can calculate the cross section for
each element from the known data about the atomic
concentration of different elements in emulsion.

" DeWire, Ashkin, and Beach, Phys. Rev. 83, 505 (1951).
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The value obtained for the cross section per Q for the
production of 3 or more prong stars at 300-Mev
excitation is (6.1240.3)X 10727 cm?. This value will be
used throughout as the basis for discussion.

The absolute cross section can also be determined!
from the experiment described in Sec. IV by determining
the absolute number of C! atoms produced in the
carbon plate exposed simultaneously with the emul-
sions, together with the value of f¢(E)dE determined
by other workers. o(E) is the cross section for the
C2(y,n)C" reaction for photons of energy E, and
the integration is carried out over the vicinity of the
resonance point where o(E) is appreciably different
from zero. The result is consistent with the present
result.

Miller,! assuming the cross section for star production
to be proportional to the mass number, obtained the
value 6.5X107% cm? for the silver nucleus at 322-Mev
excitation. Interpolating his excitation curve, the corre-
sponding value at 300 Mev is 5.5X10~% cm? for silver.
If we calculate the average cross section as defined here
from these data, we get the value 2.5X10~%" cm?, which
is smaller than our value. Miller used C2 emulsion, and
three-or-more-prong stars were counted. If the sensi-
tivity of Miller’s emulsion is the same as that of our
C2 emulsion, the correction to be applied is a factor of
1.5. This gives the value 3.8)X 10727 cm? The discrep-
ancy is still a factor of 1.6, which is too large to be
ascribed to experimental error. Errors involved in the
calibration of the beam might be responsible for this
discrepancy.

VI. THE ENERGY DISTRIBUTION OF THE
PROTON PRONGS

The energy of the protons from stars, as well as that
of the single protons, were determined by measuring
range, gap, or grain density, according to which one of
the methods gives the most accurate value for each
individual case. The analysis was carried out on 600-
micron G5 emulsion exclusively. The protons or stars
starting within 100 microns from either surface of the
emulsion were. discarded. Under these conditions the
ranges of the protons remaining in the emulsion were
fairly long on the average, so that a moderately accurate
determination of the energy was possible. The calibra-
tion curve for the gap density as a function of energy
was obtained by measuring the gap density as a func-
tion of residual range for some protons of range 5000 to
15,000 microns ending in the emulsion. The energy of
protons between 20 and 60 Mev was measured mostly by
this method. The gap density of a 20-Mev proton was
0.17 and that of a 60-Mev proton was 0.50. The energy
of protons above 60 Mev was measured by grain
counting. At 60 Mev the grain density was 100 per 100
microns. The grain density-energy curve was calibrated
from some long range mesons ending in the emulsion.
The longest meson track used was about 10,000 microns,
whose grain density at the start corresponds to that for
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. Fic. 2. Energy distribution of star protons and single protons
in the case of 300-Mev excitation. The circles represent star
protons and the triangles represent single protons.

protons of 170 Mev. Above this energy the energy was
determined roughly by extrapolation. Minimum ion-
ization was determined by the electrons from u-e decay
and also by some high energy electrons excited by
gamma-rays. It was 32 grains per 100 microns. As
already mentioned, the development of the emulsion
was carried out to such a degree that the determination
of the energy by gap measurement was as accurate as
possible for the energy region between 20 and 60 Mev.

The measurement was made most extensively in the
case of 300-Mev excitation and less extensively in the
case of 150 Mev. For other excitation energies no
proton measurement was made.

There was a slight depth dependence in the degree of
development. However, if we discard those prongs start-
ing within 100 microns from either surface of the emul-
sion, the error caused by using the same energy gap
density curve or energy-grain density curve at different
depths was small enough, in so far as the higher accuracy
in the definition of energy was not required. No correc-
tion arising from this circumstance was applied. Those
prongs whose grain density was below 55 per 100
microns were not counted in the results. It will be
shown in Sec. VII that prongs of such low grain density
are mostly mesons. The results are shown in Table III.

The following conclusions can be drawn from the
data shown in Table III. In the case of 300-Mev
excitation, the number of single protons between 20
and 50 Mev is nearly the same as the number of star
protons of the same energy range. Between 60 and 120
Mev the number of single protons is about half the
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F1c. 3. Angular distribution of protons for energies between 20
and 60 Mev.

number of star protons, and above 120 Mev most of
the protons are due to the stars.

Comparing the numbers at 300-Mev excitation with
those at 150-Mev excitation, we see that about 75
percent of the star protons in the case of 300-Mev
excitation are due to photons of energy above 150 Mev.
As to the single protons, the number of protons between
20 and 30 Mev is nearly the same for 300-Mev excitation
as for 150-Mev excitation, a fact which indicates that
most of the single protons of this energy in the case of
300-Mev excitation are due to photons of energy below
150 Mev. Above 30 Mev the number of single protons
in the case of 300-Mev excitation is twice that in the
case of 150 Mev, indicating that half of the single
protons observed in the case of 300-Mev excitation are
due to photons of energy lower than 150 Mev.

A brief comparison of the results described in this
section with the results of Levinthal and Silverman will
be made here. First of all, according to the present
results the photoprotons observed by Levinthal and
Silverman? are a mixture of single and star protons.
One-half of the single protons are excited by photons
of energy below 150 Mev, and the rest of the single
protons and most of the star protons are excited by
photons of energy above 150 Mev. According to their
theory the protons they observed should be due to the
photons of energy much below 150 Mev. ‘

As far as the form of the energy distribution curve is
concerned, the results are in good agreement with each
other. Figure 2 shows a log-log plot of the energy versus
cross section curve in the present case. The solid line
represents a function proportional to E~1-8, where E is
the energy. Levinthal and Silverman found the same
distribution function, namely E—*, where # is equal to
1.7 for carbon, 1.8 for copper, and 2.2 for lead. As to
the absolute value of the cross section at 20 Mev, it is
larger by a factor of 3 in the present case than in that
of Levinthal and Silverman.

In Keck’s experiment, which is concerned with much
higher energy protons, mostly above 100 Mev, than in

the case of Levinthal and Silverman, most of the
protons seem to have come from stars. The cross section
is roughly in agreement with the present results. The
fact, found by XKeck, that the number of protons
decreases very rapidly above 150 Mev, seems to be
consistent with the present result that no proton above
160 Mev was confirmed (see Sec. VIII).

VII. THE ANGULAR DISTRIBUTION OF THE PROTONS

The angular distribution of the emitted protons
relative to the incident gamma-ray beam was studied
by analyzing about 600 stars produced in the 600-micron
G5 emulsion. The incident gamma-ray beam was sent
through the emulsion at an angle of 45 degrees to the
surface. The angle between the direction of emission
and the incident beam was determined by measuring
the dip angle of the proton track and the azimuthal
angle between the proton direction and the beam
direction, both projected on the emulsion surface. The
shrinkage of the emulsion was taken into account. A
small correction was necessary due to the distortion of
the emulsion. The distortion was mostly the shearing
which came from the fact that the layers near the free
surface of the emulsion shrank laterally more than the
bottom layers. The degree of shearing could be deter-
mined from the direction and curvature of the numerous
secondary electron tracks having approximately the
same direction as the incident beam. The correction
due to this circumstance was 10 degrees in the worst
case. In most cases it was only a few degrees.

The upper curve of Fig. 3 shows the angular distri-
bution of protons of energy between 20 and 60 Mev
coming from stars in the case of 300-Mev excitation.
Jt shows a strong forward peak at about 50 degrees.
The decrease of differential cross section below 20
degrees seems to be real. As already mentioned, about
75 percent of the protons of this group came from
photons of energy above 150 Mev. To illustrate this
point more clearly, the angular distribution of star
protons of the same energy region in the case of 150-Mev
excitation, normalized to the same Q value, is shown in
the same figure without giving the error to avoid
complication of the figure. The important point is that
rather low energy protons, such as 20 to 60 Meyv,
excited by rather high energy photons, show such a
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F16. 4. Angular distribution of high energy protons in the case
of 300-Mev excitation. The circles represent star protons above
60 Mev; the triangles represent photoprotons between 60-80
Mev; and the squares represent photoprotons between 100-120
Mev.
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F16. 5. A star showing production of a w-meson, which stopped in the emulsion and produced another star (Ilford C2 plate)

conspicuous forward peak, Within a fairly large sta-
tistical error, no marked difference can be observed
between the angular distribution of protons of energy
between 20 and 30 Mev and that of those between 30
and 60 Mev. The angular distribution of single protons
of energy between 20 and 60 Mev is also shown in Fig. 3.

The angular distribution of protons from stars above
60 Mev for 300-Mev excitation is shown in Fig. 4. The
prongs whose grain density was below 55 per 100
microns were not taken into account. Within fairly
poor statistics one can recognize a trend towards a
fairly strong forward asymmetry. It might make little
sense to take an average over such a wide energy range
as from 60 to 160 Mev, because it is quite possible that
the angular distribution might depend strongly on the
energy of the protons. To see this point more clearly,
the ratio of the number of protons emitted forward
(<90°) to the number emitted backward (>90°), for
protons of energy between 60 and 100 Mev and between
100 and 160 Mev, is given in the following table.

Energy | 60-100 Mev | 100-160 Mev
1.754:0.63 | 2.14-£0.68

Ratio

The differential cross section at 70 degrees averaged
over 60- to 80-Mev protons is roughly 241 microbarns
per steradian per Mev per Q. Keck’s value for carbon
at this angle and energy is 0.75 microbarn. If, assuming

the proportionality of the cross section to Z and the
same angular dependence for carbon and silver, we
reduce this to the average cross section for atoms
constituting the emulsion, we get the value 1.5 micro-
barns. At this energy the number of single protons is
not negligibly small compared to the star protons.
Therefore Keck’s value should be higher than the
present value. When one considers the fairly large
error stated, the results are consistent.

In connection with the interpretation of the star
producing process, it is important to know the angular
distribution of high energy protons. The analysis of the
prongs from stars by the photographic method, as was
carried out in this work, is so tedious that it is almost
impracticable to get more accurate results. According
to the present results, however, the number of single
protons in proportion to the protons coming from stars
is rather small in the high energy region. Therefore,
instead of analyzing stars by using the photographic
method, one can get the same information from experi-
ments on photoprotons of high energy. Keck studied
the angular distribution of photoprotons excited by
300-Mev synchrotron gamma-rays at proton energies
of 100, 130, and 170 Mev. The results showed that the
differential cross sections at 45°, 90°, and 135° are
roughly in the ratio of 4:2:1 for 100-Mev protons.
The degree of asymmetry increases with the increasing
proton energy.
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F1G. 6. The mean multiple scattering angle results.

Keck’s result was confirmed by an experiment similar
to that of D. Walker, using photographic emulsions
placed around the target which was bombarded by the
bremsstrahlung gamma-rays of 300-Mev maximum
energy. The magnitude of the forward asymmetry
observed by Keck was confirmed both for the protons
of energy between 60 and 80 Mev and the protons of
energy between 100 and 120 Mev, as shown in Fig. 4.
It thus seems to be certain that the angular distribution
of the high energy protons coming from stars shows a
fairly strong forward asymmetry.

VIII. THE =-MESONS FROM STARS

It bhas been found' that the stars produced by
gamma-rays sometimes emit a slow meson which stops
in the emulsion and makes another star, or shows a
m-u decay, according as it isa =~ or a #+. One example
is shown in Fig. 5. The mesons found in this way are
those of low energy, mostly below 5 Mev, and constitute
only a small fraction of all mesons emitted. By extrapo-
lating the energy spectrum obtained by Peterson,
Gilbert, and White® down to zero energy, it is estimated
that the number of mesons below 5 Mev would be
roughly 0.5 percent of the total mesons. The number
of stars associated with a slow meson ending in the
emulsion, in proportion to the total number of stars of
3 or more prongs in the same area of emulsion, depends
on the thickness of the emulsion. In the case of 600-
micron emulsion there were 8 cases, compared to 1741
three-or-more-prong stars. In the case of 200-micron
emulsion, the rate of observation of double stars was
one case out of about 500 three-or-more-prong stars.
The ratio observed in the case of 600-micron emulsion
seems to be surprisingly high, because, if the mesons
of energy below 5 Mev constitute only 0.5 percent
of the total meson spectrum, there should be as many
mesons as stars in the same area. But this was evi-
dently not the case.

To determine the percentage of the meson-associated
stars to the total number of stars the following pro-

8 Peterson, Gilbert, and White, Phys. Rev. 81, 1003 (1951).
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cedure was used. It is expected that most of the meson
tracks are thin, because about 80 percent of the mesons
have energy of more than 20 Mev, and a 20-Mev
meson corresponds to a proton of 120 Mev in its
ionization power, namely 70 grains per 100 microns.
The only possible way of identifying the mesons was
by measurement of the mean multiple scattering angle.
The trouble was the fact that when the prong had a
rather large dip angle to the surface of the emulsion,
the distortion of the emulsion made it difficult to carry
out the multiple scattering measurement of such a
track. Therefore, we measured the mean multiple
scattering angles of the prongs which satisfied the
following conditions: The grain density had to be
smaller than 100 grains per 100 microns; the dip angle
smaller than 15 degrees before processing; and the
length of the prong longer than 1500 microns before
going out of the emulsion. There were 26 such cases in
the area where 401 three-or-more-prong stars were
found. (This does not mean that the meson-associated
stars are three-or-more-prong stars. Many of the
mesons were associated with another prong forming a
two-prong star.)

The result is shown in Fig. 6. It is clear that the 6
prongs whose grain density is smaller than 55 per 100
microns are all mesons. A proton whose grain density
is 55 corresponds to an energy of 160 Mev. The above
result is not surprising because the cross section for the
production of such a high energy proton is exceedingly
small.

We therefore assumed all prongs with grain density
less than S5 to be mesons. There were 19 such prongs
in the area where 401 three-or-more-prong stars were
found. This means that the cross section for the pro-
duction of mesons of energy above 20 Mev associated
with a star is (5.04=1.5) percent of the cross section for
the production of stars of three or more prongs.

There were also mesons of intermediate energy,
which did not end in the emulsion, but it was very
easy to identify them as mesons from the wiggling of
the tracks. There were 4 such cases out of the area
where 1741 three-or-more-prong stars were found.
Summarizing the results, the number of meson-associ-
ated stars found in a certain area of emulsion is 5.74-2.0
percent of the number of three-or-more-prong stars
found in the same area.

As has already been mentioned, the single meson
tracks starting in the emulsion were not counted,
because they are inconspicuous events and difficult to
take reliable statistics about. However, we occasionally
noticed a single meson starting in the emulsion without
being associated with any star. Some of them were low
in energy and stopped in the emulsion. Some of them
were of high energy, and the identification was possible
only by the mean multiple scattering angle measure-
ment. Roughly speaking, the number of single meson
tracks are of the same order of magnitude as the
number of mesons associated with stars.
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The cross section for the production of meson-
associated stars is thus 6.1X10~% cm? times 0.05,
which is equal to 3X107% cm? The value expected
from the data on the meson production is 7X 10728 cm?
for the total cross section, assuming® the cross section
for carbon and silver to be 4.0X10~28 cm? and 1.7X10~%
cm?, Therefore, if there are twice as many single
mesons as mesons from stars, which is probable, the
results are consistent.

It might be worthwhile to mention here that there
was one case where a slow meson came out of a star
and stopped in the emulsion, decaying into what was
probably a p-meson whose range was only 200 microns.

IX. DISCUSSION OF THE RESULTS,
AND CONCLUSIONS

The consistency or inconsistency of the present
results with those of other workers with related prob-
lems was discussed in each section from case to case,
and might be summarized as follows. In general the
present results are consistent with the results of the
experiments on photoprotons done by Levinthal and
Silverman,? Walker,?2 and Keck? both in energy distri-
bution and angular distribution of the protons. In the
case of Levinthal and Silverman, about half of the
protons seem to have come from stars excited by
photons of energy above 150 Mev and the rest of the
protons seem to be single protons, half of which are
excited by photons of energy above 150 Mev and
the rest by photons of energy below 150 Mev. In the
case of Keck, where higher energy protons are con-
cerned, most of the protons came from stars excited by
photons of energy above 150 Mev. In the case of
Walker the excitation energy was 200 Mev. Although
no precise analysis was made in the present experiment
at this excitation energy, it is clear that the origin of
the protons was the same as in the other cases, with the
difference that the contribution of the single protons
excited by photons of energy below 150 Mev is larger
than in the case of 300-Mev excitation.

For the absolute cross section, the value of Levinthal
and Silverman is smaller by a factor of 3 than the
present value, which is in good agreement with Keck’s
value. For the cross section for star production, the
present value is 1.6 times larger than the value obtained
by Miller! at Berkeley, although the relative values at
different excitation energies are in close agreement with
each other. ;

As for the interpretation of the results, the theory of
Levinthal and Silverman seems to be good only for a
part of the protons they observed. According to their
theory the protons of energy E should be produced by
photons of energy E+25 Mev. This means that most
of the protons they observed should be due to photons
of energy below 100 Mev. According to the present
result, three-fourths of the protons they observed
should have come from the photons of energy above
150 Mev and therefore cannot be accounted for by

their theory. As will be discussed later, the free meson
effect seems to be responsible for these protons.

Keck tried to explain his results mainly on the basis
of Levinger’s theory of photodissociation of the nuclei
by high energy photons. The approximate form of the
angular distribution curve fitted well with the theory,
but the cross section was a few times larger than the
prediction of the theory. As will be discussed below, the
present result seems to show that the Levinger approxi-
mation fails to explain the production of high energy
protons excited by photons of energy between 150 and
300 Mev.

There are, among others, the following three evident
experimental facts which should be explained.

1. The cross section for photodissociation increases
above 150 Mev, and for bremsstrahlung of maximum
energy of 300 Mev, the cross section per Q is about
6.1X 10727 cm? plus the cross section for the production
of the two- and one-prong stars. From the data given
in Table I, the difference between the total cross sections
at 150-Mev and 300-Mev excitation is estimated to be
about 9X10~% cm? per Q.

2. The angular distribution of protons of energy
between 20 and 60 Mev coming from stars shows a
conspicuous forward peak between 45 and 70 degrees,
and 75 percent of these protons are produced by
photons of energy above 150 Mev.

3. The angular distribution of star protons of energy
above 60 Mev shows a fairly strong forward asymmetry.

The above-mentioned result 1 shows clearly that
some kind of photonuclear process which does not occur
in the low energy region begins to take place above
150 Mev. It is quite natural to consider that this is due
to the free meson effect, namely the effect of production
of a meson in the nucleus: Suppose the nucleons in the
nucleus are free and that a photon interacts with one
of them and produces a meson. The meson thus created
will sometimes get out of the nucleus without inter-
action, but sometimes it will be absorbed in the nuclear
matter before getting out. The latter case obviously
results in the production of a star. Even in the former
case, the chance would be large that the emitted meson
form a star with the nucleon knocked out by the
meson-producing process and/or with secondaries of
the recoil nucleon.

According to this picture, the excitation curve for
star production is nothing else but the excitation curve
for photomeson production. As for the absolute value
of the cross section for the star production, it is expected
to be approximately equal to o4, where gy is the cross
section for the production of photomesons, including
neutral mesons, by a nucleon and where 4 is the mass
number.

On the other hand, experiments® show that the
cross section for photomeson production is proportional
to god%. This fact is to be explained by the absorption

9 R. F. Mozley, Phys. Rev. 80, 493 (1950); R. M. Littauer
and D. Walker, Phys. Rev. 82, 746 (1951).
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of the meson inside the nucleus and by the Pauli
exclusion principle for the recoil nucleon. The numerical
value of co4? is 4.0X1072 cm? for carbon?® and 1.7
X10~% cm? for silver for charged mesons. Multiplying
these values by A% and taking an average over the
light and heavy atoms in the photographic emulsion,
we get 3.7X10~% cm?. Adding the part which comes
from neutral meson production, assuming that the
cross section for neutral meson production is the same
as for charged mesons, we get the value 5.5X 107" cm?
for ood. This value should be compared with the value
9X10~% cm? obtained above. At present, it is not
possible to say anything about the reality of the
difference. The fact that the values are fairly close to
each other seems to indicate the appropriateness of the
assumption.

Results 2 can also be explained, at least qualitatively,
on the basis of the picture used to explain result 1, if
we consider that the protons of energy between 20 and
60 Mev belonging to the strong forward peak are those
protons knocked out by the process in which a meson
is produced. If we neglect the internal motion of the
nucleons and consider them at rest, the energy of the
recoil nucleon is calculated easily as a function of the
angle of emission and of the photon energy, simply by
applying the laws of conservation of energy and mo-
mentum. In this case protons are always ejected into
the forward direction. In the case of 300-Mev brems-
strahlung there should be no protons above 20 Mev
making an angle greater than 45 degrees with the
incident gamma-ray beam. The energy of the protons
should be a maximum at O degrees and should be
about 70 Mev. The energy decreases as the angle of
emission increases.

To predict the angular distribution exactly, we need
to know the angular distribution of w-mesons emitted
at the same time. The angular distribution of photo-
mesons produced on protons by photons of energy 250
Mev has been studied by Bishop, Steinberger, and
Cook.1® According to their results the angular distribu-
tion shows a backward asymmetry and a broad maxi-
mum at 130 degrees referred to the laboratory system.
The meson emitted at 130 degrees is accompanied by a
recoil nucleon emitted at an angle of 20 to 35 degrees
according to the energy of the photon. Anyway, the
recoil nucleon should show a very steep forward asym-
metry if we neglect the internal motion of the nucleons
inside the nucleus.

The observed forward peak of protons is much
broader than this, and moreover the angular distribu-
tion curve seems to show a decrease at very small
angles. The broadening of the peak might be accounted
for by the internal motion of the nucleons before the
interaction and the subsequent scattering of the proton
inside the nucleus. The decrease at very small angles,
if it is true, seems to be hard to understand by the
internal motion. Although a quantitative study of the

10 Bishop, Steinberger, and Cook, Phys. Rev. 80, 291 (1950).

effect of the internal motion of the nucleon on the
broadening of the angular distribution is necessary
before a final conclusion can be drawn, it seems reason-
able to guess that the protons in question are recoil
nucleons kicked out by the meson-producing reaction,
because there is no other process so far known, which
can explain such a conspicuous forward peak of low
energy protons down to 20 Mev produced by such
high energy photons.

Now, if we want to explain result 3, namely the
forward asymmetry of the angular distribution of high
energy protons, by the free nucleon model as in the
case of 1 and 2, we meet a serious difficulty : The high
energy protons, according to the free nucleon model,
should be produced by the absorption of a meson inside
the nucleus and, as the angular distribution of the
mesons shows no sign of forward asymmetry, the
protons also should be more or less isotropic in angular
distribution. Such is not the case, as Fig. 4 and other
experimental evidence show.

This is the point that Levinger! tried to explain in
terms of electromagnetic photodissociation based on the
theory of Schiff’® for the photodissociation of the
deuteron. The idea of Levinger is to describe the nucleus
as an aggregation of “quasi-deuterons” and apply the
theory of Schiff to them. According to his result the
angular distribution is essentially the same as predicted
by Schiff in the case of the actual deuteron, and the
total cross section per photon should be equal to
1.6XAX s, where A is the mass number and o, is
Schiff’s cross section. Therefore, the dependence of the
cross section on the photon energy is the same as that
of Schiff’s deuteron cross section, which decreases
steadily with increasing photon energy.

It is interesting to examine how far the observed
facts can be explained by the Levinger theory, because
it might give some information indirectly about the
applicability of Schiff’s approximation at photon ener-
gies as high as 300 Mev. In Schiff’s calculation the
effect of the virtual meson field is taken into account
through the nuclear force between the proton and a
neutron, and the interaction of the photon with the
deuteron takes place through the electric moment of
the proton. The reason that this approximation is
supposed to be good up to fairly high energy is that the
electric dipole and quadrupole moment due to the
virtual meson field almost vanish. Schiff set the limit
of applicability below the photon energy of 140 Mev.
Above this energy the effects of the interaction due to
the magnetic moment of the virtual meson field and
due to the electric moments of higher order, together
with the free meson effect, might make the above-
mentioned approximation invalid.

As already mentioned, the Levinger cross section is
given by 1.6XA4Xa, per photon. Using this result,
extrapolating Schiff’s value of ¢, up to 300 Mev, as

U Private communication.
21, L. Schiff, Phys. Rev. 78, 733 (1950)
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Levinger did, and assuming the bremsstrahlung spec-
trum to be of the form Q/E, we can calculate numeri-
cally the difference between the cross section per Q for
the Levinger process at 300 and 150 Mev. This differ-
ence comes out to be 3.6)X 1072 cm?.

Now it is not fair to compare this value directly with
the observed cross section for the production of high
energy protons, because only a fraction of the high
energy protons produced by the primary process leave
the nucleus retaining their energy. To avoid the ambi-
guity caused by the correction due to this circumstance
as far as possible, let the above value, 3.6X107% cm?,
be compared with the corresponding cross section for star
production. From Table I we see that the difference of
the cross section per Q for star production including
two-prong and one-prong stars at 300 Mev and 150-Mev
excitation is about 9X 10727 cm? This is about 25 times
larger than the cross section for the Levinger process.
Therefore, if we assume that the Schiff-Levinger
approximation is correct, most of the star-producing
process should have come from the free meson effect
and only about 4 percent of all the stars are due to the
Levinger process. If this is so, it is difficult to understand
the observed forward asymmetry of high energy pro-
tons, unless we assume that the number of high energy
protons produced by each absorption of a meson is 25
times smaller than the number produced by each
Levinger process, which is impossible. It is expected
that there are a few more protons per elementary
process in the case of the Levinger process than in the
case of meson absorption. But it seems to be impossible
that there will be a difference by a factor of more than 2.

Now, looking either at Fig. 5 or at the angular
distribution curve obtained by Keck, it is quite natural
to assume that the number of protons constituting the
asymmetric part of the curve is at least the same as,
and probably larger than, the number of protons be-
longing to the isotropic part. Therefore the process
responsible for the asymmetric protons should have a
cross section of at least the same order of magnitude as
the process responsible for the isotropic part. This
means that, besides the free meson effect, there should
be another effect which gives rise to the forward
asymmetry of protons and has a cross section at least
ten times bigger than that predicted by the Schiff-
Levinger approximation. It is understandable that in

any kind of process in which more than one particle
participates in the interaction with a photon, there
should be a forward asymmetric distribution of protons
relative to the laboratory system, because the momen-
tum of the photon is transferred directly to the partici-
pating particles through the emission and absorption
of a virtual meson.

One can consider another process which might give
rise to the forward asymmetry of high energy protons,
although it is somewhat hypothetical. Namely, a photon
is first absorbed by a nucleon resulting in the formation
of a nucleon isobar, which has been postulated by
Fujimoto and Miyazawa'® and Brueckner and Case to
account for the cross section for the production of
neutral mesons.”* The lifetime of the nucleon isobar
might be long enough to collide with the other nucleon
before decaying into a w-meson and a normal nucleon.
The result might be that the excited nucleon makes a
transition to the normal state, giving a part of the
energy released to the particle with which it collides. In
this way the energy and momentum of the photon can be
transferred to two nuclear particles without emitting a
meson. The cross section for such a process should show
a resonance at the energy corresponding to the energy
of excitation of the nucleon. A more elaborate study of
the excitation function for star production might be of
interest in this connection.

In any case the study of the cross section for the
photodisintegration of deuterons or alpha-particles is
very important to clarify the phenomena discussed in
this note. All the results obtained by the present
experiment can be understood if the cross section for
the photodisintegration of deuterons or alpha-particles
associated with the production of high energy protons
increases above the meson threshold with increasing
photon energy.

In conclusion the author wishes to express his cordial
thanks to Professors R. R. Wilson and H. A. Bethe for
enabling the author to stay at Ithaca as well as for
valuable discussions. Thanks are also due to Professor
K. Greisen and Dr. S. Hayakawa for valuable discus-
sions and to. the crews of the microscope laboratory for
scanning the plates. '

13Y, Fujimoto and H. Miyazawa, Prog. Theor. Phys. 5, 1052
(1950).
14 K. A. Brueckner and K. M. Case, Phys. Rev. 83, 1141 (1951).
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