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Excitation energy
in Mev 150 250 300 300-150

Single (20 Mev
protons &20 Mev

170&20
47 %8

—86 &67
2 +10

TAM.E I. Relative number of events. rays observed by other people by counter methods are likely to
have come from stars.

Thanks are due to Professor R. R. wilson, Professor H. A.
Bethe, and Mr. S. Hayakawa and other members of the Labora-
tory for valuable discussions. Thanks are also due to the crews of
the microscope laboratory for the scanning of plates.
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TAar. E II. Energy distribution of protons.

Excitation Single protons
energy Between 20 Above 60
in Mev and 60 Mev Mev

Protons from stars
Between 20 Above 60
and 60 Mev Mev

0.38+0.07 0.05 +0.03

1,SWO.2 (&20 Mev)

0.56 %0.05 0.18&0.04

0.45+0.08 (&20 Mev)

3. The energy spectrum of the single protons as well as the
protons from stars was obtained by determining the energy either
from its range or gap density or grain density, depending on which
one of the methods gives the most accurate value. The results are
given roughly in Table II. The figures are relative to the number
of stars of three or more prongs.

4. The angular distribution of protons from stars relative to
the direction of the incident gamma-ray beam were studied at the
excitation energy of 300 Mev. The protons of energy between 20
and 60 Mev have a strong forward asymmetry and have a peak
between 30' and 60'. The protons above 60 Mev also show some
forward asymmetry, which is not so conspicuous as in the case of
protons between 20 and 60 Mev.

5. Discussion of results. The absolute value of the cross section
is in agreement with the expected value, if the cross section for the
production of stars for photons of energy above 150 Mev is pro-
portional to o A, where A is the atomic weight and o is the
cross section for the photomeson production by a nucleon includ-
ing both the charged and neutral mesons. The percentage of the
stars from which a meson is coming out is about twice as small as
the value expected from the known data. This might be due to the
fact that the mesons starting in the emulsion without being associ-
ated with a star were not taken into account in the figures given
in Table I.

The forward asymmetry of the angular distribution of the pro-
tons of energy between 20 and 60 Mev in the case of 300-Mev
excitation can be explained by assuming that they are mostly
those protons which are knocked out by the primary process, in
which a meson is produced by the interaction of a photon with a
nucleon. If the high energy protons above 60 Mev are due to the
absorption of a meson, their angular distribution should be more
or less isotropic, contrary to the result. But the interpretation of
the angular distribution of the protons of this group is expected to
be fairly complicated. For the protons of this group might consist
partly of protons knocked out by the meson producing process,
partly of protons produced by the absorption of a meson, partly
of the prongs confused with mesons, and Gnally of protons pro-
duced by electromagnetic photodissociation, if any.

These results, together with the excitation curve for star pro-
duction obtained previously, indicate that most of the stars pro-
duced by the photons of energy between 150 and 300 Mev are
due to the production and absorption of a meson inside the
nucleus. The fact that the number of single protons is rather sma11

compared with the number of protons from stars indicates that the
high energy photoprotons excited by the high energy gamma-
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have been measured. ' 3 For energies not too far above thresh-
old (i.e., for those at which the cross sections have been measured)
and in the center-of-mass frame of reference, there is reason to
believe4' that only orbital S- and P-states of the meson with
respect to the deuteron contribute appreciably to the cross section.

There will be no 5- and P-wave interference in the differential
cross section, so for the moment we can restrict our considerations
to just the contribution from meson P-waves. Combining the
intrinsic angular momentum of the deuteron with the I'-wave
orbital motion, we obtain a total angular momentum j=0, 2 (j=1
is forbidden by parity considerations' if the meson is assumed to be
pseudoscalar, in accord with present evidence). These values of j
arise from the 'So and 'D2 states, respectively, of the initial p- p
system.

The wave functions for the orbital motion of the meson will
then be described by the spherical harmonics Fit'(8, p) (with the
polar axis defined by the proton beam direction), and those of the
internal coordinates of the deuteron by ZP (p=1, 0, —1). Then
the linear combinations of these, Q0 and Q2', which transform as
a scalar and as the spherical harmonic F2, will arise from the 'So
and 'D2 states, respectively, of the initial p- p system.

The asymptotic form of the outgoing wave will be propor-
tional to

(e'~"/7) PQo+nQ" 5, (1)
where q is the meson momentum and p is a parameter. If one
writes q=ee', the resulting angular distribution of the mesons
will be

F{8)=2+pe'+V2e cosa+3 cos'8(@e'—v2e costr). (2}
Including an arbitrary amount of contribution to the cross

section from mesons in S-states, we arrive at the following general-
ization of the cross section given previously

da =o0(dQ/4m}E1+a(q'/p~c'}F{8}5, (3}
where Ii(8) is given by Eq. (2) and p, is the mass of the meson.
Near threshold it is assumed that a is a constant and that tro is
just q {from the phase space factor) times a constant. Integrating,
we obtain the total cross section

~=~OE2+a(2+d) (q'/p'c') j, (4)
which is of the specific form given previously, ' with a(1+e')=—b.
%'e see that e represents the relative amounts of 'So and 'Dq con-
tribution of the initial p-p system to the I'-wave partial cross
section.

The approximate value, b=s, was deduced earlier. 4 This value
is consistent with the observed angular distribution, s which how-
ever implies that b cannot be much less than 8. From the experi-
mental cross sections3 it would then follow that at 340 Mev,
co~5(10)~s cm~. The observed angular distributions are consis-
tent with a pure coal dependence from the meson P'-states, which
would imply coscr —1, e 2 (the quoted experimental errors
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imply that these relations are also quite approximate). Of more
positive signiacance is the conclusion from the observed angular
asymmetry that the large contribution from the 'D~ state of the
initial protons implies, independently of a speci6c model, that
noncentra1 interactions are involveds (since the deuteron is mostly
in an S-state).

Equation (1) suggests that the deuterons observed at an angle
(8, 4) may be polarized. Indeed, the direction of the polarization
is given by the average values of the components of intrinsic
angular momentum of the deuteron, which are J =—Rsin4,
J„=E cos4, J,=O (i.e., at right angles to the plane de6ned by the
direction of the protons and the deuterons).

The degree of polarization (considering just the I'-wave com-
ponent of the crass section), E'(0&8'&1), is given by the numeri-
cal magnitude of

8=342 sin cosO sineLF(e}j (5)

where F is given by Eq. (2). E vanishes for a pure cos'8 angular
distribution.

The detection of this polarization, if nonvanishing, mould ap-
pear feasible. The beam of deuterons produced is more intense
than the accompanying meson beam, mhich has been used to study
meson scattering. e A possible means of detection mould be by
means of {t)r, P) scattering, the polarization effects of which have
been used by Wouters'o to measure polarization in {n, p) scattering.
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FiG. 1. Excitation function for protons on magnesium.
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The thresholds to be expected, including the coulomb barrier
heights, for the lowest energetically possible reaction and for
single particle emission are shown in Table I. These lowest
thresholds compare fairly well with the Mgss and Mgss excitation
curves. However, accurate threshold energies cannot be de-
termined by this method due to the thickness of the targets
(20-30 mg/cm') and the 6nite energy spread of the beam (0.5
Mev} on the target face.

It is evident that the emission of alpha-particles is a major
mode of decay of these compound nuclei at low energies. It might
be expected that the emission of other heavy fragments such as

TABLE I. Thresholds in the laboratory system.
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' 'N continuation of our study of proton-induced reactions on
i ~ light and intermediate nuclei' we have determined the yield of
Nass as a function of energy for protons on Mg~, Mg ~, and Mg".
The experimental method has been previously described. 's

Bombardments were made on natural MgO and on MgO en-
richedi in Mg ' and Mgss, at initial energies of 100 and 70 Mev.
Al metal foils were placed in the target stack with the MgO, and
the Mg reactions were monitored by comparing them with the
known excitation curve for Al{p, 3')Na~ as measured by Hintz. s

Bombardment times of approximately 12 hours mere required to
obtain su%cient activity for accurate counting. Since the half-
life of Na'4 is only 15 hours, some error may have been introduced
by variations in the beam intensity during the bombardment.

The monitor foils were counted 24 hours after the end of the
bombardment, when aH activities mith half-lives shorter than the
15-hour Na~ had disappeared. The MgO targets were counted
after three weeks, when only the 2.6-year Na~ remained. The Al
foils were also counted at this time, and the previous Nas4 count
was corrected for Na~ activity. All samples mere counted, as
nearly as possible, under the same geometry and mounting ar-
rangements. Corrections mere made for self-absorption and
scattering and for absorption due to the air and counter window.
The yield of Nas' from Mgs' mas determined by subtracting the
contributions of Mgi» and MgiII from the yield obtained with
the natural isotopic mixture. The results are shown in Fig. 1.

Reaction -Q+barrier

M&4{p, He')Na&
(p, 2pn)

Mg»(p, ~)Na~
(p, 2p2n)

Mgml(p, an) Na~
(p, 2p3 )

16.6 Mev
24.4
2.3

31.6
14.1
43.3

22.5 Mev
32.2
8.2

39.2
20.0
50.9

Erratum Non-Eq~~hbrium Thermodynamics
of Toro-Fluid Models

t Phys. Rev. 81, 1070 (1951)$
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~HE line following Eq. (1) should read: "between the two
eats (v is the speciic volume). We can derive. . . ."

H' or He' would also be an important mode of decay. This does
not seem to be the case. The observed threshold for Mg(p, 2pe) Nass

at 20-25 Mev indicates a (p, 2') or (p, de) reaction rather than

(p, He ). Also if the emission af H' or He' were very probable, the
minimum found in Mg s{p, 2p2n)Na~ at 30 Mev should not be
so pronounced.
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