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difficulty for direct interaction to take place in the case
of the latter states. The total cross sections, obtained
by integration of the differential curves, are somewhat
lower for these states, as seen in Fig. 3.

That Coulomb barrier penetration is an essential
factor affecting the reaction at these low energies is
indicated in Fig. 4. Gamow plots are made of the total
cross sections of the four proton groups for s-wave
deuterons. By neglecting the correction for the finite
height of the barrier, one obtains a theoretical slope of

218 compared with an observed value for the combined
proton groups of 215+"/(kev)&.

ACKNOWLEDGMENTS

The authors wish to express their gratitude to the
following persons for their assistance with assembly of
the accelerator, construction of detection and vacuum
equipment, and general operation: Roy T. Arnold,
George B. Bunyard, H. W. Carlton, G. L. Harmon,
T. P. Lang, and J. H. Wilson.

PH YSI GAL REVIEW VOLUME 117, NUM BER 2 JANUARY 15, 1960

Low-Lying Levels in P"f*
S. S. YAMAMOTof AND F. E. STEIGERT
Yale University, Rem Haven, Connecticut

(Received August 13, 1959)

The reaction AP'(o;, n)P" has been studied at 8.15-Mev bombarding energy using nuclear emulsions as
detectors. Neutron groups corresponding to Q values of —2.70, —2.96, —3.59, —4.43, and —4.96 Mev were
observed. Comparison of the resulting energy level structure in P" with that obtained by other reactions
suggests the possible inversion of the two isobaric spin ground states.

S ELF-CONJUGATE odd-odd nuclei in the light mass
region provide very favorable subjects for the study

of isobaric spin, since they alone have more than one T
value among their low-lying states. Qf special interest
is the study of their level structures to determine the
position of the lowest T=1, J=O+ state. P", for in-
stance, has been investigated by several authors. ' '
The results from S"(rf a)P" ' and Si"(p y) P" ' in par-
ticular tend to identify the ground state as T=0, with
the lowest 7= 1 level at 680-kev excitation. However,
when these results are compared with those of several
repeated Al' (n,e)Si" reactions, ' ' it is seen that the
level structures disagree beyond the limits of experi-
mental error. The present investigation was an attempt
to clarify this situation by a fourth analysis of this
same reaction to check the previous data.

A thin aluminum target of 0.16 mg/cm' was bom-
barded with a collimated beam of magnetically analyzed
alpha particles from the Yale cyclotron for a total
integrated beam current of 7.5 millicoulombs. All

*This work was supported in part by the Once of Naval
Research.
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charged particles were stopped in a 10-mil thick tan-
talum shield lined with 28 mg/cm of high-purity gold
foil. This latter served to reduce the probability of
secondary (rr, e) reactions being initiated by elastically
scattered alphas in the absorbing ring.

The reaction neutrons were detected as proton recoils
in 50 p, Ilford C-2 emulsions placed at scattering angles
of 0' back to 162.5' at either side of the beam axis.
The apparatus used has been previously described. '
The detectors were placed normal to the scattering
plane and inclined at 5' to the radius, which is the
nominal particle direction. For most of the plates
exposed, an auxiliary radiator of —,'-mil Mylar foil (0.86
mg/cm') was placed immediately outside the absorber.
The knock-on protons induced in this foil were then
collimated by appropriate slits prior to detection in the
emulsions.

The emulsions were scanned using a Leitz micro-
projector at 500)& magnification. Qnly proton recoils
ending in the emulsion and making an angle of no more
than 10' with respect to the nominal neutron direction
were accepted. An average of 1500 tracks were measured
on each of the nineteen angles analyzed. A typical
proton recoil spectrum is shown in Fig. 1. This par-
ticular spectrum was chosen since it illustrates all
groups discussed below most clearly. To improve the
counting statistics in the region of interest, additional
areas of each plate were scanned, measuring only those
tracks longer than a given minimum range, such as
60 @ in the case of Fig. 1.

' H. S. Plendl and F. E. Steigert, Phys. Rev. 116, 1534 (1959).
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The ranges of the observed recoil groups are plotted
as a function of laboratory angle in Fig. 2. Comparison
of these experimental loci with Q value-parametric
curves for the various possible reactions serves to
identify the target mass to about 10%. Both likely
impurities within this span, Mg'4 and Si's, have Q
values suKciently negative' so as not to e6ect the
present data. The groups labeled a, b, d, f, g may thus
be identified with the Al"(n, e)P" reaction with some

200—

FIG. 1. Histogram of proton recoil spectrum at 102.5'. Groups
labeled c, b, d, f, g are identified with Al (o.,e)P". Group labeled c
is identiimd with A" (d,n)Sims Ques. tionable group at e is un-
identified. Dashed region corresponds to higher excitations not
analyzed in this experiment.
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FIG. 3. Compari-
son of level structure
in P~ is obtained in
S"(dn)Pw (b) with
present work, (a) as-
suming T=O ground
state, and (c) as-
suming T= 1 ground
state. All excitations
are given relative to
T=0ground state.

degree of confidence. Group c, on the other hand,
shifts in accordance with a target mass of about 40.
Any likely impurities in this region are again ruled out
on the basis of highly negative Q's. A second possible
source of confusion would be small deuteron contamina-
tion of the cyclotron alpha beam. Since (d,m) cross
sections are in general so much higher than (n, n) on
the same target, as little as 1 particle in 10' might
prove troublesome. Fortunately, the only group from
Al" (d, rs)Si' which falls in the region of interest is that
corresponding to 9.3-Mev excitation. 9 This would give
the dashed curve in Fig. 2. On the basis of the fit
shown, group c is tentatively explained as arising from
deuteron beam contamination. Its relatively weak in-
tensity, in fact nonoccurrence on several plates, would
further tend to confirm this identification.

Additional groups were seen on some plates, such as e
in Fig. 1. However, their location was uncorrelated
with angle and their intensities such as to make even
their identification as a legitimate group questionable.
Groups at higher excitation were also visible, as in the
dashed portion of Fig. 1. These were not analyzed,
however, because of the necessity of background sub-
tractions and possible further (d,e) interference.
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Fn. 2. Ranges of proton recoils es laboratory angle. Solid curves
correspond to expected ranges for average Q values. Groups are
identified in Table I.

9 P. M. Endt and C. M, Braams, Revs, Modern Phys. 29, 683
(1957).

The Q values obtained in this analysis are given in
Table I. They agree reasonably well with those pre-
viously reported. ' It should be noted however that this
earlier work includes several groups (such as c and e)
which are now considered either erroneous or arising
from contaminants. In addition the ground-state group
had not been found, and energy levels quoted were
hence based upon mass value calculations. The present
level structure is compared to that reported by Endt
and Paris' in Fig. 3.

It is evident that if the two ground states are to be
considered equivalent, the level structures still do not
agree. However, if the level structure as obtained from
this reaction is depressed about 260 kev, so as to align
the first excited state with Endt and Paris' ground state,
then all of the succeeding levels line up reasonably well.
Group d would then actually correspond to the known
doublet at 0.680 and 0.708 Mev. It is unlikely they
would be resolved in the present experiment.

This rather curious feature may be explained if one
simply assumes that the ground state of P" has an
isobaric spin of T=1 rather than the usual T=O. In the
limit of strong isobaric spin selection rules this would
inhibit a transition to this state in the S"(d,n)P"



reaction. It is unfortunate that decays to this level were
not seen in the Si"(P,y)P" reaction. ' It is possible,
however, that they were overlooked in the necessarily
complex Gtting of de-excitation gammas into the level
structure known from the (d,n) reaction.

Such an inversion as proposed would really not be
unusual in P' . Similar inversion is known in CP',"and
suspected in K38"" and Sc4'." Actually the cross-
over is expected soon after mass 26."Final conhrmation
of this suggested interpretation must await a careful
re-examination of Si"(tE,N)P' and P' (P+)Si' now being
undertaken.

The Si'-P" mass difference calculated on the basis
of the ground-state Q value of the Al' (n,p)Si" and

+ W. Arber and P. Stahelin, Helv. Phys. Acta 26, 433 (1953)."D. Green and J.R. Richardson, Phys. Rev. 101, 776 (1956).
's P. Stahelin, Helv. Phys. Acta 26, 691 (1953).
+ J. A. R. Cloutier and R. Henrikson, Can. J. Phys. 35, 1190

(1957).' S. A. Moszkowski and D. C. Peaslee, Phys. Rev. 93, 455
(1954).

TAnLE I. Q values obtained in this analysis.

Group Reaction O (Mev)
Excitation

(Mev) Probable T

AP~(n, a)P~

AP'(d, l)Si"

—2.70~0.06—2.96+0.06—3.59&0.06—4.43&0.04—4.96~0.04
0

0
0.26
0.89
1.73
2.26

1
0

1, 0
0
0
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Al" (n, rt) P" reactions is 4.30+0.06 Mev. This compares
quite favorably with the reported P"(P+)Si" Q value
of 4.26 Mev. '
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The photoproduction of neutral 7r mesons from hydrogen has been studied at the California Institute of
Technology Synchrotron Laboratory by detecting recoil protons from a liquid hydrogen target irradiated
by the synchrotron bremsstrahlung beam. The recoil protons were detected by a five-counter telescope.
Data were taken at proton laboratory angles of 19', 30', 40', 50', and 60' at proton energies corresponding
to photon energies of 600, 700, and 800 Mev. Angular distribution data are produced at these three energies
and fitted with functions of the form: A+8 cos8 '+C cos'0 '. These functions are qualitatively like those
at lower energies; 8 is small and —A/C is roughly 1.25. The total cross section is found to have a minimum
at about 600 Mev, being slightly larger at 700 and 800 Mev.

I. INTRODUCTION

HE photoproduction of + mesons from hydrogen
has been the subject of extensive study at this

laboratory and elsewhere. ' The predominance of a single
state of total angular momentum ~ and isotopic spin —,

'
in the pion-nucleon interaction and use of the scattering
phase shifts from pion-nucleon scattering data in a
phenomenological model have made possible a satis-
factory understanding of meson production by photons
up to about 400 Mev. ' A meson theory calculation by
Chew and Low' has also been successful in explaining
the general features of the process in this energy region.

*This work was supported in part by the U. S. Atomic Energy
Commission.

$ Now at Electro-Optical Systems, Inc., Pasadena, California.' For a review of previous work, see L. J. Koester and F. E.
Mills, Phys. Rev. 105, 1900 (1957).

2 Watson, Keck, Tollestrup, and Walker, Phys. Rev. 101, 1159
(1956).

e G. F. Chew and F. E. Low, Phys. Rev. 101, 1579 (1956).

The experiment described here was carried out to
extend the existing data on m' photoproduction in
hydrogen to higher energies. Little theory currently
exists which attempts to explain pion phenomena above
about 400 Mev. Still, . it is worthwhile to have higher
energy data for phenomenological comparisons with
charged meson photoproduction and pion-nucleon
scattering. Briefly stated, the results of this experiment
are that up to 800 Mev the angular distributions are
qualitatively the same as at lower energies. The total
cross section does not continue to fall rapidly with in-
creasing energy but goes through a minimum at about
600 Mev, and then rises slightly at 700 and 800 Mev.

II. EXPERIMENTAL TECHNIQUE

The method used in this experiment was to count
the recoil protons from the reaction y+p ~P+s' by
means of a counter telescope. This method has a good
counting rate and is simple, but suGers from the fact


