
PHYSICAL R EVIE% C VOLUME 13, NUMBER 2 F E BRUAR Y 1976

Partksi decay widths of resonances in FI'

N. Tsoupas, H. J. Hausman, N. L. Gearhart, » and G. H. Terry
Department of Physics, The Ohio State University, Columbus, Ohio 43210

(Received 30 July 1975)

Absolute difFerential cross sections of the "Si(p,p')"Sin (1.78 MeV) reaction have been measured for 12

scattering angles and at 88 difFerent energies between bombarding energies of 3.0 to 5.2 MeV. In addition, 53

absolute cross sections of the 'Si(p, p'y)"Si angular correlations in the spin-flip geometry were also measured

over the same energy region. From these and other data, the partial proton decay widths and phases of 14

resonances in "P were determined between excitation energies of 5.50 and 7.90 MeV.

NUCLEAR REACTIONS Si(p, p&), measured o(E, O), E=3.0-5.2 MeV. Si(p, p&y),
measured p-y correlations in the spin-fbp geometry, deter~~ed partial proton

decay widths, I „, for 14 resori~rices. Calculated reduced widths.

I. INTRODUCTION

In our continuing work investigating the proper-
ties of resonance states in "P, this paper reports
on the determination of the decay parameters (par-
tial decay widths and relative phases} of some of
the resonance states in "P at excitation energies
from 5.5 to 7.9 MeV. In a previous paper, ' we re-
ported on the determination of the spins of the
resonances in this energy region utilizing proton-
s -ray angular-correlation measurements in the
Goldfarb-Seyler' geometry. This current work in-
volves measurements of detailed angular distribu-
tions of the inelastically scattered protons, the
"Si(P,P')"Si* (1.78 MeV first excited state) reac-
tion, as well as proton-y-ray angular correlations
in the spin-flip geometry measured over the same
energy region. The absolute cross sections deter-
mined from all three experiments were then util-
ized to extract the decay parameters of the reso-
nances in "P.

The determination of the decay properties of the
resonant states depends upon the measurement of
a number of experimental quantities equal to or
greater than the number of decay amplitudes and
phases. As an example, consider the inelastic
scattering of protons from a spin-zero target lead-
ing to a 2' final state via an isolated J= 5/2 reso-
nance. If the parity of the resonance is known,
then there remains to determine five decay ampli-
tudes (1/2, 8/2, 5/2, 7/2, and 9/2} and four rela-
tive phases (for an isolated resonance one phase is
arbitrary). Consequently, for this example, a min-
imum of nine experimental quantities are required
in order to unambiguously determine the possible
nine amplitudes and phases. The angular correla-
tion previously measured over the "P resonance
measurements in the Goldfarb-Seyler geometry
can be expressed as W(p&, e„=-,' w)= & &„cos~Qz.

K even

For a 5/2 resonance, only three coefficients, (and
hence three experimental quantities) are deter-
mined. In order to specify all the decay parame-
ters of this hypothetical isolated spin-5/2 reso-
nance, at least six additional parameters must be
determined from other experiments. %e have cho-
sen two additional experiments from which the six
remaining parameters can be determined: the
first is a measurement of the angular distribution
of the inelastically scattered protons; the second
is the proton-y-ray angular correlations in the
spin-flip geometry. Details of these geometries
are described in Sec. II ~ Each of the additional
experiments provides three experimental quanti-
ties for a total of nine, just sufficient to determine
the nine resonance parameters. All the other res-
onance parameters such. as total width, partial
elastic proton width, spin, and parity of the reso-
nance have previously been determined from elas-
tic scattering experiments' ' and angular-correla-
tion measurements in the Goldfarb-Seyler geome-
try. '

The experimental situation is improved by the
fact that none of the resonances studied in this en-
ergy region is truly isolated. Every resonance
experiences interference with neighboring reso-
nances. Consequently the restriction that the ex-
pansion functions for the angular distributions and
spin-flip correlations contain only even coeffi-
cients is relaxed. Interference between resonances
of opposite parity induces odd coefficients in the
expansion functions and hence provides additional
experimental quantities for determining the reso-
nance parameters. If we now consider as an ex-
ample the interference between two spin-5/2 res-
onances of opposite parity, there are 10 parame-
ters for each resonance to be determined; i.e. , 5
amplitudes and 5 phases for a total of 20 possible
parameters for the two resonances. However, the
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additional odd coefficients now possible for the an-
gular distributions and spin-flip correlations give
rise to a total number of 26 possible experimental
quantities and hence overdetermine the unknown

resonance parameters.
The partial decay proton widths are related to

the reduced widths through the penetrability fac-
tor. The physical meaning of the reduced width
can be interpreted as the "degree" or probability
amplitude in which a single particle is coupled to
a core nucleus to form a new nucleus. ' Therefore,
such results can be used for comparison with the
theoretical results derived from nuclear structure
models which are based upon such core-particle
coupling s.

II. EXPERIMENTAL GEOMETRIES

In this section we show how the parameters un-
der determination (partial decay widths and phas-
es) appear in the theoretical expressions of the an-
gular distributions and correlations for spin-1/2
particles on 0' targets.

In any reaction of the type X(P, P', y)Xwhere an in-
termediate state with definite spin and parity is
formed, the probability that we detect the outgoing
radiations P', y in the solid angles dQ~, dQ&, is
given by'

d v

dQ dQy

= (const)k' P E(a) Re y~', (Q) y„,(Q ) Y~ '(Q&)

where ~ is the reduced wavelength of the incident
radiation, and B represents the products of angu-
lar momenta addition coefficients which depend up-
on the spin and parities of the target, compound,
and residual nucleus as well as upon the angular
momenta of the involved radiations. The summa-
tion is over all the quantum numbers involved.

The real part of the product of the three spheri-
cal harmonics describes the angular dependence of
the radiations. This part depends upon the partic-
ular arrangements of the detectors with respect to
a defined coordinate system. (We call such a type
of an arrangement "a geometry". )

We assume that the type of interaction of the tar-
get nucleus with the incident particle is of Breit-
Wigner form. Under this assumption the explicit
expression of the product of the two matrix ele-
ments which appear in the above formula is given
by

(T' )& ~2e +IA(l' )& /2e + J2

&lol&&l(l&*=
(E —Es) +f kl's

(T', )~ ~2e + '~I(l', , )& ~2e + '~1

(E —E~.) —z 2 I'~.

where E&, F& is the resonance energy and the total
width of the resonance state with spin J,; j, and j,
are the total angular momenta of the incident and

outgoing proton, respectively and I'& z, F» are
the partial widths for the formation and decay of
the resonance state Z„respectively. The prime
quantities are referred to a nearby resonance
state which interferes with & and &It)», and Q& ~

are the phases.
The experimentally measured quantities which

depend upon the partial widths and phases are the
expansion coefficients of the angular distributions
and correlations. We consider each of the experi-
mental geometries separately.

A. Inelastic proton angular distributions

The inelastic proton angular distribution in a co-
ordinate system in which the z axis is chosen
along the incident beam direction can be expanded
in terms of Legendre polynomials as:

do Ill ax

A~E P, cos8, (2)
dQ, .

where

k„,„=min(l, +l,', l, +l2, j, +j,', Z~ +J~ )

and I, and I,, are the orbital angular momentum of
the incident or scattered proton, respectively.
The coefficients A, (E) are functions of the partial
widths and phases of the resonant state. Thus if
we determine the coefficients A~ experimentally
we provide information for the determination of the
unknown parameters. The presence of odd coeffi-
cients in the angular distributions and spin-flip
correlations adds significant information concern-
ing the decay parameters. The odd coefficients
can only occur when there is interference between
states of opposite parity whereas the even coeffi-
cients contain both self-resonant contributions as
well as contributions due to interference between
states of the same parity.

B. Spin-flip correlation geometry

Additional information for the determination of
these parameters is provided from the expansion
coefficients of the angular correlation in the spin-
flip geometry. In this geometry the z axis is ~

fined perpendicular to the reaction plane
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measurements involve the angular correlations be-
tween the inelastically scattered protons and the
decay y rays from the first excited 2' state in "Si.
The probability of detecting a y ray along the z ax-
is in coincidence with an inelastically scattered
proton at an angle g is given by

d cT
Kmax

(8~ = —,'w, P~. , 8&=0}= P C„( ) cos(~P~ ) .
K=O

The restrictions on z,„are the same as those for
the proton angular distributions. As in the case of
the proton angular distribution, both even and odd

coefficients are possible, the odd coefficients re-
sulting from any interference between resonant
states of opposite parity.

C. Angular correlations in the Goldfarb-Seyler geometry

The last of the three experiments utilized to de-
termine the resonant decay parameter was the an-
gular correlation of the inelastically scattered
protons and the decay y rays from the first excited
2+ state in "Si measured in the Qoldfarb-Seyler
geometry. ' The z axis in this geometry is defined
as being along the direction of the scattered pro-
ton; the coincident y rays are then measured along
the surface of a cone about that z axis. For data
reported here, the proton detector angle was set
at an angle of 90' c.m. with respect to the incident
beam direction and the y-ray detectors moved on
the (9& =

&
m' cone surface, i.e. , in a plane perpen-

dicular to the z axis.
The angular correlations can be expressed as

d 20 "max

(8& = —,
'

w, P z, 8~ = 0} =g D,(E)cos(&Q z),de dQy
even

(4)

where K ~(L, +L3, l,, + l,,', J'~+X~ ) and only the ev-
en terms in z are permitted. The quantity L, (or
L,') refers to the y-ray multipolarity of the emitted

y rays. For the present experiment I., +L3 =4.
Unlike the cases for the proton angular distribu-
tions and spin-flip correlations, the complexity,
~ of the Qoldfarb-Seyler correlations is not limit-
ed by the l, value or j, value of the inelastic pro-
tons emitted from the compound nucleus. However,

because of the particular y detector cone angle of
90', only even coefficients are allowed and hence
we are unable to observe interference between
resonances of opposite parity.

III. EXPERIMENTAL CONSIDERATIONS

The proton beam was provided by The Ohio State
University 7 MV Van de Qraaff accelerator. Tar-

gets were prepared by electron-beam evaporation
of natural SiO, onto thin carbon foils. Although
naturally occurring SiO, has an isotopic abundance
of 92.2g "Si, the inelastic proton peak corres-
ponding to decay to the first excited state in "Si
was well separated from the proton groups from
other target isotopes. Targets of different thick-
nesses were prepared for the angular distribution
and angular-correlation experiments since the
count-rate problems differed for the two different
types of experiments.

The angular distributions of the inelastically
scattered protons from the "Si first excited state
were measured in a 43.2 cm Ortec scattering
chamber. For these measurements the target
thickness was measured as being 45 pg jcm'. Tar-
get thicknesses were determined by comparison of
the measured elastic scattering of protons at 2

MeV with the Coulomb cross section. There was
no target deterioration measureable over the time
of the experiments. Six silicon surface barrier
detectors were used to detect the scattered pro-
tons. The base plate of the scattering chamber
could be rotated so that two different angular posi-
tions of the base plate could provide information
for 12 scattering angles. The proton bombarding
energy was varied from 3.0 to 5.2 MeV and 88 an-
gular distributions were measured over this ener-
gy region. Pileup-rejection electronics were used
to correct the recorded spectra for pileup losses.
An on-line 1800 computer was used to collect the
spectra from the six proton detectors. The inelas-
tic proton yields were converted to absolute cross
sections with an over-all uncertainty of +2k.

Five of these angular distributions, measured
over the resonance at 3.33 MeV are shown in Fig.
1. The strong interference of this seemingly iso-
lated resonance with neighboring resonances can
be seen by the marked change in the shape of the
distributions over the resonance. The solid
curves shown in the figure are the least-squares
fit to the data in terms of Legendre polynomials.
The Legendre polynomial coefficients were ex-
tracted from the least-squares fit to the data and
the energy variations of these coefficients were
used in the partial width determinations.

The technique of measuring spin-flip correla-
tions was first described and used by Schmidt etal. '
Since that time this technique has proven to be
very useful both for reaction-mechanism studies
and for spectroscopic studies. The unique features
of the spin-flip correlation measurements were not
emphasized in the experiments reported here. The
spin-flip measurements were chosen merely to in-
crease the number of experimental quantities from
which the decay widths could be determined, i.e.,
another experimental geometry. In the spin-flip
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FIG. 1. The Si(p, p'}2 Si* (2+, 1.78 MeV} inelastic
angular distributions over the &&=3.33 MeV resonance
in P. Curve A corresponds to a bomba&~~& energy of
3.310 MeV; B to 3.325 MeV; C to 3.340 MeV; D to 3.350
MeV; and E to 3.365 MeV. The solid curve is a least-
squares fit to the data, for each energy.

geometry we are looking for the probability of de-
tecting y rays emitted along the ~ axis, where the
z axis is defined perpendicular to the reaction
plane, in coincidence with the inelastically scatter-
ed protons leaving "Si in its first-excited 2 state
at 1.78 MeV.

A shielded 10.2 x12.7 cm Nal(T1} y-ray detector
was mounted in a special lid in our Qrtec 43.2 cm
scattering chamber. Six solid-state detectors
were positioned in the chamber in the same geom-
etry as was used for the angular-distribution ex-
periments. For these measurements the target
thickness was 65 pg/cm'. Coincidences were re-
corded between the y-ray detector and the six pro-
ton detectors simultaneously. Twelve coincident
y-ray spectra were stored in the computer; six
spectra with real plus accidental coincidences and
six with accidental coincidences alone. At any one
bombarding energy a total of 24 coincident spectra
were collected corresponding to 12 proton detector
angles. Both the proton and y-ray signals were
examined for pulse pileup and the data so correct-
ed. The proton bombarding energy was varied
from 3.0 to 5.0 MeV and a total of 53 spin-flip cor-
relations were measured. The average time re-
quired to perform one complete angular correla-
tion at one energy was three hours. The spin-flip
correlations were converted to absolute cross
sections with an over-all uncertainty of + 6%; most
of the uncertainty being due to target thickness
nonuniformities, uncertainties in peak-area ex-
traction, and uncertainties in the determination of
the absolute efficiency of the y-ray detector. Fi-

FIG. 2. The Si(p, p'y) Si (2+, 1.78 MeV) angular
correlations in the spin-Qip geometry over the E&=4.23
MeV reso~~~ce in 29P. Curve A corresponds to a bom-
barding energy of 4.225 MeV; B to 4.230 MeV; C to
4.240 MeV; D to 4.250 MeV; and E to 4.275 MeV. The
solid curve is a least-squares fit to the data, for each
energy.

nally, the data were corrected for the finite solid
angle of the y-ray detector.

Five spin-flip angular correlations measured
over the 4.2 MeV 5/2' resonance are shown in Fig.
2. The solid curves shown in the figure are the
least-squares fit to the data in terms of the cosa/
functions for ~ both even and odd. Coefficients of
the cosine functions were extracted and plotted as
a function of proton bombarding energy for addi-
tional data from which resonant parameters could
be determined.

For the third experimental geometry in this an-
alysis, data were used from the proton-y-ray an-
gular correlations in the Goldfarb-Seyler geometry
reported by Gearhart et a/. ' These correlations
were converted to absolute cross sections with an
over-all uncertainty of +6%.

IV. DATA ANALYSIS

After the data had been converted to absolute
cross sections and the least-square fits obtained
for the expansion functions corresponding to each
of the three geometries, the expansion coefficients
were stored on magnetic disks so that the energy
variations of the expansion coefficient could be re-
called and displayed for view on our off-line stor-
age oscilloscope. The technique for determining
the resonant decay parameters was to calculate
theoretically the values of the expansion coeffi-
cients, as shown in Sec. II, for a trial set of reso-
nant parameters, i.e. , decay widths and phases.
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FIG. 3. The Si(p, p') Si* (2+, 1.78 MeV) inelastic angular distributions from a bombarding energy of 3.0 to 4.6 MeV.
At each bombarding energy the coefficients of the angular distributions were extracted from Eq. (2) and plotted as a
function of energy. The solid curve is a theoretical fit to the experimental coefficients using the parameters of Tabj.e l.

The trial set of parameters was chosen initially to
consist of only the lowest possible l value allowed
in the decay. Higher I, -value partial waves were
added only when needed to improve the visual fits.
The energy variations of the calculated coefficients
were then displayed on our storage scope as an
overlay on the experimental data. For a trial set
of input decay parameters, the results for each of
the three geometries were visually examined in
turn. In practice we were aided by the fact that
for each geometry, certain expansion coefficients

were more sensitive to certain decay channels
than to others. Consequently, the iteration of pa-
rameters went fairly quickly until a best visual fit
of the theoretical calculations to the data was ob-
tained.

As an example of the calculations performed to
evaluate the expansion coefficients for say the an-
gular distributions, Eq. (1) was programmed in
accordance with the expansion dt2/dI)t2= p2A2P2(cos 8}.
The expansion coefficients for this geometry could
then be expressed as

F, +F,g+
2( ) Q Q ( )[(@ @)2~'P2][(E E }2 &l2 ]EJ'y m y Zy nr y I j2f2

where
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gy the coemcients were extracted from Eq. (3) and plotted as a function of energy. The solid curve is a theoretical fit
to the experimental coefficients using the parameters of Table I.

and

B(o)
= g

(sass()J, J', .( )' ' 'l l,'l lO'J", ((-O(O)ks',)s (l l ,JJ, , ;k ',)', -
1

L2 12

x (l,'Ol, 0
~
k0) II'(l2l, j,' j„k-,') II'(J, J,,J,J', .;kO) II'(J, J,.j,j,';k2}

Z, =(r,,r, , r,,r,;)"{[Z,Z, . +-,'(r, r„)](:Os(I),, +y„-y,;—y,;)

+ [-,'(r„z,}——,'(r, z„)]sin(p& +p&, —(())&,—II&,}j,

and F, and F, are similar functions of the same
variables as F,. The expansion coefficients were
formulated in this manner for ease of programming
and speed of calculations. The results of the anal-

ysis and the comparison with the experimental co-
efficients are shown in Figs. 3, 4, and 5 for the
angular distribution, spin-flip correlation, and
Goldfarb-Seyler geometries, respectively. All en-
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bombarding energy the coefficients were extracted from Eq. (4) and plotted as a function of bomba&&n~ energy. The
solid curve is a theoretical fit to the experimental coefficients using the parameters of Table I.

ergies are in lab coordinates while the cross sec-
tions shown in the three figures are in c.m. coor-
dinates. The final set of partial decay widths and

phases corresponding to the best visual fit are
shown in Table I.

It is difficult to make an accurate determination
of the uncertainties associated with the assigned
partial. widths and phases. Due to the large num-

ber of these parameters, it was felt that a multi-
parameter g' fit to the data would be impractical.
Instead we have varied a few of the parameters in

turn and attempted to observe at which point the
visual fits appeared to worsen. Typically some of
these widths could vary by +20% before an observ-
able change is seen; for other phases as little as
+10% or as great as +10(@variation could occur
before seeing an observable change. In general,
of course, the large uncertainties of +100% occur-
red for those partial widths of the smallest rela-
tive magnitude.

Up to a bombarding energy of 4.78 MeV, the only

energetically allowed particle decay channels are
the elastic channel and the inelastic proton decay
channel to the first excited 2' state in "Si at 1.78
MeV. For the resonances studied up to a bombard-
ing energy of 4.'l8 MeV, the background in the ex-
citation curve seems to be due primarily to the
tails of the resonances themselves. See Fig. 1
of Ref. 1. Typical peak-to-background ratios in
this energy region vary from 5: 1 to about 20: 1.
Consequently, for our analyses of the resonances
in this energy region we made the assumption that
the resonances interfered primarily only with each
other. An exception was made for two broad spin-
1/2 resonances and one broad spin-3/2 resonance
known to be located outside this excitation region
but whose influence in this region was important
because of the broad widths of the resonances.

Above about 4.8 MeV bombarding energy, not
only does a second inelastic decay channel open
but the background under the resonances above
this energy increases markedly so that the peak-
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FIG. 6. The Si(P, P') Si* (2+, 1.78 MeV) inelastic angular distributions from a bombarding energy of 4.6 to 5.2 MeV.
See caption of Fig. 3.

to-background ratio for the three resonances stud-
ied was on the order of 1:l. It appears likely that
most of this background is due to the tails of the
large number of more highly excited resonances
and whose parameters are for the most part not
known. Although the background is probably due to
the tails of a large number of resonances, it does
not approach a statistically large number since we
are still able to observe interference terms in the
odd coefficients. Consequently, for the region
above 4.8 MeV bombarding energy, only approxi-
mate fits to the data were possible. The results
of these partial fits are contained in Figs. 6 and 7
and in Table I.

V. RESULTS
A. 3.10 MeV resonance

The original spin assignment of 5/2 for this
resonance was made by Vorona, Olness, Haeberli,
and Lewis' and confirmed by Belote, Kashy, and
Risser. 4 Both experiments involved measurements
of the differential elastic scattering cross section
and were consistent only with an f-wave, j = 5/2
or I/2, assignment. In addition to the elastic
scattering measurements, Belote et a/. measured
a single angular distribution of inelastically scat-
tered protons at the peak of the resonance and
from these data ruled out a '?/2 assignment.
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FIG. 7. The Si(P, P'y) SP' (2+, 1.78 MeV) angular correlations in the Goldfarb-Seyler geometry measured from a
bombar~&~~ energy of 4.6 to 5.3 MeV. See caption of Fig. 5.

Gearhart et al. ' determined only that the spin of
this resonance was 5/2 or greater. For our pres-
ent measurements, it was possible to obtain equal-
ly good fits to the angular distributions for either
a 5/2 or 7/2 spin, but with different values for
the decay widths.

In order to obtain a definitive spin assignment
for this state, an elastic scattering measurement
was performed over this resonance using the re-
cently developed polarized proton beam of this lab-
oratory. The result of this measurement, report-
ed by McEver, Arnold, and Donoghue, ' was that
the spin of the state was 7/2 . Consequently, this
spin assignment was the one used in the partial
width analysis.

The fits to the data over this resonance, shown

in Figs. 3-5, were obtained by assigning the total
strength of the inelastic partial proton decay width
to lie in the p, y, channel. The presence of the odd

A, coefficient appears to be due to the interference
of this state with both of the nearby 3/2' resonances
at F~ =3.33 and 3.71 MeV.

B. 3.33 MeV resonance

The appearance of a nonzero 4, coefficient in
both the proton angular distributions and spin-flip
correlations indicates that this 3/2' resonance is
interfering with other resonances of opposite par-
ity. The contribution to this interference term
from the 7/2 resonance at 3.10 MeV is very small
due to the narrow energy width of the 3.10 MeV
state. The dominant contributions to the interfer-
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ence terms comes from the broad (400 keV) 1/2
resonance at 2.88 MeV and from the 3/2 reso-
nance at 3.57 MeV. In order to obtain the best vis-
ual fit to all three geometries, it was necessary to
include some l =2 channel decay as well as l =0.
Although the measured contribution of the d, /, de-
cay is only 1/2% of the &, g, contribution, penetra-
bility effects change the d, ~, reduced width to 8%
of the sI/2 reduced width.

C. 3.57 and 3.71 MeV doublet

While there is agreement in the literature as to
the 3/2 spin and parity of the 3.51 MeV member
of this overlapping doublet, contradicting spin and

parity assignments are reported for the 3.71 NeV
resonance. Vorona et al. ' report the spin and par-
ity of the 3.71 MeV resonance as 3/2', Belote efal.'
report the resonance as 1/2 , and Soroka and
Pucherov'0 report the resonance as 1/2 . The an-
gular-correlation measurements in the Goldfarb-
Seyler geometry reported by Qearhart et al. ' and
shown in Fig. 5 make a definite 3/2 spin assign-
ment to the 3.71 NeV resonance.

The results of the proton angular distribution
and spin-flip angular-correlation measurements
shown in Figs. 3 and 4 show interference in the
A. , coefficient, and for the A., coefficient in the
spin-flip measurements. We can account for this
interference only by having the two states inter-
fere with one another indicating that they must
have opposite parity. The recent polarization
measurements of McEver et al. also verify that
the spin of the 3.71 MeV resonance is 3/2'. Con-
sidering all the evidence, there appears to be little
doubt that the spin and parity of the 3.71 MeV res-
onances is 3/2'.

The fits to the three geometries of Figs. 3, 4,
and 5 were made on the basis of the above spin as-
signments. Reasonably good fits were obtained for
the three geometries although nonzero values of
the inelastic partial decay widths corresponding to
higher l values than the lowest possible ones were
necessary to obtain the fits. For the 3.57 MeV
resonance, both P and fwaves were required for
the fit; for the 3.71 MeV resonance, both s and d
waves were required.

D. 3.98 MeV resonance

Belote et al. ' reported the presence of a broad
200 keV 1/2' resonance which appeared strongly in
the elastic channel but only weakly, if at all, in the
inelastic proton channel. It was difficult to tell
from observation as to whether the actual yield
observed in the inelastic cross section over the
energy range of this resonance was due to some
contribution from the 1/2' resonance or was mere-
ly due to the tails of higher-energy resonances.

However, we found it necessary to include approx-
imately a 'I% inelastic contribution in order to ac-
count for interference in some of the coefficients
of nearby resonances. The assumed amount of in-
elastic contribution also reasonably reproduced
the cross section in the A, coefficients of all three
geometries.

E. 4.23 MeV resonance

The narrow resonance at E~ =4.23 MeV was re-
ported by Belote et al. ' as an l = 2, j = 3/2 or 5/2,
resonance. They concluded from a study of a sin-
gle angular distribution of inelastically scattered
protons on resonance that the state was 3/2'. As
with other resonances we have examined, a single
angular distribution measured on resonance is
usually not sufficient for a unique spin assignment.
Rather, we have found it necessary to measure an-
gular distributions at a number of energies across
the resonance in order to more explicitly show the
energy variations of the measured parameters.
The angular-correlation measurements reported
by Gearhart et al. ' and shown here in Fig. 5 are
consistent only with a j = 5/2' assignment assum-
ing an l =2 transfer in the elastic channel. The
presence of an A, coefficient in both the angular
distribution and spin-flip correlation measure-
ments, shown in Figs. 3 and 4, respectively, con-
firms the 5/2' assignment of Gearhart et al. Due
to the limitation on the complexity of the distribu-
tions (k,„~2J',), as given in Eq. (2), a resonance
spin of 3/2 would limit the complexity of the angu-
lar distribution to the maximum of an A., coeffi-
cient.

The fits shown in Figs. 3-5 include both s and d
waves in the exit channel decays, with the d-wave
channel containing approximately 30% of the inelas-
tic decay strength. Interference between the 4.23
MeV resonance and the 3/2 resonance at 4.43
MeV gives rise to both an A, , and 4, coefficient for
the angular distributions and the spin-flip correla-
tions.

In order to obtain the fits observed in Figs. 3-5,
it was found necessary to increase the total width
of the resonance from the 5.4 keV value reported
by Belote et al. to the value of 15 keV, with a ratio
of I'~/I' of 0.33 rather than the value of 0.6. It is
unlikely that this discrepancy is due to target
thickness effects since our target thickness and
that of Belote et al. are approximately the same,
3-4 keV. This is the only resonance of those stud-
ied whose total width and I'~/I' ratio differed sig-
nificantly from those reported by Belote et al.

F. 4.36 MeV resonance

Just as in the case of the 3.98 MeV resonance,
the broad 120 keV 1/2' resonance reported by
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Belote et al. appears to have little observable
strength in the inelastic proton decay channel.
However, as in the case of the 3.98 MeV reso-
nance, we have found it necessary to include some
strength in the d, g, and d, /, inelastic decay chan-
nels, in order to fit the A, interference term ob-
served at the 4.43 MeV resonance which overlaps
the 4.36 MeV resonance.

G. 4.43 MeV resonance

The two broad resonances at 4.36 and 4.43 MeV
with reported total widths of 120 and 100 keV, re-
spectively, overlap strongly in the elastic channel,
but only the 4.43 MeV resonance appears to have
an appreciable strength in the inelastic proton
channel. (As was pointed out in Sec. VF, the 4.36
MeV resonance does appear to have some strength
in the inelastic channel. ) Belote et al. report that
the results of their elastic scattering cross section
data restrict the possible assignments of this res-
onance as being either 1/2 or 3/2 . Their mea-
surement of a single inelastic scattering angular
distribution on resonance showed a small A1 co-
efficient. The results of both their elastic and in-
elastic scattering data lead them to a 1/2 assign-
ment for the 4.43 MeV resonance. However, the
angular-correlation results reported by Qearhart
et al. and shown in Fig. 5 are consistent only with
a 3/2 spin assignment for the 4.43 MeV resonance.
This conclusion results from the presence of a
strong A, coefficient in the angular-correlation
measurements which rule out a 1/2 spin assign-
ment.

The results of the angular distribution and spin-
flip correlation experiments show some interest-
ing results. For both experiments, the odd A, co-
efficient measured across the broad resonance
shows a large negative value on the low-energy
side of the peak and a positive value on the high-
energy side of the peak. Five of the angular dis-
tributions across this resonance are shown in Fig.
8. Since Belote eI; al. measured their single in-
elastic angular distribution on the resonance peak,
they observed only a small Ay coefficient since the
A, coefficient is passing through zero near the
peak. The very large values of the A, coefficient
across this resonance indicates a strong interfer-
ence of the 4.43 MeV resonance with positive par-
ity resonances. In order to obtain the fits shown
in Figs. 4 and 5, it was found necessary to assign
a 3/2 value to the resonance and to include inter-
ference from the overlapping 1/2' resonance at
4.36 MeV and the broad 1/2+ resonance at 5.0f
MeV reported by Brenner, Hoogenboom, and
Kashy. ' The negative portion of the A, coefficient
appears to be due primarily to interference with
the 4.36 MeV state whereas the positive portion of
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squares fits to the experimental data at each energy.

the A, coefficient appears to be due to interference
with the 5.07 MeV resonance.

The appearance of a nonzero A, coefficient over
this resonance is also of some interest. A nonzero
value of this coefficient cannot be due to interfer-
ence with a 1/2' resonance such as was the case
for the A, coefficient. The A, coefficient must be
due to interference with positive parity resonances
of spin ~ 3/2. [See Eg. (2}.] The interference
represented in this coefficient could be due to
nearby narrow resonances, such as the 5/2+ reso-
nance at 4.23 MeV, or to broad resonances some-
what further away in energy. The maximum con-
tribution to the A, coefficient that we were able to
obtain from interference with the 5/2+ resonance
at 4.23 MeV was an order of magnitude smaller
than the measured values. Consequently we
searched the literature for higher-energy positive
parity states having sufficient width and with spin
~ 3/2. The only possible candidate we could
find in the literature was a broad 130 keV 1/2 or
3/2 resonance at E~ = 5.44 MeV reported by Bren-
ner et &I. but due to its negative parity, this state
could not produce interference in the odd A, coef-
ficient. By assuming the resonance at 5.44 MeV
to have a positive parity and a spin of 3/2, we
were able to generate a positive A, coefficient ov-
er the 4.43 MeV resonance which reasonably fit
the data in Fig. 4. However, we do not feel that
this one piece of data is sufficient evidence for
changing the parity assignment made by Brenner
&t &E. Consequently, the fits shown in Figs. 4 and
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TABLE II. Reduced widths for proton decay channels of resonances in 2~P. The reduced
widths O&~

——(pa )/(k )p» are reported in units of 8 /p&, where p is the reduced mass and
a = 5.7 fm.

Ex
(Me V lab) (Me V) Sf/

Reduced widths 0fj
P3/2 d3/2 "5/2 f5/2 f7/2

2.88

3.10

3.57

3.71

3,98

4.23

4.36

4.43

4.88

4.95

5.07

5.19

5.44

5.52

5.74

5.96

6.19

6,33

6.58

6.83

6.96

7.02

7.46

7.52

7.64

7.76

8.01

2

7

g+
2

3
2

2

g+
2

g+
2

f +

2

3
2

2

g+
2

(-, )

3
2

0.005

0.079

0.005

0.002

0.28

0.17

0.047

0.026 0.048

0.002 0.0003

0.002

0.014 0.014

0.008

0.11

0.010

0.025

0.006

0.010

0.005

0.003

0.053 0.053

0.0004 0.0004

0.26 0.06

5 are made assuming that the resonance at 5.44
MeV was a negative parity resonance as reported.

H. 3.97 and 4.69 MeV resonances

The two very narrow resonances I' «3 keV at
3.9'7 and 4.69 MeV bombarding energy were erron-
eously reported in Ref. 1 as having been seen for
the first time. Actually, the 3.97 MeV resonance
was first reported by W'illard, Bair, Cohn and
Kington" in the 288i(P, P'y)"Si reaction, and the
4.69 MeV resonance was also observed by the
same group. " In the experiments reported here,
we were unable to add any further information as
to the structure of these two resonances.

I. Resonances between a bombarding energy of 4.7 and 5.2 MeV

At a bombarding energy of about 4.7 MeV, the
yield in the inelastic proton decay channel increas-
es sharply. The inelastic yield curve is shown as
Fig. 1 in Ref. 1. The effect can also be observed
in the A, and A, coefficients in Figs. 6 and V. We
attribute this background to the tails of higher ex-
citation-energy resonances of generally unknown

properties. Consequently, our attempts to deter-
mine the decay parameters of the resonances in
this energy region, which reside upon this back-

ground, are frustrated by the fact that the odd ex-
pansion coefficients are dominated by the interfer-
ence with the background. For this reason the
more tedious spin-flip correlation measurements
were not performed over this energy region. The
results of the angular-correlation measurements
in the Goldfarb-Seyler geometry and the inelastic
angular distribution measurements are shown in

Figs. 6 and 7, respectively. The general shape of
the energy dependence of the even coefficients can
be reproduced but not a detailed fit to the data.
The calculated structure in the odd coefficients is
probably spurious since we are unable to account
for the dominant interference with the background.
Although the partial decay widths and phases which
represent the calculated curves in Fig. 6 and 7 are
included in Table II, we do not have the same con-
fidence in these values as we do for the values at
the lower energies primarily because we are un-
able to take into detailed account the interference
of these resonances with the background.

VI. DISCUSSION

Since we did not perform a search on partial de-
cay widths and phases in fitting to the experiment-
al coefficients, the question arises as to whether
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the fits reported are unique. In order to test the
uniqueness of the fits, we performed a number of
tests. For a particular resonance in one of the
geometries, say the inelastic scattering angular
distributions, we attempted to find sets of partial
waves and phases that visually gave a reasonable
fit to the experimental coefficients. For some of
the resonances, more than one set of widths and
phases gave reasonable visual fits. However,
when these different sets of widths and phases
were used to calculate theoretical coefficients for
the other geometries, i.e., the Goldfarb-Seyler
and spin-flip geometries, only one of the sets
gave reasonable fits to the coefficients in the other
geometries. Although the tests we performed
were not exhaustive, we believe that the partial
decay widths and phases reported are a unique set.

The reduced widths y&~'can be calculated from
the experimental partial widths through the ap-

proximate relation" y»'= F,~/[2P, (E~)] where P(E~)
is the penetrability factor. Since the quantities
y»'are independent of the energy of the incident
particle and depend upon the nuclear wave function
which describes the resonances states, nuclear
model predictions can be compared to the deter-
mined quantities. Model calculations of "I' for
energy level predictions have not as yet been ex-
tended to the excitation energy region we have
studied. Therefore, we did not attempt to apply
any nuclear structure model in order to calculate
the reduced widths. The experimentally deter-
mined reduced widths in units of 8 /pa are shown
in Table II.
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