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The Si(p,p) and (p,p’) differential cross sections were measured in the range
E,=1.29—-3.31 MeV with an overall resolution of 350—400 eV, full width at half max-
imum. Resonance parameters were extracted for 66 resonances with a multilevel, mul-
tichannel R-matrix analysis code; these parameters include resonance energy, total angular
momentum, partial elastic and inelastic widths, and channel spin and orbital angular
momentum mixing ratios. Analog states were identified, and Coulomb displacement ener-
gies and spectroscopic factors are given for seven of these analog states.

NUCLEAR REACTIONS ¥Si(p,p),(p,p"), E=1.29—3.31 MeV, mea-

sured o(E,0). °P levels deduced J7, T',, T, channel spin mixing / mix-

ing; 3°P IAS deduced Coulomb energies, spectroscopic factors. Enriched
target, resolution 350—400 eV.
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I. INTRODUCTION

Previous high resolution proton resonance studies
at the Triangle Universities Nuclear Laboratory
(TUNL) have been confined to even-even target nu-
clei, with emphasis placed first on the fine structure
of analog states and later on statistical properties of
compound nuclear states. Spin-zero targets were
ideally suited for these studies, due in part to
analysis simplifications which result when there is
only one entrance channel for a given resonance and
when only one or two open decay channels contri-
bute significantly. Most of the measurements were
performed in the nuclear 1£-2p shell, with some data
in the 2s-1d shell.

We should like to extend these measurements to
targets with spin. Considering odd-mass targets in
the 2s-1d shell avoids the complexities of many open
neutron channels and of very high level densities.
Although the neutron channel is normally closed for
proton bombarding energies of a few MeV, there are
usually several open inelastic decay channels and
often open alpha channels. The analysis is further
complicated by the possibilities of channel spin mix-
ing and of orbital angular momentum mixing. Both
broad and very narrow resonances are observed in
scattering from these nuclei; thus high resolution is
required for the detection and analysis of the small
resonances, and a multilevel, multichannel analysis
is necessary to fit the broad, interfering levels.
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For excitation energies of the compound systems
formed in low energy proton scattering, the available
spectroscopic information is much more extensive
for spin-zero targets than for odd-mass targets.! In
particular, there is very little good resolution elastic
scattering data for odd-mass targets. The detailed
spectroscopy possible with odd-mass targets, includ-
ing channel spin mixing and / mixing, is of interest
in its own right. A further motivation is imparted
by the significance of channel spin mixing and /
mixing for fundamental symmetry tests with reso-
nances. The importance of / mixing for time rever-
sal invariance tests was pointed out by Pearson and
Richter? and demonstrated in a test of detailed bal-
ance by Driller et al.® Parity mixing for compound
states is discussed by Sushkov and Flambaum* and
has been demonstrated experimentally by Alfimen-
kov et al.> The significance of channel spin mixing
is shown in their results. Time reversal invariance
tests utilizing polarization from resonances have
been proposed by Barker and Ferdous.® Improve-
ment of the spectroscopy in this mass region, partic-
ularly for channel spin mixing and / mixing, is
necessary to select resonances which are best suited
for symmetry tests.

The nucleus ?°Si was chosen for a first study of
odd-mass targets because the most information was
available from previous good resolution experiments,
the level delnsity was relatively low, and the ground
state spin + introduces less complexity than higher
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spins. The »Si(p,p) reaction had been studied previ-
ously with poor resolution by Storizhko and Popov,’
L'vow et al.,® and with better resolution by Poirier
et al.® and Hemsky et al.'®

In the present experiment the excitation functions
for *Si(p,p), (p,p1), and (p,p,) were measured from
1.29, 2.40, and 3.09 MeV, respectively, to 3.31 MeV.
The overall resolution was 350 to 400 eV (FWHM).
Sixty-six resonances were observed and fit; twenty-
eight had not previously been fit and five of these
had not been observed as resonances in elastic
scattering. The experimental procedure is described
in Sec. II while details of the analysis are given in
Sec. ITI. Results of the analysis are presented in Sec.
IV and analog states are discussed in Sec. V.

II. PROCEDURE

The experiment was performed with the 3 MV
Van de Graaff and associated high resolution system
at TUNL. This system has been described else-
where.!"!2  The targets consisted of 0.8 to 1.3
pg/cm? Si enriched to 95% in 2°Si, evaporated onto
2 pg/cm? collodion coated carbon foils. The vacu-
um evaporation was performed with a closed Ta
boat and Ta powder as a reducing agent. This
method appeared to give lower oxygen contamina-
tion than the electron gun method, and due to eva-
poration at temperatures just above the melting
point of SiO, the Ta contamination was also slight.

Surface barrier detectors placed at laboratory an-
gles of 90°, 105°, 135°, and 160° detected the scat-
tered protons. Dead time and pulse pileup problems
due to the strong '2C(p,p) resonances near E,=17
MeV were minimized by electronically gating the
carbon peak out of the spectra, and by using very
thin target backings. In addition data were buffered
in a CAMAC module and transferred directly to
computer memory to reduce system dead time.
Data were taken in energy steps of 100 eV over
small resonances and in steps less than 500 eV over
very large resonances and off resonance. Typical
beam currents of 3 to 6 pA with counting times of
30 to 60 sec maintained 1% counting statistics in
the off resonance yield. Absolute energy calibra-
tions!> were based on the ’Li(p,n) threshold at
1.8806 MeV and the *C(p,n) threshold at 3.2357
MeV. Absolute energies are believed accurate to +3
keV, while relative energies over a small energy
range are reproducible to a few hundred eV. The
contribution from broad resonances'* in the 2Si
contaminant was calculated and subtracted from the
cross section. This contamination arose from both
the isotopic material (4.4%) and from natural silicon
from the target preparation. The 28Si fraction was
experimentally determined to be 7%. In addition an

f-wave analog state'® at E,=2.187 MeV from the
0.36% °Si contaminant was observed in the 160°
cross section.

III. ANALYSIS

For protons elastically scattered from a spin %
target the channel spins are s=0 and 1. Natural
parity resonances allow only channel spin mixing,
while unnatural parity resonances allow only / mix-
ing. The elastic scattering channel spin mixing ratio

is defined as

§=Fp,s=l,1/[r,s=0,1+rp,s=1,11 ’ (1)
and the / mixing ratio is
€=i_[rp,s=1,l+2/]:‘p,s=1,1]1/2 ’ (2)

where I, ; is the laboratory width for elastic
scattering of the /th partial wave with channel spin
s. Thus, & varies between zero for pure s=0 and un-
ity for pure s=1, while € is zero for formation with
only the lowest / value, and is infinite for formation
with pure / 4+ 2. The spin of the first excited state
of Si is ; thus exit channel spins are 1 and 2. The
second excited state has J = %, and the possible exit
channel spins are 2 and 3. Both channel spin and !/
mixing may occur simultaneously in the inelastic
channels. For the nth inelastic group we define the
channel spin mixing as

§n=zrpn,s>,1/rpn s (3)
1

where s, is the higher channel spin and T, is the

total inelastic width in the nth channel. The two
exit / mixing ratios are defined as

en(s)=i[rpn,s,l+2/rpn,s,l]1/2 . (4)

Note that / mixing is a coherent process while chan-
nel spin mixing is incoherent.'®

The data were fit utilizing our group’s R matrix!’
based computer program. Spins up to J=6 and /
values up to 4 were considered in the analysis.
Higher I’s are ruled out by Wigner limit considera-
tions. The capture channel is usually insignificant
and was neglected in the analysis. With the aid of
shape analysis and the (p,p’) angular distributions, /
values were determined for almost all of the reso-
nances. A best visual fit to the data was obtained by
varying the spin J, resonance energy E,, and the
magnitudes and phases of the allowed reduced width
amplitudes which contribute to a resonance of given
J. The resolution width was determined by fitting
resonances with widths smaller than the experimen-
tal resolution. The shape of the resolution function
was approximated by a Gaussian, with a low energy
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Lorentzian tail to reproduce beam straggling effects.

The (p,p), (p,p:), and (p,p,) groups and parame-
ters for all 66 resonances were included in the final
fit. For very small resonances the J values were in-
definite, but / assignments were made for all but one
of the resonances observed. Provided the resonance
is sufficiently large, the channel spin mixing and /
mixing can usually be determined. An example of
channel spin mixing is given in Fig. 1. The fits with
pure channel spins are shown with the data and best
fit. The lower cross section of the best fit is a result
of channel spin cross terms in the expression for the
differential scattering cross section.

Since ! mixing is coherent, in principle, it is possi-
ble to determine the relative phases of the ampli-
tudes for the two partial waves. In practice, few res-
onances were observed for which the higher partial
wave contributed more than expected from penetra-
bilities; thus only an upper limit could normally be
placed on the mixing. At the higher energies, where
greater mixing is expected, overlapping levels make
determination of / mixing less certain. In Fig. 2 the
best fit for the ! mixed, J™=17 resonance at
E,=2.96 MeV has the same relative phase for the
1=0 and 2 reduced width amplitudes, while the fit
for opposite relative phases is obviously much poor-
er. Shape analysis determines the predominant /
value for resonances for which mixing is not appre-
ciable.

Inclusion of the relative phases of interfering reso-
nances was essential to obtain good fits in all chan-
nels in the regions with many overlapping reso-
nances. Coherent level-level interference between
the broad 1~ states was observed in the elastic chan-
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FIG. 1. The excitation function and best R-matrix fit
with a channel spin mixing ratio of 0.45 for the J"=1~
resonance at E,=1.79 MeV. The fits for pure channel
spins are much poorer. For clarity the two small reso-
nances near E,=1.77 MeV have been omitted from the
fits with pure channel spins.

140 T T T

29,
120} Si(p,p) _
— €=+075 ;

do/dQ (mb/sr)

294 2.95 2.96
Ep (MeV)

FIG. 2. The excitation function and R-matrix fits for
the / mixed, J"=1% resonance near E,=2.95 MeV. The
best fit was obtained with the same relative phase for the
reduced width amplitudes of the two / values.

nel as well as for other resonances in the inelastic
channels.

The fits in the region from 1.29 to 2.55 MeV were
very good and the procedure here was to normalize
the data to the fit; the fit included parameters of all
resonances. Above 2.55 MeV the higher level densi-
ty with broad overlapping levels made proper nor-
malization more difficult. Thus the data normaliza-
tion was fixed at the previously determined value,
except when corrections were necessary for yield
changes due to replacement of the target. Since the
presence of the broad 0~ levels in this region was
not apparent until all of the other levels had been fit,
this normalization procedure was important. Note
that although the cross sections above 2 MeV are
very different from Rutherford, they are well repro-
duced by the inclusion of all of the observed levels
and of Rutherford and hard sphere scattering.

IV. RESULTS

The four angle excitation functions are shown in
Figs. 3 and 4. The solid line is the R-matrix fit to
the data. The extracted resonance parameters are
listed in Tables I and II. Total reduced widths ,°
are defined as

Vo 2= DTy 1/2P; (5)
s,1

where the Coulomb penetrability, P;, is calculated
from the Coulomb wave functions evaluated at a
channel radius R, =1.25(1 4+ 4'/?) fm.

Qualitatively the agreement with previous data is
fairly good. Of the 15 resonances seen in the (p,y)
reaction'® in the range E,=1.1-1.8 MeV, three
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FIG. 3. The *Si(p,p) differential cross section for the

region E,=1.29 to 2.50 MeV at four angles. The solid
line is the R-matrix fit to the data.

have not been observed in elastic scattering. These
are located at E,=1.324, 1.746, and 1.749 MeV.
Spin assignments below E,=1.8 MeV agree with
previous results; however, the resonance at 1.302
MeV has unnatural parity! and is thus assigned
J=1.

In general, the resonance energies of Poirier et al.
are higher than those of the present measurement,
with the difference increasing with energy to a max-
imum of about 5 keV. Other major differences are
the following: (1) The 1.506 MeV, 4~ doublet of
Poirier et al. appears as a single resonance. This en-
ergy region was remeasured several times with good
statistics and with better resolution than in the pre-
vious measurement. For example, this is evident
from our observation of the small f-wave resonance
at 1.502 MeV which was very poorly resolved in the
previous experiment. No doublet structure was ob-
served. (2) The resonances at 1.7691 and 1.7708

295 (p.p) Hiob:'eo '

(mb/sr)

do/d

29
Ep (MeVv)

FIG. 4. The *Si(p,p) and (p,p,) differential cross sec-
tions for the region E,=2.39 to 3.31 MeV at four angles.
The solid line is the R-matrix fit to the data.

MeV were not observed in earlier elastic scattering
measurements. (3) Three new levels were observed
at 2.0336, 2.2659, and 2.2829 MeV. (4) The 2.2275
MeV level was assigned J=1 rather than J=0. (5)
No evidence was seen for the 2.337 MeV, 0T reso-
nance with a reported width of 15 keV. Also in this
region the energies of the resonances at 2.3771 and
2.3588 MeV were 8 keV higher than the previous re-
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TABLE I. The *Si(p,p) and *Si(p,p,) resonance parameters.

Epa rpd ,yp2e Fp]d ,VPIZe
(MeV) Jro ° & € (keV) (keV) L & ef (keV) (keV)
1.3020 o,1)* 0 0.025 0.43
1.3268 2~ 1 0.0 3.1 150.0
1.3737 1~ 1 0.0 5.4 220.0
1.4709 2- 1 0.0 0.70 20.0
1.5023 (2,3,4)~ 3 1.0 0.020 67.0
1.5060 4- 3 0.045 150.0
1.6393 1~ 1 0.5 15.0 250.0
1.6639 2,(1)* 2 1.0 0.030 33
1.6685 ot 0 0.16 0.86
1.6844 2- 1 0.0 4.50 65.0
1.7698 1- 1 1.0 0.11 1.2
1.7715 2,4)" 3 © 0.045 50.0
1.7881 1~ 1 0.45 16.5 179.0
1.9637 1+ 0 0.0 35 10.0
2.0336 3,(D)* 2 0.0 0.040 1.5
2.0361 (1,2,3)* 2 1.0 0.040 1.5
2.0535 2- 3 © 0.17 75.0
2.0789 3+ 2 0.0 0.23 7.50 2 1.0 0.0 0.015 380.0
2.1203 3+ 2 0.0 0.065 1.9
2.2223 1- 1 0.55 52.0 230.0
2.2294 1+t 0 0.0 0.53 1.0
2.2679 (2,3,4)" 3 1.0 0.017 4.1
2.2849 (2,3,4)~ 3 1.0 0.010 2.3
2.3095 (2,3)~ 3 1.0 0.050 11.0 1 0.0 0.0 0.4 120.0
2.3588 4- 3 0.015 2.9
2.3771 2” 1 0.0 70.0 240.0
2.4063 2t 2 1.0 0.38 6.1 08 0.0 0.02 1.0
2.4183 o+ 0 28.0 41.0
2.4866 o+ 0 1.0 1.4
2.4901 1~ 1 0.98 43 12.0 1 0.85 0.0 0.35 37.0
2.4979 (1,2,3)* 2 1.0 0.65 0.88 08 0.0 0.002 0.060
2.5056 2+ 2 0.0 0.16 2.1 08 0.0 0.11 32
2.5221 2,(1)~ 1 1.0 0.0 0.05 0.14 1 0.0 0.0 2.2 200.0
2.5881 1+ 0 0.0 7.4 9.1
2.5992 2+ 2 1.0 0.32 3.6 0 —0.50 0.75 94.0
2.6602 1- 1 1.0 1.7 3.9 1 0.5 0.0 0.18 8.6
2.6761 1+ 0 0.0 18.0 20.0
2.6826 3~ 3 1.0 0.70 6.5 1 1.0 0.0 0.60 26.0
2.7019 4- 3 0.040 3.6 3 h 0.010 61.0
2.7027 o+ 0 13.0 14.0
2.7057 0~ 1 30.0 65.0
2.7745 2- 3 © 0.060 4.6 1 0.30 0.0 0.26 7.9
2.7766 2+ 2 0.80 1.3 11.0 0 0.0 0.030 0.30
2.8188 1+ 0 —0.30 6.0 9.5 08 0.0 2.7 24.0
2.8509 4~ 3 0.17 11.0 3 h 0.002 6.0
2.8529 2- 1 0.0 2.4 4.4 1 0.35 0.0 1.0 24.0
2.8886 3+ 2 0.0 0.10 0.72 2 1.0 0.0 0.020 3.1
2.9014 2+ 2 0.20 0.24 1.7 0 0.0 0.40 2.7
29115 3- 3 0.0 0.040 2.4 1 0.0 0.060 1.1
2.9361 2+ 2 0.30 1.3 8.7 0 0.0 0.10 0.62
2.9562 1+ 0 0.75 2.3 6.5 2 0.5 © 0.60 73.0
2.9902 4~ 3 0.10 5.2 3 h 0.016 27.0
3.0042 1- 1 0.70 37.0 58.0 1 0.0 0.0 2.0 29.0
3.0253 0~ 1 200.0 300.0
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TABLE 1. (Continued.)

E,? L, 75 FPld 7/1’1“
(MeV) Jme I £ € (keV) (keV) I & ef (keV) (keV)
3.0656 1- 1 020 25.0 37.0 1 0.5 0.0 4.4 54.0
3.0914 2+ 2 090 0.50 2.7 0 0.0 0.60 2.6
3.1299 2+ 2 00 0.60 3.1 0 1.0 —0.33 1.0 10.0
3.1379 1+ 2 w 3.0 15.0 08 0.0 15.0 58.0
3.1432 4= 3 0.45 18.0 3 h 0.010 9.4
3.1537 3= 1 020 0.60 23.0 1 0.0 0.50 4.9
3.1594 2+ 2 10 0.12 060 0 0.0 0.020 0.070
3.1741 2~ 1 0.0 4.0 5.4 1 0.95 0.0 1.8 17.0
3.1821 2~ 1 0.0 1.5 2.0 1 0.30 0.0 0.14 1.3
3.2224 1+ 0 0.50 38.0 59.0 05 020 i 10.0 130.0
3.2451 4= 3 0.30 10.0
3.2656 (1*) 2 3.0 13.0 08 0.0 30.0 90.0

*Laboratory energies are quoted. The absolute energies should be accurate within 3 keV. Except for very large resonances,
the relative energies over a small energy range should be accurate within a few hundred eV.

®Spin assignments have been listed according to the following convention: 0% definite spin and parity; 1,(0)* definite /
value, with the preferred spin outside of parentheses; (0,1)* definite / value, spin not completely determined; (0+) possible /

value and J™.
°For € infinite the higher [ value is listed.

9If several spins are listed, the widths and mixing ratios are given for the first spin listed.

‘Total reduced widths corresponding to the total laboratory widths listed are calculated according to Eq. (5).
fExcept as noted, simultaneous channel spin mixing and / mixing were not observed.

EParameters quoted for inelastic decay are for the lowest possible / values in ambiguous cases.

"The exit channel spin is undetermined.
i€,(1)=0.0, €,(2) infinite.

sults. (6) Significantly lower channel spin mixing
ratios were previous assigned for the J"=1" states
at 2.222 and 2.490 MeV. (7) Widths for eight reso-
nances varied more than 30% from the present
values. The less comprehensive analysis and poorer
resolution probably account for most of these differ-
ences.

The comparison with the data and analysis of
Hemsky et al. is also qualitatively good with the
following exceptions: (1) The 2.8474 MeV resonance
was assigned J=2 instead of J=4. (2) The reso-
nance at 2.9802 MeV has /=3, not /=4. (3) The
channel spin mixing ratios previously assigned for
the resonances at 2.5056, 2.6602, and 2.8529 MeV
are very different from those in this work. (4) The /
mixing ratios for the states at 2.5881 and 2.6761
were nonzero in the previous analysis. (5) Almost
all of the widths differed some 30 to 60 % from the
present results. These discrepancies can be attribut-
ed to our improved treatment of resonance interfer-
ence, better normalization procedures, and more pre-
cise treatment of the inelastic widths. Some 23 reso-
nances analyzed in the present study were omitted in
the previous analyses.

The errors associated with the fit parameters list-

ed in Tables I and II have been estimated by examin-
ing the range over which each parameter could be
varied without appreciably degrading the fit. Below
2.7 MeV the errors were smaller than in the compli-
cated higher energy regions. As a guide the errors
in the widths are 10% below 2.7 MeV and 20%
above 2.7 MeV. Typical errors in the channel spin
mixing ratios are 8% below 2.7 MeV and 15%
above this energy, while the errors in the ! mixing
ratios are 10% for small isolated resonances and up
to 30% for the broad overlapping resonances.

V. ANALOG STATES

Five analogs have previously been identified in
our energy range.! The analogs of states in 3°Si at
E,=6.503, 6.537, 6.641 (doublet), and 6.744 MeV
have been identified as the resonances in *°P at
E,=1.506, 1.664, 1.669, 1.684, and 1.788 MeV, with
JT=4-,2%,0%, 27, and 17, respectively. Our re-
sults are consistent with these assignments. In addi-
tion, the analogs of the 2~ state at E, =7.508 MeV
and the 17 state at 8.163 MeV are identified as the
resonances at E,=2.377 MeV and the doublet
around 3.003 MeV.
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TABLE II. The ?Si(p,p,) resonance parameters.

E,* Ty, 7p22
(MCV) JT 12 52 € (kCV) (keV)
3.1299 2+ 0 0.0 0.15 10.0
3.1432 4- 1 0.0 0.080 18.0
3.1537 3~ 1 1.0 0.0 0.20 42.0
3.1594 2+ 0 0.0 0.18 10.0
3.1741 2- 1 0.0 0.0 0.50 93.0
3.1821 2- 1 0.0 0.0 0.50 89.0
3.2451 4- 1 0.0 0.010 1.2

2Conventions are the same as in Table 1.

Identification of analog states is made on the basis
of angular momentum, energy, and strength. An es-
timate of the analog state energy is obtained with
the aid of an approximate value of the Coulomb dis-
placement energy and the relation

E-=B, +E;'m' —E, ,

where E( is the Coulomb displacement energy, B,, is
the binding energy of the last neutron in the parent
nucleus, E;™ is the center of mass energy of the
analog resonance, and E, is the excitation energy of
the parent state. E. was calculated with the value!’
B,=10.610 MeV. Strengths may be compared
through the spectroscopic factors, the direct reaction
spectroscopic factor Sy, and the analog spectro-
scopic factor

S,=(2Tg+1)T, /T, ,

where T, is the isospin of the target nucleus, I', is
the analog laboratory width, and Ty, is the proton
single particle width. Values of I, were calculated
with the methods described by Harney and
Weidenmiiller.

For nuclei with very low level densities analogs
occur as individual states. For nuclei with high lev-
el densities analogs are fragmented, and are normal-
ly strongly enhanced with respect to the background
states. In either case identification is a simple pro-
cess. However, there are intermediate situations
where the identification process is not as clear, and
for which quantitative strength comparisons are not
very meaningful. Some of the analogs in the present
measurement appear to fall into this latter class. To
aid in the discussion of analog identification, the re-
duced widths are plotted in Fig. 5 for resonances
with J7=07%, 17, 2%, 2~ (with /=1), and 4~. Ana-
log parameters are listed in Table III.

Arguments for identification of analog states are
as follows:

1. J™=4~. A strong analog is expected near
E,=1.5 MeV and is observed as a single resonance.

The spectroscopic factors are in agreement. Other
/=3 strength has been observed in the (d,p) reaction
but no definite J values have been assigned.

2. J"=1". Strong analogs are expected near
E,=1.7 and 3.0 MeV. Since there is a very large
concentration of strength in the region of the lower
analog state, no realistic value of the analog state
strength can be obtained. Most of the analog
strength lies in the state at E,=1.788 MeV, al-

295i (p,p)
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FIG. 5. Reduced widths for Si(p,p) for J™=1", 2~
(I=1 only), 4=, 0%, and 2*. Analogs observed are the 1~
state at 1.79 MeV, the 1~ doublet near 3.02 MeV, the 2~
states at 1.68 and 2.38 MeV, and the 4~ state at 1.51
MeV. The 07 states near 1.67 and 2.42 MeV and the 2+
state at 1.66 MeV are probably analogs.
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TABLE III. Analog state parameters.

E:* E®® Ec | g T,
JT (MeV) l (MeV) (MeV) (keV) (keV) S, Sap°
4~ 6.503 3 1.506 5.566 0.21 0.045 0.43 0.43
2+ 6.537 2 1.664 5.682 2.9 0.030 0.01
ot 6.641 0 1.669 5.582 59.0 0.16 0.003
2- 6.641 1 1.684 5.597 54.0 4.5 0.17 0.09
1~ 6.744 1 1.788 5.594 50.0 16.5 0.66 0.33
2~ 7.508 1 2.377 5.400 230.0 70.0 0.61 0.34
1~ 8.163 1 3.025 5.352 476.0 62.0 0.26 0.23

Excitation energies in *°Si from Ref. 1.

®Values of Ty, are averaged over n=1 and 2 for J=2, and also over j= % and % for J=1.

“Spectroscopic factors from Ref. 1.

though y decay of the resonance at E,=1.639 MeV
demonstrates isospin mixing.! The strength for the
higher analog may be reliable. There are several ad-
ditional complications. The states excited by /=1
transfer in this mass region may have principal
quantum numbers n=1 or 2, and for J =1, can have
particle angular momenta j —-% and —. The strip-
ping reaction determines neither n nor j. The reso-
nance reaction determines two possible solutions for
the relative j contribution. Fortunately, the value of
[, is not very sensitive to these changes; we use an
average value of I'y,. The spectroscopic factor for
the lower 1~ analog does not agree with the (d,p)
value, while the spectroscopic factor for the upper
analog agrees.

3. J™=27. Analogs are expected near E,=1.7
and 2.4 MeV. Since there are background states
with comparable strength, especially for the lower
analog, strength comparisons are not expected to be
significant. The spectroscopic factors disagree for
both analogs.

4. J™=0%. The O resonance at E,=1.6685 has
been identified as the analog of the 30si state at

E,=6.641 MeV. The 07 level at E, =7.44 MeV in
3°Si could correspond to one of the 0% resonances
observed. There are no (d,p) spectroscopic factors
for these states.

5. J™=2%. One very weak state at E,=1.6639
MeV has been identified as the analog of the 6.537
MeV state in *°Si. There are several other 27 states
in %°Si which would correspond to weak analog reso-
nances. Several 2% resonances are observed, but it is
not possible to make definite assignments.

The analog state results are in reasonable agree-
ment with previous assignments. The analog spec-
troscopic factors for the lower energy 1~ resonance

and the 27 resonances are larger than the (d,p) spec-
troscopic factors. This is surprising since for analog
states in 1/-2p shell nuclei the analog spectroscopic
factors were systematically lower than the (d,p)
values.'> However, values of S, greater than Sy,
have been previously observed in the 2’Al-2’Mg iso-
baric pair.!! In the present case, mixing of the large
background strength with the analog states probably
accounts for most of these discrepancies.

V1. SUMMARY

Differential cross sections were measured for the
Si(p,p), (p,p1), and (p,p,) reactions from E,=129
MeV for (p,p), 2.40 MeV for (p,p,), and 3.09 MeV
for (p,p,) to 3.31 MeV. Resonance parameters were
extracted for 66 resonances with an R-matrix
analysis code. Several analogs were identified and
Coulomb energies and spectroscopic factors ob-
tained.

The major importance of these results is the
demonstration that, in spite of additional analysis
complications, excellent overall fits can be obtained,
and channel spin mixing parameters and / mixing
parameters can be well determined. High resolution
experiments on other odd-mass targets in this mass
region are now in progress.
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