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The Al(p, po), (p,p1), (p,pq), (p,ao), and (p,a1) excitation functions were measured at 90', 105',
135, and 160' in the range E~=1.85—3.05 MeV with an overall resolution of 350—400 eV full

width at half maximum. Resonance parameters were extracted for 73 resonances with a multilevel,

multichannel R-matrix analysis code; these parameters include resonance energy, total angular
momentum, partial widths, and channel spin and orbital angular momentum mixing ratios. Eight
analog states were identified, and the Coulomb displacement energies and spectroscopic factors were
calculated. The values of the s-wave strength functions for J=2 and 3 are SJ q ——0.042 and

Sg —3 —0.012. The spectroscopic strengths of the J =4, 5, and 6 particle-hole states are
presented and compared with other results.

E. INTRODUCTION

This paper presents results from an extensive study of
proton resonances in Si. A recent paper' described the
results in the range Ep 0 92 1.85 MeV, while a prelimi-
nary value for the width of the 6, T= 1 state in sSi was
reported earlier. Here the measurement and analysis of
the Al(p, po), (p,p, ), (p,p2), (p,ao), and (p,a, ) resonance re-
actions are described for the range E„=1.85 —3.05 MeV.
Seventy-three resonances were observed and analyzed in
this energy range with an overall resolution of 350 to 400
eV (FWHM). Although the analysis of these data in-
volves numerous possible mixings and up to seven reso-
nance angular momenta, most of the resonances were suc-
cessfully analyzed with little remaining ambiguity.

Only two previous elastic scattering studies have been
performed in the range E~=1.85—3.05 MeV. An early
experiment with good energy resolution but with no
analysis was performed by Shoemaker et al. , while in a
more recent poor resolution experiment a few resonances
in this range were analyzed by Rahman et al. The (p,a)
reaction has been studied with poor resolution by Abuzeid
et al. , Zolnai et al. , and Hsu et al. Resonance angular
momenta and parities were determined for some of the
resonances observed in the (p,a) reactions. Studies of the
(p,y) reaction by Meyer et al. and of the (p,y), (p,p'y),
and (p,ay) reactions by Dalmas ' provided information
on the energies, total widths, decay strengths, and some of

the resonance angular momenta in this energy range. The
data as of 1978 were summarized by Endt and Van der
Leun. " The present results provide the partial widths, to-
tal widths, mixing ratios, orbital angular rnomenta, and
many of the resonance spins. The equipment and pro-
cedures are described in Sec. II and the analysis and spec-
troscopic results are presented in Secs. III and IV. A dis-
cussion of analog states is given in Sec. V.

The spin dependence of s-wave neutron (or proton)
strength functions may be used to infer an optical model
spin-spin potential energy term. ' The 25 nonanalog, s-
wave resonances in ~ Si for which spins were uniquely
determined form the largest such data set for proton
scattering. The s-wave strength functions are presented in
Sec. VI.

Several papers providing information on the 6, T= 1

state in Si have been published since our preliminary re-
port of the proton width. Our value for I ~ is in good
agreement with the value obtained by Snover et al. ' from
a study of the (p,y) reaction. In Sec. VII we discuss the
implications of our data for some of the current theories
on the quenching of the single particle strength of the 6
state. Comparisons are also made with the strength ob-
served in other reactions.

II. EXPERIMENT

The experiment was performed with the upgraded
model KN Van de Graaff accelerator and the associated
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high resolution system at Triangle Universities Nuclear
Laboratory (TUNL). This system has been described else-
where. ' ' Targets consisted of 0.6 to 1.4 pg/cm Al
evaporated onto 5 pg/cm C foils. Data were taken in
steps of 100 to 600 eV. The experimental procedures are
described in Ref. 1.

The scattered protons and alpha particles were detected
by Si surface barrier detectors at laboratory angles of 90,
105', 135', and 160'. The alpha particles which decay to
the first excited state of Mg have almost the same ener-

gy as the protons elastically scattered from ' O. In order
to observe the a~ decay, three 40 pm thick transmission
surface barrier detectors were placed opposite the proton

detectors at laboratory angles of 120', 135', and 150'. Pro-
tons with energies greater than 2.4 MeV are not complete-
ly stopped in these thin detectors, thus permitting separa-
tion of the po and a~ peaks at bombarding energies above
2.4 MeV. At lower energies the very small penetrabilities
inhibit a& decay. The ao decay was monitored in the
transmission detectors to provide normalization of the
yields of the two sets of detectors.

III. ANALYSIS

For proton scattering from Al at energies below 3.05
MeV there are ten open particle channels: elastic scatter-
ing, inelastic scattering to the first five excited states of

TABLE I. Allowed channels for proton resonances in Si. + indicates decay is kinematically inhibited. + + indicates decay is
forbidden by conservation of parity.

pp pi p2 CXp

0+

0

2
2

3+

3
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Al, and alpha decay to the ground state and first three
excited states of Mg. Only the po, pi, p2, ao, and ai
channels have strong decay for E~ &3 MeV. The other
particle channels and the capture channels wery neglected
in the analysis.

Resonance spin angular momenta up to 7 and l values
up to 4 were considered in the elastic scattering analysis.
Since no l=4 strength was observed, we neglect l =4 elas-
tic scattering in our discussion. The combinations of
channel spins and l values considered for the observed
channels are listed in Table I for each J". For example, a
J =1+ resonance has two elastic scattering channels,
1=2 (1=4 is neglected) with s=2 or 3, and thus channel
spin mixing can occur. For a J =2 resonance there are
four possible elastic channels, l= 1 or 3 with s= 2 or 3, al-
lowing both channel spin mixing and I mixing. The four
possible partial widths for elastic or inelastic proton
scattering may be expressed in terms of the total elastic or
inelastic proton width, a channel spin mixing ratio, and
two /-mixing ratios. Channel spin mixing and l mixing
can occur for proton channels, while only I mixing can
occur for ai decay. No mixing is possible for ao decay
In addition, ao decay occurs only for natural parity states.

The channel spin mixing ratios are defined for the nth
proton decay channel as

g„=+ I p, i/I p
I

where s & is the higher channel spin and I ~ is the total
~n

width in the nth decay channel. The I-mixing ratios are
defined as

(2)

For convenience we define the corresponding mixing an-

gles P as

tan(g ) =e

The subscript n is omitted for the elastic scattering mix-
ing ratios. A similar I-mixing ratio can be defined for the
a& channel, but no I mixing was observed in the o;~ decay.
In all cases the range of g is from 0 to 1, and the range of
g is from —90' to + 90'.

Due to very small penetrabilities, the observation of de-
cay with higher I values and therefore of strong l mixing
is extremely reduced at the lower energies. At higher en-
ergies larger I-mixing ratios are possible, but on the aver-
age the lower l values should dominate by the ratio of the
I and 1+ 2 penetrabilities. In practice, determination of
l mixing was difficult because the l-mixing ratios were ex-
tremely small at low energies, and at higher energies in-
terference between resonances made determination of mix-
ing much more difficult. For nonelastic decay the
amount of l mixing could not be determined from the
present measurements; the lowest possible I values were
used in fitting the data.

In contrast, channel spin mixing is not dominated by
such kinematic effects. Correspondingly, a wide variety
of channel spin mixing ratios is observed over the entire
energy range. When the entrance mixing was determined
from the elastic scattering data, the inelastic channel spin

IV. DATA

The 160' data and fit are presented in Figs. 1 and 2,
where the solid line is the R-matrix fit to the data. The
extracted resonance parameters are listed in Tables II—IV.
Total reduced widths y~ are defined as

2
y = QI, i/2P(,

s, l
(4)

where the Coulomb penetrability, Pi, is calculated from
the Coulomb wave functions evaluated at a channel radius
R, =1.25(1+2 '

) fm.
The fits in the energy range from 1.85 to 2.4 MeV are

very good. The data were normalized to the fit in this re-
gion. Above 2.4 MeV the number of overlapping levels,

200 I

150—

AI (p, p ) 8I~b= 160

b 0—
10-
0-

o--
20-

~ Al(p, p2)

AI(p, p )

0 JL
1.7 1.9 2.0 2.1 2.2 2.4

Ep(MeV)

FICz. 1. The 160' data and fit in the range E~=1.67—2.42
MeV. The solid line is the R-matrix fit to the data. Uncorrect-
ed laboratory energies are plotted.

2',51.8

mixing ratio could often be determined from the inelastic
angular distribution.

The data were fit with an R-matrix' based computer
program. ' The fitting procedure has been described pre-
viously, and examples of the deterinination of resonance
angular momenta and mixing ratios have been given. "
All decay channels were fit simultaneously. Parameters
for all resonances were included in the final fit, including
the parameters in the lower energy region (0.92—1.85
MeV) and a qualitative fit to several large resonances
above 3.05 MeV. Although data were measured up to 3.4
MeV, the large nuinber of overlapping levels at higher en-
ergies made the fitting procedure extremely difficult. In
addition, as one approaches the top of the Coulomb bar-
rier the approximation of the background as Rutherford
plus hard sphere scattering is no longer valid. This is ap-
parent in the poorer fits obtained at the higher energies.

Our multilevel, multichannel, R-matrix analysis pro-
gram was expanded to allow simultaneous fitting of five
particle groups with numerous possible combinations of
angular momenta. This analysis was made feasible by the
new VAX 11/780 computing facilities at TUNI. includ-
ing the associated graphics terminals and software. '
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@ a

(Mev) j'c

TABLE II. Resonance parameters for Al(p, p) and Al(p, ap).

q d y d I e 2f

(deg) (&eg) (keV) (keV) 1a&

I a

(keV)

2f
ga&

(keV)

1.8981
1.9060
1.9090
1.9637
1.9680
1.9774
2.0329
2.0450
2.0485
2.1069
2.1262
2.1308
2.1313
2.1549
2.1595
2.1711
2.2002
2.2003
2.2056
2.2293
2.2860
2.3032
2.3105
2.3120
2.3300
2.3607
2.3731
2.3902
2.4030
2.4418
2.4716
2.4751
2.4827
2.4872
2.4883
2.5172
2.5304
2.5436
2.5553
2.5560
2.5728
2.5829
2.5975
2.6030
2.6044
2.6138
2.6703
2.7132
2.7216
2.7234
2.7263
2.7410
2.7592
2.7620
2.8099
2.8148
2.8226
2.84S8
2.8505

4+
1
5+
2
2+
3
2+

5(4)+
3+
2
3+
2+

(1,2+ )

(3,4)
4+
2+

2(3)+
4+
3
1

3
4+
1

3+
(3,4)

3
3

(3—6)
1
2+
4+
2+

4(5)+
5
2+
4+
1

3(2)
5(4)+

2+
2+

(2 )'
3
1+
4+
5

4(3)
3+
4+

(2 )'
5+
3+

(3)
2+
2+
4+

4+
(4, 5)+

2
1

2
1

0
1

0
2
0
1

0
0
0
1

2
0
2
2
1

1

1

2
1

0
1

1

1

3
1

0
2
0
2
3
2
2
1

1

2
0
0
1

1

2
2
3
1

0

1

2
1

2
2

0.15
0.0

0.0
0.15
0.90
0.05

0 95h

0.05
0.80
0.0
0.0
10
0.50
0.30

g
0.25
0.6
0.0
0.10'
0.0
0.0
1.0
0.95'
0.6S
0.05

g
0.0
0.0
0.40
0.25
0.15
0.75
0.0
1.0
0.0
1.0

o zo"'
0.50
0.40
0.50
1.0
0.0
1.0
1.0
1.0
0.0
1.0

0.60'
1.0
0.0
0.0
0.0
0.0
0.70

15
0

10
90

0

0
—20

90

+ 30

~1S
0

50
0

0.060
19.
0.080
4.0
1.4

31.
8.5
0.15
1.8

11.
0.57
5.0
0.12
0.45
0.17
0.43
0.50
0.04

20.
35.
2.7
0.15
2.0
0.32
2.2
2.5
4.7
0.035
2.5
2.2
0.050
1.5
2.6
0.30
0.30
0.080
3.0

45.
1.2
2.4
4.0

36.
1.2
1.0
0.15
0.20

13.
0.80
1.0
3.0
0.60
1.4

35.
25.
0.60
0.20

40.
0.17
0.070

2.5
124.

3.3
23.
9.9

173.
32.
4.4
7.0

49.
3.8

16.
0.21

35.
3.9
3.4

10.4
0.83

75.
126.
54.
2.5
6.3
0.46

34.
7.4

14.
5.2
6.9
5.1

0.60
6.2

31.
38.

3.6
0.91
7.0

105.
13.
6.5

23.
79.
2.6
9.8
1.5

19.
110.

0.78
8.2
5.6
4.9
8.6

63.
23.
0.54
1.4

68.
1.2
0.47

0.080
0.80

0.040
1.0
0.15

0.65

0.08
0.90

0.15

0.007
1.7

1.4
2.4

0.20
3.0
0.20
1.0

0.080
0.005

1.8

3.0

0.60
0.040

0.90
0.20
1.2

0.38

21.
6.2

0.58
45

1.8

6.3

9.7
8.0

16.

0.58
5.5

2.4
40.

0.55
15.

4.7

0.37
0.24

7.0

31.

24.
8.4

2.5
0.52

30.
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TABLE II. ( Continued).

Ep'

(MeV) j'c
g d

(deg)

d

(deg)

r,'
(kev)

2f

(keV) laO

I
(keV)

2f
Pao

(keV)

+10 94
209.

5.5
27.
14.
0.62
6.2
6.0

31.
8.5
4.7
7.1

13.
1.1

46.0.50
0.40
0.0'
0.85

0.60

25

29.
0

90 0.10
10.

2.8676 4 1 1.0 2.3
2.8750 6 3 3.7
2.8765 4+ 2 0.85 4 2.1

2.8770 (2 )' 1 0 0 17.
2.8942 2+ 0 0 16. 2 1.4
2.9110 3+ 0 0 036
2.9113 (0+ ) ' 2 1.0
2.9207 (3—5) 3 0.50 0.11
2.9556 3+ 0 1.0 19.
2.9968 (5,6) 3 0.18
3.0171 2+ 0 0.0' 0 6.0 2 15.
3.0171 3+ 0 085 5.6
3.0397 3 3 0.10 90 0.30 3 0.45
3.0483 3 1 0.0 0 0.80 3 45.

'Laboratory energies are listed. Except for very large resonances, absolute energies should be accurate within 3 keV.
Spin assignments have been listed according to the following convention: 2+, definite spin and parity; 2(3)+, definite l value, pre-

ferred spin outside of parentheses; (2, 3)+, definite l value, spin not completely determined; (2+) possible l value and J". Resonance
parameters correspond to the preferred spin or the highest spin listed. A complete list of parameters is available upon request.
'For it&

——90' with /=0. 0, or g3
——90' with g= 1.0, or p2 f3 =——90', the higher 1 value is listed.

When determined, the relative phase is indicated by + or —.
'See text for errors in widths.
Total reduced widths are calculated according to Eq. (4).

~Parameter is undetermined for this resonance.
"Two or more sets of mixing ratios and widths gave acceptable fits.
Assignments for g', f2, and l(3 are uncertain due to strong interference effects. Other solutions may be possible.

'Probable l value and possible J to fit strong inelastic decay.

interference, and errors in the background determination
made fitting much more difficult. The data normaliza-
tions for the higher energy region were assumed the same
as those in the lower energy region, except for changes
due to.differing target thicknesses. A satisfactory fit to
the p2 excitation curve near 2.8 MeV was not obtained due

400
2~Al( p, p) ob= &60

200—

0-
20 ~~AI(p p~)

E

b

0 ~L
10 - ~7/)(p p )

0 =,.—
A l(p, a, )

0 l
40 —

27AI (p, ao) J.
2'.5 2.'6 2',92.82'.7

Ep( MeV)

FICx. 2. The 160 data and fit in the range E~=2.42—3.05
MeV. The solid line is the R-matrix fit to the data. The (p,a&)
data were taken at 150. Uncorrected laboratory energies are
plotted.

to the difficulty in determining the number of levels
which contribute to the anomaly, and in obtaining the l
values, spins, and relative phases of some of the levels. A
minimum of 11 levels with p2 decay were identified in the
region from 2.7 to 2.9 MeV. Although more decay chan-
nels and resonances were included in the final fit, our pre-
liminary value of I z

——3.7 keV for the 6, T= 1 resonance
at Ez ——2.875 MeV remains unchanged. The problem in
fitting the elastic scattering background at higher energies
is apparent in Fig. 2.

The resonance energies should be accurate within 3
keV. Errors in the widths are typically 10% for widths
larger than 300 eV and 20% for widths less than 300 eV.
The errors in g and g depend on the width, I value, and
total angular momentum of a resonance. Typical errors
in g are +0.15, while typical errors in g are +15'. Indi-
vidual errors may vary considerably from these values,
especially in regions with many over1apping resonances.

Meyer et al. observed 27 resonances in the Al(p, y)
reaction between 1.85 and 2.5 MeV. Four of these reso-
nances were not observed in the present experiment, al-
though 11 additional levels were found. Four of these ad-
ditional levels are members of previously unresolved dou-
blets. Our spin assignments agree with the possible values
listed by Meyer et a/. with the exception of four states.
The 2.303 MeV level was assigned J =2+ by Meyer
while we find J =4+ from the elastic scattering data and
the ao angular distribution. The resonances at E~ =2.312
and 2.483 MeV were both assigned J =(2+,3 ) by
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TABLE III. Resonance parameters for 2 A1(p,p~) and A1(p,p2).

E a

(MeV)

1.9060
1.9680
2.1069
2.1313
2.1711
2.2293
2.3105
2.3607
2.3731
2.4030
2.4418
2.4751
2.4883
2.5172
2.5304
2.5829
2.5975
2.6030
2.7132
2.7234
2.7410
2.7592
2.8099
2.8226
2.8765
2.8770
2.8942
2.9113
2.9207
3.0397

1

2+
2

(1,2 )
2+
1

1

3
3
1

2+
2+
2+
4+
1

(2)
3
1+
3+

(2)
3+

(3)
2+

(1)
4+

(2)
2+

(0+)
(3—5)

3

Ip, kp,

b
1.0

1.0

1.0

0.0

r„
(keV)

2.0

8.0

6.5
7.0

9.0

16.

8.0

2
Vp)

(keV)

48.

140.

79.
74.

41.

55.

87.

17.

I
p2

b
1.0
0.70
1.0
1.0

b
b

1.0
1.0

b
1.0
1.0
1.0
1.0
b

0.50
1.0

1.0
0.90

b
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0

r,
(keV)

0.60
0.080
0.35
0.40
0.27
1.4
2.0
0.30
1.1
3.0
0.60
0.15
0.15
0.010
6.5
4.0
0.10

0.20
5.0
0.10
6.0
0.80

25.
0.40

10.
10.

0.19
0.20

2
Xp2

(keV)

308.
6.7

46.
11.
7.1

97.
95.
12.
40.
98.
5.4
1.2
1.2
1.8

135.
70.

1.7

18.
58.
8.0

63.
2.8

226.
21.
79.
29.

128.
1.1

Conventions are the same as in Table II. The l-mixing angles for inelastic decay are undetermined. /=0 is assumed.
"Parameter is undetermined for this resonance.

g r

(MeV)

TABLE IV. Resonance parameters for Al(p, a)).

Ia,
g ev)

2
fa&

(keV)

2.4418
2.4716
2.4883
2.5172
2.5728
2.6044
2.7132
2.7410
2.8099
2.8226
2.8458
2.8765
2.9110
2.9207
3.0171
3.0171
3.0397

2+
4+
2+
4+
2+
4+
3+
3+
2+

(1)
4+
4+
3+

(3—5)
2+
3+
3

0.20
0.020
0.40
0.005
0.30
0.08
0.10
0.60
0.40
0.10
0.070
0.10
0.20
0.13
2.0
0.30
0.35

18.
6.6

30.
1.4

16.
15.
12.
67.
9.2
3.4
5.3
6.8

12.
27.

8.4
12.
6.0

'Conventions are the same as in Table II. The I mixing angle lt

is undetermined for the (p,ai) reaction. /=0 is assumed.

Meyer. The former was determined to have J =3+ from
the elastic scattering data, and the latter has J =4, (5)+.
For the 2.403 MeV resonance we assign J =1 on the
basis of the elastic scattering and the (p,ao) data. This as-
signment is in disagreement with the J =(2,3 ) assign-
ment of Meyer et al. Most of these discrepancies are for
states with weak gamma decay where other levels may
overlap. All of our energies agree within 3 keV with those
of Meyer et al.

Dalmas ' has obtained resonance energies, total
widths, and decay strengths for 83 resonances in the range
E~ = 1.95—3.05 MeV. Correspondence was established
for about 80% of our resonances. Most of our energies
agree with those of Dalmas within 3 keV, except for some
very broad resonances for which a precise energy deter-
mination is difficult. A few of the broad resonances
which were analyzed in the present study as single reso-
nances with both p~ and p2 decay are attributed to two
separate levels by Dalmas. Most of the total widths and
decay strengths measured in the two experiments are in
good agreement, although many of the pi, pz, and ai de-

cays listed by Dalmas are too weak to be observed in the
present experiment.



30 PROTON RESONANCES IN Si FROM E„=13.4 TO. . . 761

The gamma decay of the 6, T= 1 state has been stud-
ied through the (p,y) reaction by Neal and Lam, ' Miehe
et al. , Neal and Chagnon, ' and Snover et aI. ' Upper
limits on the nonelastic decay of the 6 state are reported
by Snover et al.

V. ANALOG STATES

The identification of analog states for odd-mass targets
in our mass range has been discussed previously. ' Eleven
analog states were identified in the range Ez 0——92 . 1—85.
MeV. ' In the range of energies covered here 12 states are
known in Al from (d,p) studies. " For the states in Al
at E„=4.77, 4.93, 5.00, and 5.14 MeV no analog states
could be identified. The only resonance previously identi-
fied as an analog state in our energy range is the
E~=2.876 MeV (E„=14.36 MeV) J =6 resonance
which is the analog of the E„=5.17 MeV level in sA1.

Table V lists the Coulomb energies, (d,p) and proton
spectroscopic factors, and energies of the parent and ana-
log states. We define the proton spectroscopic factor
C Sz ——I'z/I, z, where C is the usual isospin Clebsch-
Gordan coefficient. For Al(p, p), C = —,'. The proton
single particle widths I,~ were calculated by the method
of Harney and Weidenmuller. The diffuseness and ra-
dius parameters of the potential well were the same as
those used in the (d,p) analyses. The proton single
particle widths are averages of the values calculated for
the two possible particle angular momenta. The individu-
al single particle widths varied less than 12% from their
average value. Due to penetrability effects, determination
of the spectroscopic factor for 1-mixed resonances is less
certain for higher l values than for lower I values.

For the E„=4.69 MeV state in Al and its analog, the
dominant I value is not the same in the (d,p) and reso-
nance analyses, but similar discrepancies have been noted
for the lower energy analog states. ' The analog strength
of the E„=4.74 MeV state may be split between the two

resonances at E~ =2.483 and 2.517 MeV. The 2.517 MeV
resonance was previously identified as the analog on the
basis of (p,y) measurements by Rahman et al. , while we
assign the 2.483 MeV level as the analog state based on
the better agreement of the (d,p) and proton spectroscopic
factors and the ao decay of the 2.517 MeV resonance. In
some cases, such as the state at E„=4.69 MeV, only the I
values, spins, and Coulomb energies were used in the iden-
tification process due to the poor mutual agreement of the
two (d,p) spectroscopic factors.

VI. s-WAVE STRENGTH FUNCTIONS

A difference in s-wave strength functions for states of
different angular momenta may indicate the existence of
spin-exchange forces in the nucleon-nucleon interaction. '

To search for spin-spin effects, neutron or proton scatter-
ing from odd-odd or odd-mass targets must be studied be-
cause only one J value is allowed in s-wave scattering
from even-even targets.

Neutron s-wave strength functions have been extracted
from measurements' of isolated resonances and more re-
cently from spin-spin cross sections in a region of overlap-
ping resonances. Poor statistics and possible intermedi-
ate structure effects complicate the interpretation of these
results.

The present data allow the extraction of the proton s-
wave strength functions for resonances with J=2 and 3 in

Si. A total of 33 s-wave resonances were observed in the
energy range E„=0.92—3.05 MeV. Definite spin assign-
ments could not be made for two of these resonances. In
addition, there are six analog states identified in this re-
gion. Omission of these eight states leaves 25 nonanalog
states with definite spin assignments.

The reduced widths and their sums are plotted in Fig.
3. No anomalous effects are evident in the plots. The
strength function is S = (y )/D, where (y ) is the aver-
age reduced width and D is the average level spacing. An

TABLE V. Analog state parameters in Si.

5+
5, (4)+

3

4+
1+
2

E a

(MeV)

4.31
4.46
4.69

4.74
4.85
4.91

5.02

5.17

EstabP

(MeV)

1.909
2.045
2.286

2.483
2.603
2.583

2.713

2.875

Ec
(MeV)

5.257
5.237
5.240

5.379
5.385
5.306

5.321

5.327

p b

(keV)

16.8
24.

218.
3.4

54.
66.

306.
6.4

608.
82.
11.9

r,
{keV)

0.080
0.15
2.7
0.23
2.6
1.0

36.
& 2.0

0.80
& 0.060

3.7

SP

0.010
0.013
0.025
0.14
0.096
0.030
0.24

& 0.63
0.003

& 0.002
0.62

SdP
d

0.056
0.033
0.31
0.079
0.062
0.10
0.24
0.060
0.006
0.009
0.65'

0.065
0.038
0.17
0.30
0.080

0.14
0.32
0.003
0.017

'Excitation energies of the parent states in SAl from Ref. 11.
Values of I,P are averaged over the possible particle angular momenta.

'Upper limits for widths are determined from the fitting procedure.
"Reference 23.
'Reference 24.
fReference 25.
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g, =Q STRENGTH IN Al ( P, P } J=2, l=0 resonances in Si is S~ 2 ——0.042+0.014, while

the strength function for the eight J=3 resonances is

S/ 5=0.012+0.006. The fractional statistical error for a
Porter-Thomas distribution is V2/n, where n is the num-

ber of states.
Even with the limited sample size, the observed ratio

S/ z/SJ 5
——3.5 is unlikely if the true strength functions

for 7=2 and 3 are equal. However, since nonstatistical
effects may be present, it seems inappropriate to extract a
spin-spin potential from these data. Proton resonance
data on other odd-mass targets in this region would be ex-
tremely useful to establish systematics and perhaps to al-
low the extraction of a value for the spin-spin potential.

VII. HIGH-SPIN PARTICLE-HOLE STATES

N 40-

20—

20—
O
Q)

', I I . la II . I

2,0 &0
E ( IVleV )

FIG. 3. The s-wave reduced widths and their sums versus en-

ergy. Analog states (dashed lines) are omitted from the sums.

No anomalous effects are evident.

I

1.0

equivalent definition is

S =(N —1)g y; /NbE,

where N is the sample size and b,E is the energy range of
the sample. The strength function calculated from 17

The prominent 4, 5, and 6 T= 1 states at
E„=12.66, 13.25, and 14.36 MeV in Si may consist
mainly of a d 5/z f7/z P-h configuration. The 6
stretched state is formed by f7/z particle transfer only,
and thus is the most simply excited of the three states.
The 5 state can be formed by both f5/z and f7/z Particle
transfer, while the 4 state has an additional p5/z com-
ponent. These states possess most of the observed l=3
strength in Si and have been studied through the ( He, d)
(Refs. 13 and 28—30), (a,t) (Ref. 31), (p,p), and (p,y)
(Refs. 13 and 32) reactions as well as by intermediate en-

ergy inelastic scattering of protons, pions, and elec-
trons. ' The spectroscopic factors from the resonance
and proton transfer reactions are presented in Table VI
along with the parent state spectroscopic factors. In order
to present a unified discussion of all of the particle-hole
states we observed in Si, discussion of those states ob-
served at lower energies was deferred. Data for the 4
state and the strongest 5 state appear in Ref. 1.

The 4, T= 1 state occurs as a resonance' at
E~=1.119 MeV. The 4 states may be formed by l= 1

transfer with j= —,
' and by /=3 transfer with j = —,

' or —', .

TABLE VI. Particle-hole state spectroscopic factors for Si and Al.

E„(MeV)

12.66

J1FQ

4; 1 13
Sp (p,p)

0.17, ( 1.0'
Sp ( He, d)

0, 0.74
0, 0.42
0, 0.84

S„(d,p)

0.11, 0.62'
0.09, 0.58'

0, 0.53g

13.25 0.69' 0 59h

o.37'
0.28"
o.65'

0.85'
0.43'
0.85'

0.66~

14.36 6; 1 0.68'
O.52"
0.62'

0.42"
0.38"
O. 28'
O. 34"

0.57 (0.4)'

0.65'
0.36g

'Present work.
"Reference 29.
'Reference 23.
Reference 30.

'Reference 24.
From (a,t) in Ref. 31.

gFrom (a, He) in Ref. 31.
"Reference 28.
'Reference 25.
'Reference 2.
"Reference 13.
'With unbound form factor in Ref. 31.
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Unfortunately the present experiment is most sensitive to
the I= 1 component due to the extremely small penetrabil-
ities for l=3 at low energies. Only an upper limit could
be set for the l=3 strength for the 4 state. The transfer
reactions are more sensitive to the 1=3 strength, but do
not determine the ratio of the j = —', and —', strengths.
There is reasonable agreement between the l=1 strength
of the present experiment and that observed in the (d,p)
reactions; however, no I=1 strength is reported for the
other transfer reactions.

The 6 stretched state (E&——2.875 MeV) presumably
has the simplest structure of these l= 3 states and is the
most studied. Comparisons of the particle transfer spec-
troscopic factors with the inelastic spectroscopic strengths
have been performed in terms of a simple particle-hole
shell model. ' ' ' The deficiencies inherent in making
such a comparison have been pointed out by Emery and
Zamick. The spectroscopic factors in Table VI may be
compared directly. The first and third resonance spectro-
scopic factors were obtained from the value I =3.7 keV,
while the second is obtained from the value I'~=4.0 keV
of Snover. Various methods of calculating the single par-
ticle width l,~ account for the major differences in the
resonance spectroscopic factors. Halderson obtained the
value I',~=10.8 keV on the basis of g-matrix considera-
tions, while Snover et al. chose the range 12.6(T p(17.4
keV from the parameters which gave acceptable DWBA
fits to ( He, d) data. The present value I,z

——11.9 keV re-
sults from our usual method of calculating the analog
state spectroscopic factor (Sec. V).

The spectroscopic factors obtained from resonance re-
actions are larger than those of the transfer reactions.
The reason for this discrepancy is unknown. The striking
feature common to all of these measurements is that the
strength is much less than that expected on the basis of a
simple particle-hole shell model calculation. Amusa and
Lawson have performed shell model calculations with
an extended basis which qualitatively explain much of the
observed quenching. Two recent papers ' have shown
that the single particle strength is reduced if a deformed
core is assumed in the calculation of the single particle
strength. These model calculations also predict fragmen-
tation of the strength to two or more states. The high
resolution of the present experiment gives excellent sensi-
tivity to such fragmentation. No other 6 states with ap-
preciable strength are observed in the present data for
12.5&E„&14.9 MeV. A comparison of the data and
model calculations is currently being prepared.

The 5 "nearly stretched" states are also interesting.
The major portion of the 5, T= 1 strength is observed in
the resonance' at Ep ——1.724 MeV. Although these states
are strongly excited in resonance and transfer reactions,
the excitation of the 5, T=1 state is extremely weak in
inelastic proton scattering. The quenching of the single
particle strength for the 5 states is similar to that for the
6 in resonance and transfer reactions. However, the 5

strength may be split between the E„=13.25 MeV level
and the level at E„=13.98 MeV.

It is useful to determine the relative strength for fz/2
and f7/7 particle transfer leading to the 5 state. The
measured value of the channel spin mixing ratio g pro-

1.0

I
I

I I I I
I

I

CHANNEL SPIN vs ANGULAR MOMENTUIVI MIXING

5/2 TARGET, 5 RESONANCE

0.8i

0,6

04

0.2

0.0-
0 0.2 0.4 0,6 0,8 I.O

FIG. 4. The total angular momentum mixing ratio T vs the
channel spin mixing ratio g for a J =5 state. The ellipse is
given by Eq. (6). The measured value of g is 0.65+0.15; the
upper and lower limits are indicated by dashed vertical lines.
Possible values of T lie on the two portions of the ellipse bound-
ed by these dashed lines.

vides some information. We define the total angular
momentum mixing ratio as

T = I 7/2/(I / +I —7/2), (5)

where I'J is the partial width for scattering of a particle
with total angular momentum j. The relation between T
and g is

T = —,
' [3/+2[10/(1 —g)]I/2+2 j . (6)

Thus a quadratic ambiguity exists in extracting the value
of T from the measured value of g. This relationship is
shown in Fig. 4. Our value of /=0. 65+0.15 is in agree-
ment within errors with that of Lam et al. ' This value
yields the two possible ranges for T: 0.95& T&1.0 and
0.05 ( T(0.27. Thus the 5 state is either completelyf7/2 or predominantly f&/2. A resonance measurement
cannot remove this ambiguity, ' however, it may be possible
to infer which of the two solutions is correct from analy-
ses of the inelastic scattering data.

VIII. SUMMARY

Results from the R-matrix analysis of 73 resonances in
Si in the range Ep ——1.85—3.05 MeV have been present-

ed. Reasonable agreement was found with previous mea-
surements in this energy range and much new information
including l values, channel spin mixing and l-mixing ra-
tios, partial widths, and resonance angular momenta was
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extracted. The measured s-wave strength functions show
a large difference between J=2 and J=3 resonances.
However, more data are needed to interpret this result.
No fragmentation of the 6, T= 1 stretched state is ob-
served. This result should provide a test for some of the
possible explanations of the observed quenching of the
single particle strength. The strength of the 5, T=1
state was also determined, and two possible total angular
momentum mixing ratios were extracted from the mea-
sured channel spin mixing ratio. Proton scattering studies
on other odd-mass targets are now being performed.
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