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Proton resonances in Cl from E„=6.3 to 8.8 MeV
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The S(p,po), (p,p&), and (p,p&) differential cross sections were measured in the energy range
E~=1.20—3.77 MeV with an average overall energy resolution of 350 eV full width at half max-
imum. Resonance parameters were extracted for 144 levels with a multilevel, multichannel R-
matrix code; parameters include resonance energy, total angular momentum, proton partial widths,
and channel spin and orbital angular momentum mixing ratios. The l = 1 strength function is more
than an order of Inagnitude larger than the l =0 strength function. Most of the l =1 strength is
below E~ =2.6 MeV and most of the I =0 strength is above E~ =2.4 MeV.

I. INTRODUCTION

The addition of a proton to S forms the odd-odd
N=Z compound system Cl. We have previously stud-
ied two other similar nuclei ( Al and P) via the (p,p)
reaction. ' These nuclei are important for such topics as
stretched particle-hole states and astrophysical reaction
rates, as well as for nuclear structure calculations. Since
the proton separation energy is very small (S =5.14
MeV), the compound system is formed at low excitation
energy. Thus for C1 it may be possible to obtain the
complete level scheme from the ground state to the reso-
nance region. Levels at lower energies in Cl have been
studied by several reactions. ' The transfer reaction

S( He, d) Cl was used by Erskine et al. to measure
the spectroscopic factors of 26 levels up to E =4.7 MeV.
Brunnader et al. used the pickup reactions

Ar(p, He) Cl and Ar(d, a) Cl to identity T = 1

states in Cl and to study the J dependence of Coulomb
displacement energies in the mass 34 system. Resonances
have been studied almost completely by the proton cap-
ture reaction, ' although Dassie et a/. " measured a
few proton elastic scattering resonances.

A complete level scheme for "Cl from the ground state
to the resonance region could be important for tests of
statistical theory. The Gaussian orthogonal ensemble
(GOE) version of random matrix theory has been very
successful in describing the fluctuations of level spacings
observed in neutron and proton scattering reso-
nances. ' ' However, the status of spectrum fluctuations
for low-lying states in nuclei is not clearly established.
There is some evidence' ' that the nearest-neighbor
spacing distribution for the low-lying states is often inter-
mediate between the GOE prediction (Wigner distribu-
tion) and the Poisson distribution. The fluctuation prop-
erties may depend on the symmetry of the stat'es in-
volved, i.e., on the type of nucleus considered. These
analyses suffer from the limitation that only a very few

low-lying states of the same spin and parity are identified
in each nucleus. An ideal analysis would include many
states with the same J and m, covering the entire energy
range from the ground state to the resonance region. The
best approximation to this ideal is Al, where the first
100 positive-parity states have been located and their J,
m, and T values assigned. ' Analysis' of these data indi-
cates that the spacing Auctuations for all levels (from 0 to
8 MeV) obey GOE predictions. It would be very interest-
ing to have such a complete level scheme for other nuclei.
The crucial first step in an attempt to establish a com-
plete level scheme for Cl is the identification of the reso-
nances in the (p,p) reaction. Detailed measurements of
the y-ray decay of these resonances can then be used to
determine the properties of the bound states. This is the
procedure applied successfully by Endt et al. ' in Al.

Experimental procedures for the elastic scattering mea-
surements are described in Sec. II. Analysis of the data
to extract the resonance parameters is described in Sec.
III. Level densities, resonance strengths, and the
identification of analog states are discussed in Sec. IV. A
brief summary is given in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with the 4 MV Van de
Graaff accelerator and associated high-resolution system
at Triangle Universities Nuclear Laboratory (TUNL). '

This system provides proton beams from E = 1 to 4 MeV
with an overall energy resolution of 300—400 eV for thin
solid targets. The energy calibration is performed with
secondary standard resonances: Ca(p, po ) Ca
(F =1.8841 MeV) and Fe(p,po)56Fe (E =3.2369
MeV), determined with respect to the primary standard
neutron thresholds Li(p, n) Be at E =1.8804 MeV and
' C(p, n)'3N at E =3.2357 MeV. The calibrations pro-
vide accura, te energies (+300 eV) near the calibration
points and a maximum error of +1.5 keV away from the
calibration points.
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A major problem in studying the S(p,p) S reaction
was obtaining high enrichment sulfur in a chemical form
convenient for preparing targets. Preliminary data were
obtained with enriched CdS targets (88.2% S) remain-
ing from a previous experiment. These targets deteriorat-
ed in the proton beam, but were acceptable for an initial
survey. Highly enriched S now is dificult to obtain
commercially. A small quantity ( —10 mg) of elemental
sulfur (88.2% S, 11.0% S, 0.8% S) was obtained
from Oak Ridge National Laboratory. Targets were
prepared following a procedure similar to that utilized by
Sterrenberg et al. and by Nooren and van der Leun. '

Silver sulfide targets were prepared by first evaporating a
thin layer of silver onto 5 pg/cm carbon backings on mi-
croscope slides. A suspension of —1 mg sulfur in —10
ml ethanol was prepared. The suspension was dripped
onto warm silver-coated carbon foils and heated. The
relative yields of the sulfur and silver peaks in the proton
spectra were consistent with a target compound of Ag2S.
Thus the thickness of S could be controlled by the initial
evaporation of Ag. These targets ( —1 pg/cm of S)
proved stable under 2-pA beam currents of 2-MeV pro-
tons. Targets which showed signs of decay were baked
for an additional period to complete the chemical reac-
tion. Even with these e6'orts target imperfections
remained —the point scatter in the data is larger than es-
timated from counting statistics.

Data were obtained from E =1.20 to 3.77 MeV in
steps of 100—400 eV at laboratory angles of 90, 108',
135', 150', and 165'. Elastic scattering predominates, al-
though two inelastically scattered proton groups (p, and

p2) are occasionally seen. The improved data obtained
from these new targets allowed identification of many res-
onances which were not seen in the initial survey. A total
of 144 resonances were observed, of which 54% are @-
wave resonances. Very few s-wave resonances were ob-
served below E =2.4 MeV. At lower energies the reso-
nances are fairly well isolated, but there are strong reso-
nance interference e8'ects in the middle and upper regions
of the data. The analysis is complicated by a number of
very large resonances (total width tens of keV).

III. RESONANCE ANALYSIS

Experimental excitation functions were fit with the
multilevel, multichannel 8-matrix program MULTI6,
which is based on the formalism of Lane and Thomas.
The program generates excitation functions for a given
set of resonance parameters. A best visual fit is obtained
by varying the resonance energies, spin and parities, an-
gular momenta, and magnitudes and signs of all allowed
reduced width amplitudes. Data at all angles and for all
decay channels are fit simultaneously. A general descrip-
tion of the analysis procedure for nonzero spin targets
was given by Nelson et al.

For proton scattering on S up to E =4 MeV, the
only significant particle decay channels are po, p &, and p2.
The neutron channel is closed and no alpha particles
were observed. [The S(p, ao) P reaction has a Q value
of —1.517 MeV; the resulting low-energy alpha particles

I

have very low penetrabilities. ] The energies, spins, and
parities of the final states in S are ground state, —,'+;
E)=0.840 MeV, —,'+; and E2=1.987 MeV, —', +. Our
choice for the angular momentum coupling scheme is the
channel spin representation. The intrinsic spins of the
target nucleus I and the projectile i are coupled to form a
channel spin s (I+i=s). The channel spin s and the or-
bital angular momentum l are coupled to form the total
angular momentum I of the intermediate state (s+I =J).
In the exit channel, the coupling is s'+ I' =J and
C+i=s', where C is the final-state spin and s' the exit
channel spin. For proton scattering on nonzero spin tar-
gets, the compound states generally have several forma-
tion and decay channels. A channel is specified by the
particle pair, spin J, channel spin s, orbital angular
momentum l, and a partial reduced width amplitude y.
States may decay with two orbital angular momenta (I
mixing and/or two channel spins (s mixing). The angular
distributions of the reaction products depend on these
mixtures.

Because the targets were not isotopically pure, the ex-
citation functions contained resonances due to the 11%

S contaminant. Fortunately the S(p,p) S reaction has
been well studied and the level density is small enough to
allow correction of the measured excitation functions for
the S contribution. We used an iterative procedure to
remove the S yield from the yield curves. First the exci-
tation functions were fit neglecting the S contaminant.
Then S excitation functions were generated using the
known S resonance parameters as a guide and com-
bined (using the appropriate isotopic ratio) with the pre-
liminary calculation for the S excitation function. This
combined excitation function was compared with the ex-
perimental yield curve, and a new set of S resonance pa-
rameters obtained. Two iterations were usually sufhcient
to extract reliable S resonance parameters up to
E =3.4 MeV. The resulting di6'erential cross section for
proton elastic scattering at 165 is shown in Figs. 1 and 2.
Usually the subtraction of the calculated yield for the

S(p,p) S reaction from the measured cross section did
not reduce the quality of the data. DiSculties did occur
at energies where S resonances overlapped resonances
of similar size from the S contaminant. This problem
was particularly severe for the resonances near E„=1.9
and 3.1 MeV.

There are essentially no other elastic scattering reso-
nance measurements for S. Dassie et al. " studied four
resonances at E =1.057, 1.545, 1.742, and 1.997 MeV,
which had been observed in the (p, y) reaction. The first
resonance is below the energy range of the present experi-
ment and the next two resonances are weak l =3 reso-
nances, which we did not observe. The 1.997-MeV reso-
nance is discussed in Sec. IV. van der Leon and Endt
measured the S(p,p'y) S reaction in the energy range
Ez =1.2 —3.2 MeV and identified 44 resonances from the
deexcitation y rays. The (p,p'y) experiment is much
more sensitive to weak resonances than is the present
(p,p') experiment.

Unique spins and partial widths were normally ob-
tained for s- and p-wave resonances. The laboratory
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FIG. 1. Differential cross section for S(p,po) S at 165 in the energy range E~=1.4—2.0 MeV (upper) and E =2.0—2.6 MeV
(lower). The solid line is an R-matrix fit.
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FIG. 2. Differential cross section for S(p,po) S at 16S' in the energy range E~ =2.6—3.2 MeV (upper) and E~=3.2—3.8 MeV
(lower). The solid line is an R-matrix fit.
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widths for s- and p-wave resonances are much larger than
the experimental resolution and channel spin interference
effects are observed for many resonances. Definite solu-
tions were not usually obtained for the weaker d- and f
wave resonances.

Channel spin mixing ratios are often difficult to deter-
mine well. However, in the present data, there are re-
gions where the channel spin is rather well determined
because of interference between neighboring resonances.
Particularly in the energy range E =1.8 —2.6 MeV, the
interlevel interference clearly identifies the dominant
channel spin. It is interesting to note that the dominant
channel spin is often better determined than is the J value
for / =2 and / =3 resonances.

The angular distributions for the (p,p, ) and (p,pz) re-
actions do not provide sufficient information to extract
precise mixing ratios for the inelastic channels. Howev-
er, in many cases the dominant channel spin for the in-
elastic channel can be determined once the entrance
channel mixing is obtained.

States with spin and parity 0 are very difficult to iden-
tify. These states have a shape characteristic of p-wave
resonances, but with a very small vertical excursion (from
the Coulomb cross section). The size of a 0 resonance is
often comparable to the yield changes observed as the
beam spot moves slightly on the target. Therefore 0
states must be identified by repeated measurements. Two
0 states may have been observed in the present experi-
ment. The first occurs at E =1.375 MeV. A small p-
wave resonance shape was observed in several experimen-
tal runs. The excursion in the cross section was too small
for a 1 state with only an elastic scattering amplitude.
Inelastic channels reduce the peak elastic resonance cross
section, but in the present experiment no inelastic scatter-
ing was observed for this resonance. In the more sensi-
tive (p,p'y) experiment by van der Leun and Endt, no
state was observed at this energy. This possible 0 state
would have a width of 8+2 keV, with a corresponding re-
duced width of 700 keV. Such an extremely large re-
duced width makes the existence of this state very unlike-
ly. A second possible 0 state was tentatively identified
at E =3.2240 MeV; its reduced width is small.

The resonance parameters are reliable up to E =3.4
MeV. Typical uncertainties are +10 jo for laboratory
widths a few keV or smaller and +20% for large widths
(tens of keV). Above E =3.4 MeV, the quality of the fits
deteriorates due to the complexity of the data. The reso-
nance parameters obtained in this region are tentative.
Only the resonances below E„=3.25 MeV are included in
the detailed analysis presented below. The resonance pa-
rameters are listed in Table I.

IV. RESULTS

A. Level density

These data should provide the best available informa-
tion on "Cl levels between 6.3- and 8.8-MeV excitation
energy. The levels of ' Cl with known parities (approxi-
mately 230, including 120 new levels obtained in the
present experiment) are shown in Fig. 3. In general, in-
formation is extremely difficult to obtain for levels in a re-

gion above the low-lying bound levels [the levels observed
as final states in the (p, y) reaction and in most transfer
reactionsj and below the unbound levels observed in elas-
tic scattering. Since for Cl the proton separation energy
is only 5.14 MeV, this typical blank region may be small-
er than usual or even nonexistent. In the simplest con-
stant temperature model, the nuclear level density is ex-
pected to increase as exp(E /T), where E is the excita-
tion energy and T is the nuclear temperature. A plot of
the cumulative number of levels up to an energy E is
shown in Fig. 4. This plot shows the overall behavior of
the level density, and emphasizes the regions with a
larger fraction of missing levels. The level density gen-
era)ly agrees with the expected exponential increase; a
nuclear temperature of T =2. 1 MeV is obtained from the
data. There are two regions which seem anomalous. In
the region E =5.0—5. 5 MeV there are few levels ob-
served; this indicates levels missing just below the proton
separation energy. There is also an interesting change in
slope in the energy region E„=6.9—7. 5 MeV (corre-
sponding to E = 1.8 —2. 5 MeV). The energy region
below E =7. 1 MeV (E =2.0 MeV) has been measured
by both the (p, y) and (p,p) reactions, while the higher-
energy region has been studied only with the (p,p) reac-
tion. However, we believe that the apparent change in
level density is not just a reAection of the change in the
sensitivity of the two experimental methods. To investi-
gate these and other questions, one must consider the
strengths of the levels.

B. Strengths

Transforming from laboratory to reduced widths,

y = I /2I' removes the kinematic effects due to the rapid-
ly changing Coulomb penetrabilities. Reduced widths,
cumulative reduced widths, and level positions are plot-
ted versus incident proton energy in Figs. 5 and 6. Re-
sults are shown for each /, J combination with more
than a few resonances. For those /, J combinations with
channel spin mixing, the reduced widths have been
summed over channel spin. These plots emphasize the
strongest levels and any nonstatistical behavior in the
strength distribution. It is striking that the average / =1
reduced width is more than 10 times larger than the aver-
age /=0 reduced width. There are a number of very
strong /=1 levels: The 2 states at 1.21 and 1.26 MeV
have particularly large reduced widths of 320 and 240
keV. The negative- and positive-parity strengths are
plotted in Fig. 7. Very little positive-parity strength is
observed below E =2.4 MeV, while the negative-parity
strength decreases rapidly above E =2.6 MeV. These
effects are not kinematic. The s-wave resonances should
be observed easily at the lower energies, while at the
higher energies even weak p-wave resonances should be
observed. The apparent change in level density in Fig. 4
is presumably a reflection of this localization of s- and p-
wave strengths.

C. Analog states

The T =1 states in Cl can be compared with states in
S and Ar. The nucleus Cl is unusual in that al-
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TABLE I. Resonance parameters for ' S(p,p). Unless otherwise noted, the entries are for the elastic (pa) channel. The allowed
channel spins are s =s'= 1 and 2 for p0, s'=0 and 1 for p &, and s'=2 and 3 for p2. An asterisk in the channel spin column indicates
that any value of s fits equally well. Laboratory energies are quoted. See text for discussion of uncertainties in resonance energies,
widths, and mixing ratios. The conventions for listing multiple solutions are (1) if several solutions give equivalent fits, then the solu-
tions are listed in order of increasing J, and (2) if there is a strongly preferred solution it is listed first, with other solutions listed in
parentheses.
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1.9046
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+
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2
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1
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1

1

1

3
3
3

1

3
1

3
1

0
2
3

3
2
0
0
0
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(keV)

1.6
0.8
0.8
1.0
1.0
3.0
1.0
1.0
0.80
1.0
1.0
1.0
0.80
0.85
5.0
0.6
0.15
0.07
1.2
6.8
1.35
0.15
1.0
0.2
1.0
3.0
1.0

15.0
1.6
1.5
0.5
0.15
0.40
2.9
0.6

20.0
0.10
0.06
0.04
0.70
1.5
0.40
0.90
0.15
4.0
0.1

0.07
0.1

1.2
0.2
0.3
2.0
2.0
3.0

40.0

(keV)

320.0
120.0

120.0
64.0
64.0
95.0
30.0
30.0
23.0
25.0
21.0
21.0

6.1

15.0
80.0
8.2
0.79
5.9

14.0
81.0
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1.6

11.0
2.0
9.9

29.0
9.6
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16.0
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0.21
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3.9
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+
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+
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0
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0
3
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1
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2
2
2
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2
0
2
0
2
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3
3
3
3
3
1

1

2
2
2
3
3
3
0
0
2
2
2
2
2
1

2

I
(keV)
0.12
0.07
0.05
0.04
0.03
0.80
2.8
0.15
2.5
1.2
0.2
0.10
0.40
0.20
0.30
0.50

32.0
0.70
1.4
1.8S
0.15
0.16
0.10
0.07
0.05
2.0
0.14
0.10
0.20
0.10
0.12
0.06
1.3
0.15
0.09
0.06
0.05
0.04
4.0
2.0
0.27
0.09
0.05
0.23
0.14
0.10
0.30
0.18
0.20
0.15
0.04
0.09
0.06

10.0
0.64

(keV)
24.0
14.0
10.0
8.1

6.1

3.2
11.0
2.91
4.7
2.2
3.6
0.18
7.1

3.5
0.52

82.0
110.0

2.4
4.8
6.1

0.50
2.4
1.5
1.1
0.76
6.6
2.1

1.5
0.31
1.5
0.19
0.9
4.2

20.0
12.0
8.0
6.6
5.3

12.0
6.2
3.5
1.2
0.69

26.0
16.0
12.0
0.42
0.25
2.4
1.8
0.46
1.0
0.64

27.0
7.0
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TABLE I. (Continued}.

(Mev)

2.8510
2.8508
2.8711

2.8763
2.8866

2.9109
2.9185
2.9209

2.9238
2.9290

2.9468

2.9570

2.9656

2.9726

2.9886

2.9937

2.9982
3.0052

3.0162

3.0313
3.0343
3.0538
3.0664

3.0754
3.0979

3.1045
3.1080
3.1138
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1 +
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2
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1+
2+
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2

2+
(1)+

1

3+
(2)+
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1

2
3
4
5
2+
1

(2)
2+

0+
2

1

1+
1

2
3+

2
2
2
1

1

1

I
1

1

2
2

2
2
2
2
2
1

3
1

1

1

1

2
2
3
2
2
2
3
3
3
3
3
0
3
1

0
2
2
1

1

1

1

0
3
3
2
4
1

4

1

(keV}

0.5
8.0

1.2
0.20
0.50
0.15
0.09
0.06
0.05
0.20
3.0
2.0
0.7
0.3

17.0
2.0
0.2
0.1

0.12
0.06
0.16
0.10
0.07
0.05
0.50
0.10
5.0
3.0
4.0
0.50
0.20
0.40
0.30
1.2
1.7
0.90
0.10
0.06
0.04
0.03
0.027
0.70
0.50
5.0
0.6
0.5
1.0
3.0
3.0

20.0
1.2
0.90
0.50
0.30
0.50
0.10
0.40
0.10

y'
(keV)

5.5
19.0

1.4
2.6
4.7
1.4
0.84
0.59
0.46
1.8
3.5
2.3
6.2
2.6

37.0
18.0
0.22
0.85
0.13
0.5
1.3
0.83
0.58
0.45
1.0
6.7

10.0
25.0

8.1

4.0
1.6
3.2

19.0
9.3

13.0
7.2
6.1

3.7
2.6
2.0
1.6
0.73

30.0
9.4
0.61
3.5
7.0
5.4
5.4

130.0
2.1

0.88
26.0
15.0
3.2
3.1

2.6
3.0

(Mev)

3.1426

3 ~ 1541
3.1611
3.1656

3.1832

3.1877

3.2032
3.2062

3.2123
3.2178

(3.2240)
3.2293
3.2704
3.2714

3.2769

3.2844

3.3135
3.3318
3.3371
3.3424

3.4186

3.4266

3.4359

3.4449

3.4534

3.4539
3.469
3.4981

3.5041

3.509

3.5101
3.5247
3.5412

p&

p2

p&

pz

p&

p2

pz

p&

(3)+
3

(2+ )

2
3
4+
2+
3+
0
2
4+
1+
2+
1

2
3
4
5

1

2
3
4
5
2+
2+

(2)
3+
4+
1+

(2}+

2
2+
3

3

2
4+
1+

1

2
1

1

2

0
2
1

2
3
3
1

1

0
2
2
2
3
3
2
2
2
1

1

2
2
2
3
3
3
3
3
3
3
3
3
3
0
0
3
2
2
0
2
1

1

2
2
0
3
1

0
2
3
2
1

1

1

1

0
0
1

2
0

I
{keV)

0.30
0.20

15.0
0.20
0.15
0.15
6.0
4.0
0.30
0.50
0.15
0.10
0.40
0.30
0.80
0.40
0.29
0.30
2.2
2.0
2.5
1.5
0.25
0.15
0.11
0.08
0.07
0.23
0.14
0.10
0.08
0.06
1.5
0.80
0.30
1.5
1.2
0.4
0.4
2.0
0.80
1.4
0.20
0.30
1.0
0.40
1.0
0.50
0.45

25.0
1.0
1.0
1.0
1.0

10.0
15.0
3.0
1.5
1.0

y'
(keV)

0.28
6.1

25.0
1.2
7.0
7.0
9.9

22.0
0.27
3.0
4.2
0.5

17.0
13.0
4.6
2.3
1.7
0.47
3.5

11.0
13.0
8.0
9.6
5.8
4.1

3.2
2.6
8.9
5.3
3,8
3.0
2.4
1.3
0.66

11.0
7.6
5.9
0.31
1.8
2.6

63.0

3.3
7.6

30.0
29.0
0.76
2. 1

13.1
110.0

1.2
58.0

1.2
57.0
7.3

23.0
3.7
5.9
0.72
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TABLE I. (Continued).

(MeV)

3.5492

3.5603

3.5643
3.5658
3.5733

3.5763

3.6074

3.6114
3.6159
3.6199

3.6295

p2

p&

Pl

p2

p2

2+
3
3

2
2
3
1

0
2
0
3
1

3
3
3
1

1

0
2
0
2
3
3

r
{keV)

0.60
1.5
0.20
0.20
1.0
2.0
3.0
0.20
5.0
1.0
0.70
0.60
0.30
0.30

10.0
1.0
1.0
0.80
0.18
0.15

r'
(keV)

2.3
20.0

5.0
9.4
0.71

26.0
2.1

4.9
5.8

120.0
27.0
15.0
0.34

11.0
6.9
3.6
0.69

210.0
4.2
3.4

(Mev)

3.6586
3.6626

3.6656
3.6721
3.6806

3.6997
3.7218
3.7238

3.7288

3.7473

3.7589
3.7624

p&

Pl

PI
p2

1+
2+

1
1+
3+

3+

I
(keV)

0.50
1.0
0.50
1.5
0.80
3.0
1.0

35.0
0.70
2.0
2.0
0.80
0.20
0.20
0.40
0.40
0.10
0.30
6.0
0.2

r'
(keV)

1.7
0.67
5.4
1.6
0.53
9.9

11.0
37.0
14.0
2.1

51.0
2.5
0.63
1.9
3.6
1.2
0.9
2.6
6.1

3.7

though the third component of isospin [ T3 = (N —Z)/2]
is zero, the ground state has T =1. The analog states ob-
served by proton resonances have parent states which are
at low excitation energy in S. Spectroscopic informa-
tion on states in S has been obtained with the

S(d,p) S reaction by van der Baan and Sikora for
E, ( S) &6.6 MeV and by Crozier for E ( S) &8.2
MeV. The spectroscopic factors of van der Baan are con-
sistently smaller than those of Crozier (see tabulation in
Ref. 3). Some information is available on the location
and angular momentum of states in Ar from the

Ar(p, t) Ar reaction.
Much of the existing information on analog states

comes from proton capture studies and is summarized by
Waanders et al. The S( He, d) Cl experiment by
Erskine et ah. provides proton spectroscopic factors for
those states at E„( Cl) & 4.6 MeV. Although y-ray
branchings and strengths have provided much informa-
tion on the isospin character of states in Cl, definitive
identification of the corresponding analog and parent
states has proved difticult in the energy range E„)4. 1

MeV.
Analog states observed in proton elastic scattering

studies are identified by comparison of excitation energies
and of neutron and proton spectroscopic factors 28 with
Sd~=S„and S =(2T+1)I~/I, ~. The proton single-
particle widths I, for the analog states were calculated
with the method of Zaidi and Darmodjo and Harney
as described by Harney and Weidenmuller. ' The varia-
tion in single-particle widths due to the uncertainties in
optical-model parameters is estimated to be about 15%.
In order to compare directly with the (d,p) data, the
optical-model potential well parameters were taken from
the (d,p) analysis. Of the states in S which are popu-
lated in the neutron transfer reaction and whose analogs

should occur in the range of the present experiment, most
have spectroscopic factors large enough that the analogs
should be observed in elastic scattering. Results for 10
analog candidates are listed in Table II and discussed
below. For many of the parent states, the spin assign-
ments are uncertain, which makes the analog
identification tentative. The neutron spectroscopic fac-
tors listed are those of Crozier, while the excitation ener-
gies and spins are from Endt. Individual states are dis-
cussed below.

The E„( S)=6.479-MeV state. The (d,p) spectro-
scopic factor of the (1—3), E„( S)=6 479-Me.V state
was characterized by Crozier as l = 1 with (2J+1)S„
=3.6; van der Baan and Sikora obtained a spectroscop-
ic factor of (2J +1)S„=1.2, and commented that the ob-
served proton group in the (d, p) reaction has complex
structure. Endt" assigns (1,2) for the 6.479-MeV state
in S. The proton capture experiments of Waanders
et al. restricted the possible spin assignments for this
resonance to 3 (2). The only strong proton resonance
which seems a reasonable candidate to be the analog is
the 2 state at E =1.4448 MeV, which has strength
(2J+1)S~=1.8. The nearest 1 candidates are about
200 keV away.

The E„( S)=6.685-MeV state. Neutron transfer to
the (0—3), E ( S)=6.685-MeV state has been charac-
terized by Crozier as l =1 with (2J+1)S„=1.3. Ac-
cording to Endt, " the y decay of this state suggests that a
J =3 assignment is very improbable. The analog of this
state is expected to lie near E =1.63 MeV. The states at
1.6430 and 1.6548 MeV are candidates to be the analog of
this parent state. Although Waanders et al. tentatively
identified the state at E =1.6430 MeV as T=O, the y
decay does not exclude T = 1 for this state. Since the two
resonances have the same J and are close in energy, the
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FIG. 5. Proton reduced widths and cumulative sum of re-
duced widths vs energy for I =0 resonances in "S(p,p0)"S. Re-
duced widths are typically less than a few keV. The resonance
locations are shown at the top of the figure.
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FIG. 4. Cumulative number of levels observed in Cl as a
function of excitation energy. The Aat region labeled "a" indi-
cates levels missing at energies just below the proton separation
energy. The change in slope at point "b" may indicate a de-
crease in sensitivity to small resonances in the proton elastic
scattering experiments as compared with the proton capture ex-
periments. The increase in slope at point "c"corresponds to the
onset of s-wave resonances at energies E~ )2.4 MeV. See text
for discussion.
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FIG. 3. Levels of ' Cl from the ground state to 8.8 MeV. Ap-
proximately 120 of the total of 230 levels were first observed in
the present experiment.

analog strength is presumably shared. Both states are
listed in Table II.

The (d,p) transfer to the J =2 state at E, ( S)=6.829
MeV was determined by Crozier to be l„=0, with
(2J+ 1)S„=0.56. This state was assigned J =2+ by
Endt on the basis of ( t,p) data. The resonance at
E~=1.7512 MeV was assigned as the analog of this
parent state by Endt and van der Leun on the grounds
(1) that the state decays to one or more T =0 states with
a strength exceeding the recommended upper limit for
isoscalar El or M1 transitions and (2) that the spectro-
scopic factor for stripping agrees with that for the parent
state in S. Dassie et al. ' assigned the E =1.752-MeV
resonance J= ( 1+,2), while Waanders et al. assigned
J=2; T=1. The present data indicate that the reso-
nance is definitely p wave. Therefore J"=2;the proton
spectroscopic factor is (2J+1)S =0.60. The only near-
by positive-parity resonance is at E = 1.761 MeV, which
has J=2+, but a much smaller strength (2J+1)S
=0. 10. The next nearest positive-parity state is at
E =1.90 MeV, but this state is also weak. The origin of
the disagreement is unknown.

The E, (3 S)=6.954-MeV state has been assigned
J =(0—3), with (2J+1)S„=0.84 by Crozier. Endt
and van der Leun assigned this state J =2, with the J
value based on an (a,py) experiment. The resonances at
E =1.8464 and 1.9525 MeV are candidates to be the
analog of this level. Our results indicate that the reso-
nance at E =1.8464 MeV has J =1 and the resonance
at E~=1.9525 MeV has J =2 . On the basis of the
present spin assignments, the resonance at E =1.9525
MeV is the analog with a strength of (2J + 1)S = l. 5.

The E ( S)=7.110-MeV state was observed by Cro-
zier to have significant I = 1 and I =3 components:
(2J+1)S„=0.52, 1.76, and J=(3) . Endt and van der
Leun assigned J =2 as determined from (a,py) experi-
ments. Endt's more recent compilation lists a 3 assign-
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FIG. 7. Distribution of positive- and negative-parity strength
in S(p,p0) S. There is very little positive-parity strength
below E~=2.4 MeV, and very little negative-parity strength
above E~ =2.6 MeV.

ment. A candidate to be the analog of this state is the
resonance at E =1.9964 MeV, which has been assigned
T =1 by Waanders et al. Due to the low penetrability,
the f wave compon-ent corresponds to an I =3 laboratory
width which is unobservable as compared with the 1arge
l =1 laboratory width. The elastic scattering data of
Dassie et al. " indicated J =2 or 3 . Based on the
recommended upper limits for y-ray transition strengths,
Dassie assigned J=3 to the resonance. However, the
present data favor the J=2 assignment. Our analysis in-
dicates that the p-wave spectroscopic factor for this reso-
nance is (2J t 1)S =0.23 for either J =2 or 3.

Identification of the analog states discussed above was
assisted by information from the (p, y) reaction. There is
no proton capture data for resonances lying above E =2
MeV. For this reason the analog identification in this re-
gion is guided by three S states with large spectroscopic
factors [E„( S)=7.630, 7.781, and 8.138 MeV]. These
analogs should be the most easily identified in the proton
excitation function and are considered first.

The 3 state at E, ( S)=7.630 MeV has a very large
spectroscopic factor of (2J+1)S„=3.92. The analog is
clearly the Ez =2.46 MeV, 3 resonance with
(2J + 1)S~=3.5.

The 1 resonance at E =2.58 MeV is probably the
analog of the E ( S)=7.781-MeV state. The p-wave
neutron spectroscopic factor for the parent state is
(2J+1)S„=1.08, while the spectroscopic factor for the
analog resonance is (2J + 1)S~=0.99.

The E ( S)=8.138-MeV state was assigned
J =(0—3) with (2J+1)S„=1.04 by Crozier. Endt as-
signs the spin and parity as 1 . The resonance at
E =2.9290 MeV is fit best with spin 2 (there is strong in-
terference with neighboring resonances). Based on ener-

gy considerations this state is a good candidate to be the
analog of the 8.138-MeV excited state in S. The proton
spectroscopic factor is (2J+ 1)S~=0.58—this is smaller
than the parent state spectroscopic factor. There seems
to be no other reasonable choice for the analog which has
sufhcient strength: As noted above, there is very little
I =1 strength above the strong resonance at E =2.58
MeV.

The state at E ( S)=7.653 MeV is populated entirely
by / =3 neutron transfer with (2J+1)S„=2.28. Endt
does not list a spin for this state. Crozier assigned
J =(3,4), but gave no reason for the assignment. The
only candidate to be the analog of this state with compa-
rable strength is the E =2. 550 MeV, 1 (2, 3 ) reso-
nance with (2J+ l)S =0.96. The next nearest f-wave
resonances are at 2.464 and 2.640 MeV with correspond-
ing strengths of (2J + 1)S =0.27 and 0.25, respectively.

The state at E ( S)=7.732 MeV has been assigned
spin (2, 3) with neutron transfer spectroscopic factors of
(2J+1)S„=0.12, 0.56 by Crozier. This state was. not
listed in the 1978 Endt and van der Leun compilation.
Endt lists this state as (0+-3+ ). There are two negative-
parity resonances which are candidates to be the analog
of this state. The resonance at E =2.6085 MeV has been
assigned J =1 with (2J+1)S (l =1)=0.06. The reso-
nance at E&=2.6122 MeV has been assigned J =3



1968 VANHOY, BILPUCH, %ESTERFELDT, AND MITCHELL 40

with (2J+1)S&(/=1)=0.14. In both cases only the p-
wave component is expected to be observed.

The energy order of the proposed analogs of the parent
states at E„( S)=7.732 and 7.781 MeV are inter-
changed. Level crossings are not possible if the states
have the same spin and parity. If the preVious analog
identifications and the 1 assignment for the E =2.58-
MeV resonance are correct, then the state at E =2.6122
Me V seems the best choice to be the analog of
E ( S ) =7.732 Me V.

The state at E„( S)=7.753 MeV has been assigned
J =(0—3) with a p-wave neutron spectroscopic factor
of (2J+1)S„=0.32 by Crozier. The locations of the
weaker analog resonances discussed above suggest that
the resonance at E =2.655 MeV may be a suitable can-
didate. Only a tentative assignment is possible since the
spin of the parent state is unknown.

The identification of analog states in Cl is much more
tentative than, for example, for analog states in neighbor-
ing nuclei such as S. This suggests that either the (d,p)
results are not as reliable as usual, or that the spins of
some levels in S are in error. These difhculties in estab-
lishing the isospin character of the resonances are partic-
ularly important if one hopes to establish a complete level
scheme for Cl.

D. Sum rules

The simplest shell-model description of the nucleus
Cl is a proton and neutron coupled to a S core. In this

description the level scheme of Cl contains much infor-
mation on the two-body residual interaction in the 2s-1d
shell.

Wildenthal et al. ' performed extensive shell-model
calculations in the A =30—35 region and the A =34—38

region. These calculations for positive-parity states have
been compared with the (d,p) results of van der Baan and
Sikora and the ( He, d) results of Erskine et al. Calcu-
lations for negative-parity states have been performed by
Erne for the mass region A =33—41 using a d3/2f7/2
configuration. Analysis of the states below -7 MeV
provided much information about major components of
the (d3/2) configuration and of the d3/2f7/2 T=0 and 1

configurations in S. Measurements by Erskine et aI.
allowed identification of the major components of the
(d3/2 ) and d3/2f 7/p T =0 and 1 configurations in Cl.

Consider the summed strength in the present data.
The single-particle reduced widths obtained from an R-
matrix approach apply for a specific channel (s, l, J,vr, T).
The single-particle reduced widths are estimated by
y,~=(—', ) (h /ma ) (=940 keV for p+ S), where m is
the reduced mass and the radius a is given by
a =ra(1+3' ), with ro=1.2 fm. Below the Coulomb
barrier, this simple estimate provides values which are
consistent with those obtained in more sophisticated cal-
culations for analog states. It is convenient to sum over
some of the quantum numbers, particularly when the
number of levels is small. The sum rule for X channels is
obtained by multiplying the single-particle reduced
width by N. The summed strengths and number of levels
are listed in Table III and the measured fraction of the
sum rule is listed in Table IV for s- and p-wave reso-
nances. The p- and f-wave strengths are much larger
than the s- and d-wave strengths. There is very little
positive-parity strength in this region of Cl.

K. Strength functions

The strength function S=(y )/D provides informa-
tion on the strength of the average nucleon-nucleus po-

TABLE II. Analog resonances.

34Sa

(MeV) l„
E b

(MeV) (MeV)

34Cl

J f''I ~/I', p

E (S)—E„(C1)
(keV)

(1,2)
(0—2)

2+
2
3

3
J
(2,3}

6.479
6.685

6.829
6.954
7.110

7.630
7.653
7.732

7.781
8.138

0
1

1

3

3.64
1.28

0.56
0.84
0.52
1.76

3.92
2.28
0.12
0.56
1.08
1.04

2
2
2

C

2
(2)

(3)

3

3

6.545
6.737
6.749
6.842
7.038
7.080

7.531
7.618
7.678

7.649
7.985

1.4448
1.6430
1.6548
1.7512
1.9525
1.9964

2.461
2.550
2.6122

2.582
2.9290

1.8
0.88
0.34
0.60
1 ' 5
0.23

d
0.22

d
3.5
0.96
0.14

d
0.99
0,58

—66
—52
—64
—11
—84

30

99
35
54

132
153

Excitation energies, spins, and parities are from Endt (Ref. 4). Spectroscopic factors are from Crozier
(Ref. 27).

Assuming S =5.1425 MeV (Ref. 8).' See text for discussion,
The l =3 component is expected to be below the limit of observability.
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TABLE III. Cumulative proton strength in Cl. TABLE IV. Fraction of the proton strength sum rule in ' Cl.

1+
2+
1

2
3
all
all

0
0
1b

1b

1

0
1c

T=O
(keV)

17 (10)'
19 (12)

144 (10)
1195 (24)
—(o)

36 (22)
1339 (34)

T=l
(keV)

—(0)
—(0)
193 (3)
222 (4)
269 (3)
—{0)
684 (10)

X)"
T=O and 1

(keV}

17 (10)
19 (12}

338 (13)
1417 (28)
269 (3)

36 (22)
2024 (44)

1
+

2+
1

2
3
all
all

0
0
la
1R

1

0
lb

T=O
(%)

2
2
7

63

2
28

T=1
(%)

10
12
29

T=O and 1

(%)

1

1

9
38
15

1

21

' The sums of reduced widths in the energy range

E~ =1.20—3.25 MeV are listed, with the corresponding number
of levels in parentheses. A dash indicates that no levels were
observed.

Summed over both channel spins.
'The 0 states are omitted.

tential. Values of the strength function over a range of
nuclei help determine the mass dependence of the
optical-model potential well parameters. The existence of
spin-orbit and spin-spin terms in the nuclear force will re-
sult in a difference in strength functions for different s, l,
and J. Because many analog states have been identified,
it also may be useful to separate the strength functions
according to isospin. Because of the small sample size,
most of the strength functions for specific channels are
poorly determined. Values of the measured strength
functions for the l =0 and 1 channels are listed in Table
V. For individual channels the error quoted is
(2/X)' —the fractional statistical error for a Porter-
Thomas distribution. Channels not listed in Table V
have too few states for meaningful analysis. The l =2
and 3 strength functions are not listed; due to the low
penetrability a large fraction of the strength is not ob-
served at the lower bombarding energies. Essentially all
of the p-wave strength appears to be located at F. &2.5
MeV, with very little positive-parity strength in this re-
gion: the p-wave strength function in this energy region

' Summed over both channel spins.
The 0 states are omitted.

is 10—,100 times larger than the s-wave strength function.
Most analyses of the p-wave strength functions ob-

tained from average neutron capture cross sections in the
keV region have employed the simplifying assumption
that the p-wave strength function is independent of J.
However, identification of p-wave resonances and their
spins is much easier in proton elastic scattering, due to
the strong l and J dependence of the characteristic reso-
nance shapes. Strength functions for many of the indivi-
dual channels have been determined from the present
data. To obtain the strength function for a given l, the
contributions from the individual channels must be aver-
aged with the appropriate weighting factors. Lynn sug-
gests employing an averaging procedure

I+ 1/2 (2J+1)S l =
2(~I+~)

~ =~~
~

~ (~ +i)(~I+~)
for the l-wave strength function. The strength functions
for individual channels IslJI and the strength function
for a given l are listed in Table V. In the present l =0
data the strength functions for the two channels are
about equa1. For the I =1 data, essentially no 0 states
are observed and only a few 3 states are seen. Most of
the strength is in the 2 states. The major qualitative re-

TABLE V. Proton strength functions in ' Cl.

g y (keV)

1+ 0
2+ 0

weighted average
1 0
1 0
2 0
2 0

weighted average
1 1

1 1

2 1

2 1

3 1

weighted average
average of l =

10
12

of / =0, T=O
10
10
24
24

of l =1, T=O
3
3
4
4
3

of l =1, T=1
1, T=O+1

17
19

84
60

721
477

3
189
136
86

269

0.013 (5)'
0.012 (5)
0.012 (4)
0.054 {24)
0.037 {17)
0.344 (99)
0.225 (66)
0.129 {35)
0.004 (3)
0.161 (66)
0.069 (49)
0.044 (31)
0.186 (152)
0.098 (46)
0.113 (29)

'Quantities in parentheses are the uncertainties in the last digit.



1970 VANHOY, BILPUCH, WESTERFELDT, AND MITCHELL

suit is that the l =1 strength function is more than an or-
der of magnitude larger than the l =0 strength function.

The ratio of s-wave strength functions for channel
spins 1 and 2 is S, /S2 = 1.1+0.7. The large uncertainty
in the s-wave strength function ratio is due to the ex-
tremely small sample sizes. Since p-wave scattering is
particularly strong for this nucleus, it is tempting to look
for possible splitting between the p»2 and p3/2 strength
functions. Most of the existing data on the angular
momentum dependence of proton strength functions is
obtained from experiments on zero spin targets. ' The

p&/2 proton size resonance was observed to have a max-
imum near 3 =42. There is only fragmentary experi-
mental evidence about the location of the p3/2 size reso-
nance. From the available data on zero spin targets, the

p 3/2 strength function is several times smaller than the

p»z strength function over the mass range 3 =40—60.
It would be interesting to examine the p&/z and p3/2
strength functions in the present data, since the p3/2 size
resonance should be very close to 2 =34. However, the
present analysis provides widths in the channel spin rep-
resentation. This is the natural representation since
channel spins are incoherent for unpolarized beams and
targets. The transformation of reduced width amplitudes
from the channel spin representation to the particle angu-
lar momentum representation is

yj= g( —
)

+' ~(2s+I)'~ (2j+I)'~ W(IiJl;sj)y, &J,

where 8'is a Racah coefficient. The signs of amplitudes
are generally unknown. If the amplitudes are assumed to
have random signs, the cross terms will cancel on the
average and the reduced widths transform according to

y~= g (2s+1)(2j+ 1)W (liJl;sj)y, IJ .

Although one may expect to obtain approximate values
for the strength functions in the j representation, the loss
of sign information has a severe impact for small sample
sizes. A Monte Carlo simulation was performed to esti-
mate the error resulting from the neglect of cross terms.
We considered X levels with I =1, J =2. For each level
in the sample, the reduced width amplitudes y,IJ
and yz&2 were drawn from a Gaussian distribution of
mean zero (corresponding to a Porter-Thomas distribu-
tion of reduced widths). The average l = 1,j =

—,
' strength

was calculated via both methods. The rms deviation of
the "true" strength function (calculated including the

signs of y) and the approximate value obtained by ignor-
ing the cross terms were X (% deviation) = 100 (10%), 50
(15%), 30 (21%), 20 (27%), 10 (50%). [In the present
data, the l = 1, J=2 states (N =24) are the most suitable
for analysis. Unfortunately, the transformation for l =1,
J =2, s =1 and 2 has an accidental "degeneracy. " Both
the p»2 and p3/2 widths have equally weighted contribu-
tions from the s =1 and s =2 widths and therefore the
p, &2 and p3/2 strength functions are equal. ] Without a
large number of resonances it is very difticult to accurate-
ly determine the splitting of the p-wave strength function
via this method.

V. SUMMARY

Differential cross sections for the S(p,po), (p, p, ), and
(p,p2) reactions were measured in the energy range
E =1.20—3.77 MeV with an overall energy resolution of
350 eV. Resonance parameters were extracted for 144
levels with a multilevel, multichannel 8-matrix code.
There are now some 230 levels in Cl with known parity,
including 120 new levels. Although the overall level den-
sity increases approximately exponentially, there are
significant local deviations which probably reQect nuclear
structure effects. The 1=1 strength is more than an or-
der of magnitude larger than the l =0 strength, and both
the s- and p-wave strength functions are strongly energy
dependent. Most of the l =1 strength is below E =2.6
MeV and almost all of the l =0 strength is above E& =2.4
MeV. A number of analog states were identified, but
several ambiguities remain. Improved spectroscopy on
"S would facilitate the analog state identification and as-

sist in the long-term goal of establishing a pure and com-
plete level scheme for Cl.
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