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The S(d,p) S reaction was studied at Ed ——25 MeV with an enriched ' S target (81.1%) and

momentum analysis of the protons. Twenty-six groups were identified with levels in . S. Excitation
energies were obtained with an uncertainty of (3 keV and angular distributions yielded I and S
values for the transfer reaction. Comparison is made to local systematics and the 1=1 strength is
also compared to recent (n, y) results. The ' S(d, He)" 'P reactions were also studied. A mass ex-
cess for "P of —24854(5) keV was obtained. (d, 'He) proton pickup strength was observed to four
states of P and seven states of P. These results are compared to predictions of ~ildenthal.

I. INTRODUCTION

Recently, a quantity of S enriched to (81.1+0.2)%
(natural abundance =0.017%) was produced in the Soviet
Union and became available to physicists in the United
States initially for studying the ' S(n,y) S reaction. ' A

S(d,p) S experiment was planned simultaneously be-
cause of the need to resolve ambiguities in the ordering of
the y-ray cascades following thermal neutron capture. A
preliminary version of the (d, p) study has been given.
Other studies of the S(d,p) S reaction using targets fa-
bricated from similar material have also been reported.

Since S has Z = 16,N =20, the ' S(d,p) reaction
probes the structure of the f7/2 p3/2 pj/g and f, /z neu-
tron orbits outside the closed (2s, ld) neutron core. ' S
has valence neutrons and protons in different major shells,
and shell-model calculations for this "crossed-shell" nu-

cleus have not been made. However, the planning of such
a calculation should be aided by the systematics of the rel-
ative binding energies of the (f,p) neutron orbitals as the
proton shell is filled in the sequence S- Ar- 'Ca. The
extraction of (d,p) spectroscopic factors is necessary for
the location of the (f,p) neutron strength and was there-
fore undertaken. As will be seen (Sec. III C), these spec-
troscopic factors also provide data for an interesting com-
parison between the (n,y) and (d,p) reactions.

The S(d, He) reaction allows the investigation of P
for which only the ground state is known. ' Since the ' S
material contains (18.8+0.1)% S, information on the

S(d, He) 3P reaction is obtained simultaneously with
that for S(d, He) P. Predictions for the level structure
and the (d, He) spectroscopic factors exist' for both ' P
and P.

II. EXPERIMENTAL PROCEDURES

A. Target

Previous experience had shown that stable uniform tar-
gets of Ag2S could be fabricated with relative ease. These

were made by sulphiding Ag foils of 175 or 200 pg/cm .
For 100%%u~ sulphiding, the S thicknesses would be 23.7
and 27.0 pg/cm, respectively, for an enrichment of
81.1%. Past experience and inspection of the targets by
a microscope indicates nearly complete sulphiding and we
assume 85+ 15 % of the Ag is converted to Ag2S, yielding

S thicknesses of 20. 1+3.0 and 23.0+3.4 pglcm
respectively. The sulphur has a S content of
(18.8+0.1)% and thus the ' S target thicknesses are
4.4+0.7 and 5.0+0.8 pg/cm respectively. A S en-
riched AgzS target was made at the same time to provide
information on the background to the S reactions.

B. Experimental procedure

The deuteron beam was provided by the BNL Double
MP tandem facility and the proton and He spectra were
momentum analyzed in the BNL QDDD magnetic spec-
trometer. The solid angle of the spectrometer was 4.2
msr, subtending 3' in the reaction plane. Targets were
mounted in a scattering chamber and the integrated beam
intensity was monitored with a Faraday cup. The detec-
tor consisted of a multiwire proportional counter backed
by a stopping plastic scintillator. ' The (d,p) measure-
ments were performed at Ed ——25 MeV and the (d, He)
measurements at Ed ——30 MeV.

These experiments were the first use of a deuteron beam
at BNL since SF6 was introduced into the tandems in
1975. It was found that at Ed ——25 MeV activation of
14.26 d ' P via the ' S(n,p) reaction on the SF6 was serious
enough to demand a several week waiting period before
any maintenance could be done inside the tandem tank.
Thus, the latter part of the study was performed with N2
in the pressure tank.

C. The S(d,p) S spectra

The 15 spectrum from S(d,p) S is shown in Fig. l.
Twenty-six proton groups corresponding to states in S
are labeled up to an excitation energy of 6.5 MeV. The
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FIG. 1. Proton spectrum from S(d,p) S. The proton groups corresponding to S energy levels are numbered sequentially as in

Tables I and IV. Contaminant groups are cross hatched. The very broad group arises from hydrogen in the Ag2S target.

energy resolution of -15 keV full width at half max-
imum (FWHM} was due almost entirely to energy loss
and straggling in the target. These 26 proton groups were
observed at nine angles between 7' and 50' and were as-
signed to S on the basis of their kinematic shift with an-
gle. In addition, the spectra from the S target were
recorded simultaneously with those from S for 0=15
and none of these 26 proton groups were seen in that spec-
trum. The excitation energies deduced for the 26 S lev-
els are listed in Table I where they are compared to previ-
ous values. ' ' '" The assignment of these groups to S is
quite definite. An attempt was made to locate all S pro-
ton groups which corresponded to bound levels, i.e.,
E„&4303 keV, and which had non-negligible
( & 50 pb/sr) cross sections. As the excitation energy in-
creases above 4.3 MeV, the probability of missing S lev-
els increases.

It was found that the background from Ag(d, p) was
small and structureless. This was expected for three
reasons. First, the Q values for ' ' Ag(d, p) are 5.05 and
4.60 MeV, respectively, compared to 2.079 MeV for

S(d,p) S. Thus the region of excitation in ' "Ag
covered is -2.5—9.0 MeV, where the level density is very
high. Second, (d,p) cross sections for A —110 are small,
relative to those for A —36, and finally, the QDDD
kinematic compensation was tuned for an A -36 target so
that the (d, p) reaction on A —110 targets had considerably
worse resolution (also true for A —12 contaminants as il-
lustrated in Fig. 1).

Data were collected at nine angles with six or seven
momentum bites per angle. In order to obtain accurate
reaction Q values it is necessary to determine the relation-
ship between the position measured by the focal plane
detector and magnetic rigidity. A procedure has been
developed' to accomplish this calibration for the QDDD
spectrometer. Measured corrections for magnet satura-
tion and multipole field settings are applied to the mea-
sured fields and peak positions. If the magnets are prop-
erly cycled to remove the effects of hysteresis, the non-
linear terms in the calibration are independent of magnet-
ic fields so that a global fit to all the data can be used.
Hysteresis effects were eliminated by cycling the magnets
at the beginning of the experiments, and only increasing

the magnetic field slowly for successive measurements.
Whenever a decrease in field was required, the magnets
were again cycled.

The calibration resulting in the excitation energies of
Table I was made from proton groups corresponding to

C(cl,p) C, O(cl,p) 0, S(d,p) S, and S(cl,p) S. Q
values and excitation energies for the first three listed re-
actions are accurately known. The S(d,p) S Q value of
2078.95(12) keV is otained from the (n,y) result' for the
neutron separation energy, S„( S ) =4303.52( 12) keV.
The S excitation energies from the (n,y) reaction (Table
I) were also used. These various reactions have different
enough kinematical shifts and Q values so that a least
squares fit at a given angle determines the incident deu-
teron energy and the scattering angle as well as the ener-
gies of the proton groups. The excitation energies of
Table I result from an average of the results from six an-
gles plus a careful appraisal of the systematic errors. We
believe the uncertainties assigned to these energies are
realistic.

D. DWBA analysis

The experimental angular distributions were compared
to the distorted wave Born approximation (DWBA) by
means of the code DwUCK4. ' The optical model parame-
ters' ' used for both the (d,p) and (d, He) reactions are
listed in Table II. In addition, the finite range correction
factor was set to 0.695 and 0.770 for the (d,p) and (d, He)
reactions, respectively. For the (d,p} reaction, a nonlocal
correction was made with the parameter PROC of
DwUCK4 set at 0.54 for the deuteron and 0.85 for the pro-
ton and transferred neutron. These values for the finite
range and nonlocality parameters follow the recornmenda-
tion of Kunz. ' For the (d, He) reaction we follow the
customary practice of not applying a nonlocality parame-
ter. The effect of these two corrections is small for the
shape of the angular distributions. Its effect on the abso-
lute magnitude is illustrated in Table III. The experimen-
tal cross section was related to the cross section (cTDw)
calculated by D~UCK4 via

o,„z(8)=N(C S)oow(8) mblsr,

where, ' for a spin zero target, N = 15.5 for the (d,p) reac-
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No. '

TABLE I, ' S excitation energies.

"S excitation energy (keV) and its uncertainty in the last digit
Present Piskor et al. (n,y )' Solin et al.d (t, 'Hei'

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

26

0
644.3(19)

1395.0(19)
f

1993.3(31)
2023.8(29)
2516.8(38)
2638.3(21)

g
g
h
h

3261.0(31)
3356.0(17)
3442.0(20)
3493.5(16)
4007.8(36)
4150.5(37)
4226.3(36)
4407.7(26)
4812.8(35)
4853.8(23)
4883.0(17)
4903.0(54)
5053.0(27)
5086.3(39)
5498.8(31)
5662.3(35)
5713.4(37)

h
6150.2(23)
6408.5(33)

0
645.85(17)

1397.93(33)

1991.1 1(24)
2020.90(45)
2514.77(32)
2637.79(20)

[2776.28(65}]

3169.85(30)
[3180.68(37)]
3262.56(24)
3355.41(35)
3442. 13(35)
3493.26(29)
4002.94(30)
4147.0(18)

5501.98(2)
5663.90(67)
5717.91(85)
5944.01(79)
6149.2(17)
6406.4(21)

0
646. 18(2)

1397.51(18)

1991.93(5)
2022.87(10)

2637.86(3)

3261.90(5)

3492.71(8)

0
642

(1394)
(1536)
1991
2024

(2514)
2636

3263
(3354)

3493

0
647(15)

1399(20)

2020(20)

2775(15)
2978(15)

3262(15)
3337(15)
3430(30)

'The numbers correspond to those in Fig. 1. States above No. 14 are unbound.
"Reference 3. Levels in parentheses are uncertain. For all levels above 3400 keV a systematic error of
—1.3 keV should be added to that given.
'Reference. 1 ~

Reference 4. The quoted uncertainty for all energies in +6 keV. The authors considered the levels in
parenthesis as uncertain.
'Reference 11.
A 1536-keV level was not observed. A limit on its integrated 7'—50 cross section is ( ]o of that for

the 1395-keV level ~

Not observed. The 7 —50 integrated cross section is less than 0.03 times that for the 2638 keV level.
"This peak would have been obscured by a ' S(d,p) peak at forward angles, in any case it is relatively
weak.

tion and 29.5/(2Jy+1) for the (d, He) reaction are
recommended for use with the finite-range parameters
listed above. In Eq. (1) C is an isospin Clebsch-Gordan
coefficient

C = ~ T'~ Tz~ rr
I Ta Tza ~ (2)

where t, t, refer to the transferred nucleon. For the
S(d,p) S, S(d, He} P, and S(d,3He} P reactions

TABLE II. Optical model parameters. Well depths are in MeV and geometrical parameters in fm.

Particle

Deuteron
Proton
3He

Bound nucleon

91.3
46.2

177.2

1.170
1.142
1.140
1.200

0.752
0.728
0.710
0.650

0.80
1 ~ 84

15.6
0

34.82
25.08
0
0

1.325
1.308
1.660

aw

0.721
0.645
0.829

1 s

13.2
19.7
0

—30

rc

1 ~ 3
1.2
1.4
1.2

Ref.

14
15
16

'Adjusted to give a binding energy equal to the experimental separation energy.
The VSOR parameter of DWUCK4, A, , was set equal to 25.
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C is 1, —,', and —,', respectively. The spectroscopic factor
S measures the overlap between A +n and 8. 36S (d p) 57S

Ed = 25MeV

E. ' S(d,p)' S angular distributions IO

Results for S(d,p) S are shown in Figs. 2—4. 1=1
transfer is assigned to four of the five levels on the right-
hand side of Fig. 2. For the 3494-keV level l =1 is pre-
ferred but not definite. For the g.s. and 2517-keV levels
shown on the left-hand side, an l =3 assignment is made,
while l =2 is assigned to the 1395-keV level. The DWBA
results for unbound levels were calculated with the neu-
tron just bound. This assumption is not justified and so
definite assignments cannot be made; however, it appears
likely that the 5499-keV level (Fig. 2) is formed by 1 =3,
while the data for the 4408-keV level can only be fit as-
suming 1=4 (Fig. 3). Alternate 1 values for transfer to
the 2024-keV level are shown in Fig. 4 to illustrate the de-
gree of selection. The proton group corresponding to this
level was only partly resolved from that for the more in-
tense 1993-keV level. The comparison of Fig. 4 strongly
favors an 1 = 3 assignment.

The results are summarized in Table IV which lists the
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FIG. 3. Angular distribution for the S(d,p) S 4408-keV lev-

el. The I =4 transfer is the only one for I(4 which gives a
reasonable fit. The cross section scale has an estimated uncer-
tainty of 20%%uo.
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FIG. 2. Angular distributions for ' S(d,p) 'S. The data are
labeled by the excitation energy (in keV) of the final level. The
theoretical curves are calculated with the distorted wave code
DWUCK4 as discussed in the text. The curves on the right-hand
side are all I =1 transfers, either p&~2 or p3/2 orbitals as indicat-
ed. Those on the left-hand side are labeled by the assumed orbit
of the transferred neutron. The ordinate scale has an estimated
uncertainty of 20%. The scale factors (e.g. , &&5) have been ap-
plied to the data. Comparison of the theoretical and experimen-
tal curves yields the spectroscopic factors of Table IV.

spectroscopic factors derived from a comparison of the
data to DwUCK4. The S values were found to be quite in-
sensitive to reasonable changes in the optical model pa-
rameters. For instance, small changes could be made in
the parameters to obtain better fits for individual levels,
but these changes had little effect on o.Dw(8) near the
maximum.

A check on the absolute cross section was provided by
(d,p) data at 6II» ——10' where the proton groups corre-
sponding to S(d,p) S 1.99- and 2.35-MeV levels were
observed. Comparison to a DWBA calculation using the
parameters of Table II gave (2J + 1)S values for these two
levels of 4. 1 (1f7/2) and 2.0 (2p3/3 }, respectively, in satis-
factory agreement with previous results. Since the

S/ S ratio is accurately known for the material used,
this provides a check on the absolute cross section results
for S + d also.

The (d,p) and (d, He) cross sections have an estimated
uncertainty of 20%. As is always the case it is difficult to
ascribe an uncertainty to the extraction of spectroscopic
factors via the DWBA. The minimum estimated uncer-
tainty is —25Fo, which may pertain for the (d,p} reaction
proceeding to bound states. As is clear from Table III
and Fig. 6, the 1 =0 (d, He) S values have a very large un-
certainty ( —factor of 2}, while the 1 =2 (d, He) S values
are probably extracted with -50% uncertainty.
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TABLE III. Examples of the effect of the DWUCK4 finite range and nonlocality corrections.

Reaction

36$(d p)37$

Final
state

(MeV)

0.64

7
2

3
2

Finite range
energy locality

16.2

34.5

N 0.Dg(e) in (mblsr)'
Finite range
nonlocality

19.3

39.8

No finite range
energy locality

16.3

33.7

16'

10'

S(d, He) 'P

3.85

1+
2

5+
2

1.43

1.24

1.87

1.74

0.78

1.50

20'

16'

'N = 15.5 for (d,p) and 29.5/(2 J + 1) for (d, He).

TABLE IV. Resume of ' S(d,p) $ angular distribution and cross section results. The choice of J is
based on the I value unless otherwise noted.

No.

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Ex
(keV)

1395

1993

2024

2517

2638

3261

3356
3442

3494

4008

4150
4226

4408

4813

4854

4883

4903

5053

5086

5499

5662

5713
6150
6408

C.m.
~max

(pb/sr)'

12 150

19900

830

1670

340

11400

3650

730
1120

790

840

550

430

970

1370

1890

1750

580

330
600

8120

8060
3450
2270

1950

~lab

15

10

10

10

10

20

10

10

10

10

15

10
154

15

10

10

10

10

10

15

154

10

10

10

10
154

(3)

(3)

)0
&l

(1)

)0
&0
&0

(4)

1,2

1,2

&0
&0
)0

3

&0
&0
&0
&0

(2Jf+1)S

6.16

2.62

0.22

0.15

0.08

0.14

1.54

0.60

0.28

0.31

0.37

1.2

c

2

3—
2

( — — )
5 7
2 7 2

( — — )
5 7

C

2

C

2

( — — )
1 3
2 7 2

(
7+ 9+)

( —-—)
1 5
2 2

( —-—)
1 5
2 2

( — — )
1 3

( ——)
5 7
2' 2

'The experimental uncertainty is estimated to be -20%.
The uncertainty in S is composed of 20% from experiment and a theoretical contribution representing

the usual uncertainties in DWBA analysis of (d,p) data. A reasonable estimate is -30% overall for
bound states and perhaps -50% for unbound states.
'The choice of J is from the proton analyzing power results of Ref. 5.
Obscured at 10'.
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F. The ' S(d, He) ' P results
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FIG. 4. Angular distribution for the S(d,p) S 2024-keV lev-

el. The three theoretical curves are arbitrarily normalized. The
cross section scale has an estimated uncertainty of 20%%uo.

A O~,b
——20' composite spectrum from five momentum

slices is shown in Fig. 5. A further momentum slice at
lower momentum (up to 7.3- and 9.6-MeV excitation in

P and P, respectively) showed no evidence for any ad-
ditional ' P peaks. The energy resolution for this data
on P is -32-keV FWHM. The background is largely
due fo non- He events and the discontinuities in the back-
ground level at the juncture between momentum slices is
due to varying efficiency for rejection of these unwanted
events which was made using the AE-E contour plot. The
data shown were recorded just after a series of 36S(d,p) S
measurements and the (d,p) data provided a focal plane
calibration. The results for the first three P He groups
were also used for calibration. The uncertainty in the P
excitation energies is due almost entirely to uncertainties
in the spectrometer field setting for that given slice. The

P ground-state Q value was obtained with relatively
better accuracy because it appeared in the same momen-
turn slice as the P groups corresponding to the 1.43- and
1.85-MeV levels. A later series of measurements provided
angular distribution points at six angles, but a focal plane
calibration was not available for this second set of data
nor were (d, He) results from an enriched S target. The
angular distribution data is illustrated in Figs. 6—8 and
summarized in Table V.

The assignment of He groups to P and P was done
on the basis of the kinematical shift with angle. For in-
stance, for the 5.06-MeV ' P level, the difference between
the He energy for 9»b ——8' and 45' is 1007 keV, while if
the group belonged to P it would be 947 keV. These
shifts differ by 60 keV and thus a plot of apparent excita-

500

450-
54,~S (d 3He)», 35P
Ed=30 MeV

1
I IB

PQ.~.

I-
R~ 250-
OO »P 5.06 »P I.85

I 50-
MP 5.20

BRJ2

»P 3.49»p4.05

»P 3.28 »P I.43

x I/5

5000 4000 3000 2000 IOOO

&5P EXCITATION ENERGY (keV)

- IOOO - 2000

FIG. 5. 'He spectrum from 30-MeV deuteron bombardment of the Ag2S target. P and "P peaks from "'"S+ d a«»beled by
the excitation energies (in MeV) of the levels to which they correspond. Two "Bpeaks from ' C(d, He) are also labeled.
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FIG. 6. The angular distribution for the S(d, He) 'P
ground-state reaction. The curves are DWUCK4 calculations for
1=0 transfer. The solid curves correspond to the optical pa-
rameters of Table II. The dashed curve is for r„(bound nucleus)
=1.3 fm and 8'( He) =10.6 MeV. The curves rise to 28 (solid)
and 41 (dashed) rnb/sr at O'. Although the fit is not good, a de-

finite 1 =0 assignment can be made.

tion energy versus angle for the assumption of a P and
P final state provides an adequate distinction between

the two: However, if a P peak lies higher than a P
peak by —30 keV at forward angles (so that the two peaks
shift through each other as the angle is increased), the
kinematical shift is not adequate to separate the two peaks
if they differ significantly in intensity. It is therefore pos-
sible that one or more of the observed P groups obscures
a weaker P group and vice versa. In any case, because
of the relatively poor statistics and peak/background ratio
[viz. , the (d, p) results], only states with relatively large
pickup strength were observed and others could easily
have been missed.

As in other (d, He) angular distribution measurements,
the quality of the DwUCK4 fits to the experimental angu-
lar distributions is not very good, especially at larger an-
gles. However, it is adequate to fix the 1 transfer. This is
so because of the clear distinction between various I values
[in contrast to the (d,p) results]. The P ground state is
clearly J = —, although extraction of its spectroscopic
strength has a large uncertainty due to the sensitivity of
the magnitude of the l =0 second maxirnurn with DWBA
parameters. The remaining observed angular distribu-
tions —three each in P and P—are all assigned 1=2

I I

0 IO 20 30
c.rn. ANGLE

FIG. 7. Three 1=2 angular distributions for ' S(d, 'He)"P.
The distributions are labeled by the excitation energies (in MeV)
of the 'P states to which they correspond. The scale factors
(e.g. , X0.4) have been applied to the data. The solid curves are
DWUCK4 calculations with the parameters of Table II, their
normalization to the data yields the C'S values of Table V. The
dashed curve illustrates the effect of changes in the optical pa-
rameters (see Fig. 6).

5040

III. DISCUSSION

A. Comparison with previous results

l. ~~S(d,p)37S

Previous results for S include the excitation energies
from the (d,p) results of Piskor et al. 3 and Solin et al.
and the (t, He) results of Ajzenberg-Selove and Igo."

and have pickup strengths less sensitive to the DWBA pa-
rameters. The spectroscopic factors for the 33P levels at 0,
1.43, and 1.85 MeV are estimated from the 8~» ——20' cross
sections deduced from the data of Fig. 5. In our estima-
tion, the uncertainty introduced in the C S values by the
lack of angular distribution data is adequately covered by
the uncertainty assigned to these C S values in Table V.
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Vl
C/l
O
CJ

6

)pO

l
O-2

l

~4st d, ~He)»p
which is unexplained. It is presumably related to the
large number of impurities in the targets used by Piskor
et al.

Piskor et al. reported l and S values for S states
below 4 MeV. We have no disagreement with their l as-
signments, for all cases in which we find a definite assign-
ment they do also. They do not quote a result for the
2024-keV level but give definite 1=1, 3, and 1 assign-
ments to the 3356-, 3442-, and 3494-keV levels for which
we give incomplete results. The spectroscopic factors of
Piskor et al. and of the present results are in agreement
well within the experimental uncertainties.

The Munich results on S(d,p) S have so far only ap-
peared in an annual report. A gas target was used and the
energy resolution was rather poor. However, proton
analyzing power measurements were made thus allowing a
choice between the two possible J values, J=l+ —,', in the

S(d,p) S stripping process. The J values chosen by this
measurement are indicated in Table IV. In the case of the
doublet at 1993—2024 keV, Kader et al. (with their ener-

gy resolution) assigned to the 2024-keV level the

determination we give to the 1993-keV level. Our reason-

ing is that the 1993-keV level is formed some 4.9 times
more strongly than the 2024-keV level, and thus the data
they observed (unresolved doublet) are characteristic of it
rather than the 2024-keV level. For the 1395-keV level a
clear preference for l =2 transfer over the I = 1 ascribed
by Kader et al. is found by both Piskor et al. and our-
selves. Our other I transfer assignments are consistent
with those of Kader et al.

l

l0
I

40
I

0 20 30 50
c.fr). ANGLE

FIG. 8. Three I =2 angular distributions for S(d, He) 'P.
The distributions are labeled by the excitation energies of the 'P
states to which they correspond. The scale factors (e.g. , &0.5)
have been applied to the data. The solid curves are DWUCK4

calculations, their normalization to the data yields the C S
values of Table V.

2. 3~$(d, Hej I'

Previous results overlapping with the present ones exist
only for the mass excess of P. We find —24854(5) keV
as compared to —24936(75) keV from a measurement of
the P end point in P decay. The agreement is accept-
able. The same P tneasurement established the ground
state of P as J = —,

' or —,
'

in agreement with the
present determination of J = —,

'

With all three of these there is excellent agreement with
the observed states. Solin et al. reported a state at 1536
keV which was not observed by Piskor et al. or in the
present study. Since Solin et al. considered this state as
uncertain and we studied the same reaction as they did,
we consider it unlikely that such a state exists. The states
at 2775 and 2978 keV, observed relatively strongly by
Ajzenberg-Selove and Igo, " are candidates for high-spin
or even-parity states, since such states would be expected
to be formed very weakly in the (d,p) reaction. We dis-
cuss these states again in Sec. III B, Since we used the n, y
results as part of our energy calibration, it is not surpris-
ing that our energies are in good agreement with those of
Ref. 1. The excitation energies of Piskor et al. are of
comparable or better accuracy to ours and the agreement
between the two sets of measurements is satisfactory. In
the results of Piskor et al. there is a gap in the S energy
levels between 4.2 and 5.4 MeV (our states Nos. 14—21)

3. $(d, He) P

The S(d, He) P reaction was previously studied by
Bearse, Youngblood, and Yntema' who measured angular
distributions for the P ground state and 1.85-MeV level
at Ed ——23.4 MeV. They reported spectroscopic pararne-
ters C S of 1.8 and 3.4 for these l =0 and 2 transfers.
Using the identical optical parameters and procedure as
for our 30-MeV data, we obtain C S values from their
cross sections of 0.09 and 0.046; while —more
appropriately —with the optical parameters listed by
Bearse et al. , DwUCK4 yields C S=0.13 and 0.10, respec-
tively. Clearly, the DWBA analysis of Bearse et al. is in
error regardless of any comparison to the present experi-
mental work. Now, invoking such a comparison, the peak
cross sections reported by Hearse et al. of 0.18 and 0.07
pb/sr, respectively (see Fig. 5 of Ref. 17), for the ground
state and the 1.85-MeV level must also be in error since
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TABLE V. Resume of excitation energy, angular distribution, and cross section results for
S(d, He) ' P. For the 'P levels and the 4.05- and 5.06-MeV P levels the J values were deduced

from the listed I values. For the other P levels they are from Ref. 6.

E„
(keV)'

0e

3864(10)

4664(10)

5202(10)

C.m.
O'max

(mb/sr)

4.00

1.35

0.47

0.28

lab

20

15

15

15

35p

Ic C2gd

2.3+ 1.2

1.45, 1 ~ 10

0.53,0.41

0.40,0.30

l +
2

3+ 5+
2 7 2

3+ 5+
2 7 2

3+ 5+
2 s 2

1431.6(2)

1847.60(14)

2538.6(7)

3275.4(9)

3489.8(6)

3627.6(6)

4047.8(8)

5060(10)

5.7

0.26

1.20

& 0.08

0.10(5)

0.43

& 0.06

1.14

1.17

20'

20'

20'

15

15

15

15

15

15

33p

(0)

(2)

(2)

(2)

(2)

(4)

2.2

0.37

1.27

& 0.10

0.06

0.19

0.53,0.46

0.39,0.34

l +
2

3 +
2

5+
2

3 +
2

3+ 5+
2 7 2

5+
2

7 +
7

3+ 5+
2 s 2

3+ 5+
2 ~ 2

'Present values for the 'P levels and 5.06-MeV level of P. For the other 'P levels the energies are
from Ref. 6.
The uncertainty is estimated as 20%%uo.

'Values in parentheses result from the known values of J" (Ref. 5).
Unless otherwise noted the uncertainty is estimated as 50%. When two values are listed they are for

the two J possibilities.
'The ' S(d, He) Q value was measured to be —7606(4) keV corresponding to a "P mass excess of
—24854(5) keV.
Data taken at this angle only.

they result in spectroscopic factors some 10—24 times too
small (compare Table V). We emphasize that these two
errors, both of a factor & 10, work in opposite directions.
Thus, they are obscured by the fact that the resultant C S
values are coincidentally reasonable.

The P 5049-keV level has been given a definite spin
assignment of J= —', from particle-y correlation measure-
ments in the 'P(t, p) P reaction. ' The correlation was
performed on the y-ray transition to the g.s., but y transi-
tions to the first two excited states were also reported and
so it is possible that the 5049-keV level is actually a
J= —,, —, doublet with the —, member contributing most of
the y transition to the g.s. in this measurement. Some
slight evidence for this is provided by energy measure-
ments' on the 5.05(doublet)~0 and 5.05(doublet)~1. 85
transitions. Using 1847.60(15) keV for the second-
excited state of P yields 5053.5(17) keV from the
5.05~1.85~0 y-ray cascade, while the y transition to
the g.s. yields 5048.7(30) keV. The discrepancy is
4.8+3.4 keV. The question remains open, but the fact
that essentially no d3/2 strength is predicted in this energy
range leads us to conclude that the level responsible for
this strength might very well have J = —,

'

B. Comparison to expectations

1. S(d,p) S

For S there exists no theoretical calculation as to the
level structure or (d,p) spectroscopic strengths. Here we

compare our experimental results to local systematics in
two ways. First, we apply the conventional weak-
coupling approximation developed by Bansal and
French' and Bernstein for use near the Ca closed
shell. This is particularly simple to do for both S and

P since, in view of the large neutron excess, we can
neglect proton excitations in these nuclei. Thus, the low-
lying levels of S are, in this extreme model, comprised of

S 'Ca, S Ca, and S Ca, where the symbol
represents extreme weak coupling of the energy levels of
the two bodies. The predictions for the level positions
(relative to the —', ground state from SS 'Ca) are
shown in the two level schemes on the left-hand side of
Fig. 9. In this weak-coupling model, with no residual in-
teraction, only the center of gravity of multiplets is
predicted as is shown. In addition to the levels indicated
in the figure this model would predict the other three
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5/2 -
I li2

5/2»

(2J» I) S

4408 (, /:+,9. 2+) 0 31
~/2 -

I li2

E„(keV) CS

TABLE VI. Comparison of experimental and theoretical
(Wildenthal) excitation energies and proton pickup strengths for
the indicated ' P and P levels. Values of J in parentheses are
assumed in order to agree with the theoretical predictions.

li2+
I 2+ ~/&»

3/2+

3 /Q

5/2

7/ 2

( 3/2) 0.28

326 I 3i2 0 60
2978 (, HB

t, 3He

2638
251 7

I
/o

(5, 2 7/2 )

), 54
0. 14

3'2 0.09 0 81

o0 )4

1993

l 395

(5/2, 7/2 ) 0.08
(3/2) 0 I"

(3/2 "./2)+

0. 78 ". . Cig
0.58, 0 06

5/2 0. I3j0.i4

3/2+

3 /Q 2 0) 3/') o
I

]+
2

3 +

5+
2

3 +
2

5 +
2

7+
2

(th)

0

1531

1997

2646

3606

3787

(exp)

33p

0

1432

1848

2539

3275

3490

3628

(th)

1.27

0.53

1.09

0.00

0.02

0.70

(exp)

~ 2e2

0.37

1.27

(0.10

-0.06

0.19

35S e 4"Ca 34S e 43Ca (d, p)

6 (0) 7/2 5 3;6.7
EXTRAP0LI'(TED

3888

5153

4048

5060

1.31

1.34

0.46

0.34

37S

FIG. 9. Comparison of S levels from ' S(d,p)3 S to local sys-
tematics. Weak coupling results (Refs. 19 and 20) calculated
with a = —0.25, b =2.5 MeV, are shown on the left-hand side
of the experimental spectrum. The results on the right-hand
side are from a linear extrapolation in the number of proton
pairs for the low-lying levels of the N =20 isotones 'Ca, ' Ar,
and "S. The spectroscopic strengths of the present experiment
are shown for the 1=1 and 3 distributions for E„&3.5 MeV.
The strengths are also listed for the analogous ' Ar (Ref. 22) and
'Ca (Ref. 23) levels.

] +
2

3 +
2

5 +
2

( —; )

7+
2

5 +
2

0

2652

4213

7073

7053

35p

0

3864

4664

5202

1.76

0.12

5 ~ 51

0.05

~ 2I3

1.10

0.41

0.30

single-particle levels of v(lf7/p 2p3/2 2p, /2, lf5/2) as in-
ferred from the experimental 'Ca spectrum. These are
hard to identify since the single-particle strength is frag-
mented and the relative single-particle energies are expect-
ed to vary with A. Thus, we also show the S spectrum
resulting from a linear extrapolation in the number of
proton pairs using the 'Ca and Ar spectra from Ref. 6.
These are shown on the right-hand side of Fig. 9. Except
for the —, levels, only the lowest excited state of a given
J is shown.

Both methods of comparing to local systematics do a
good job of accounting for the observed states. The corn-
parison offers strong evidence that several or more bound
even-parity states were overlooked in the (d,p) measure-]+ ]+ 3+ments. The weak-coupling method predicts —,

, and —, states to be centered at -2.7 MeV and none
of these states were observed. The extrapolation pro-

] + 7 +
cedure is not possible for one —, state and the —, state,
since these have not been located in ' Ar (where the weak
coupling model would predict them, cf. Ref. 21); it does

&+ 3+ 5+
predict —, , —, , and —, levels in this approximate ener-

gy region. The extrapolation procedure also failed for the
lowest —,

' state since this state has also not been located
in Ar. In fact, with this state located in ' S via the
analyzing power results of Ref. 5, we can interpolate and
predict a —, state with appreciable 2p~~2 strength at
-3.2 MeV in Ar. It may be that a —, state near this
energy has been misidentified as —,

'

'Not observed.
These are presumably intruder states, i.e., not from (2sl d)

The inability to find even-parity states can be explained
by their expected small spectroscopic strengths as inferred
from those in Ar and 'Ca. It is possible that one or
both of the states observed in (t, He), but not in (d,p), can
be associated with two of these even-parity states.

The (d,p) strengths shown in Fig. 9 for Ar and 'Ca
are from Refs. 22 and 23, respectively. The l =1 and 3
spectroscopic strengths shown for 'Ca comprise 90% and
100% of the observed 2p3/2 and lf7/2 strength below 4-
MeV excitation. The sumtned strengths for (2J+1)S in
'Ca are 6.76, 0.04, and 3.21, and 1.0 for f7/7 f5/2, 2p3/2,

and 2p, /z, respectively; for S these strengths (with the
assumed J" values of Fig. 9) are 6.34, 0.14, 3.63, and 1.5,
respectively. The similarity is startling.

2. S(d, He) P

In Table VI and Fig. 10 comparison is shown of the
(d, He) results to the (2s, 1 d) calculation of Wildenthal.
In Fig. 10 1p-6h and 2p-7h weak-coupling predictions are
also included. Aside from the l =0 transition to the
J = —,

'
ground state, most of the spectroscopic strength

is predicted to reside in the I =2 transition to the lowest-
lying —,

' state. Only three excited states were observed
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5/2 -9/2

C2S

5/2+
3.85

3/2+ —5/2+

3/2+

(5/2)+

I/2+

5.2o (5/2)+ o 3

6~ (5/2)
O 4

4.21

2.65

c s

5/2 5 50

3/2+ 012

3. S(d, He) I'

In Table VI are listed the spectroscopic strengths result-
ing from analysis of the (d, He) cross sections using
DwUCK4 with the parameters of Table II. Comparison to
Wildenthal's (s,d) calculation indicates quite good
agreement up to the ( —, ) 3275-keV level. Above that,
the experimental d5/2 pickup strength is 30% of that
predicted. As in the case of P, it is probable that the
strength is shared with intruder states and its centroid is
pushed to higher energy.

C. Understanding thermal neutron capture

In the off-resonance situation, direct capture effects
play a strong role in thermal neutron capture and the ob-
served primary y-ray partial cross sections' can be com-
pared with the model predictions. According to Lane and
Lynn, the predicted cross sections (in barns) are given

25

34P 4ICO 33P 42ca
I/2+ 0

(d, ~He)

1/2+

(2S, l 4)

o.r -o.(hs)C,

where the hard sphere (hs) cross section is
2 '2

0.062 Z (2J+1)S 2 y+3
RQE„A 6 y+1

(3)

(4)

35p

FIG. 10. Comparison of the 'P levels from S(d, 'He) 'P to
weak coupling results and the (s,d) ' calculations of Wildenthal
(Ref. 8). The (d, 'He) pickup strength C'S is shown for the
(s,d) ' calculation as well as for experiment.

and the factor C is

R —b, y+2C= 1+ y y+3

2

(5)

and it is assumed that these are all —,
' states which share

part of the predicted 1 =2 strength. The (2s, ld) state
is then fragmented via mixing with 2p-7h states. The two
lowest states predicted are included in Fig. 10. Since the
observed l =2 strength is considerably less than that
predicted, it would appear that considerable d5&2 pickup
strength is to be found at higher excitation energy.

The present experiment was quite selective with little
sensitivity for states with small C S values. From inspec-
tion of Fig. 10 it would appear that numerous other states
in P below 5-MeV excitation remain to be found.

In the above expressions, R is the nuclear potential radius
in fm, y =kR, k =0.219+Ez(MeV) fm ', Ez is the pri-
mary y-ray energy, and b, is the scattering length in fm.
It is customary to define the potential radius as
R =1.353'~ fm which reduces to 4.5 fm for S. All
quantities required to evaluate Eqs. (3}—(5} are now
known except for the scattering length b, In Table .VII,
we show a comparison between the measured and calcu-
lated values. The agreement is excellent if b, is assumed
to be 3.0 fm, and still reasonable (i.e., within 20%%uo) if b, is
2.5 or 3.5 fm. Only a future experiment, such as the one
carried out on the other three stable S isotopes ( S, S,
and S) by Koester, Knopf, and Waschkowski can yield

TABLE VII. Comparison between measured and calculated thermal neutron capture cross sections in 'S.

E„(keV)

646

1992

2638

3262

3493

3
2

3
2

1

2

3
2

( — — )
1 3
2 7 2

(2J+1)S'

2.71

0.22

1.60

0.58

0.31

Primary
E~ (keV)

3657

2312

1666

1042

811

Measured

~, (mb)

161 +18

9.4+ 1.2

52+ 7

8.1+ 1.0

2.4+ 0.3

~, (mb)

b, =2.5 fm

207

10.0

51

1 1 ~ 3

4.8

Calculated'

or (mb)

b, =3.0 fm

168

8.3

43

9.9

4.2

O.
y (mb)

b, =3.5 fm

132

6.9

37

8.6

3.7

g o~ (mb) =232.9 274. 1 233.4 188.2

'Average of current values and those from Ref. 3.
From Ref. 1.

'From Eqs. (3)—(5).
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information on the correct scattering length.
Another prediction of the direct capture theory is that

the capture cross section is nearly proportional to the first
power of the y-ray energy rather than to its cube. The
latter is the usual assumption for the energy behavior of
dipole transitions. In the current case, the correlation
coefficient between the capture cross sections (to specific
states) divided by the y-ray energy and the spectroscopic
strength is 0.99, in agreement with these expectations.

The excellent overall agreement between experiment
and direct capture theory noted here for S extends also
to the cases of S (Ref. 25) and S (Ref. 27).
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