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Resonance structure of 32S+n from measurements of neutron total and capture cross sections
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Neutron total and capture cross sections of ' S have been measured up to 1100 keV neutron energy

IE,„,( S) = 9700 keg. Spin and parity assignments have been made for 28 of the 64 resonances found in

this region, Values of total radiation widths, reduced neutron widths, level spacings, and neutron strength

functions have been evaluated for s, &„p„2,p3/p and d&„ levels. Single particle contributions using the valency

model account for a significant portion of the total radiation width only for the p„,-wave resonances. A
significant number of resonances can be identified with reported levels excited in ' S(d,p) and ' Si(n,n)
reactions. A calculation of the Maxwellian average cross section appropriate to stellar interiors indicates an

average capture cross section at 30 keV, cF 4.2(2) mb, a result that is relatively insensitive to the assumed

stellar temperature. Direct (potential) capture and the s-wave resonance capture contributions to the

thermal capture cross section do not fully account for the reported thermal cross section (530+40 mb) and

a bound state is invoked to account for the discrepancy.

NUCLEAR REACTIONS +S(n,n), E„=25-1100keV, 3 S(n, y) E„=2.5-1100
keV; measured (Tn tpt(E) ~~ y

deduced level properties, l, J, ~, (Ep I'„ I'&);

calc avg properties: (D&z), (S&~) for L =0, 1, 2; calc single particle contri-
bution to 1

y
(Valency model); calc Maxwellian avg cross sections.

I. INTRODUCTION

Although neutron reactions on "Sare of interest
in some nuclear reactor applications, astrophysi-
cal modeling, and the study of single-particle ef-
fects, the available data are incomplete. There
are several studies over limited energy regions' '
of &r„, for sulfur (95% 'S); however, only Peter-
son ef; al. ' and Cierjacks eI al. ' cover a substantial
portion of the energy spectrum. Peterson's 1950
work with typical 'Li(p, n) resolution detected on-
ly the most prominent resonances. The data of
Cierjacks are of relatively high quality, but sta, rt
only at 500 keV. Neither study included analyses
of resonance parameters. The capture cross sec-
tion ez ("8) has been studied even less than the
total cross section. Qnly the region below the
102.V keV resonance has been investigated" in-
cluding several studies of nonthermal neutron cap-
ture gamma-ray spectra. ""

The measurements of both neutron capture and
total cross sections complement each other. In
the present work all definite assignments of reso-
nance J values and total widths are deduced from
the total cross sections. The capture cross sec-
tion experiments give the kernel (gl „l'&/I') from
which 1"

&
can be found given gF„ from the trans-

mission measurements, although the total width

may sometimes also be evaluated from the capture
data provided that the resonance is not too narrow
compared to the resolution (e.g. , &20%). The neu-
tron capture experiments tend to be somewhat
more sensitive to detecting resonances of higher

l value than do the total cross section measure-
ments; 13 resonances are reported here that were
seen only in the capture work.

II. TRANSMISSION MEASUREMENTS

The total cross sections of sulfur (see Figs. l
and 2} were measured in a time of flight trans-
mission experiment for which the Oak Ridge Elec-
tron Linear Accelerator (OBELA} was pulsed at
800 bursts/s with a nominal burst width of 5 ns.
The resulting neutron burst has a continuous spec-
trum produced by the photoneutron process in tan-
talum with subsequent moderation in a 15 cm di-
ameter beryllium clad water target. This target
is 3.2 cm thick in the directjon of the flight path.
Neutrons were detected by proton recoil in a 2 cm
thick NE-110 scintillator placed at the end of a
nominal 200 m evacuated flight path. The path
length has been measured by a steel tape under
controlled temperature and tension such that the
distance between centers of the source and detec-
tor is known to +5 mm; a total uncertainty of +10
mm is assigned to allow for the additional un-
certainties in the effective centers for neutron
production and detection.

By means of a digital time analyzer the arrival
of each detected neutron was measured to tl ns
relative to the arrival of the gamma-ray burst at
the detector. Total neutron flight times are de-
termined by adding the gamma-ray flight time to
this relative time, and the neutron energies are
calculated relativistically. Data were collected

21 545



546 HALPERIN, JOHNSON, WINTERS, AND MACKLIN 21

40

CAPTURE CROSS SECT10N (mb)

32S-(0.0248 atoms/barn )
20—

15

CAPTURE CROSS SECTION ( mb)

~2S-{00248 otoms/born )

20

60

40

TOTAL CROSS SECTION (b)
S- (002313 atoms/ barn )

20

0

70 85 100 115 130 145 160 175 190 205 220 235 250

500

10

TOTAL CROSS SECTION (b)
S —(0.1438 atoms/ barn }

5 .
A

800 825 850 875 900 925 950 975 1000 1025 1050 1075 1100

IO- CAPTURE CROSS SECTION (mb) t

32S-(0.0248 otoms / barn )

h )'g

0 M~ 0~~ & W~~~~- '~-'+ ~~+'~"~~ ~~~-"

400
CAPTURE CROSS SECTION (mb)

32S-(0.0248 atoms/barn ) IO— TOTAL CROSS SECTION (b }
S - (GI438 atoms / born }

200

100
I

80-

60

40

TOTAL CROSS SECTION (b)
S- (002313 a toms / ba rn )

500

30

20

525 550 575 600 625 650 675 700 725 750 775 800

I

CAPTURE CROSS SECTION ( mb )

3~S-(0.0248 atoms / born )

20

0
25 30 35 40 45 50 55 60 65 70 75

NEUTRON ENERGY ( keV )

15—

10—

TOTAL CROSS SECTION (b}
S-(01438 atoms/born )

FIG. 1. A comparison of total and effective capture
cross sections to 250 keV. 250 275 300 325 350
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in 40000 time channels. All counts were corrected
for the precise 1104 ns deadtime in the digital time
analyzer; the maximum correction was 22%. Most
channel widths were set at 1 to 4 ns in order to
give at least five channels per resolution width;
however, data at energies below 47 keV were ob-
tained with 8 ns channels such that there were on-
ly 2.5 channels per width at some low energies.
The neutron energy resolution function is expected
to be a combination in quadrature of the variations
in flight path and flight time. Thus,

(AE/E)'=(a+bE) &10 ',
where hE is the full width at half maximum of a
Gaussian resolution function. Measurements and
analyses" of narrow resonances in Ca have shown
that the respective values of a and 5 are 0.23 and
0.74 for E&0.6 MeV and a=0.43, Q =0.41 for E&0.6
MeV. Typical values of hE from this expression
are 55 eV at 100 keV and 900 eV at 1 MeV.

Four components of background have been iden-
tified: (a) constant room background, (b) 2.23 MeV
gamma rays which are generated by capture in
hydrogen at the source and decay with a 17 ps
half-life, (c) 0.4V8 MeV gamma rays from the
"B(n, ny} reaction in the pyrex face of the de-
tector phototube, and (d) small delayed pulses as-

FIG. 2. A comparison of total and effective capture
cross sections from 250 to 1100 keV.

sociated with the gamma burst. The last of these
was reduced by placing a uranium filter in the neu-
tron beam and by gating the detector on only after
the gamma burst, except when measuring the gam-
ma burst itself. To facilitate the measurement
and subtraction of the backgrounds, data were re-
corded for four contiguous ranges of pulse height.
Thus the higher pulse height data could be dis-
carded for low neutron energies without loss of
proton recoil data and the signal to background
ratio at high neutron energies could be improved
by using only the higher pulse height data. A thin
' 8 filter was used to ensure that the counting rate
after each burst had fallen to room background
before the arrival of the next burst. With the sam-
ple out, the background was less than 1%, usually
about 0.1% for E &50 keV. Further experimental
details are given elsewhere. "

Most of the transmissions were measured for a
sulfur sample with 0.1438 atoms/b; but a thinner
sample, 0.02313 atoms/b, was used also to obtain
data at low energy resonances. In each case the
incident neutron flux was monitored with a fission
counter and the sample was oscillated in and out
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of the beam about 100 times during the experiment
to minimize effects of possible variations in the
flux.

Total cross sections obtained with the thin and
thick samples are shown respectively in Fig. 1
(25 to 250 keV) and Fig. 2 (250 to 1100 keV). All
channels are plotted without averaging. The steps
in channel widths are evident from the abrupt
changes in statistical variations; these occur at
47 keV (8 to 4 ns channels), at 82 keV (4 to 2 ns),
and at 228 keV (2 to 1 ns). The thinner sample
data in Fig. 1 were necessary for the 30-, 97-,
and 112-keV resonances, but the data from the
thick sample had the better statistics and were
used for most of the evaluation in this energy re-
gion as well as at higher energies.

III. ANALYSIS OF THE TRANSMISSION

We have analyzed the resonances in transmission
by least squares fitting in terms of the R-matrix
formalism including the experimental effects of
Doppler and resolution broadening. In principle,
this could have been done with the complete multi-
level multichannel formalism over the entire en-
ergy region from 25 to 1100 keV. Actually we
have analyzed each resonance by the single-level
formalism, but we emphasize that this formalism
retains the most important contributions of other
levels. It is not a single-level approximation in
which the effects of other levels are completely
neglected. Thus, the deduced parameters, proper-
ly interpreted, can be inserted into the multilevel
expressions to produce an essentially correct de-
scription of the cross sections including level-level
interference.

The total cross section is an incoherent sum over
total and orbital angular momentum quantum num-
bers J and l. Lane and Thomas" have shown that
for each J, l the total neutron cross section near a
level with neutron eigenenergy E,. and total width
I' =1 „+1"&+I' can be written

o"(E) = o"..(E) + ~."„.(E), (la)

where

o „„' = 4vk 'g
~

(I'„/I') exp(i5„) sin5,

+ exp( ip )si~n-y ~, ~

'

for elastic scattering, and

neglected; however, the elastic term includes the
interference with all other levels. The resonance
phase shift 6» is given by

5~, =tan '[(r/2)/(E, . +6,. -E)], (2)

where I'„, b, &, and Q» are each modified by the R
function for all levels excluding level i, namely,

&; = y, 'P, R~, /dz, ,

where

d~ =1+(P,Rg, )'.

(5)

The channel radius must be chosen beyond the
range of the nuclear polarizing forces. We have
chosen a, = 6.4 fm, a radius where a Woods-Saxon
form for the nuclear potential is less than 2% of its
central value. The penetrabilities P, are calculated
using this value for a, .

In addition to 1"„we report 1"„', which by con-
vention is I'„"reduced" to its value at 1 eV in the
laboratory. However, for our energy region we
define T'„' more nearly completely than has been
the convention at lower energies

1 eV "' (ka)
n J! n E (eV) P

where k =be'E(eV) and b =(0.21968X10 ')
&&A(A+1.0087) '. These "reduced" widths are
directly proportional to the R-matrix reduced
width yq',

(6)

where yq' is the reduced neutron width of the level
at E q. This reduction of the R matrix to a single
element, an R function, follows from the approxi-
mation that the off-diagonal elements of R~, are
zero (i.e. , the random phase approximation). The
"potential" phase is

(f)~, =(f&, +tan '(R~, P, ),
where Q, is the hard sphere scattering phase angle.

We choose the boundary condition B, equal to the
shift factor S, at each resonance so that neither
appears explicitly in the formulation. The expres-
sions for 1 „and b,. can then be written"

I'„=2P,y, '/d~,

and

P„'=2/0 yy~. (7)
r„(r, +r„)

(E, +d, E)' + (I"/2)'-. (lc)

is the absorptive term. The statistical factor g~
is (2J +1)/2(2I+1) where I is the spin of the tar-
get. The absorptive term is written as an approx-
imation in which the contribution of other levels is

Conventionally the factor dz, in Eq. (6) has been
approximated by unity. That is a good approxi-
mation for higher / values or at very low energies
for s waves such that the penetrabilities are small
enough to make R»P, negligible in d» . But at the
energies of the present work the correct d~, should
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TABLE I. Resonance parameters and spin-parity assignments for S+n.

Eo (keV)

3o.38o (s)

gr„
resolution

4.2

gr„(ev) I'& (eV)

63.6 (11) 1.01 (5)

P' (rad)

+o.o1 (1)
1-
2

43.103 (15)

46.790 (15)

97.500 (11)

102.71 (2)

112.18 (2)

145.14 (7)

160.20 (2)

172.70 (7)

202. 63 (3)

261.O8 (3)

272.08 (4)

288.38 (4)

309.13 (4)

312.34 (5)

321.10 (10) b

34s.v4 (s)

3S3.23 (5)

3v6.ss (s)

378.52 (10)

382.10 (15)

401.11 (7)

4.4

270

0 10

0.088

9.3

12

0.090

0.019

0.18

0.072

0.055

0.051

234 (4)

15000 (100)

1116 (10)

9.4 (s)

3oso (2o)

15 (1)

1660 (10)

2 240 (30)

19 (1)

4 (1)

&9

43 (2)

18 (2)

7850 (30)

15 (5)

15 (2)

o.ov6 (s) '
o.oso (4) '
0.29 (2)

v.o (1s)

0.38 (3)

o.27 (2) '
1.02 (7)

o.89 (5) '
0.90 (10)

+o.oo (1)

-o.26o (s)

-0.02 (1)

-o.o1 (2)

-o.o63 (s)

4.06 (30)

1.82 (1S)

2.53 (20)

1.91 {15)

1.76 (15) '
1.72 (15)

3.87 (30)

2.18 (55)

0 91 (12) c

o.6s (1o) '
1.52 (12)

-0.110 (10)

-o.ov3 (s)

-0.01 (4)

-P.2 (2)

-0.04 (3)

-0.10 (6)

-o.s32 (s)

1.56 (10) +0.01 (4)

(l =2)

(l =2)
3

2
f +

2

3»
2

l =1,2

1
2

L&0
f»

2

3
2

l &p

l &Q

l &p

f+
2

412.33 (6)

42S.8O (2O) b

0.48 14s (s)

&12

0.90 (8)

0.46 (10)

-Q.10 3

2

459.67 (6)

462.76 (6)

513.33 (12)

s32.9v {10)

sv6.o4 (2s) b

586.08 (12)

586.88 (10)

64s.s (s) '
649.24 (10)

665.98 (13)

675.37 (10)

68V.8 (1O) '
6g6.04 (12)

724.79 (11)

738.0 (5)

0.30

0.69

0.060

0.071

0.48

8.1

2.6

0 13

1.4

20

7.3

1os (s)

244 (5)

24 (5)

3o (3)

&17

300 (50)

3 860 (50)

&2Q

142O {15)

72 {8)

790 (10)

&22

11800 (120)

4soo (so)

&24

o.44 (s) +o.ov (1)

2.79 (25) +0.0 (2)

2.48 (25) +0.0 (2)

1.72 (25)

2.8 (28)

0.9 (9)

0.7 (2) '
1.o4 (17)

1.37 (15) '
o.4o (12)

0.86 (25)

2.o (10}

o.g (3)

0.4 (2)

o.o'
o.o (1)

-0.01 (1)

o.o (2)

-0.01 (1)

-0.69 (1)

-0.28 (1)

2.03 (20) +0.07 (2)

l &p

l &0

L &0
5+
2

5 +

2

l &0

5+
2

i+
2
i
2
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TABLE I. (Continued. )

E, (keV)

740.85 (12)

776.3 (2)

778.65 (12)

783.80 (13)

818.72 (13)

833.73 (14)

865.6 (4)

868.8 (4)

884.59 (15)

901.12 (16)

910.5 (5)

919.87 (15)

920.88 (16)

947.26 (16)

984.99 (21)

1OOV.S (2)

1oov.s (2)

1o44.8 (2)

1046.5 (3)

1O48.5 (3)

1055.3 {2)

1062 (1)

1064.9 (2)

1084.2 (2)

1091.4 (2)

grn
resolution

3.5
0.29

4.3

0.37

2.4

0.30

Q.Q65

0.10

0.331

0.16

6.7

3.6

9.3

0.23

1.4
0.21

2.2

2.6

4 Q

0.31

0.24

o.so

gr„(eV)

224O (25)

196 (10)

2880 (30)

25o (1o)

169O (2O)

220 (12)

50 (20)

so (1o)

260 (25)

13o (2o)

&30

2415 (7O)

5 550 (100)

309Q (30)

8300 (100)

21o (vo)

155O (15O)

200 (100)

2100 (300)

2 500 {300)

390Q {1QO)

~37

305 (100)

245 (30)

820 (40)

r„(eV)

0.4 (1)

1.5 {2)

0.3 (1)

2.6 (3)

0.4 (1)

5.5 (4)

3.9 {4)

3.4 (5)

17.0 (10)

14 (3)c

o.5 {2)'
0.8 (8)

1.3 (13)

o.s (2}

3.0 (10)

o.6 (6) '
0.6

4.9 (6)

0,5 (5)

o.5 {5)

1.2 (3)

2.6 (10)

3.0 (12}

4.o (1o) '
0.5 (3)

Q' (rad)

-0.18 (1)

-o.23 (1)

+o.o4 (4)

o.oo (1)

+0.08 (8)

o.o {4}

o.o {4)

+0.03 (4)

+o.o3 (7)

o.o '
-O.23 (1)

0.00 (1)

-O.32 (2)

& -0.3
-0.48 (5)

o.o '
-0.80

—0.38 (10)

-0.03 (1)

-1.0 (1)

-0.06 {4)

-0.25 (2)

2

l &0

3

2

5+
2

l &1

l&0

l &p

5+

2
3-
2
5+
2

f m

2

l &0
i-
2

l &p

i+

2

f
2

5+
2

f+
2

l &1
3-
2

'gr„r, /r =gI'„; the kernel measures gl'„.
Seen in captute only. Upper bound given for gl T„.

'gr„r„/r the capture kernel.
Potential phase fixed.
Possible multiplet.
Background slope set to zero.

be included, particularly for s waves, to maintain
the proportionality of the conventional widths to
the yq' of theR-matrix formalism. For the s-wave
resonances at 696, 1046, and 1065 keV for exam-
ple, d« is 1.23, 1.46, and 1.18, respectively. This
variation in d J'g reflects the Porter-Thomas width
fluctuations of the nearby levels included in R Jg .

For later interpretation we also introduce an
average R function R~, (as defined by Lane and
Thomas" ) which removes the Porter-Thomas
fluctuations by means of a continuous strength
function sz, (E),

(8)

where Pr signifies "principal part of."
A program DCON was written to fit by least

squares either one level or two levels of differ-
ent J/. The alpha-particle widths were neglected
and the 1 ~ were assigned from the capture data.
The adjustable parameters include two for a lin-
ear background plus a J, I'„, Eo, and Pz, (for
each resonance). Here J' must be a half-integer
and E, replaces E, +b, . To formulate the com-
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puter program we note that three terms result
when Eq. (lb) is expanded. The first is a, sym-
metric Breit-Wigner term to which the absorptive
term is to be added. The second shows unsym-
metric interference which depends strongly on P~, .
The third is a cross section, proportional to
sin'Q~, , that would occur if the resonance i were
not present; it can be treated as a background to
be added to that from all other Jl channels and to
the contributions of the minor isotopes. This total
nonresonant background is approximated as linear
in energy; thus, an important energy dependence
of P~, for other levels is included in the analysis
of each individual level. For the Breit-Wigner and
interference terms, the energy dependence of 1 „,
E, , and Pz, resulting from the penetrability and
hard-sphere phase are included if necessary, i.e.,
for the broad s-wave resonances; but the depen-
dences on other levels are approximated as con-
stant. In other words, R~, is assumed to be con-
stant over the width of the resonance except in the
background sin'P~ terms. From the "single-level"

parameters thereby derived one can deduce multi-
level parameters by the foregoing equations. This
subject will be treated in a later paper.

Table I lists 64 resonances of which 51 were
observed in transmission. Here we discuss orQy

the transmission resonances, all of which were
analyzed by the least squares fitting program.
Column 1 lists each resonance energy Ep with its
uncertainty. The uncertainty includes the statis-
tical uncertainty (as evaluated by the fitting pro-
gram) but is usually dominated by the addition in
quadrature of the contribution from the +10 mm in
distance plus the +1 ns in time (F.or the 30.38-
keV resonance the b t is 4 ns or half a channel. )
Also listed are the best fitted values of gI'„and Q',
with associated statistical uncertainties, and the
ratio gI'„/d Z, b, Z is the resolution width, for
the transmission measurements. The last column
gives either J' assignments or limits on the / val-
ues deduced as discussed below.

We have assigned J' for 28 of the levels observed
in transmission. Table II lists those levels,

TABLE II. Summary of arguments supporting the J~ assignments and average valency con-
tributions to the total radiation widths.

J 7r

J Eo (keV) logic logic I„' (eV) ' ' (ev) I'/1
y

' (I'y/I„g

S& /2

ds/2

102.71
376.55
696.04

1046.5
1064.8

462.76
586.88
649.24
675.37
818.72
919.87
947.26

1055.31

30.38
202.63
272.08
724.79
984.99

1007.8
1048.5

97.50
112.18
288.38
412.33
740.85
778.65
920.88

1091.43

A
A
A

8

D

D
A~
C
C
C
Ca
A
A

A
A
A
A
A
A~

8

A
A
A
D
A
A
A
D

A
A
A

8

A

D
Ca
D
D
D

ct

D
D

A
A
A
A
A
A~

Ct

C
C
A
A
A
A
A
A

48.30
14.05
17.40
2.99
0.35

2.01
19.19
5.73
2.94
4.31
4.94
5.98
6.21

6.83
24.77
9.48
9.21

12.92
2.37
3.71

2.44
9.66
5.98
0.26
2.28
2.78
4.70
0.61

1.032
1.099
1.230
1.456
1.185

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.010
1.003
1.004

1.001
1.000
1.001
1.003
1.017
1.009
1.026
1.048

7.0
2.18
2.0
0 5
3.0

0.43
0.93
1.03
0.40
0.37
0.83
0.67
1.6
1.01
0.90
4.07
0.90
3.0
0.6
0 5

0.29
0.37
1.82
0.89
0.35
0.30
1.25
0.50

0.215
0.043
0.085
0.0056
0.0001

0.040
0.235
0.066
0.049
0.157
0.059
0.134
0.063

0.26
1.35
0.21
0.66
0.27
0.27
0.46'

0.12
0.37
0.056
0.006
0.14
0.20
0.082
0.026

0.070

0.10

0.50

0.13

Doublet.
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grouped according to J'. The columns labeled "J
logic" and "m logic" are aids to the following dis-
cussion of the assignments. Each doublet member
is designated by "a".

The fifteen levels with J logic =A were isolated
and broad enough relative to the resolution (I /b. E
&1.2} such that we easily assigned J values from
the peak-to-valley difference in cross section.
The assignments for the very broad levels could
have been deduced by inspection, but we fitted
these just as all of the rest using the parameters
J', I'„, E, , and P' and a two parameter linear
background. Actually, some of these levels were
not completely isolated, but the presence of an-
other level was not a serious problem for the
single-level analysis. For example, for the 97.5-
or 112.8-keV resonances the linear background
accounts for the broad underlying 102.71-keV res-
onance. To analyze the underlying resonance it-
self, we simply de1eted points near the two nar-
rower peaks. Similar deletions of very narrow
resonances were made for other broad resonances.

The three doublet members designated A' are
also broad (I'/6E&1.4) but required two-level an-
alyses to give definitive assignments. For the
pairs near 587 and 921 keV the presence of the
narrow member can be seen visually as an inflec-
tion on a broader resonance. Although the third
pair near 1008 keV appears to be a single smooth
resonance, it cannot be fitted using the single-
level expression. We fitted each doublet using two
noninterfering resonances. Such an analysis would
be overparametrized if attacked directly using
three parameters with assumed J value for each
resonance plus two background parameters.
Therefore for the narrower member of each doub-
let we fixed Q' (see Table I} consistently with the
other phase shifts discussed below. For the doub-
let near 1008 keV the narrow member was re-
stricted to l&0 to give consistent phases for both
members of the doublet.

Figure 3 shows the cross section and fitted curve
for the doublet near 587 keV. We present this
doublet in particular because this resonance has
been suggested as an energy standard but was not
previously known to be a doublet.

Both levels designated B' for the doublet near
1041 keV are broad, I'/b, E &2.2. Thus they are
similar to the A' group except that they overlap
so completely that the number of free parameters
must be further reduced. Discussion of the anal-
ysis of these is deferred to later in this section.

The four levels designated J logic =6 or C' have
widths between 6E/2 and hE for the assigned
J= —,'. These cannot be fitted with J& —', . The re-
jection of J& —,

' was not so definite but was adopted
in each case because of the worsened quality of
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FIG. 3. The resolution of the doublet at 587 keV is
Qlustrated. The solid curve represents the fit obtained
using the DcoN program.

the fit as measured by chi-square. For the doublet
member at 919.87 keV we assumed Q'=0 because
both d- and f wave p-hase shifts are expected to be
nearly zero.

The four levels with Z logic =D have I'& hE/2
for the assigned J. The J values could be larger
but not smaller than the assigned value. The
choice of the lowest possible J value depends on
further logic, as discussed below.

We turn now to parities or l values. Our as-
signments are based fundamentally on the fact
that both the penetrabilities and the magnitude of
the nonresonance phase shifts decrease rapidly
with increasing l value. In Table II the levels for
which the least squares analyses yielded definite
negative phases are designated ~ logic =A, A', or
B'. The 30.38-keV level with J= —. is also des-
ignated "A" even though |It)'=0 because the zero
phase distinguishes it from other J = 2 levels.
These phases are plotted in Fig. 4. Below we dis-
cuss the two additional J = —,

' points designated "C"
that are plotted below 120 keV with nearly zero
phase.

Ignoring the curves and corresponding labels
(Fig. 4) for the moment, we note that the phases
cluster into two groups and we conclude that the
five points with systematically more negative
phases must have l =0, whereas the rest with def-
inite but less negative phases must have l. =1. Cal-
culations with any reasonable potential would give
Q' =0 for l = 2 or 3. Returning to the J values, we
immediately make the s~„p„,, and p3/ assign-
ments in Table II for levels having J= & or —', with
J-logic A or A'. Levels with J= & are easily clas-
sified as p~, or s,» and levels with J = —', must be

p3/ 2 rather than d» to account for the large neg-
ative Q'.

Assignment of the s~,-p„, doublet near 1047 keV
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shown for s~/&, p~/2, and p3/2 resonances. The curves
are least-squares fits using a constant R function. The
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Thomas width Quctuations.
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FIG. 5. Transmission for 0.1438 atomic/'b sulfur near
the 1046.5 (s~/2) and 1048.5 {p~y2) keV resonances. The
curve shows the two-level fit in which the s-wave phase
and the slope of the background were fixed on the basis
of other resonances. Data shown by open circles near
the narrow 1044.8-keV resonance were omitted from
this fit.

is definite but the logic (B ) is complicated Fig.-
ure 5 shows the transmission data to be fitted. We

begin by omitting from the analysis the open cir-
cles, which are near a third narrow resonance at
1044.84 keV. The remaining data show strong in-
terference and, at first glance, appear to result
from a single resonance. In fact the fit achieved
with J= —,

' has a chi-square of 1.3 per degree of
freedom (the final two-level value is 0.90}but the

resulting Q is -0.55 and is inconsistent with the
other p» phases. There must be two resonances.
To analyze the two resonances we must fix some
of the parameters. Since a preliminary analysis
showed one of the levels to have a large negative
Q', we can assign one level s,» and fix its phase
consistently with the other sz/2 resonances. To do
so we return to Fig. 4.

The sz/, curve in Fig. 4 is obtained by fitting the
8J'g for sy/ 2 corrected for the other observed s«,
levels using an assumed linear R~, and an assumed
constant strength for 0 to 1100 keV equal to the
observed average strength. The points scatter
about this curve because of the fluctuation of level
widths and spacings. For example, the point at
376.55 keV is relatively negative because of the
influence of the broad level at 102.71 keV. Using
this curve, with corrections for the observed lev-
els, we predict P'= -0.80 rad (point in parenthesis)
for the s~, member of the 1047-keV doublet. Fur-
thermore, from a multilevel calculation including
all but the two levels of the doublet, we find the
background to have zero slope. With these two
parameters fixed we made the two-level fit shown

by the curve in Fig. 5. The second level must
have J=

& and its fitted Q' is consistent with the
other p«, resonances. Thus the analysis in terms
of two J=

& levels of almost identical positions and
widths gives a good fit with consistent phase shifts,
whereas the use of a single J= —,

' level does not.
Finally we come to levels with n logic =C, C',

D, or D' for which our parities are based on the
magnitudes of the neutron reduced widths rather
than on Q', which in each case is nearly zero. We

assign p,/, to the 97.50 and 112.18-keV levels be-
cause the other possible assignment, namely d3/2,
would lead to reduced widths of 40 to 135 times the
average for the other six p3/, levels. That would

indicate the d„, strength function is at least an
order of magnitude larger than for p„, whereas
optical model calculation suggest the opposite to
be true. For the 586.88-keV resonance we assign
d,&, because the f,&, assignment would give a re-
duced width at least 50 times the average for other
levels. These are the C and C' categories.

In like manner we assign the seven levels de-
signated D or D' to be d waves with the reserva-
tion, as stated below, that one of them could pos-
sibly be f wave. For d waves all seven must be

d,/, rather than d,/, because the —,
' assignments are

either definite or lower limits (see the J logic}.
With the reasonable assumption that the eight d„,
levels include most of the strength from 400 to
1100 keV we find a d,„strength function (I'„')/(D)
of 0.7X10 '. The corresponding s„» pl/» and

p 3/ 2 strengths are al 1 similar and can be reas onabl y
described by an optical model. But if we had as-
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sumed the seven "D -logic" levels to be f», rather
than d„, we would have deduced an f», strength
function of 6.0X10 ', an order of magnitude larger
than for s or p waves. Optical model calculations
suggest an f», strength of only 0.3 X 10 ~ or less.
Therefore, we have concluded above that the seven
levels cannot be all f waves. There is a small
probability, however, that only one is f„,. If the
relatively narrow 675-keV level, for example,
were f„,, it would by itself give a strength of O. V

x10 for the 400- to 1100-keV region. Such a
concentration in a single level is unlikely but can-
not be ruled out.

In the upper part of Fig. 4 the p]g2 and p», curves
were each calculated using a linear R function cho-
sen in like manner to the above s», curve to de-
scribe an average strength both inside and outside
of our region. The spin-orbit splitting is apparent.
As expected the p», curve is more negative than

p„, because the bound single-particle p„, strength
is closer to the neutron separation energy than is
the p» strength.

The remaining 23 levels of the 51 observed in
transmission and listed in Table I are not broad
enough to allow definite J assignments; however,
most show an interference pattern (or lack thereof)
which places limits on Q' and, by comparison to
Fig. 4, provides a lower limit on the l value. On
this basis we assign l&0 to 14 levels and l&1 to
six levels. In Table I the remaining three levels
at 312.3, 378.5, and 401.1 keV are too narrow for
any assignment.

For these 23 levels the gI'„and the correspond-
ing reduced widths place upper limits on the l val-
ues. Thus it is unlikely that any have l=4. How-
ever, any one except the 160.2-keV resonance
could have l = 3 without the corresponding reduced
width exceeding about half of that actually ob-
served for the 102.7-keV s-wave resonance. For
the 160.2-keV resonances we assign /&3 or l =1, 2
because the f wave redu-ced width would be quite
large, I'„=53 eV for f», . For the others we place
no upper limit except l &4.

The peak cross sections for the 97- and 112-keV
resonances constitute the only unexplained prob-
lems encountered in analysis of the transmission
measurements. These two resonances clearly
have J = —,

' and should have resolution-broadened
peak heights of 57.3 and 62.1 b, respectively; how-
ever, the observed peaks are only about 53.0 and
60.0 b. These discrepancies have little effect on
the assigned resonance parameters; nevertheless,
they are disturbing because they are not reason-
ably explained by the effects of backgrounds, com-
peting reactions, resolution broadening, or the
structure of the incident flux, A similar discrep-
ancy does not occur at the 30-keV resonance or

for higher energy resonances obtained with the
thicker sample.

IV. AVERAGE RESONANCE PROPERTIES
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FIG. 6. A plot of the cumulative strength versus en-
ergy for s~g2, p&~2, and p3~& resonances. The heavy
curve represents a least-squares fit and the derived
slopes represent best estimates of the strength function.

The reduced neutron widths for l-wave neutrons
have been evaluated using Eq. 6. The neutron
strength function as conventionally defined was
taken as S» = (I'„')/(D») (note that we use a, = 6.4
fm), where (D») is the average level spacing for
resonances of the same spin and parity. The num-
ber of missed resonances has been evaluated by
combining our estimate of the experimental sensi-
tivity for the assignment of spin and parity to de-
tected levels with an assumed Porter-Thomas dis-
tribution. Using this criterion we have estimated
the number of s», , p»2 p~2 and d„, resonances
missed (13 altogether) and have corrected average
values of the reduced width, level spacing, and
neutron strength function for these missing levels.
In Fig. 6 are presented plots of the cumulative
strength for the s- and p-wave resonances seen in
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this energy region. The cumulative plots were
fitted by least squares (weighting with the fitting
function); and the derived slopes represent best
estimates of the strength functions for each class
of resonances.

s-Nave. Only five s-wave resonances have been
observed in "S+n to 1100 keV. Assuming a Por-
ter-Thomas distribution we estimate that there is
a 5% chance of obtaining a width less than our ex-
perimental sensitivity. We estimate the average
level spacing (D,) = 226(60) keV and the neutron
strength function as (S,)=0.82(55)X10 ' from the
least-squares fit shown in Fig. 5. The value for
the s-wave neutron strength function is an order
of magnitude below the values for nuclides at the
3s,&, peak" (near A =50 in the s-wave strength
versus mass curve) and helps define the valley
approaching the expected 2s», peak where there
are relatively few experimental points.

p-wave. We have identified seven p», resonances
to 1100 keV and estimate that two such resonances
were missed. On the basis of nine resonances,
we estimate the level spacing and neutron strength
function as (D», ,)=127(27) keV and (S,~»)
=0.66(38) X 10 ' where the uncertainties represent
one standard deviation. We have identified eight

p3/ 2 level s and estimate that three resonances
have been missed. Thus for 11 resonances we
find (D», ) =100(20) keV and (S,&») =0.28(14)
x10 4.

d-suave. Eight resonances have been assigned
and we estimate that only about half of the d»,

resonances have been identified. Penetrability
effects imply that only the strongest resonances
will be observed below a few hundred keV. On the
basis of 16 resonances, we estimate (D,&, ,)
=70(15) keV and (S„»)=0.5(3)x10 '.

Although the current experiment has been in-
sensitive for identifying d», resonances, approxi-
mately 11 —,

' resonances can be expected on the
basis of the (27+1) rule over the energy interval
studied here. Thus about 52 s, p, and d. reso-
nances have either been seen or inferred from
this study. This is 12 fewer than the total number
observed.

Y. CAPTURE MKASUREMENTS

Neutron time-of-flight measurements, see Figs.
1 and 2, were carried out with the ORELA 40 m
flight path using a 4 ns wide electron beam. The
neutron beam was collimated to give an approxi-
mately 2.6x 5.2 cm rectangular cross section at
the sample. A shadow bar in the neutron flight
path several meters from the ORELA beryllium
clad tantalum target attenuated the gamma flash
by at 1east three orders of magnitude. " The beam

used with a "Bfilter (0.027 atoms/b) yields an
especially clean neutron spectrum. The time de-
pendent background as determined with "black
resonance" filters ranges from -0.5% at low en-
ergies to -1%() at 1 MeV. In this experiment the
time-of-flight measurements were started follow-
ing a 1 p, s delay after the y flash and only one
event per electron pulse was accepted. A sample
of pressed natural sulfur (95% "S) of 0.0248 atoms
of "Sper ba, rn was suspended in the neutron beam
with 6.4 p, m mylar film. The supporting film neg-
ligibly attenuated the beam and did not give rise to
discernible capture gammas.

The total energy weighting technique first de-
scribed by Maier-Liebnitz and developed by Mack-
lin" was used to sum the energy-weighted prompt
(s5x10 ' s) capture gamma-ray spectrum. The
method permits the evaluation of the capture gam-
ma cross section independent of the details of the
capture gamma cascade. The y-ray detectors
were two nonhydrogeneous fluorocarbon (NE-226)
scintillators (10.2 cm in diameter and 4 cm thick)
placed just outside the neutron beam on each side
of the sample. These detectors subtended -55%
of the 4m solid angle and had an overall detection
efficiency of -15% for a typical gamma cascade.
The weighted detector response which is dominated

by Compton scattering is made proportional to the
total photon energy emitted by the sample. Thus
the number of neutrons captured can be deduced,
since each captured neutron contributes the neu-
tron binding energy plus center of mass energy of
the relative motion to a gamma cascade.

The linear pulse from the detector is digitized
into 128 channels and transmitted to an on-line
computer where the weight calculated for each
channel is applied. These weighted values are ac-
cumulated into a series of 18432 time-of-flight
channels. The neutron energy region spanned in
this measurement ranged from approximately 2.5
keV to 5 MeV (although only 1100 keV were sub-
jected to analysis). A 0.5 mm thick 'Li-glass neu-
tron flux monitor is positioned in the beam 40 cm
in front of the sample in transmission. " A plastic
scintillator positioned in the beam about 7 m be-
yond the total energy detectors served as a flash
detector and initiated the timing cycle. The digital
clock using 1 ns timing channels could be stopped
by a pulse from either the gamma-ray detectors or
the 'Li-glass monitor within a cycle time of 57 ps.
The neutron beam was pulsed at the rate of 1000
pulses/s; the resulting maximum dead-time cor-
rection to the data was 4.3%. The Li(n, n) cross
section used was that of Uttley" modified by more
recent measurements, ""especially near the 250-
keV peak. Corrections have been applied for the
Si, 0, and Ce activator in the glass.
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The 5.903- and 1094-keV peaks in the spectrum
of "Al were used to calibrate the energy scale for
the gamma-ray detectors, whereas the 30.38 res-
onance and the 586.88 keV doublet in a "S filter
served to calibrate the Li-glass neutron monitor.
The energy scale in capture is considered accur-
ate to at least 0.1% over the range of energies con-
sidered here exclusive of errors in the calibrating
energies of the standards that were used. The sys-
tem energy resolution is dominated by the neutron
moderation in the coolant water at the tantalum
target at low energies and by the accelerator burst
width (4 ns in this measurement) at higher ener-
gies. The time resolution of the detector is ap-
proximately 1.7 ns. The overall energy resolution
ranges from 1.6X10 at 2.5 keV to 3.2x10 ' at 1
MeV exclusive of Doppler broadening.

The saturated resonance technique was used to
calibrate the ratio of the detection efficiency of the
gamma-ray detectors to that of the Li-glass flux
monitor. We made use of the 4.9 eV resonance in
("'Au+ n) in which capture strongly predominates
over scattering. In an Au sample which is suf-
ficiently thick (0.0029 atoms/b) so as not to ap-
preciably transmit at resonance, the capture yield
per unit neutron flux is evaluated. A Monte Carlo
calculation was used to evaluate the neutron escape
probability (-2.6%, primarily from back scatter-
ing). The independence of the measurement from
the details of the capture gamma cascade had been
previously verified by us to -1% by the use of
standards as diverse as the 6.7-eV resonance in

U and the 3.9-eV resonance in '"Ho as well as
the 4.9-eV resonance in '"Au. (See also Yamam-
uro, "who has independently verified this indepen-
dence using resonances in Ag, Au, and Ta.)

The processing of the "S(s,y) data involved in-
itially converting the time-of-flight data to energy
dependent data, correcting for dead-time and time
independent backgrounds (i.e. , due to cosmic rays,
radioactive contaminants in the material of con-
struction, etc.). A second stage of processing in-
volved sample-dependent and sample-independent
beam induced background corrections. The sample
independent background correction subtracts a
normalized "no sample" run made under operating
conditions similar to the foreground run. The
fluorine in the fluorocarbon detector as well as the
aluminum of the apparatus housing can give rise to
capture gammas from neutrons scattered by the
sample. These gammas contribute background
dependent upon the sample thickness, the atomic
mass of the sample constituents, and the sample's
scattering cross section. The sample-dependent
background correction is applied by constructing
a background composed of both a E "' component
and a resonance structure component from the

known F and Al resonances that have been adjusted
to a measured "'Pb off-resonance spectrum.
These second order effects are adequately taken
into account here as judged by submillibarn resi-
dues in regions between resonances in a wide var-
iety of samples.

The capture data have been analyzed with a least-
squares fitting program" using the Breit-Wigner
single-level expression

gi „r„
(E -E.)'+(I /2)' (9)

to extract the parameters E, , 1 „, and I'&. Since
the resonances seen in capture are narrow, both k
and 1"„were assumed constant and equal to their
respective values at E, . A "1/v" background term
takes into account contributions from distant res-
onances. A field encompassing up to 500 data
points and up to 15 resonances is evaluated at one
time. The program iterates upon trial parameters
applying corrections for systems resolution„Dop-
pler width, resonance self-protection, and rnul-
tiple scattering. Only the capture area
A =(2v'/k')(gl'„I'z/I') is determined when the
resonance width is small compared to the resolu-
tion width hE. However, for cases in which the
ratio, I'/b, E, exceeds -20% itis generallypossible
to also deduce the resonance width I', and these
are found to be consistent with the more accurate
values from the high resolution total cross section
data.

A correction that may be required following the
evaluation of the radiation width, 1"~"P, concerns
capture in the detector environment of neutrons
scattered from discrete resonances in the sample.
This prompt neutron sensitivity is generally small
and can be formulated as a correction to I'„ that is
proportional to I'„:

1" =I"„"&—cI'„. (10)

VI. RADIATION WIDTHS

The average total radiation widths of the five
s„,, seven p„, , and eight p„, resonances (Table

Here c is dependent on the amounts and distribu-
tion of absorber in the environs of the detector. It
is energy dependent and has been found to range
from -10 ' to -10 over the energy range of this
work. Values of c are considered accurate to -20'%%uo

and contribute to the uncertainty in F& only for the
broadest resonances. The results of the capture
resonance measurements are included with the
results from the total cross section measurement
in Table I. The energy scale used in Table I is
from the better resolution total cross section mea-
surernent.
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II} are 3.0(11) eV, 1.6(5) eV, and 0.72(20) eV, re-
spectively. In all three cases, the dispersion of
the observed radiation widths about their respec-
tive means implies three degrees of freedom for
the assumed chi-squared distributions of the com-
ponent partial widths. Such a small number of de-
grees of freedom implies that the y cascade fol-
lowing capture is dominated by a few (=3) primary
y rays. This is consistent with the reported" cap-
ture y-ray spectra for thermal and resonance (30
and =103 keV) neutron capture. These spectra. are
dominated by three or fewer primary transitions.

The average total radiation width for the eight
d», resonances (Table II) is 0.78(15}eV and the
dispersion of the total radiation widths implies 7
degrees of freedom for the assumed chi-squared
distribution of partial radiation widths.

VII. THE CAPTURE KERNELS (gl „I jf') AND
ASSIGNMENTS

Of the 64 resonances observed in this work, 13
have neutron widths too small to be seen in the
transmission experiments. For these 13 and for
21 other narrow resonances, we report values for
the capture kernel gl'„I"z/I". In two instances,
the resonances at 43.10 and 46.79 keV, the kernel
is exceptionally small, i.e., = —,', the average. This
suggests, since the total radiation widths are not
expected to vary by factors of 20, that in these two
cases 1 &»gl"„, and the capture kernel reduces
approximately to gF„. Assuming Porter-Thomas
distributions with the observed population averages
for the s- and p-wave reduced neutron widths, the
probabilities that these two resonances have l = 0
or I =1 are &0.1%%uo and =2%, respectively. Like-
wise, assuming that the f-wave average reduced
neutron width is equal to that for the observed p-
wave resonances, the probability that l =3 for
either of these two resonances is much less than
0. 1%%u((. Hence, we suggest I=2 for both of these
resonances. The capture spectrum for a reso-
nance near 42 keV (neutron energy) is dominated"
by one strong (66%%u((} transition. If the I =2 assign-
ment made here for the resonance at 43.1 keV is
correct and if this is the same resonance seen in
Ref. 12, then the decay of that d-wave resonance
is typical compared to the 7 degrees of freedom
for the other d&, resonances listed in Table II.

VIII. DEDUCED CAPTURE WIDTHS AND CROSS
SECTIONS

A. Thermal cross section and resonance integral

The observed" thermal capture cross section of
530 + 10 mb cannot be accounted for by the contrib-
ution from the low energy 1/v tail of unbound s-

where y„=k„R and k„=(2mE~&/h')"' is the wave
number of the neutron binding energy to the pth
excited state. For the present case we assume
that scattering in the tails of resonances far from
thermal energy make negligible contribution to the
direct capture, i.e., we take R =R'= 4.1 fm (see
Ref. 16). The cross section for hard-sphere cap-
ture, the captured neutron going into an excited
p state of "S, can be written"

(12)

The spectroscopic factors S„(Table III} for the
l =1 bound states in "Sare from the work by Mer-
maz. " We assume that the primary intensities
(Table III) following s-wave capture are as re-
ported for an s wave near 111keV by Bird et al,."
(We obtain a more a,ccurate energy 102.7 keV for
this resonance. ) The calculated thermal capture
cross section is given by

(r~z(Er„) = g ~A~ +A~'+A ~'+81 mb, (13)

where the 81 mb is due to capture in the 102.7-keV
resonance leading to primary y emission to lc1
states in "S. The thermal capture amplitudes A„~
(direct ca,pture), AP (unbound resonance capture),
and As (bound resonance capture) are all taken
as real. ' All combinations of choices of relative
phases for the amplitudes are apparently possible.

Calculations using Eq. (13) show that bound reso-
nance capture is necessary to explain the observed
thermal capture but the parameters for the bound
state are uncertain. In Table III are presented the
calculated thermal cross sections for four different
assumptions. Columns labeled I and II present the
results of assuming no bound level and both choices
of relative phase. In both cases, the calculated

wave resonances. Ignoring interference effects,
the first s-wave resonance (102.7 keV} would con-
tribute 135 mb and the higher energy s-wave reso-
nances =1 mb. The remaining =394 mb of thermal
cross section is presumably due to direct neutron
capture and/or one or more bound levels. Mughab-
ghab" has recently presented strong empirical
evidence that the Lane and Lynn" model of direct
neutron capture does correctly predict thermal
cross sections in the mass range 40-50.

The expression for direct capture at thermal
energy to a bound state with excitation energy E„
with the emission of a y ray of energy Ez is given
by Lane and Lynn" as

&r~=oz(h. s.) 1+ y„
R -B' y„+2

/~+3
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TABLE DI. Contributions from direct, unbound, and bound resonances to the thermal capture cross section of 3 S+e.

E~
(keV) (2J„+1)S„~

I~ b

(%)

Assumption

I II III rv'
)A +A'

)
2 (A ~ -A™( I& +& +Asj [A~ -A"'-A

tI

(mb) (mb) (mb) (mb)

3221
4213
4920
5715
5894

1.90
0.30
0.088
1.06
0.44

30
&1
&1
10
&1

Q= 4o

60

245
12

3
84
12

+=35s
81

9
12

3
3

12
+=39

120

338
12
3

84
12

+=449
81

530

419
12
3
3

12
+=449

530

Spectroscopic factors taken from Ref. 29.
Primary y intensities taken from Ref. 12.

'Assumed s-wave bound level at -319 keV with I „=3 eV and 1 „=15eV.
Assumed s-wave bound level at -38 keV with I'& ——3 eV and I'„=15eV.

thermal cross section is smaller than the reported
value. The columns labeled III and IV present the
results of placing a bound level with reduced neu-
tron width I"„=15 eV and I'„=3.0 eV (the average
widths for the five s-wave resonances} so as to
account for the observed thermal cross section.
It is arbitrarily assumed that the bound state cap-
ture goes only to the 3221-keV excited state (such
an assumption is consistent with the thermal spec-
trum"). For assumption III, all amplitudes in
phase, the bound resonance would be located at
Ep 319 keV. For assumption IV, the resonance
amplitudes out of phase with respect to those for
direct capture, the bound resonance would be at
E, = -38 keV. These results are presented only as
examples of the many possibilities for satisfactory
accounting for the observed thermal capture cross
section.

ment buildup. Of interest in this connection are
neutron capture cross sections averaged over Max-
wellian energy distributions for temperatures
characteristic of stars supporting the s process
(say 108-10' 'K). In Fig. I is shown a plot of the
Maxwellian-averaged cross section oe =(vo)/ve
for a range of energies (i.e., temperatures Ez kT)——

of importance in astrophysical process. The reso-
nances at 30.38(& ) and 102.7(2 ) keV are the two
largest contributors to the Maxwellian-averaged
cross section. In particular, the value of Oe
=4.2(2} mb for Ee = 30 keV reflects the sharp reso-

I I I I

MAXWELLIAN AVERAGE CROSS SECTION

B. The resonance integral

The neutron capture resonance integral
I=f"'"o,dE/E of sulfur is of interest for esti-
mating reaction rates in thermal nuclear reactors
and concrete shielding. The resonance integral of
"Sattributable to the 1/v components (direct cap-
ture and bound level) of the cross section is 239
mb and that deduced from unbound resonances is
11 mb, giving a total resonance integral of 250 mb.
This low value reflects the large value of (D,} and
especially the absence of resonances at low ener-
gies.

C. Maxwellian-averaged cross sections at stellar
temperatures

The capture of neutrons by "S in stellar interiors
is one of several reactions involving "Sduring ele-

Cl
E

~b

l II

20
I

80 IOO0 40 60
e= kT(kev)

FIG. 7. The Maxwellian average cross section is
shown for neutron temperatures from 5 to 100 keV.
The 4.2(2) mb cross section at 30 keV strongly reflects
the presence of the resonance at 30.38 keV.
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nance at 30.38 keV. The cross section oz exhibits
a broad maximum at -30 keV making the reaction
insensitive to stellar temperature over variations
of a factor of 2 in either direction. Allen et al."
have reported cr8 = 3.0 mb for 30-keV neutrons
based on less nearly complete data than reported
here.

I'„g„=qg„(Ey)S„I'„'~E),'(Z'/A') . (14)

Here qq (E z) is the overlap integral including ori-
entation effects, S„ is the (d, p) spectroscopic fac-
tor of the final state, I'„'z is the reduced neutron
width of the initial state, and E y is the energy of
the primary gamma. The energy dependent qq„(E„}
term has been evaluated by Allen and Musgrove"
for transitions of interest and the spectroscopic
factors for "S(d,P) "Sare from Ref. 30. The capture
gamma spectrum for 'S has been studied"' and
the level scheme is well established. " By sum-
ming the calculated partial widths to the low lying
final states we have estimated the valency con-
tribution in 28 resonances. In Table II are listed
the radiation widths and the ratios of the calculated
valency width to the observed width for several J~
groups. Of the five s-wave resonances, only for
the very large resonance at 102.7 keV is the val-
ency contribution appreciable; the average value
of the calculated s-wave valency contribution is
(I' "/I"~') =0 070 (see Table II). Similarly for
eight resonances that have been unambiguously
identified as d„, , we calculate an average
(I' z"/I o~~}=0.10. Thus the valency capture mech-
anism seems to play a minor role in the capture
for the positive parity states. This conclusion is
consistent with the conjectures of Allen and Mus-
grove.

An examination of the average valency compo-
nents I'y" of the seven p»2 resonances gives a val-
ue of (I'z"/I'zb') =0.50. The strong resonance at

D. Valency model radiation widths

Evidence has been presented by Allen and Mus-
grove" that shell model single-particle contribu-
tions (i.e., single neutron transitions first sug-
gested by Lane and Lynn'8) to neutron resonance
capture become significant and may even dominate
in the mass regions at and above the neutron closed
shells and correlate well with the neutron strength
function peaks.

We have calculated the valency contribution
(I'z") to the radiation widths of s,&, , p», , p,~, , a.nd

d„, resonances in the "S+n system and compared
them to our measured values F y . The partial
radiation width for a resonance A. decaying to a fin-
al state p, in valency capture, assuming electric
dipole de-excitation, can be written as"

202.6 keV contributes heavily to the average and
represents what may be experimental evidence
for destructive interference between the valency
and other capture mechanisms. However, even
excluding that resonance, the average ratio
(I'r"/I"P')=0. 36. This result is consistent with
but by no means proves the importance of the val-
ency mechanism in p», resonance capture in "S.
Testing for the correlation between I'„~ and F yQ„
predicted by the valency model would provide def-
initive evidence for valency capture but requires
the partial radiation widths rather than the total
widths which we have measured.

Valency contributions for eight p», resonances
give an average ratio (I' r"/I'0&~) = 0.13, only slight-
ly greater than that for the positive parity reso-
nances. The p», single-particle state in "S is con-
siderably more tightly bound than the p», state,
and hence the expected p, &, valency component would
be smaller since the overlap integral is relatively
smaller. "

IX. UNBOUND LEVELS IN S

Resonance properties of ("S+n) determined in
this experiment are compared in Table IV with
measurements in which other reactions have been
used to excite levels in "S in the energy region
studied here, E,„,("S)=8640-9700 keV or E„(lab)
=0-1100 keV. Levels excited in (d, p} stripping
[energy threshold E,„,("S)= 6419 keV] may be cor-
related with those measured in the neutron experi-
ments. Liljestrand et al." report angular distribu-
tions and l assignments for 18 resonances derived
from (d, p) stripping up to 9460 keV of excitation.
Although the uncertainty in the excitation energy
of +10 keV makes an unambiguous matching of
levels difficult, seven resonances reported in our
work (see Table 1V) [8671.7(—,

' }, 8741.8(-,' ),
8838.7(2 ), 9007.3(z ), 9211.2(2 ), 9317.1(2 ), and
9402.1(f&1) keV] can be identified with levels as-
signed by Liljestrand. For three levels
[9031.1(l&0), 9139.9(l&0), and 9287.9(l&0) keV]
for which we can assign only lower limits for l,
Liljestrand et al. makes the assignments 1 =2, 2,
and 3, respectively. Three f wave resonances-
were seen only by Liljestrand et af. (8729, 8873,
and 9245 keV). Due to the small f wave penetra--
bilities these resonances would not be expected to
be seen in our neutron experiments. The d-wave
level reported by Liljestrand et al. at 8644 keV
would similarly not be expected to be seen in the
neutron work, and in fact the large uncertainty in
that energy is consistent with a bound level. Their
P-wave assignment to a level at 9460 keV with a
large width appears to be contradicted by the ab-
sence of such a level in the neutron data.
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TABLE 1V. Comparison with other work.

(33S)
(keV) J orl

Reference 36
+exc

(keV)

Reference 37
@exc

(keV)

Reference 38
E exc

(keV)

8671.7

8684.0

8687.6

8736.7

8741.8

8751.0

8782.9

8797.5

8809.7

8838.7

8895.3

8906.0

8921.8

8941.9

8945.1

8953.6

8977.5

8984.7

9007.3

9009.2

9012.7

9031.1

9042-0

9055.1

9087.9

9090.9

9139.9

9159.0

9200.8

9210.6

9211.2

9268.0

9271.7

9287.9

2

(l =2)

(l =2)

3%

2

f+
2

3 &

2

l =1,2

f"
2

l&p

2
3 &

2

l &p

l &p

l &0

1+
2

l &0
3 &

2

5+
2

l &0

l &0

l &p

5+
2

l &0

8644

8670

8729

8749

8838

8873

8939

8975

9005

9035

9115

9138

9175

9209

9245

9280

(1,3)

8673

8690

8752

8839

8910

8926

8942

8973

9010

9211

(0, 1)

&2

8942

9071

2 9213

9288
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E exc( S)
(keV) J~ orl

Reference 37

Eexc
(keV)(keV)

TABLE IV. (Continued. )
Reference 36

Eexc

Reference 38

Eexc
(keV)

9297.0

9309.2

9317.1

9344.9

9357.6

9360.5

9395.0

9397.2

9402.1

9436.0

9450.6

9481.5

9484.6

9499.9

9515.9

9524.3

9534.0

9534.9

9560.6

9597.1

9619.4

9619.4

9655.2

9656.7

9658.7

9665.4

9671.7
9674.6

9693.4

9700.4

1 +

21-
2

2

l &0
3"
2

L &1
5+

2

l &1

L&0

l &0

L &1

L &1

5+

2

2
5+

2
1

2

l &0

1

2

l &0
1+

2
f w

2
5+
2

f+
2

9350

9400

9460

9348

9363

9400

9436

9564

9607

9666

9362

9403

9442

9470

9499

9531

9571

9675

9699

Bommer et al."pointed out that the much great-
er efficiency in exciting higher angular momenta
in the (d, p) reaction as compared with exciting
identical states in (n, n) scattering can yield l as-
signments. Integrating the cross section over the
resonance for each type of experiment and forming
the ratio

Od, P dE o(n, n)dE

produces a parameter independent of the reduced
width of the resonance. Penetrability effects (pri-
marily in the neutron channel) produce an expected
enhancement of up to one order of magnitude in
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this ratio for each added unit of angular momentum
transferred. By comparing their g, p) data with

the total neutron cross section data of Peterson'
and adopting level energies from Peterson, Bom-
mer et al. assigned l values to 19 resonances in
our energy region (Table 1V). Bommer's assign-
ments agree with ours for 15 of these resonances
[8671.1(2 ), 8684.0(i=2), 8V41.8(2'), 8838.V(—,

'
),

8906.0(2 ), &921.8(—,
' ), 900V.3(~ ), 9211.2(2'},

9317.1(~ ), 9344.9(~ ), 9360.5(f), 9402.1(i=2),
9436.0(z ), 9534.9(~ ), and 9560.6(f) keV]. Two
resonances cannot be correlated with resonances
seen in our neutron work. In particular, Bommer's
assignment of / =0 to a resonance at 9607 keV with
I'„=20 keV must be in error, since such a reso-
nance would be easily detected in our work (.Note
the s-wave resonance with width I'„=2.1 keV seen
in this work at excitation energy 9656.7 keV. )
Bommer's assignment of /=1 for the 9666 level
is contradicted by our value of J"= —,

' . It would

appear that Peterson's resolution would have been
inadequate to resolve the two resonances seen in
our work at 9658.V(-,

' } keV and 9665.4(f) keV;
hence Bommer would have treated this doublet as
a single resonance in his analysis. Bommer's
assignment of l&1 for the two levels at 8942 and
8973 keV is consistent with the l&0 suggested from
our neutron work.

The "Si(a,n) "S reaction has been used to excite
levels in "S. Balakrishnanet al."report 13 reso-
nances (Table 1V) in the region of interest with an
energy uncertainty of 5 keV. Ten of these are suf-
ficiently close in energy to be identified with levels
seen in the present work. McMurray et al."have
measured the angular neutron distribution for the
state at 9700 keV and deduced J= —', in agreement
with the —,

' assignment from the (n, s) experiment.
The '2S(n, a}29Si reaction is exoergic by 1525 keV.
However, the Coulomb barrier for the alpha chan-
nel implies relatively low cross sections below 1
MeV neutron energy. By use of the reciprocity
theorem, resonance (n, o.) cross sections can be

deduced from the (a, n) measurements. Balakrish-
nan reports &r,(a, n) = 33 mb for the peak cross
section of the E„=1091keV resonance; and some-
what smaller cross sections can be deduced for
the lower energy resonances that he reports. This
implies alpha widths comparable to or somewhat
larger than the radiative widths for neutron ener-
gies above E„=500keV and less than 1000 keV.
The "S(n,p) 32P reaction is endoergic by 928 keV
and that channel need not be considered in our
energy region.

X. CONCLUSIONS

The present investigation approximately triples
the number of known resonances in "S+n below
neutron energy 1.1 MeV. Many of the newly found
resonances are quite narrow but, even so, reso-
nance parameters were derived from high reso-
lution transmission and capture data for most of
them. The J' assignments reported in this paper
are generally consistent with, but more nearly
certain than, those from earlier work. Many of
the remaining uncertain J assignments could be
resolved by high resolution neutron scattering
measurements. Extension of the present work to
higher energies will require multilevel A-matrix
analysis. We find that the valence capture mech-
anism may play an appreciable role in the capture
process only for the pp2 resonances. Direct cap-
ture does seem to make a significant contribution
to the thermal capture cross section.
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