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Total cross section and resonance spectroscopy forn1124Sn
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The neutron total cross section of124Sn has been measured over the energy range 0.014–0.315 MeV.
R-matrix analysis has been performed to obtain resonance and average parameters which provide for a
plete representation of the neutron entrance channels for thes1/2, p1/2, and p3/2 contributions. Thes- and
p-wave neutron strength functions have been determined~for a channel radius of 7.23 fm! to be 0.1260.03 and
1.860.2, respectively~in units of 1024!. Limits are placed on the average level spacings and strength functio
for the individual partial-wave components. The number of definitep1/2 levels exceeds thep3/2 levels by the
factor 2 and their average strengths differ by the factor 4.s- andp-wave potential scattering radii have been
determined to be 6.460.2 fm and 10.560.3 fm, respectively. Average scattering functions, deduced from th
average parameters, have been used to determine the real well depth of an optical-model potential w
reproduces these functions. There is evidence of an angular momentum dependence of the real-well po
depth and the level spacings.@S0556-2813~96!02011-0#

PACS number~s!: 25.40.Dn, 24.10.Ht, 24.30.Gd, 27.60.1j
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I. INTRODUCTION

The even isotopes of tin have zero-spin angular mome
tum and, because of the magic number of protons and la
number of stable isotopes, are useful in exploring nucle
structure. A companion paper@1# has outlined previous in-
vestigations of the isotopes of tin that pertain to systema
studies of level structures and properties in both the bou
and unbound region. Bound energy levels in these isoto
can be populatedvia stripping and pickup reactions but the
resolution afforded by such studies is generally sufficie
only to identify levels well below the neutron separation e
ergy. In favorable cases the spin and parity of these lev
can be deduced from angular distribution measureme
Neutron transmission studies provide information on u
bound levels just above the neutron separation energy. W
the high-energy resolution obtainable at the Oak Ridge El
tron Linear Accelerator~ORELA! facility, hundreds of levels
can be resolved above the separation energy in favora
cases. This provides, for some nuclides, extensive level d
sity information. In addition the determination of spin an
parity ~Jp! of many of the neutron resonances is possib
providing a more microscopic view of their level structure

Nuclear levels in the unbound region have not been e
plored extensively for tin. Above 10 keV neutron energ
where other thans-wave interaction is expected, high
resolution neutron total cross-section measurements on z
spin nuclei can be used to identify the positions and streng
of 1/21, 1/22, and 3/22 levels in this region and provide
information for the refinement of model calculations. The t
isotopes are all characterized by low neutrons-wave strength
functions since these isotopes lie in the valley between
3S and 4S size resonances. Evidence of neutronp-wave
interaction was reported in early transmission investigatio
of the tin isotopes where the maximum neutron energ
were from 2 to 10 keV@2#. In the energy range of investiga
5413/96/54~5!/2445~12!/$10.00
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tion for the present study, one expects onlys- and p-wave
interactions to be present due to the relatively high angu
momentum barrier ford-wave neutrons and due to the ex
pected lowd-wave strength. Thus the parity of all the reso
nances can be determined through the unambiguous sig
ture of s-wave interactions. Since this work presents th
most extensive set of resolved resonances for this isoto
the deduceds- andp-wave strength functions and level spac
ings will have reduced uncertainty over those previously r
ported. The spin of the levels can also be deduced in ca
where the resonance is sufficiently broad compared to
energy resolution to manifest strong asymmetry or reach
peak cross section. Techniques used in establishing th
spins are described in Sec. IV.

Many of the tin isotopes have been the subject of nume
ous scattering and total cross-section measurements resu
in data covering a broad range of neutron energies~1–24
MeV!. These have provided a basis for systematic studies
the optical-model potential and its energy and isotopic d
pendencies. Wonget al. @3# have used potential parameter
deduced from simultaneous least-squares fitting of (p,p) and
(p,n) scattering on tin isotopes to extract similar paramete
for (n,n) scattering on these isotopes at 11 MeV. They fin
agreement between their predictions and measurements t
comparable to the agreement between those measurem
and optimized fits to just the elastic-scattering data@4#. Their
optical-model potential parameters are in good agreem
with those from the optimization, as well as those of setA of
the Ohio University neutron potentials@5#. In addition, opti-
mized fits to inelastic-scattering differential cross sectio
for the tin isotopes@6# resulted in optical-model parameters
in good agreement with these two studies.

In similar studies at lower energies Harperet al. have
reported on the neutron-excess dependence of the neu
optical potential based upon total cross section@7# and high-
precision elastic-scattering@8# measurements. The energy
2445 © 1996 The American Physical Society
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range covered in these two studies is nearer that of
present investigation, with the scattering at energie
En51.00 and 1.63 MeV, and the total cross sections from 0
to 5.0 MeV. The energy dependence of the smoothed av
age total cross sections was reproduced within 5%, for fi
of the even-A tin isotopes, using optical-model paramete
deduced from fitting of the scattering data and incorporati
a standard energy dependence.

Other studies@9,10# in the energy region below 1.5 MeV
have sought to exploit the peak in thep-wave neutron
strength function for this mass region and the minimum
the s- and d-wave neutron strength functions. They hav
determined the neutron and radiative strength functions a
the potential scattering radii fors-, p-, andd-wave neutrons
through fitting of averaged radiative capture and total a
differential cross sections. These studies deduced parame
of the optical-model potential in this mass region.

None of these experiments provide for the direct measu
ment of individual partial-wave contributions. Even the low
energy studies do not have an energy resolution or exte
sufficiently low in energy to obtain resolved resonance da
and thus spin-and-parity specific information comparable
that of the present study. In those studies any resona
structure has been averaged over and thus include
summed effect of all partial waves contributing to the cro
sections. In the present study, the energy and resolution
such that individual resonance parameters are obtained
more significantly,Jp assignments have made possible th
determination of the average neutron properties of124Sn for
s- and p-wave interactions. Thus while other studies ha
been able to predict strength functions and potential scat
ing radii from optical potentials deduced from average cros
section data, we have used resolved-resonance data to ex
spin-separated strength functions and potential scattering
dii, which we have then used to deduce optical-potential p
rameters required to reproduce these properties. We are
able to determine whether different optical potentials are
quired to represent the properties corresponding to differ
parities.

We discuss the experimental details of the measurem
in Sec. II. In Sec. III we give the experimental results and
Sec. IV the details of the connection between theR-matrix
parametrization and the experiment. We also discuss
bases of the resonance spin and parity assignments. Se
V presents the resonance and nonresonant average prope
deduced. Section VI presents the results of comparison of
deduced average scattering functions with predictions o
spherical optical-model potential~OMP!. Finally we discuss
the OMP results in the context of other studies in Sec. V
and the paper concludes with Sec. VIII.

II. EXPERIMENTAL MEASUREMENTS

We have performed transmission measurements by
time-of-flight technique, using neutron pulses from the O
Ridge Electron Linear Accelerator, at a flight path of 80.30
m for a target of124Sn. The 140-MeV electron beam burs
width was 7.0 nsec and the accelerator was pulsed at
bursts per sec at a power level of approximately 7 kW. T
resulting neutron burst has a continuous energy spectr
produced by the photoneutron process in tantalum with s
the
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sequent moderation in the 15-cm-diam, beryllium-cla
water-filled target housing. Collimators~1.43 cm in diam-
eter! were used both before and after the target to sel
neutrons from the water-moderated region of the target. T
neutron energy resolution function is expected to be a co
bination in quadrature of the fluctuations in flight-path leng
and the burst width and has been found to have an appro
mately Gaussian shape with a full width at half maximum
dE, given by

~dE/E!25~116E!31026,

with E expressed in MeV. Overlap neutrons were eliminat
by a 1-g/cm2 10B filter and gamma rays were reduced by
0.73 cm-thick238U filter and a 0.64-cm-thick Pb filter, placed
5 m from the neutron source.

The 45.625-g sample of124Sn was 1.59 cm in diameter,
corresponding to a thickness of 8.82 b/atom. Table I giv
the sample enrichment and thickness. The samples were
sitioned 9 m from the neutron target where the neutron bea
was collimated to a diameter of 1.4 cm. The samples we
cycled into and out of the neutron beam under compu
control with a cycle time of approximately 10 min pe
sample. A 10-min run per cycle was also made with n
sample in the beam. We used a neutron monitor to comp
sate for fluctuations in the neutron production rate during t
three day interval and a total of 39 h of data collection. Th
three individual runs were each corrected for deadtime a
then added to form the final data set.

Neutrons were detected by an NE110 proton recoil dete
tor 7.6 cm in diameter and nominally 2 cm thick. The plast
scintillator was optically coupled to an RCA 8854 photomu
tiplier tube which was operated in a ‘‘selective gating
mode. In this mode, four energy windows are establishe
corresponding to neutron crossover energies of 220, 650,
2000 keV. Logic for gating event deadtime in the time dig
tizer is then determined as follows:~a! a single stop per start
if an event was identified in time as a gamma flash a
occurred in windows 1, 2, or 3 or~b! an event occurred in
window 4 at any time. For all other events, the system op
ated in a multistop per start mode with an 1104 nsec de
time for signal processing. Additional details concerning th
data acquisition have been reported in detail elsewhere@11#.
These separate pulse height spectra facilitated the determ
tion of the backgrounds and the optimization of the signa

TABLE I. Isotopic enrichment of the124Sn sample. Thickness
50.113 atoms/b.

Isotope % present

112 ,0.29
114 ,0.25
115 0.21
116 3.89
117 2.14
118 6.44
119 2.44
120 9.03
122 1.84
124 73.47



i

a

n of
k
er-

s
ave
-
er
oxi-
ss
the
e
ce

on
nd
ue
e
the
s
all

ions
e
ces
s in
ose

rgy
ergy
82.
ed
. We
ob-
e to
re-

gate
heir
me-

the
dge
ces
ex-
l-
am-

l-

di-

We
eV,
be-

lex
the
ave
so-

54 2447TOTAL CROSS SECTION AND RESONANCE . . .
to-background ratio. Background sources monitored dur
the experiment included 2.2 MeV gamma rays from neutr
capture in the water moderator, 478-keV gamma rays fro
the10B ~n,ag! reaction, delayed pulses within the photo tub
and scintillator, and a constant beam-independent ba
ground. A discussion of these and other experimental det
may be found elsewhere@12#.

The transmission was then computed from th
background-corrected sample-in and sample-out ratio, n
malized to the corresponding neutron monitor counts.

III. RESULTS

As a representative sample of the results for124Sn, Fig. 1
shows the energy range 14–250 keV. The cross sections
resented are per atom of tin in the sample. The uncertain
on the data are shown as vertical lines or are less than
size of the symbols. The solid line represents theR-matrix
parametrization of the total cross section discussed in
next section.

Strong interference patterns are seen at 88 and 104 k
characteristic ofs-wave interaction. The large non-s-wave
resonance at 204 keV, appropriately corrected for the124Sn

FIG. 1. Total neutron cross sections over selected energy
gions. Symbols correspond to experimental measurements and
smooth curves toR-matrix parametrization of the data. Symbol
without error bars have errors within the size of the symbol.
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abundance, is seen to have a peak-to-valley cross sectio
12 b. This must be due top1/2 interaction because the pea
cross section at this energy is approximately 13 b for int
actions having a spin statistical factorgJ51. Resonances this
broad havinggJ52, like p3/2, would have peak cross section
of 26 b. The narrower resonances at 186 and 226 keV h
been assigned to bep3/2 on the basis of interference asym
metry. In this way theJp values are established for the larg
resonances. Since impurity isotopes represented appr
mately 26% of the target, their contributions to the cro
section are not insignificant. For low neutron energies
contribution to the cross section is primarily due to th
s-wave interaction. We have thus included off-resonan
s-wave contributions to the cross section due to116–120,122Sn,
the largest impurity components. At 50–100 keV neutr
energies, for example, this contribution to the backgrou
cross section amounts to approximately 1.5 b while that d
to the 124Sn is 3.8 b. The significance of this effect on th
analysis will be seen in connection with the discussion of
externalR functions in Sec. V. Off-resonance contribution
for other partial waves of the impurity components are sm
at these energies in comparison to thes waves and have been
ignored. The resonance contributions to the cross sect
from the impurity isotopes will be negligible for all but thos
of very large width. We have assumed that small resonan
observed with broad structure are due to strong resonance
the impurity isotopes and have made no attempt to fit th
structures.

The early transmission measurements@13# observed a to-
tal of five resonances in this isotope up to a neutron ene
of 10 keV. In the present case we have extended the en
range to 315 keV, and the number of resonances to 1
From the multilevel resonance analysis we have obtain
spin-separated resonance and non-resonant parameters
have made parity and spin assignments for many of the
served resonances, where earlier results were only abl
distinguish s-wave resonances. Besides the normally
ported strength functions and level spacings, ourR-matrix
analysis yields average properties describing the aggre
effect of resonances outside the region as deduced from t
influence in the region through observed resonance asym
tries. We deduced these parameters for thes1/2, p1/2, andp3/2
partial-wave components by requiring the asymmetries of
known-spin resonances to be reproduced. This knowle
aided in the assignment of spins to smaller resonan
through its influence upon their asymmetries. Since the
ternalR function is related to the real part of the optica
model potential, we are able to deduce some of the par
eters of this potential, extending previous investigations@14#
of the l dependence of the real well depth of the optica
model potential. In addition parameters of theR function are
also used to calculate the potential scattering radii for in
vidual partial-wave interactions.

Table II7 gives the resonance parameters forn1124Sn.
The J values in parentheses represent uncertain spins.
have analyzed 182 resonances up to an energy of 315 k
where resonances were being missed, spin assignments
came more uncertain and the multiplet structure too comp
to unambiguously decouple. There are regions where
data would support additional small resonances, but we h
not been able to determine if these are due to impurity re

re-
the
s
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TABLE II. R-matrix resonance parameters forn1124Sn for the energy range 14–315 keV.

Energy
~keV! Jp

gGn

~eV!
gg n

2

~eV!

14.862 ~1/2!2 8 554
14.977 ~3/2!2 1 48
16.138 ~3/2!2 3 204
16.745 ~3/2!2 2 146
17.180 ~3/2!2 3 156
20.913 ~3/2!2 10 426
22.621 ~3/2!2 5 188
23.032 ~3/2!2 2 85
23.238 1/21 4 8
23.305 ~1/2!2 1 43
24.731 ~1/2!2 22 774
25.829 ~3/2!2 12 404
30.628 ~3/2!2 25 642
32.383 ~1/2!2 12 275
32.497 ~3/2!2 4 98
35.848 ~1/2!2 4 91
35.906 3/22 35 708
37.358 ~3/2!2 7 138
37.883 ~3/2!2 2 44
38.159 ~1/2!2 1 20
38.561 ~1/2!2 4 68
39.518 1/21 2 3
39.556 ~1/2!2 6 108
40.344 1/22 44 760
41.301 1/21 14 22
44.577 ~3/2!2 6 88
44.906 1/21 3 4
44.979 ~1/2!2 6 90
46.504 ~1/2!2 3 47
46.676 ~3/2!2 28 390
50.854 ~1/2!2 8 106
51.036 ~3/2!2 24 296
54.641 1/22 39 447
54.834 ~1/2!2 5 60
57.463 3/22 52 555
58.617 1/22 91 937
59.468 ~1/2!2 24 240
59.680 1/21 4 5
60.133 ~1/2!2 1 10
60.820 ~1/2!2 6 59
61.845 1/21 35 44
62.953 ~3/2!2 4 33
63.257 1/22 55 508
64.413 ~1/2!2 25 222
66.784 ~1/2!2 23 201
66.951 ~3/2!2 15 128
67.422 1/21 51 62
71.050 ~3/2!2 8 67
72.120 1/21 46 54
73.066 ~1/2!2 41 311
73.717 1/21 37 43
80.261 1/21 4 4
80.403 1/22 81 546
81.447 ~1/2!2 32 215
82.784 1/22 72 468
82.927 ~3/2!2 3 16
84.240 ~1/2!2 11 72
84.457 ~1/2!2 9 59
86.051 ~3/2!2 20 122
86.108 ~3/2!2 15 94
87.472 1/21 60 65

Energy
~keV! Jp

gGn

~eV!
gg n

2

~eV!

87.602 3/22 8 46
93.261 1/22 19 108
93.576 3/22 138 762
94.144 ~3/2!2 9 49
98.646 ~1/2!2 15 75
99.236 1/21 14 14
101.864 3/22 169 833
102.273 3/22 150 733
104.300 ~3/2!2 14 67
104.472 1/21 129 127
106.191 1/22 114 533
108.346 ~3/2!2 17 76
110.009 1/21 32 30
110.157 ~1/2!2 12 52
114.623 1/21 6 6
115.250 1/21 8 7
118.273 1/21 17 16
118.280 ~1/2!2 21 86
119.315 ~3/2!2 23 94
119.594 ~1/2!2 17 68
120.819 ~1/2!2 17 68
121.742 1/21 44 40
122.085 1/22 193 755
126.205 ~1/2!2 36 135
127.325 ~3/2!2 16 59
127.836 ~1/2!2 39 145
128.500 ~1/2!2 5 18
134.544 1/22 234 809
136.608 1/21 19 16
136.918 3/22 156 529
138.407 3/22 81 270
139.445 1/21 46 39
139.498 1/22 297 982
140.755 3/22 231 753
141.681 1/22 225 729
145.366 1/22 90 284
147.821 ~1/2!2 33 102
150.093 ~1/2!2 93 279
153.103 1/21 18 14
153.310 1/22 172 505
153.709 1/22 79 233
154.033 1/22 18 54
154.774 1/21 19 15
157.099 1/22 205 584
158.811 1/22 224 631
159.698 1/22 348 975
159.778 3/22 130 364
160.500 1/22 4 11
160.967 1/21 46 36
162.743 ~1/2!2 31 86
163.334 3/22 151 411
165.571 ~1/2!2 73 195
165.790 1/22 120 321
166.960 1/22 484 1283
167.515 ~3/2!2 36 95
168.230 ~1/2!2 20 53
169.354 ~3/2!2 135 352
173.133 1/22 190 483
176.158 3/22 113 282
177.034 1/22 410 1014
177.622 ~3/2!2 21 51

Energy
~keV! Jp

gGn

~eV!
gg n

2

~eV!

179.224 1/22 134 325
180.549 ~1/2!2 18 43
183.736 ~1/2!2 157 371
185.976 3/22 323 752
186.492 ~1/2!2 34 80
191.781 3/22 126 284
192.616 1/22 247 552
194.388 1/21 56 40
195.102 3/22 171 376
196.970 1/22 289 630
198.618 ~3/2!2 38 83
199.463 1/22 409 878
200.797 1/21 50 36
201.185 3/22 303 644
203.104 3/22 133 280
205.339 1/22 1304 2705
206.109 3/22 134 276
206.675 ~3/2!2 34 70
207.650 ~1/2!2 50 102
208.118 3/22 174 355
212.258 ~1/2!2 176 351
213.541 1/22 236 467
216.616 ~1/2!2 33 65
221.802 1/21 67 45
223.044 ~1/2!2 149 281
226.552 3/22 592 1098
232.989 1/22 505 907
233.333 ~3/2!2 161 289
235.496 ~1/2!2 69 123
240.399 1/21 60 39
241.237 ~1/2!2 39 67
243.002 ~1/2!2 70 119
243.851 1/21 27 17
246.670 1/22 98 165
248.900 1/22 266 443
249.155 ~3/2!2 42 70
250.901 1/21 52 33
253.737 1/22 214 348
255.318 ~3/2!2 48 77
265.391 1/22 214 332
266.226 ~1/2!2 106 164
269.779 1/22 136 207
273.290 3/22 241 362
274.616 1/22 303 453
276.955 1/21 144 87
277.400 3/22 42 62
279.515 ~1/2!2 198 290
284.522 ~3/2!2 131 188
285.367 1/22 444 636
287.905 ~3/2!2 182 258
289.101 1/22 1054 1489
289.173 ~3/2!2 202 285
298.716 1/22 504 688
299.061 ~3/2!2 206 280
307.340 1/22 611 808
309.452 1/21 160 91
310.625 ~3/2!2 269 351
312.955 1/21 146 83
314.264 ~3/2!2 391 505
314.745 ~3/2!2 140 181
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nances or weak multiplet structure. Their inclusion wou
only significantly impact the level spacing and not th
strength. We have thus ignored them. By extending the
ergy range of the analysis to include more resonances in e
spin group we have been able to reduce the uncertainty o
very low s-wave strength function and provide the strengt
and level spacings of thep-wave interactions. The values fo
the widths come from integer rounding of the actual valu
The values for the small-width resonances may thus di
significantly from the actual results. The actual values,
gether with the entire spectrum of resonances and the
duced neutron resonance parameters have been transm
to the National Nuclear Data Center at Brookhaven Natio
Laboratory. Errors on these widths are approximately 5,
and 20 % for the largest, intermediate, and smallest p
height resonances, respectively. The energy uncertainties
one-fifth of the neutron energy resolution given in Sec. II

IV. R-MATRIX ANALYSIS

Here we will only discuss the part of the formalism co
taining parameters deduced from the fitting process. A
tailed description of theR-matrix formalism used in the
analysis was presented in a previous paper@1#. For other
details of the model one is referred to Sec. IV in that wo

The R function has been expressed as a sum over
observed resonances plus a smoothly increasing functio
energy which describes the aggregate effect of levels ex
nal to the region of measurement,

RlJ~E!5 (
l51

N gl lJ
2

El lJ2E
1RlJ

ext~E!, ~1!

whereg lJ
2 andElJ are free parameters representing the

duced width and energy of thelth resonance, with theg lJ
2

related to the observed neutron widths,Gn , by the relation,

g lJ
2 5

GnlJ

2Pl
, ~2!

wherePl is the neutron penetrability. The externalR func-
tion influences both the off-resonance cross section and
interference asymmetry of individual resonances and i
measure of the average effect of resonances in the vici
but outside of the analyzed region. This part of theR func-
tion contains parameters that are adjusted in fitting the f
tures of the cross section which this function influences.
write this part of theR function as

RlJ
ext~E!5R̄lJ2 s̃lJ lnFEup2E

E2Elo
G , ~3!

with the smooth function,R̄lJ , parametrized as

R̄lJ~E!5a lJ1b lJE ~4!

andalJ andb lJ being free parameters. The log term accou
for resonances just outside the experimental region,@Elo ,
Eup#. Thes̃lJ represent the strength outside the region and
assumed to be continuously distributed. We have made
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reasonable assumption that this strength is equal to
strength function,^g lJ

2 &/DlJ , observed within@Elo , Eup#,
whereDlJ is the observed average level spacing. Thus
R-matrix analysis of total neutron cross sections results
two average measures of the interaction, the strength wh
is related to the imaginary part of the optical potential, a
theRext which is related to the real part of the potential. Th
parametrization facilitates the averaging of the scatter
function for comparison to an optical model as discussed
Sec. VI of @1#.

In comparison of experiment and theory it is critical th
both use a common boundary or channel radius@15#. The
calculated strength function, for example, is dependent u
this quantity and the dependence is especially important
other thans waves. The same is true for the smoothR func-
tion. We have thus used a boundary radius of 1.453A1/3 fm
in calculating penetrabilities and hard-sphere phase sh
for all partial waves, and for the model calculations as we
The finalR-matrix parameters which best described the o
served transmissions were determined by solving Bay
equations using theR-matrix codeSAMMY @16#. The fitting
procedure included resolution broadening of the transm
sions and Doppler broadening of the calculated cross s
tions, with an effective thermal temperature for the nucle
of 306 K.

The s-wave resonances are easily distinguished by th
characteristic asymmetry. We have assumed all other re
nances to be due top-wave interaction because of the sma
probability ofd-wave interaction in this energy range. Thre
bases determined thep-wave spin assignments:~1! for reso-
nances with widths larger than the resolution width the pe
to-valley cross section forp3/2 is two times that forp1/2; ~2!
resonances with widths comparable to the resolution wi
manifest resonance-potential scattering interference asym
try which decreases with increasingl value; ~3! resonances
with smaller width manifest resonance-resonance inter
ence only if near a strong resonance of the sameJp. We used
an iterative procedure to determine most of theJp assign-
ments, requiring the final assignment to provide a good
scription of the asymmetry patterns which arise from bo
resonance-resonance and resonance-potential scatterin
terference. The latter asymmetry serves to also determine
Rext parameters for each partial wave for which there are o
or more resonances manifesting sufficient asymmetry~in this
cases1/2,p1/2,p3/2!. This is possible even in the case whe
only one large resonance exists in the region of analysis

V. AVERAGE PROPERTIES

Resolved-resonance analysis of neutron total cro
section data results in three average quantities characteri
the interaction. In cases where the energy range of analys
sufficient, their functional form can be determined. The
functionals are the strength function, the level spacing and
externalR function which characterizes the average prop
ties outside the energy region of analysis. Two of these
be modeled by an optical potential and the other by statist
models of nuclear structure. With ORELA data we are ge
erally able to determine these quantities for each partial w
participating in the interaction and thus provide constrai
for the parameters of the nuclear models used to desc
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them. We will define and treat each of these properties
turn.

A. Strength functions

From a plot of the cumulative reduced neutron width@see
Eq. ~2!# versus neutron energy we can determine
R-matrix strength functions,s̃lJ , through the slope of the
histogram in cases where the strength is independent of
ergy. In Fig. 2 we have plotted the quantity

gJgl
2, ~5!

wheregl
2 is the reduced neutron width of thelth resonance

andl is the orbital angular momentum quantum number. T
corresponding slopes are related to the strengths of eac
the angular momentum states. Results for boths and p
waves are shown here to emphasize the great differences
and p strengths for this nuclide. The ratio of the slopes
strengths was 15, essentially the same as for122Sn. The only
difference is that the sum forp waves was 10% greater fo
122Sn. Both these isotopes thus have strikingly simi
strength distributions.

A single line passed through the histograms would su
ciently describe the trend over the entire energy range, in
cating a constant strength. Ours-wave assignments are un
ambiguous and the increase near 200 keV in thep-wave
histogram must represent statistical fluctuations if we assu
low probability of d-wave interaction in this energy range
The totalp-wave strength is calculated from the expressi

s̃l5
(lJ gJgl

2/~2l11!

DEl
, ~6!

to be~5.660.7!31022. This value is in good agreement wit
the trends in this mass region but 30% below predictions
a deformed optical model calculation@17#. The value is 12%
lower than the result for122Sn. The value for thes-wave
strength function is~3.861.0!31023, an order of magnitude
lower than that for thep waves but consistent with results fo
other isotopes of tin and with theoretical investigations
nuclear structure in this mass region. The result is ident
with that for 122Sn. The corresponding values fors and p
waves, in conventional units are~0.1260.03!31024 and
~1.860.2!31024, respectively.

With the present data we are able to establish the stren
for each partial wave by the slopes of the plots of just t
cumulative reduced widths, without the statistical weighti
factors. These are presented in Fig. 3 for thep waves. As
discussed in the companion paper, there is an elemen
uncertainty in the apportionment of small resonances am
the two spin states. In that work the twop-wave spin groups
had comparable strengths with thep1/2 being somewhat
larger. Here, we find the strength for thep1/2 component
exceeding that of thep3/2 by almost a factor of 4. This be
havior is not explained by the current work, but has be
noted in other nuclei. The magnitude of the enhancemen
thep1/2 strength over thep3/2 for this nucleus makes a stron
case for this being a real effect in this isotope of tin.

We found the spin dependence of thep-wave strength to
persist when only including unambiguousp1/2 andp3/2 reso-
in
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nances in the samples, the enhancement even increasing
15%. As in the122Sn study we also established upper limits
for the average parameters, for each partial wave, by inclu
ing all resonances of indefiniteJp in each of the spin groups,
separately. Each of thep-wave spin groups constructed in
this manner have 65–80 % of the resonances indefinite w
approximately 30–50 % of the resulting strength attributab
to these uncertain resonances. Average resonance par
eters, their statistical uncertainties, and their upper and low
limits are presented in Table III in conventional units. The
R-matrix strength functions,s̃lJ , are discussed Sec. V C. By
careful analysis of larger samples we have reduced the u
certainty on thes and p-wave strength functions and level
spacings, the number of resonances in this study represen
a 20-fold increase over that of Mughabghab’s tabulatio
@18#.

B. Level spacings

We have plotted in Fig. 4 the cumulative number of level
for each spin group. We observed 32s-wave resonances
~----! up to an energy of 315 keV. From this histogram
above an energy of 250 keV, it would appear that sma
resonances are being missed. This is likely due to their sm
widths and interference with other resonances. This wou
have a greater effect on the level spacings than on t
strength function. The level spacings listed in Table III ar
calculated from the number of levels and the energy range.
one uses instead the slopes of individual histograms in F
4, the spacings obtained are bracketed by the tabulated v
ues and the lower limits given in Table III.

FIG. 2. s- andp-wave strength functions. The cumulative values
for the p waves~solid histogram! represent that of Eq.~5! for a
channel radius of 7.23 fm. The sum fors waves is only'1 keV.
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For 122Sn thep1/2 strength exceeded that forp3/2. In the
present case this is true for the number of levels as well. T
expected 2J11 dependence is reversed. The number ofp1/2
and p3/2 resonances unambiguously established by pe
height and interference asymmetries is 41 and 22, resp
tively. For both the strength and level density of these tw
groups, the anomaly is greater for the definite-spins group
than when using the spins indicated in Table II. The inde
nite spins given in Table II were established simply on th
basis of smallx2 differences in the resonance-fitting proces
for different assumed spins. For the expected 2J11 distribu-
tion of levels to be reflected in these spin groups wou
require that 90% of all uncertain resonances be assigned
the p3/2 spin group. It is unlikely that ax2 minimization
process would consistently favor one spin over the oth
when the differences are too small to be conclusive. It wou

FIG. 3. Strength functions forp-wave components. The dashed
histogram is for thep1/2 partial wave. The slopes of these histo
grams give the corresponding strength functions. The solid lin
represent optical-model fits, discussed in Sec. VI.

TABLE III. Average resonance parameters for124Sn1n.

No. obs. Jp SJ
l ~31014! D ~keV!

32 s 0.12 ~3!a 9.3 ~9!

150 p 1.8 ~2! 2.0 ~1!

87 p1/2 3.5 ~6!3.0
4.2a 3.4 ~2!2.4

6.7

63 p3/2 0.9 ~2!0.7
1.3 4.8 ~3!2.8

11.5

aIn our notation, 0.12~3! is equivalent to 0.1260.03 and 3.5~6!3.0
4.2

indicates that upper and lower limits are 4.2 and 3.0, respectively
discussed in the text. The numbers in parentheses represent s
tical uncertainties.
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therefore appear that this result is fundamental and we ma
be seeing an important breakdown of the~2J11! law.

C. External R functions „Rext
…

TheRext are related to the real part of the optical potentia
and their general energy trends provide constraints on th
optical-model parameters. TheRext parameters are estab-
lished through resonance asymmetries and background co
tributions of each partial wave. Physically this function rep-
resents the resonance-potential scattering interference due
resonances outside the analyzed energy region. Since w
have resonances of eachJp distributed throughout the energy
range we have been able to deduce the energy dependence
this function. At low energies, where the contribution to the
off-resonance cross section is almost entirely due tos-wave
potential scattering, thes-wave smoothR function is related
to the potential scattering radiusR08 by

R085ac@12R̄0~E50!#, ~7!

whereR̄0 is evaluated forE50. TheR̄0 obtained from fitting
is dependent on the choice of channel radius,ac , but the
value forR08 is independent of that parameter. Thes-wave
Rext parameters are therefore well determined in this energ
region through their influence upon the potential scatterin
radius and thus the background cross section. A 10% chan
in the s-wave R̄0(E50), for example, produces a visually
distinguishable change in the total cross section througho
the low-energy region. The increasing contribution of othe
partial waves to the off-resonance cross-section results in

-
es

FIG. 4. Cumulative number of levels vs neutron energy for the
s1/2 ~---!, p1/2 ~––!, and p3/2 ~—! resonances. The slope of the
histograms gives the level density for that partial wave.
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maximum uncertainty for this parameter fors waves, for the
entire energy region, of 25%. Since we have greater perce
ages of impurity components in this sample than in the122Sn,
the inclusion of their contributions is essential to a corre
determination theRext parameters for124Sn. We have calcu-
lated values for the constanta @see Eq.~4!# for each of the
impurity isotopes from theR08 values of Mughabghab and
have held them constant. We have set theb values to zero.
Similarly, values for theR-matrix strengthss̃0 have been
calculated from Mughabghab’s conventional strengths as

S054.431024
A

A11
acs̃0, ~8!

for a channel radiusac57.23 fm.
We established theRext uncertainties forp waves by

manual variation of the parametera until a visual compari-
son showed noticeable disagreement with those asymme
and nonresonant cross sections obtained from least-squ
parameters, in a region where the largest resonance~s! of a
given Jp occurred. Changes of 100% are required in t
low-energy region and 20% for the upper energy region. W
have taken this uncertainty to be constant at approximat
60% of the value at the middle of the energy region. F
clarity, p-wave error bars are shown in Fig. 5 for only th
p1/2. Those for thep3/2 were 50% of the magnitude shown
for the p1/2 case. The

124Sn-Rext parameters for the contrib-
uting partial waves are given in Table IV where the unce
tainties ina and b are reflected through the value of th

FIG. 5. The externalR functions for thes1/2 ~h!, p1/2 ~(!, and
p3/2 ~n! partial waves. The error bars for thep3/2 are one-half those
shown for thep1/2. Smooth curves represent optical-model predi
tions ~dashed curve forp1/2!.
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smoothR function,R̄lJ , at the midpoint of the energy region.
For completeness the parameters used for the impurity is
topes are included. The upper and lower limits indicated fo
the R-matrix strength,s̃lJ , have been determined as dis-
cussed in Sec. V A.

VI. AVERAGE PARAMETERS AND THE OMP

Detailed, resolved-resonance analysis of the124Sn1n sys-
tem has permitted determination of theRlJ

ext ands̃lJ and their
energy dependencies. These functions have been shown to
sufficient to construct energy-averaged scattering functio
which can be compared with those predicted by an optic
model. In this prescription@19# the complexR function used
to form the scattering function can be simply expressed
terms of the smoothR function and the strength deduced in
the analysis as

RlJ~E!5R̄lJ~E!1 ip s̃lJ~E!. ~9!

For more detail concerning the comparison of the averag
empirical scattering functions with the predictedSlJ

OMP(E),
one should consult Johnsonet al. @20#.

As in the previous paper on Sn, we used the standa
prescription for the Woods-Saxon potential and performed
least-squares adjustment of the real and imaginary dep
until the integrated strengths and theRext predicted by the
model agreed with our experimental values over the an
lyzed region. Each partial wave has been treated separat
to determine if our results warrant any spin or parity depen
dence in the optical-model potential parameters. The geo
etry of the model used was taken from work on116Sn and
120Sn by Gusset al. @21# and held constant at the values

c-

TABLE IV. Parametrization@see Eq.~4! for relationship of pa-
rameters to the externalR function# for the externalR functions.

A Jp a b ~1/MeV! s̃lJ~31012! R̄(Ē)

124 s1/2 0.11 0.013 0.38~10!a 0.12 ~3!

124 p1/2 20.35 0.10 11(2)9
13 20.33~20!

124 p3/2 20.50 0.07 3.0~6!2.1
4.1 20.49~10!

116 s1/2 0.14 0.40 0.14
117 s1/2 0.11 0.65 0.11
118 s1/2 0.17 1.45 0.17
119 s1/2 0.17 0.32 0.17
120 s1/2 0.11 0.40 0.11
122 s1/2 0.21 0.38 0.21

aIn our notation, 0.38~10! corresponds to 0.3860.10, etc.,a andb
uncertainties are discussed in the text. Upper and lower limits a
established as in Table III.

TABLE V. Radius and diffuseness parameters~values are all in
fm! for OMP.

Vr WD VSO

r 1.23 1.25 1.12
a 0.66 0.54 0.50
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54 2453TOTAL CROSS SECTION AND RESONANCE . . .
shown in Table V. The well depth for the spin-orbit potent
was also held constant in the fitting process.

The comparison between model and empiricalRext is
shown for each of the participating partial waves in Fig.
The topmost solid curve for thes-waveRext is in excellent
agreement with the empirical values. For thep waves, how-
ever, the predicted results are systematically high through
most of the region, but display the expected energy dep
dence.~For thep waves the dashed curve is to be compar
with the( values and the solid curve with theD values.! The
error bars for thep3/2 are not shown but are one-half thos
for the p1/2. Despite its smaller uncertainty thep3/2 partial
wave is seen to be more poorly represented by the mo
predictions. These functions are more sensitive to change
the real part of the optical potential and thus have a gre
influence upon the parameters of this potential. We have

FIG. 6. Experimental integrateds-wave strength and model pre
dictions, based upon geometric and potential parameters in Ta
V and VI.
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been able to find a single potential depth that will model bo
s- andp-waveRext functions. This suggests that anl depen-
dence for the potential depth is necessary to model this a
erage property of the124Sn nucleus.

On the other hand, the strength function is more strong
influenced by the surface imaginary depth,WD , of the opti-
cal potential. The fitting process to determine the optimu
potential parameters involved a comparison of model a
empirical results. The depths of both potentials were adjust
in simultaneously fitting both average quantities, for eac
partial wave. Again, we were unable to obtain common p
tential parameters for all the partial waves. The result, for th
s1/2 integrated strength is presented in Fig. 6. While on
could imagine two regions of distinctly different slopes
changing at approximately 150 keV the single slope of th
model is more consistent with the weak strength observed
the Sn isotopes and in this mass region.

Results for the separate least-squares fitting of the co
ponentp-wave integrated strengths are indicated by the so
lines in Fig. 3. These are seen to describe the data well o
the entire energy range. However, the 300% difference in t
summed strengths requires a difference in the depths of
surface imaginary potential required to describe these co
ponent strengths. In the case of122Sn the summedp1/2
strength was only 30% greater than that of thep3/2 and the
same potential parameters were able to describe bothp-wave
component strengths.

We are the only group investigating the optical-model po
tential through low-energy neutron interactions with the abi
ity to provide directly deduced, spin-separated potential we
depths. Some who deduce optical-model potential para
eters from energy averaged total or scattering cross secti
include strength functions and potential scattering radii fors,
p, andd waves as parameters of the least-squares analy
One would expect the two approaches to agree in an aver

-
bles

TABLE VI. Spherical optical-model parameters~well depths are
in MeV!.

Present work Gusset al.
Vr WD VSO Vr WD

s1/2 45.1 0.9 6.5 47.9 0.9
p1/2 48.0 6.0 6.5 47.9 0.9
p3/2 49.4 2.5 6.5 47.9 0.9
TABLE VII. Optical-model parameters describing present results, for various geometries.aV andaD give
the energy dependence of the corresponding well depths.

Gussa Harperb Rapaportc

s1/2 p1/2 p3/2 s1/2 p1/2 p3/2 s1/2 p1/2 p3/2

Vr ~MeV! 45.1 48.0 49.4 44.3 46.8 48.3 46.9 49.2 52.1
WD ~MeV! 0.9 6.0 2.5 1.7 8.2 3.5 0.6 6.2 3.1
VSO ~MeV! 6.5 6.5 6.5 5.5 5.5 5.5 6.2 6.2 6.2
aV ~MeV21! 0.30 0.27 0.36
aD ~MeV21! 0.0 0.053 0.52

ar V51.23, r D51.25, rSO51.12,aV50.66,aD50.54,aSO50.50, all in fm.
br V51.26, r D51.26, rSO51.12,aV50.58,aD50.40,aSO50.50, all in fm.
cr V51.20, r D51.32, rSO51.01,aV50.70,aD50.62,aSO50.76, all in fm.
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sense. In fact, the results for ours- and p-wave potential
parameters are seen to bracket the parameters found for
lar isotopes of tin in the study of Gusset al. @21#, after suit-
able adjustments for isotope and energy differences. The
rameters for our model are presented in Table VI with t
values from the model deduced by Gusset al. It was noted
that their model overestimated thep-wave strength functions
by more than 40%. When we used the geometry and w
depths of Gusset al., both our modelRext and integrated
strength was too high fors waves by a factor 2. Forp1/2 the
modelRext was equivalent to the measured one at low ene
but had the wrong energy dependence. The strength for
component was low by the factor 2. For thep3/2 component
the Rext was 50% too high and the integrated strength w
50% below that observed.

Where significant numbers of resonances of differing s
can be identified, low-energy resolved-resonance anal
provides information on the optical-model potential that
not available from cross-section analyses in the MeV ene
region. In the present study, as in other similar studies@14#,
we must conclude that the real well depth must be deeper
p waves than fors waves to describe the low-energy neutro
interaction. Also, in this nucleus significant differences in t
surface imaginary potential well depths are required to
scribe the anomalous enhancement ofp1/2 strength over that
for the p3/2 interaction.

VII. DISCUSSION

We have sought to ensure that the model geometry co
not be responsible for thel dependence of the real we
depths fors and p waves by repeating the least-squar
search, using geometries deduced in other studies. When
searched for well depths, corresponding to several of th
geometries, which would best represent all our data thl
dependence persisted in each case. Only the magnitude
the well depths changed with geometry. Thus it is seen
Table VII that in every case the difference between requi
s- andp-wave well depths is approximately 3 MeV for th
real potential. Though not as pronounced, deeper binding~by
1–3 MeV! is also required for thep3/2 component of thep
waves. In the122Sn study the imaginary potentials for th
p-wave components were essentially identical. Due to
anomalous behavior of thep1/2 component strength in the
present study, the imaginary depths differ by as much a
MeV. It should be noted that not all features of all data s
of the other studies have been properly described by t
deduced parameters. The cross sections are low in s

TABLE VIII. Strengths and potential scattering radii for124Sn.

Jp Present Timokhovet al. Popovet al.

S0 0.12 ~3!31024 0.1 ~7!31024

S1 1.8 ~2!31024 1.6 ~2!31024 3.5 ~3!31024

R08 6.4 ~2! 5.9 ~2! 5.5 ~1!

R18 10.5 ~3! 9.9 ~3! 8.6 ~2!
simi-
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cases and high for others. This could be a manifestation
the need for anl dependence, which our data require.

Timokhov et al. @22# in a different approach have mod-
eled neutron capture cross sections from 0 to 450 keV a
transmissions over the energy range 20–1400 keV, for t
stable tin isotopes, in the framework of the Hause
Feshbach-Moldauer formalism. By expressing the cross s
tions in terms of the strength functions and potential scatt
ing radii they have deduced these parameters for ea
isotope. Using the optical model geometry of Harperet al.
they also determined the real and imaginary depths of
optical-model potential to reproduce their total cross sectio
and known strength functions. They were then able to calc
late potential scattering radii. Only their imaginary we
depth differed significantly from that of Harperet al. It was
noted that the predictions of Harper overestimate the to
neutron cross section below 300 keV by as much as 30
since their data did not extend below that energy. The pote
tial parameters of Timokhov overestimate the total cross s
tion in the energy region 0.2–0.8 MeV by as much as 7%
We have used the well depths from both of these works
describe our data and find that neither will provide an a
equate description.

From our smoothR functions we can determine potentia
scattering radii according to the relation

R85ac@12R̄~E50!#.

Comparison with similar quantities deduced by Timokho
et al. and Popovet al. @23# are presented in Table VIII. We
see that the present results are in general agreement with
results deduced by other quite different means. However,
potential parameters necessary to represent the resolved r
nance and the average data call for a different real well de
for the different angular momenta. Thus our high-resolutio

FIG. 7. Total cross-section data forn1124Sn and least-squares
R-matrix fits for assumedp3/2 ~solid! andd3/2 ~dashed! spin assign-
ments, illustrating basis for spin assignments to resonances.
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elastic neutron-scattering data continue to support the not
that one must impose anl dependence to an optical-mode
description if all the data are to be satisfactorily described

VIII. CONCLUSION

From our analysis of high-resolution neutron total cros
section data we find numerous indications of anomalous
havior in then1124Sn system:~a! the spherical optical model
that will best represent our empirical average scattering fun
tions requires a parity dependence for the depth of the r
potential;~b! moreover, the anomalous enhancement of o
servedp1/2 strength suggests aJ dependence for the surface
imaginary potential depth;~c! instead of a 50/100 (p1/2/p3/2)
distribution for the 150p-wave resonances we observe
87/63 distribution, in clear violation of the~2J11! law; ~d!
finally, our spin assignments indicate a parity dependence
the level spacing in this nuclide, as seen in the 87/
(p1/2/s1/2) distribution of resonances. This parity dependen
persists even if we use the~2J11! law in apportioning the
150 p-wave resonances. Calculations@24# of average level
spacings for odd and even parity states at excitations near
neutron binding energy have indicated that the even-to-o
ratio, for the sameJ, can be as high as seven. These pred
tions have been confirmed@25# in the iron isotopes, where
thes-wave strength is very large and in the companion wo
on 122Sn where thes-wave strength is very small. Similarly,
other calculations for63Cu @26# give a level density ratio
r2/r1 of 1.4 at 10 MeV excitation and 1.8 at 20 MeV. The
persistence of this effect in124Sn suggests that caution is
warranted in applying the usual assumptions to nuclear le
counting at excitations near the neutron separation energ

These inferences are predicated upon a number of
sumptions:~1! the energy range of the analysis is such th
we only expects- or p-wave interactions to occur;~2! all
ion
l
.
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resonances not exhibiting the strong interference asymme
characteristic ofs waves are due top-wave interactions; and
~3! the criterion used in the apportionment of small symme
ric resonances into thep1/2 andp3/2 spin groups should not
result in biased samples. To understand the absence of
servedd-wave interaction we compare the penetrability fac
tors~see, e.g., p. 19 in Ref.@18#! for p- andd-wave neutrons.
At 15 keV the angular momentum barrier would favo
p-wave overd-wave penetration by a factor of more than
200. At 300 keV the factor is 9. Since, in addition, th
p-wave strength function is an order of magnitude great
than that fors or d waves we expect to see no significan
d-wave interaction over the energy range investigated. W
have nevertheless attemptedd-wave assignments for all non-
s-wave resonances. Thex2 supported only three resonance
for possibled-wave assignment. Figure 7 depicts the resu
of applying d3/2 and p3/2 fits to peaks at 136.9 and 169.4
keV. Thex2 values differ by two in each case, the 136.9 ke
resonance calling for ad3/2 assignment and that at 169.4 keV
calling for ap3/2 assignment.

These anomalies thus appear real and may simply b
consequence of the position of this~A5124! nuclide near the
minimum between the 3S and 4S size resonances and the
maximum of the 3P size resonance. To the extent the a
sumptions are valid, this tin isotope at least provides f
potentially rich excogitations.
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