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A first observation of two resonance-like structures at mass numbers 92 and 112 in the average capture widths of the
p-wave neutron resonances relative to the s-wave compenent is interpreted in terms of a spin-orbit splitting of the 3p single-
particle state into p3z; and pi;2 components at the neutron separation energy. A third structure at about A=124, which is
not correlated with the 3p-wave neutron strength function, is possibly due to the Pygmy Dipole Resonance. Five significant
results emerge from this investigation: (i) The strength of the spin-orbit potential of the optical-model is determined as
5.7 + 0.5 MeV, (ii) Non-statistical effects dominate the p-wave neutron-capture in the mass region A = 85 - 130, (iii) The
background magnitude of the p-wave average capture-width relative to that of the s-wave is determined as 0.50 + 0.05, which
is accounted for quantitatively in terms of the generalized Fermi liquid model of Mughabghab and Dunford,(iv) The p-wave
resonances are partially decoupled from the giant-dipole resonance (GDR), and (v) Gamma-ray transitions, enhanced over

the predictions of the GDR, are observed in the *°Zr - ®*Mo and Sn-Ba regions.

KEYWORDS : §- and P-wave Neutron Resenance Capture Widths, Spin-Orbit Potential, Valence Neutron Capture, Enhanced
Gamma-ray Transitions, Garmma-ray Strength Functions, Giant Dipole Resonance, Pygmy Dipole Resonance

1. INTRODUCTION

More than half a century ago, Feshbach, Porter, and
Weisskopf [1] explained the gross structure found in
neutron cross sections as a function of neutron energy, as
well as the s-wave neutron strength functions as a function
of mass number, in terms of a model wherein the nucleus
is replaced by a one-body complex-potential V' = Fy + il
that interacts with the incident neutron. One prediction of
this moedel relevant to this investigation is that the p-wave
neutron strength-function maxima are obtained at mass
numbers A = 27, 90, and 216 for a real potential-well
depth ¥p = 420 MeV and B = 14547 fmm [1]. By
including a spin-orbit term in more realistic potentials that
are coupled to the vibrational and rotational motion of the
nucleus, the predicted 3p strength function did not split
into 3pi;2 and 3psy;n components {23 Subsequent analysis
of extensive p-wave strength function data [3,5], in terms
of the Buck-Perey formulation [2] revealed a central peak
at about 4 = 95, followed by a shoulder extending from
A = 100 -~ 110. In confrast, neutron differential elastic
scattering measurements and analysis in terms of R-matrix
theory [6,7] successfully derived the 3pin and 3pmp
components of the 3p neutron strength functions, S| 2
and S;Iz, for spin-zero target nuclei, and showed that
their maxima are separated by 44 = 17 + 4. However,
experimental difficulties generated large uncertainties in the

S; /2 values, compromising the location of the maximum

for this compouent.

This investigation presents new evidence for the
spin-orbit splitting of the 3p single-particle state at the
neutron thresheld. This finding is based on a novel method,
developed here, which depends on the average capture
widths of p-wave resonances derived from available
neutron capture measurements in the unresolved resonance
energy region, 3-300 keV. In addition, the generalized
Fermi liquid model [8], modified to compute the average
p-wave radiative widths in the mass regions above
A = 140, is introduced to give additional support for the
interpretation of the present results. The partial decoupling
of p-wave resonances from the giant dipole resonance,
which facilitates cbservations of non-statistical effects in
the vicinity of the 3p neutron strength function, is briefly
discussed.

2. METHODS

Presently, high-precision capture cross section data are
available from various neutron facilities: The van-de-Graaf
accelerator at Forschungzentrum at Karlsruhe, the electron
linear accelerator at Oak Ridge National Laboratory, the
van-de-Graaf accelerator at the Tokyo Institute of Technol-
ogy, and the spallation neutron source at CERN; examples
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Fig. 1. Least-squares fit of *! Zr capture data in the unresolved
energy region [15].

are given in [9-12]. Combined with recent information
on the average neutron-resonance parameters, and supple-
mented by systematics displayed in [13], these measure-
ments made it possible to obtain, for the first time, reliable
values for the s- and p-wave average radiative widths, (/o)
and {I'y1), in an extensive mass region,

Based on the Lane-Lynn formulation [14] for the av-
erage capture cross section in the uvnresolved resonance
region, a least-squares fitting program was written to deter-
mine {"yo} and (/') for nuclei in the mass region from *Sc
to 2% Am. This analysis included the s-, p-, and d-wave con-
tributions to the capture cross section. An iterative proce-
dure was followed wherein changes within the uncertainty
linzits of the input average resonance parameters were made
until calculated initial and final cross sections converged
to the measured cross section. Througl this procedure,
{I'y;) values were obtained for the first time, particularly
for A>140. Examples of such fits are illustrated in Fig.
i- Fig. 3 for 7'Zr, '*4Sn, and #**Th, respectively. In Fig.1,
the data points for 9! Zr represent measurements carried out
at ORNL and at the Tokyo Institute of Technology; those
in Fig. 2 for '"8n represent recent data from KFK and
ofder data [15]; those for 2*2Th represent the recent CERN
measurements [15]. The obtamed capture widths for these
cases are included in Table 1 along with others.

3. RESULTS

Table 1 summarizes some of the derived results for
(Iy) and {I",1) as cxamples; the details will be published
elsewhere [16].

Our present knowledge of the neutron radiative pro-
cess shows that the total average radiative width for p-
wave neutrons is composed of two major components: one
related to single particle (SP} effects, I",1{§F), the other
o a statistical part, I, {GDR), induced by the tail of the
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Fig. 2. Least-squares it of '2*Sn eapture data in the unresolved
energy region {151 The average p-wave caplure widih determined
here for the first time is 93.3 + 3.2 meV.
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Fig. 3. Least-squares fit of *Th capture data in the unresolved
energy region [15]. The average p-wave capture width determined
here for the first time is 24.8 & 0.5 meV.

giant dipole resonance (GDR) [4]. Thus one can write
for the individual, as well as the average, radiative widths
of neatron resonances: ({1} = (ISP + (Ii{(GDRY)
[17]. Since (I (SP)) is linearly related to the neutron
strength function [18], which in tum contains S } p and S ; 2
structures [6,7], then it immediately follows that similar
structures are expected to be observed in the average p-wave
radiative widths of (I",{SP)). However, radiative widths
contain dependences on excitation energy, average level
spacing, nuclear-level density parameter, shell effects, pair-
ing effects and deformations. To eliminate these effects, the
p-wave radiative widths are divided by the s-wave counter
part to form a dimensionless quantity, Rp(A) =(I"yi}/{ o).
The results are displayed in Fig. 4 versus A for nuclei
in the mass range from **Ca to *Am. It is important to
note that in some cases where the s-wave strength function
values are quite small, the average capture cross section in
the keV region is not sensitive to {/0). For such cases,
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the values in [13] are adopted. In addition, when average
neutron capture measurements were unavailable, the s- and
p-wave average capture widths, derived from the resolved
resonance parameters [13], are adopted and the ratio
(I'y My, ) 1s presented in the figure. For comparison, the
optical-model calculations representing the p-wave neutron
strength function data, S, [13] in units of 0.4 x 1074
are displayed by the red line. As illustrated, four striking
features emerge: (a) three resonance-like structures, located
atabout A = 92, 112, and 124, are clearly evident (b). Away
from these structures, R,,(4) approaches a constant value,
and (¢} Ry5(4) is highly correlated with 5, for 80 < 4 <
140, (d) there is a hint of a possible structure, peaking at
about A = 230, in the vicinity of the 4p single particle state.
At this point, it is significant to stress that the correlation
coeflicient for Ry, and §; is 0.60 for 80 < 4 < 140
when all the data points are included, whereas it increases
significantly to 0.74 when data points with R ,; > 1.0 are not
included. The first, second, and third observations led to the
representation of the data by two resonance terms [19-21]
in addition to a constant background term,

Iy K3 K1

e = Bappt +
50) (A= dap o+ (FHEV (A4 = dupp + (Y
()

where Bgpy is a background term, (", (GDR)) /{I"yo), sub-
sequently verified on theoretical grounds to be equivalent
to the statistical contribution of the tail of the giant-dipole
resonance (GDR). The two resonance terms correspond to
the single particle component of the p-wave radiative width.
Axps, A1 correspond, respectively, to the mass numbers
where the two resonance peaks are located; K3, K are
related to the single-particle reduced widths; Wpsp, and
W, 2 correspond to the damping widths, in mass units, for
the first and second observed steuctures in Fig 4. The latter
values are associated with the imaginary part of the optical-
model potential {19,20], which accounts for the p-wave
neutron strength function data.

At this point, it is reasonable to question whether the
resonance terms are a manifestation of the effects of single-
particle states of the entrance channel or doorways (2p-
ih) of the exit channel. The answer can be found upon
determining, in MeV umits, the magnitude of the damping
widths of the two observed structures and comparing them
with the optical-model values.

On this basis, a least-squares fitting procedure to the
experimental values, (I"y1}/{/ 0}, is camied out in terms of
Eg. 1 for the mass region 4 = 40 — 140. The results yielded
the following values: Bgpr = 0.50 x 0.04; Azpp = 922 %
1.6, Aiyyp = 1124 £ 1.1, K3 = 102 £ 20, K1 = 27 & 10;
Waap = 1922 2.0, s = 11.0 2 2.4, Note that the mass
spliting determined here, 44 =20.2 = 1.9, is in very good
agreement with {6,7]. At this point, it is significant to note
that when the fitfting is extended to A=243, then Bgpp =
0.55 # 0.02, which is i good agreement with the previous
determination within two standard deviations.

To convert from “A” units to MeV units, the invariant
quantity, R?Vy = constant [18] is used along with the
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Fig. 4. The average p-wave radiative widths, normalized to the
corresponding s-wave widths, are shown versus mass number for
nuclei ranging from “*Ca to **Am. The red line represents the
least-squares fit to the data in terms of Eq. 1. The green curve,
multiplied by 0.4 x 107, represents the p-wave neutron sirength
function data, §;. The two strong resonance structures at A = 90
and 112 are identified as the p,7; and p3;2 components of the
single-particle 3p state. The resonance structures in §; at A =
160, 225 correspond to the 4p single-particle state splif by
deformation; see [2]. Note that capture data for unstable nuclei
A =211 — 229 are not available.
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Fig. 5. Dipole Resonance Integral for an incident 3p-wave neutron
captured into an s-orbit, Note that the dominant contribution to
the dipole integral comes from the region external to the nucleus.

condition that Fy = 43.5 MeV and R = 1.354'7 fm, which
well described both the ¢ and S data (refer to Fig. 2.1 -
Fig 2.2 of Ref. [13] ). Then, it follows that
Wiy = 5.1 2 0.5 MeV,
Woirpp = 3.0 2 0.7 MeV,
A[/g - /13/2 =57 + 0.4 MeV

The quoted uncertainties reflect only those due to the
fitting procedure, and do not include those due fo the
conversion procedure. A verification of the last result is
also provided by spherical optical model calculations which
gives a a value of 6.29 MeV [22], when the psy» and pijp
gingle particle states are placed at A = 90 and 112 respec-
tively. In addition, these results are in reasonable agreement
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with the optical-model] potential parameters describing the
So and 8 data [13]: Wp(surface absorption potential} =
5.7 MeV and spin-orbit term Fgo = 8.0 MeV. Although
different optical model geometry was used, it is of interest
to compare the py ;2 and py;» damping widths derived here
with those obtained by the method of transformation from
multilevel R-matrix to optical model parameters for the
total cross section of 328: Wa(pip) = 2.6 + 1.1 MeV and
Wolpap) =4.5 = 1.8 MeV [24].

The findings that W3 = 5.1 £ 0.5, W10 = 3.0+ 0.7
MeV, and 4,2 — A3 = 5.7 £ 0.4 MeV = Vgp strongly
suggest that the data of Fig. 4 are a manifestation of single-
particle, but not doorway, effects. Note that theoretical
expectation of the magnitude of the damping width of
a doorway state in this mass region is of the order of
100 keV [18]. Furthermore, it is most noteworthy that the
present results show the strong correlations between p-
wave radiative widths and p-wave reduced neutron widths
of resonances in the mass region 4 = 80—130, in agreement
with measurements [17].

4. DISCUSSION

In the past years, corrclations between capture and
reduced nentron widths were attributed to valence neutron-
resonance capture [18,25]. The first observation and quan-
titative verification for such a reaction mechanism was
made at the fast chopper-facility of the HFBR at BNL [26]
for the *Mo and **Mo resonances, and then at ANL for
a target of *'Zr by utilizing the threshold photo-neutron
technique {271 Further support for this interpretation comes
from transmission and capture measurements of Ref. [28,
297 for a target nucleus, **Sr. The former group [28]
reported the following significant results: § { ;= 213504,

hY ; o= 6.25 % 0.85, and correlation coeflicients between

capture widths and reduced neutron widths, p(I"y4, 1)) =
0.55 + 0.09, 0.59 2 0.9, for pis2, paj2 resonances, respec-
tively and p(/" },,;,I'fﬁ) = 0.23 + 0.06 for 517, resonances,
. The latter group’s [29] corresponding comrelation coelli-
cients were: 0.407022, 0.83%0% and 0.570% for the pyps,
D32, and the total p components, respectively. In addition,
for the target nucleus *Y, Ref. [30] found p(Fy, 1) =
0.71 £0.25 for p-wave resonances and p(ly, 7= 0.01
for s-wave resonances. On theoretical grounds the s-wave
correlation coeflicient in this mass region is expected to be
insignificant since the 3s single-particle state is located at A
= 50,

Next, the interpretation of the background term, Bepg
= 0,50 + 0.05, which is surmised to be the statistical
compenent of the neutron radiative mechanism is con-
sidered. This value can be estimated on the basis of the
generalized Landau-Fermi iquid model [8]. This model was
described previously in detail, and was shown to account
successfully for the EI ganuma-ray strength function data
for both spherical and deformed nuclel, Tt also was utilized
to calculate the average s-wave radiative widths [8,13]
of neutron resonances. The central point of this model is

Table 1. The s~ and p-wave radiative widths, {(Iy) and (I},
derived in the present work from capture cross section
measurements in the unresolved resonance region. The last two
columns include the experimental and theoretical values for the
ratio R, (4}, as caleulated by the generalized Fermi-liguid model,

respectively.
nucleus (rytl) (ryl) R_I)S(A)t‘.\‘p. Rp.s'(A)n'mrJ.
(meV) (meV)

[0 Ca 1500 + 900 | 360 90 | 0.24+0.19 0.29
Mn 750 9: 156 | 4002100 | 0.53+0.17 0.2%
"8e 250 + 20 169 £7 0.68+0.07 0.44
7r 124 £ 15 211 £7 1.70x0.21 0.17
NZr 108 £ 18 252 x£10 2.3340.16 0.19
12250 44 + 8 1054139 | 240045 0.23
12460 5044 933 43.2 | 1.87x0.16 0.24
1*18m 96,0 £1.6 | 492491 | 0.5120.13 0.43
31y 93.2 %1.0 44.6+5.1 0.48x0.06 0.52
1BEy 84.7 £1.0 43.2+44 | 0.51£0.05 0.55
1%5Gd 1026 £1.2 | 57.1+4.0 | 0.56+£0.04 0.44
157Gd 103516 | 33764 | 0.52+£0.06 0.47
BT 103523 | 473439 | 0.4640.04 0.52
Winy 1076413 1 612428 | 0.57+0.03 0.45
183y 1034 414 | 698429 [ 0.68+0.03 0.49
67y 920 £2.5 44.0x4.3 | 0.47£0.03 0.49
0 Tm 90.4 £3.9 | 52.7+42 | 0.47x0.05 0.54
T n 651 x1.2 33.0+3.7 | 0.51+0.06 0.54
U 664 £08 | 394224 | 0.59+£0.04 0.47
T 64.3 £0.9 33.442.0 | 0.52+0.03 0.53
ldayy 52.1+1.5 25.6x1.8 | 0.49+0.04 0.47
1By 520422 26.5£3.1 § 0.51+0.06 0.53
w5y 1190 x160 330 £50 | 0.28+0.06 0.20
227h 25.6 20.5 24.8+0.5 1.02+0.03 0.51
Bey 27.6 %13 | 20605 | 0.75£0.04 0.53
By 23.6 4.0 16.1x1.3 | 0.68+0.06 0.52
BINp 41.2 0.9 264+3.5 | 0.68+0,09 0.49
iy, 33.0%1.0 21.9+2.4 ! 0.66x0.08 0.54
Mpy 282 3.2 17.1£1.2 | 0.61+0.08 (.54
M Am 38013 19.6+1.2 | 0.52£0.07 0.52

the inclusion of an additional terin, the dipoie-quadrupole
interaction, for describing the damping width of the giant-
dipole resonance,

F{Ey T, 82y = C(EE + 4°T?y + Tgg (B By (2)

where E, is the gamma-ray energy, T is the thermody-
namical nuelear temperature, £, is the dynamic quadrupole
deformation parameter of the nucleus, C is a normaliz-
ing constant determined as in Ref. {31} by the condition
T(Eg, T = 0,8:) = Fg {damping width of the GDR built
on the ground state), and {4, (82, £y) is expressed by {8]

" 7 N 2 2 p
]dq(,BZ, b‘f) =235 —g—-’;EYﬁz(l + _E;) / (3)

where E2 is the energy of the first E2 excited state of
the compound nucleus for spherical nuclei; for deformed
nuclei, an average value of the energies of the S and vy
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Fig. 6. "°Zr garoma strength function values obtained from
ganuna-ray spectra measurement {27, 12] and photonuclear data
[34]. As shown, enhancements over the predictions of the GDR

(solid line) are found in both measurements.

vibrational states is assumed. The significance of the dipole-
quadrupole interaction term and the role it plays in the
damping width of the GDR is demonstrated in {23].

On phenomenological grounds, this study revealed that
the p-wave radiative widths can be accounted for by stip-
ulating that p-wave neutrons excite dominantly the dipole-
quadrupole surface mode, but not the giant dipole resonance
mode. Some justification for this notion is derived from
Fig. 5 representing the radial dependence of the dipole
integral, I. As illustrated, the dominant contribution to 1 is
coming from the region external to the nucleus. By setting
C = 0, in Egs. 2 and following the procedure described in
[8], the calculated p-wave radiative widths are estimated.
For s-wave neutrons, on the other hand, the two terms
on the right-hand side of Eq. 2 contribute to the radiative
neutron reaction, As a result, on the basis of this model,
(I'y13/{Fy0) can be readily calculated. The last column of
Table 1 includes the calculated ratio Rj,5{A). As shown, the
theoretical vatues range from 0.17 for **Zr to 0.55 for **Eu
and nicely follow the trend of the experimental values. In
addition, in the actinide region, the high experimental values
for R, (A) ranging from 1.04 for ***Th to 0.52 for **Am
can be attributed to the effect of the 4p single-particle state,
which was predicted by the optical-model at A=225[3,13].

Additional support for single particle effects in the cap-
ture process comes {rom gamma-ray spectra measurements
and threshold and above-threshold photonuclear measure-
ments [27,34]. The gamma strength functions for *'Zr,
9471 %Mo and Mo are derived from such measurements
and dispayed in Fig. 6 - Fig. 9. As is evident, there is an
enhancements over the prediction of the extrapolation of the
GDR,

By contrast, as pointed out previously, the enhacements
of the p-wave radiative widths in the Sp-Ba region are not
due to single particle effects since these quantities are not
correlated with §). Additional support for this comes from

{RSF} {MEV+*—3}

10

GAMMA RAY ENERGY (MoV}

Fig. 7. % Zr gamma strength funclion derived from gamma-ray
specira measurement [35] and photonuclear data [34].
Enhancements over the prediction of the GDR, represented by the
solid line, is observed

RSF {MEV-—3}

45 50 50 70 an b 1.0
GAMMA RAY ENERGY {MeV}
Fig. 8. “*Mo gamma strength function derived from gamma-ray
spectra measurement {35] [34]. Enhancement of ganuma strength
over the prediction of the GDR, represenied by the solid line, is
observed.

gamma-ray spectra measurements in the Sn-region where
it was shown that the measured partial radiative widths
cannot be accounted for in terms of the valence model [36].
The source for these enhancements is probably due to the
Pygmy dipole Resonance cbserved in nuclear resonance
florescence measurements.

5. CONCLUSIONS

In summary, the data presented here have expanded
our knowledge and understanding of the average p-wave
capture widths of neutron resonances. This was achieved
by deriving, for the first time, (/1) values from high-
precision neutron capture measurements in the unresolved
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Fig. 9. ®Mo gamma strength function derived in the present study

from gamma-ray spectra measureinent [35] [341 Enhancement of

garnma strength over the prediction of the GDR, represented by
the solid line, is also observed here.

energy region and interpreting therr in terms of the single-
particle model, as well as the giant-dipole model. The two
resonance-like structures observed here for the first time at
mass numbers 92 and 112 are interpreted in tenms of the
splitting of the 3p single-particle state info the py, and
P components; the strength of the spin-orbit potential
of the optical-model was assessed as 5.7 = (.4 MeV,
in excellent agreement with other deferminations [32,33}:
6.2 + 1.0 MeV and 6.0 MeV. The origin of the observed
structure about A=124, which is found uncorrelated with
81, is probably due to the Pygmy Giant Resonance. The
background term Bgpp is accounted for in terms of the
generalized Fermi liquid model demonstrating that p-wave
resonances are partially decoupled from the giant dipole
resonance. The present results demonstrate and give a new
dimension to the generalized Fermi liguid model [8].
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