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We have measured the neutron total and elastic scattering cross sections ¥Ptien reaction over the
neutron energy range 35—1000 keV. Neutron resonance widths and energies have been deduced for 1357
resonances from aR-matrix analysis of the total cross section data. Of this number 317, 424, and 617 are due
to s, p-, and d-wave interactions, respectively, with the parity assignments based mainly upon resonance
asymmetries observed in the scattering data. The level densities and strengths of all partial waves are uniform
up to a neutron energy of 500 keV. The p-, andd-wave strength functions for this energy region @neunits
of 1074 1.3+0.2, 0.19-0.02, and 1.8:0.1, respectively. If the strengths are calculated over the entire energy
range the values fos and d waves are reduced by 35% and 12%, respectively, while thap feaves is
increased by 40%. The, p-, andd-wave level densitiegin keV~1) are 0.33-0.03, 0.44-0.02, and 0.68
+0.01, respectively.

DOI: 10.1103/PhysRevC.67.024601 PACS nunier24.30.Gd, 25.40.Dn, 27.40z, 29.30.Hs

[. INTRODUCTION tended the neutron energy range of the analysis to 1 MeV
and have identified spins and parities for 1357 resonances in
A number of studies of the lead isotopes using neutrorihis energy interval. We are thus able to examineshe-,

total, capture, and differential scattering cross sections havand d-wave strengths over the larger energy interval for a
manifest both features to be expected in the region of &nore realistic comparison with results of other isotopes of
magic-number nucleus and departures from those expecttgad and consideration of the question of doorway structures
tions. A sudden onset of largewave strength in the neutron N this isotope.
energy region of 40-500 keV has been reported for
206.207.20pQ1 n and has been interpreted in the framework of Il. EXPERIMENT
doorway stategl]. Horenet al.[2,3], found evidence fop-
and d-wave doorway structures irf°Pb+n through an o
analysis of differential scattering and total cross sections u Neutron transmission measurements were _perforqu at
to a neutron energy of 600 keV. They reported significan he Oak Rldge_EIectron Linear Accelerator facility, covering
changes in the neutron strength function ffewave neutrons the energy region from 35 keV to 20 MeV. The accelerator

at energies of 40 and 145 keV, which they attributed to dooryvas operated at 800 Hz at a power of 7 kW. The electron

. - ! o beam burst width was 3.25 ns. Collimatdds35 cm in di-
way states arising from ag,,, 3~) particle-core excitation. amete) were used before and after the sample at 9 m such

The d-wave szt(r)ength function showed similar patterns neag,a oniy unmoderated neutrons from the Ta target reached
425 keV for **Pbtn. Possible parity dependence in the he  detector. Overlap neutrons were eliminated by a

level density in?°’Pb was also noted. Similar doorway struc- 0.3-g/lcn? 198 filter, and a 3.7-cm-thick uranium filter was

tures have been report¢d,5] for ?°Pb+n in the same en- placed in the beam to reduce the gamma flash from the tar-
ergy interval and were similarly interpreted. A high- get both at 5 m. The neutron burst has a continuous energy
resolution study[6] of **Pb+n over the neutron energy spectrum from the photoneutron process in tantalum. The
range 0—100 keV revealed distinctly different nuclear strucneutron energy resolution function is dominated, at the

ture properties than the other lead isotopes. There were nitigher energies, by the burst widtB.25 n3, and the full

merous, smalé-wave resonances in this energy region whichwidth at half maximum for the 201-m flight path is given by
is well below the onset of largeswave strength in

206207.20ppt . Furthermore, the-wave strength was found AE\? _

to be more than a factor of 10 greater than that of these other (f) =(0.04+0.258)x10°%,

isotopes in this limited energy interval. One could argue that

comparison of strengths for an energy interval in one isotopahereE is in MeV.

(204) for which smallswave strength and large doorway A rectangular NE-110 scintillator 5.2 by 8.9 cm in area
structures are seen in the other isotopes is not a convincirgnd 2.5 cm thick was mounted between two RCA 8854 pho-
argument for the absence of doorway structures?dfPb  tomultipliers to form the detector which was located at a
+n. We have measured and analyzed higher-resolution dif201.575-m flight path. The detectors were gated off during
ferential scattering and total cross section data from the Oathe gamma flash and the succeedi@ us to eliminate
Ridge Electron Linear Acceleratd©ORELA). We have ex- extraneous events arising from phototube afterpulsing.

A. Total cross section measurements
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The two cylindrical samples totaled 92.7204 g with a di-cm-diam cylinder of NE-110, viewed at each end by RCA
ameter of 1.588 cm corresponding to a thickness of 0.1378850 photomultiplier tubes. The threshold for each phototube
atom/b. However, the sample was enriched to only 71.41%vas set below the single photoelectron level, and a fast co-
204pp with the296-207:29%h impurity constituents representing incidence between the two tubes of each detector was re-
12.52%, 6.27%, and 9.78% of the sample, respectivelyquired to define an event. The system was designed so that
Hence, the magnitude of the impurity components was sufeach detector could record a maximum of only one event
ficiently large to warrant compensation through alternationfrom each accelerator buréite., 800 s'). The data were
into and out of the beam, of a 0.3175-cm-thick sample ofcorrected for dead time resulting from detection of the
88.33% 2°%Pb plus a 1.001-cm-thick sample of natural Pbgamma flash scattered by the sample. One detector was
with the 2%4Pb sample, all under computer control with a placed in the direct beam, at reduced power, to measure the
cycle time of approximately 20 min. However, this compen-product of the flux and the detector efficiency as a function
sation slightly overcorrected for th&®%b. Since the?®®b  of neutron energy. A carbon scatterer was also used to inter-
resonance parameters are well known, a calculated correctiaalibrate the other five detectors and determine their energy
was made for this overcompensation, resulting in an inversefficiencies, relative to that of the detector placed in the di-
sample thickness of Pb of 10.155 b/atom wiliPb repre- rect beam. A neutron monitor detector was used to normalize
senting 99.44% of the sample. all spectra. After correcting for dead time and a constant

We used a neutron monitor to compensate for fluctuationsoom background, the scattering spectra were divided by the
in the neutron production rate during the measurementsspectrum from the direct-beam detector in order to remove
Transmissions were counted for approximately 4 days ovethe energy dependence of the incident flux and detector effi-
an 11-day period. Background determinations and optimizaciency. The data were not corrected for multiple scattering in
tion of signal to background ratio were facilitated by four the sample. Additional details of the experimental arrange-
separately recorded time-of-flight spectra corresponding tenent for these scattering measurements can be found in the
different pulse height biases. The overall background, for thditerature[7].
energy analyzed, was.1%. An EG&G time digitizer was
used to acquire the data, and the resulting time-of-flight IIl. DATA ANALYSIS
spectra were stored in the ORELA Data Acquisition Comput- ) , )
ers. The data were corrected for a dead tiftl4 n3 in the We have employed aR-matrix analysis of the transmis-

digitizer and then for a constant room background. The trans3ionS using the codeammy [8]. The channel radius used
mission and total cross section were computed from thdV@s 8.54 fm for each of the spin groups identified, fixed over

background-corrected sample-in—sample-out ratio, normaf€ entire energy region of the analysis. The boundary con-
ized to the same monitor counts. dition was set equal to the shift factor at each resonance. The

potential scattering contributions to the background cross
section and the character of the interference between reso-
B. Scattering cross section measurements nance and potential scattering was modeled through an ex-

The scattering measurements also used the time-of-fligﬁ{ernalR function, for each spin group, as

technique with neutron pulses from both the tantalum and the ox ~ En—E
water-moderated parts of the ORELA target. The scattering RENE) =gyt BeaE—Sln E-E.
measurements included a 0.3-gfcrifB filter to eliminate o
low-energy neutrons associated with the previous burst andihe parametera andg are varied in the fitting process, and
two other filters to reduce the intensity of the gamma flasfs represents the average strength in the region outside that of
from the target: a 0.73-cm-thick uranium filter covered thethe analysis and has been taken here to be the same as that
whole beam; the other, comprised of three 2.5-cm-thick laywithin the analyzed regionE,; and E,, are the upper and
ers of uranium, thorium, and tantalum, shadowed only thdower energies of the analyzed region and have been set at
tantalum part of the target. Scattering data were collected fot000 and 0 keV, respectively. This function has been shown
270 h over a 4-week period. The burst rate of the acceleratqn,10] to represent the contribution, within the analyzed re-
was 800 Hz at a power level of 13 kW and the burst widthgion, from resonances outside that region and facilitates the
was 6.5 ns. The neutron beam was collimated at 192 m, witinodeling of average scattering functions with an optical
both moderated and unmoderated neutrons reaching the scatodel potential, to deduce the parameters of that potential.
tering sample. The scattering sample was a 71.42%Pb  Both resolution broadening and a free-gas mdddl] of
(71.41% hollow cylinder 6.03 cm high, 3.175 cm inside Doppler broadening, using an effective nuclear temperature
diameter with a wall thickness of 0.122 cm. It was suspendedf 300 K, have been applied to tiiematrix theory for com-
in the center of a 1.83-m-diam evacuated scattering chambearison to the experimental data. More details of the analysis
at a distance of 200.1910.005 m from the neutron modera- approach can be seen in RE2].
tor. The scattering chamber was isolated from the neutron The total and scattering cross section data were analyzed
beam tube via a 0.025-cm Mylar window. in concert, the former to deduce the energies and widths of
Six neutron detectors were located 19.1 cm from the centhe resonances, and the latter to deduce the spins and parities
ter of the chamber at angles of 39°, 55°, 90°, 120°, 140° of the associated levels. This required a fitting of the trans-
and 160° from the direction of the incident neutron beam.missions with an assumed spin and parity, followed by use of
Each neutron detector consisted of a 7.62-cm-long by 4.32he resulting resonance parameters to calculate the differen-
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FIG. 1. Total and scattering cross sections for a selected energy Neutron Energy (keV)

region, to illustrate the manner of assigning resonance parities. The FIG. 2. Neutron total cross section of tR&Pb+ n reaction for
resonances are identified by parity, with the underlined symbolselected energy regions, showing the changing character of the
indicating the final assignment. The first two resonances had thewave interactions with energy and their dominance throughout the
parities swapped for the dashed curve. The solid curve is the scagpectrum. The symbols correspond to experimental measurements
tering calculation for the assigned parities. Results for 160° offseknd the smooth curves to @matrix parametrization of the data.

by 0.5 b. Symbols without error bars have errors less than the size of the

. . . . symbols.
tial scattering cross section. The calculated scattering cross

sections at each angle were used only to visually determine fances. WithJ™ assignments determined, the transmission

the assumed spin and parity for a given resonance gave riggyta were fitted to obtain the final resonance parameters. We
to the asymmetry differences observed among different scains can report the strength functions and level densities for
tering angles. Since the statistics of the scattering data wefie s p-, andd-wave interactions.

poor, judgments of which parity gave the better fit were
based on which best represented the general trend of the
prediction relative to the data and not whether the fit was
even close in quality to that obtained in the total cross sec- This study and analysis covers the energy range from 35
tion data. The odd and even parities manifest very differenkeV to 1 MeV. Three largs-wave resonances with energies
asymmetries at forward and backward angles and thus servéd4.1, 27.5, and 32.8 ke\just below the beginning range of

to permit the parity determination for most of the resonancesour data have been included in our resonance parameter file
Figure 1 shows the total and elastic scattering cross sectiongith their energies and widths held fixed at values taken
for a selected neutron energy region to illustrate the manndrom Ref. [13]. Representative energy regions of the total

in which the parity assignments were established from theross section are shown in Fig. 2, where the circles represent
scattering data. Th@-wave interaction results in a more the data and the smooth curve fRenatrix representation of
symmetric peak shape at 90°, and theave manifests an the data. Where no vertical bars are seen, the data uncertain-
asymmetry. The opposite is true, for each parity, at 160°ties are smaller than the size of the symbols. The prominent
These scattering features have enabled parity assignments fewave resonances are seen throughout the energy ranges
resonances of comparable width and larger. Fagave reso- shown, those resonances being characterized by the dip in
nances are seen to be unambiguous in both total and scatteross section resulting from resonance-potential scattering
ing cross section data. For larger resonances] thedue can interference. This continues up to a neutron energy of 500
also be deduced from the differing peak heights in the transkeV where the frequency of observedvave resonances be-
mission data, for a given angular momentum. We thus havgins to decrease somewhat. The gradual change in the shape
reasonably complete samples, by parity, for detected res®f these resonances with energy can be seen in going from
nances but thé values are not reliable for the smaller reso-low to higher energies. The total cross section data are suf-

IV. RESULTS
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ficient to identify thes-wave resonances but not for the caseferent numbers os-wave resonancegl86, 17, 13, and 1,

of other partial waves. The elastic scattering data enable thespectively, up to a neutron energy of 550 keXn even
determination of the parity of many of these resonances. Theore interesting feature of the variation of the neutron-
smaller nons-wave resonances do not manifest sufficientlynucleus interaction, with proximity to th&l=126 closed
pronounced differences in their forward and backward asymneutron shell, is clearly manifest farwave resonances in
metries in the Scattering data. for diﬁerent parities to perm|t|:|g 4 which shows the cumulative sum versus energy of the
the £-value determination. Nevertheless, the parity is unamreduced width multiplied by the spin statistical factprThe
biguously determined for approximately 70% of the non-gyave neutron strengths, given by the slopes of these histo-
s-wave resonances up to 500 keV. For these_ resonances tBF‘am plots over the energy range for which resonances are
Spins in @ given parity group are not unambiguously deterghgered, are seen to increase as one approaches the closed
r?1%utron shell. For each isotope there are regions where the

inadequacy of the smaller of the two spin possibiliies. Acumulative sum increases more dramatically, over a narrow
total of 1357 resonances have been observed over the neu-

tron energy range 35-1000 keV. Thavave resonance pa- energy interval, with the spacing between those increases,
rameters deduced from the analysis are presented in Table'crllgaesfsm?n mteh C?J%Sjg;; r(]ee"supr)r:gxgl\% bSe uecnh ir?tueorldreerle:jn-as
The uncertainties of the widths vary from approximately 5% oorwav states in the entrance channel resultirr)l from
for the larger resonances to 10% for the smaller ones with g rway . X ' 9
minimum uncertainty of 0.5 eV. Energy uncertainties aspartlcle-core interactions. In the absence of background

given above in the experimental details vary from 0.02% at .
50 keV to 0.05% at 1 MeV. The full list of resonances, in- isolated resonance as in the casé¥Pb. As the number of

cluding the other partial waves, has been sent to thgackgr_ound states increases, mixing would give Fise to
Brookhaven National Nuclear Data Center. The parameter; preading of the doorway more broadly over the continuum.

for the extenalR functions are given in Table Il. These i?]llle the dattairjorr aIIi:]he 'n:/eséli?]ate?tlhsoté)pesﬂl of I(;,\r?dlc?r-t
functions are an essential part of tReanatrix representation ainly suggest increasing spreading ot tne doorway, the 1ates

20 H
of the data, making it possible to account for the resonanc q?tgl fofr Pb fuc?gestd tthhat any t()joorv;/aby sliate IS dby now
potential scattering influence of unobserved resonances o \ghly Tragmented, an € number of background mixing

side the region of analysis without having to use a differenttates 1 sufficiently large so as to render the vestiges of

channel radius for each spin group. Another alternative is t(sjngrr?gblsérizt#;ieﬁtr?tr (cj)lfn:h(;rzlsn":slast'eeen mmthaet r?sr?rlgn
use combinations of resonances outside the region, calle(aS S umulative su u

“poles,” to provide the necessary interference patterns. ent;r.g|es t?]f 180, 260, 340, and :130tkevd|n F.'g't?" th
In the following discussion of the results, two values of Ince theswave resonance structure dominates he spec-

deduced average quantities are given. The first is based up(T)Wm’ with all other resonances superimposed on that major
an upper energy of 500 keV and the second, presente%trucmre’ we have only presented the parameters for the

in parentheses, is based upon an upper energy value givave resonances in Table 1.
1000 keV.
B. p and d waves
We have identified a total of 20#424) and 283(617)
A. swaves p-wave andd-wave resonances, respectively. The plot of cu-

We observe a total of 18817 resonances over the en- mulative neutron width as a function of neutron energygor
ergy region up to 500 keV1000 ke\j. Thes-wave strength andd waves is shown in Fig.(8). By plotting the quantity
function for 2%4Pb+ n is represented by the slope of the plot 2gT"/(2¢+1) versus the neutron energy, whefeis the
of the cumulative neutron width as a function of energy, asorbital quantum number, the strength is given simply by the
plotted in Fig. 3a). The result is 1.30.2x10 % (0.85 slope of the graph. Here we see an absence of any structure
+0.07X 10 %). The level density, shown in Fig(B8, is seen  suggestive of doorway states, the same being true for the
to be uniform up to an energy of 500 keV. We have notcorresponding level density plots, shown in Figb)3 The
corrected for missing resonances but have chosen, rather, strength functions aréin units of 10 %) 0.19+0.02 (0.27
calculate the strength functions and level densities basedt0.02) and 1.60.1 (0.88:0.05) for p and d waves, re-
upon upper energies of both 500 keV and 1000 keV. Thespectively, where the uncertainty is calculated from
level density is determined, from the slope of the cumulative 2.27/(n—1)]*2S’, with n the number of resonances.
number of resonances plotted as a function of neutron en- The level densities due §o- andd-wave interactions are
ergy, to be 0.48:0.02 keV ! (0.33+0.01 keV'1). We find  (in keV™1) 0.45+0.02 (0.44-0.01) and 0.76:0.02 (0.68
23 s'wave resonances between 35 and 100 keV, in agreement0.01), respectively. For thp- and d-wave groups the cu-
with Ref. [6]. In the energy range 0—100 keV that study mulative reduced width plots suggest possible missing
reported 38-wave resonances, due to their increased sensbstrength ford waves and enhanced strength forwaves
tivity to low-energy resonances. This numbersafiave reso- above 700 keV. Rather than being due to misassignment of
nances stands in striking contrast to the number observed, the parity, this suggests structure effects. The integrity of the
this energy range, fof?6297:2%®p of 3, 1, and 0, respectively. parity assignments is quite good below 500 keV, and thus the

Rather complete neutron total cross section data are nodeduced strengths, based upon that upper energy, have
available for the?04206.207.208, jsotopes and reveal very dif- greater confidence. The differences between the level densi-
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TABLE I. The 2**Pb+n R-matrix s-wave resonance parameters deduced from transmission and scattering

analyses.

Energy I, Energy r, Energy I, Energy r,

(keV) (eV) (keV) (eV) (keV) (eV) (keV) (eV)
39.542 149.5 270.191 1436.2 442.332 213.8 669.503 146.8
42.962 46.9 272.787 22.7 443.765 36.3 673.285 35.9
44,938 20.5 273.681 536.5 446.242 71.5 675.764 196.3
49.319 53.2 275.82 120.6 448.651 36.4 677.224 73.3
55.098 153.6 277.6 461.4 448.93 258.7 680.199 454.1
57.214 35.3 280.13 91 449.35 645.1 687.16 61
59.294 4.9 282.465 31.8 454.64 97.8 692.7 50.7
60.37 91.5 285.136 97.5 455.49 70.1 694.378 120.9
65.453 10.5 285.961 35.5 465.055 69.4 700.133 144.7
66.153 21 288.69 263.6 466.332 100.1 705.024 196.3
67.114 14.5 290.919 851.4 467.072 610.6 706.416 222
73.852 415 292.528 180 468.868 140.3 713.119 155
74.64 144 293.371 63.9 469.363 164.4 713.34 270.7
78.322 75 297.077 23.3 470.986 69.1 717.114 45.6
80.503 59.8 297.441 105.6 471.235 142.9 718.97 67.6
82.235 54.1 299.701 42.8 471.69 78 721.708 40.9
84.334 8.5 303.833 25 474.148 240.8 724.843 36.9
86.676 251.7 305.659 52.2 475.301 162.4 729.964 41.6
88.073 41.6 309.677 70.1 480.395 70.6 732.965 280.8
90.799 26.6 312.595 196.4 482.603 76.7 737.466 158.2
92.342 144.1 315.436 31.2 482.917 77.3 739.775 70
93.6 140.7 317.305 40.2 484.699 55.1 747.935 57.9
100.919 8.5 319.257 62 486.707 136.7 751.474 72.6
101.951 31.8 320.783 15.3 490.783 109 754.785 209.2
103.541 69.4 326.035 375 494.039 48.7 758.868 80.4
110.503 9.3 328.148 252.1 499.645 40.1 764.98 232.8
116.024 238.1 330.847 46.6 504.566 84.8 766.506 44.7
119.012 70.2 332.167 317.4 505.172 224 768.373 70.7
124.378 187.3 333.162 212.2 509.976 17.7 772.339 43.9
127.046 8.4 333.549 252.3 516.59 56.9 777.644 115
134.116 257.6 336.956 87.7 517.657 122.7 784.58 149.8
136.821 223.9 340.48 236.4 522.427 73.5 796.589 75.6
135.011 62.9 340.681 151.3 523.214 48.2 798.107 351.3
140.063 119.5 342.6 9.1 526.141 138 799.895 79.3
141.584 25 342.839 525 526.653 110 804.725 142.8
143.317 4.8 345.952 280.6 528.279 114.1 807.213 57.7
143.57 311 349.317 789.4 530.546 105.5 808.381 40.1
146.212 218.5 352.236 430.6 531.905 30.6 809.532 75.4
147.691 48 353.159 212.9 535.229 195.3 814.145 760.6
148.928 251.2 354.861 138.6 536.579 447.6 817.782 290.9
153.091 108.3 359.111 43.9 539.334 206.5 820.636 184.6
155.407 7.2 360.383 32.5 543.841 132.2 823.91 419.4
158.745 72.2 360.583 193.5 546.126 280.1 829.485 571.2
161.217 116.4 360.916 119.8 547.909 28.9 834.637 87
164.852 27.7 364.454 177.9 549.248 3924 836.699 426.3
166.539 162.7 366.247 119.1 550.683 57.1 839.931 126.4
168.017 69.6 370.011 56.2 552.346 63.5 841.043 78.9
170.795 511 375.031 97.7 554.184 145.5 848.821 40
172.54 2 376.44 11.3 567.6 28.7 853.614 71.7
173.274 2.3 376.954 61.6 570.6 39.5 866.914 356.5
174.789 82.2 378.685 20.9 575.95 235 867.647 92.2
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TABLE I. (Continued.

Energy r, Energy r, Energy I, Energy r,
(keV) (eV) (keV) (ev) (keV) (eV) (keV) (eV)
176.156 229 380.061 36.1 582.792 25.6 873.744 69.8
178.265 427.7 381.27 97.9 584.887 26.3 877.75 274.6
181.49 116.3 386.632 69.3 586.276 64.2 880.121 207.8
185.595 329.2 390.556 305.8 587.759 184.1 892.117 78.7
187.437 1205.1 392.714 142.5 594.389 116.3 898.296 60.1
188.025 108.4 393.325 90.4 598.017 56.3 902.073 48.2
191.835 20.1 395.433 88.3 598.915 36 907.223 92.9
194.799 219.8 397.96 313 601.986 69.9 908.4 37.6
199.288 127 400.466 26.7 603.576 126.7 917.201 302.4
202.794 68.1 404.027 23.6 605.164 69.7 920.236 89.3
203.179 7.7 406.386 18.6 607.111 225 926.54 50.6
205.63 145.5 406.784 212.3 608.55 88.4 934.174 113.8
206.407 201.4 408.256 216.1 609.632 42.6 945.665 621.1
209.78 2735 410.269 191 610.678 55.7 949.454 432.1
214.544 6.3 410.521 67.9 615.844 167.4 950.308 12.8
218.773 825.7 413.568 11.8 625.799 119.1 954.082 63.2
221.312 67.9 417.69 67.7 627.852 25.4 955.308 99.5
224972 130.7 418.032 243.5 634.475 111.7 957.156 125.4
230.564 131 418.933 77.4 635.348 36.1 958.509 55.8
234.629 142.5 421.108 20.1 638.538 374 966.116 143.2
238.735 108.8 422.139 30.3 642.094 123.8 968.149 108.8
242.309 65.8 425.519 202 643.135 291 987.458 68.5
246.073 315 428.798 95.2 644.168 85.1 991.319 85.6
247.829 651.9 431.336 1156 645.002 323 993.443 33.8
254.044 272.6 433.117 397.7 645.9 94.1 995.514 101.5
255.116 119.3 436.307 63.7 649.678 159.6 996.799 715
256.894 67.3 437.796 181.4 652.499 148.3
262.231 1579.3 439.426 39.5 653.487 481.8
263.99 116.8 440.598 573.9 661.303 280.8

ties for the different energy ranges are minimal, reflecting the V. CONCLUSION

uniformity of levels throughout the entire energy region. The The (almos) uniform strength and level density fasX, p,

d/p level density ratio (1.5 0.1) is in reasonable agreement andd waves. as a function of neutron eneray. suacest that
with the value expected on the basis of statistical consider- ’ 9y, =u9g

ations (1.7) while that for thep/s level density ratio (1.3 doorways play a much less significant role f8¥Pbr-n,

+0.1) differs significantly from the expected value of 3.0. compared to nelghbonng isotopes of lead. Before the dgta on
s-wave strength in lead isotopes were complete, some inves-

tigators reporteds-wave strengths among the various iso-
topes that differed by as much as an order of magnitude, in
) disagreement with systematic trends of tieave strength
TABLE I.I. Parameters of the externd function for all ob- ¢ nction in this mass region. IR°8Pb, for example, virtually
served partial waves. all the swave strength is seen in a single resonance at 512
keV while in ?%Pb most of the strength is spread over the

) “ (><104’8keV‘1) s neutron energy rangé@-1000 keV. From Fig. 4 the total
sum of reduced neutron widtltand thus the strengklis seen

1+ -0.1176) @ 1.558) 0.022 to be essentially the same for all isotopes, up to 550 keV. In

i- -0.0786) 0.184) 0.005 that regard it is worth noting that the additionslwave

3- -0.281) 0.448) 0.010 strength observed iA*Pb between 500 and 1000 keV gives

3+ -0.031) 0.0 0.068 a strength function for this isotop@ver the energy range

5+ -0.0065) 0.0 0.007 0-1000 keV that is in_agreement_ with the others, calculated
over the 0-550 keV interval. This corroborates the sugges-

3n our notation 0.11() means 0.11F 0.006, etc. tion that the doorway states f6P*Pb are highly fragmented
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eutron nerQY( e ) FIG. 4. swave cumulative reduced neutron width versus neu-
FIG. 3. (@ The cumulative reduced neutron width afill the  tron energy for the stable isotopes of lead, demonstrating the trend

cumulative number of levels versus neutron energy. The slof® of of sudden increases as the clo$éd 126 shell is approached but

gives the strength and that @) gives the level density. Arrows yet the approximately similar total strengths in the 0-550 keV en-
indicate regions of increased strength. ergy interval.

and that the strength of the neutron interaction is spread ovdp any doorways are h?ghly fragmented. The stre_ngth func-
fions deduced from this study are consistent with general

a larger energy interval for this isotope. Though the parit _ : : ; .
9 9y P g b yrends in this mass region, and differences with respect to

groupings established in this study may not be completel); . . e
unambiguous, changes in the strength and level densit ttpuecruj?:ifggtgpes are likely a result of differing nuclear

trends that would result if changes were made in some of th
subjective assignments would not be such as to produce the
type of large step increases in either the strength functions or
level spacings that has been reported for the other isotopes of This research was sponsored by the Basic Energy Sci-
lead, for any of the partial waves. It has been conjecti8éd ences Division of the U.S. Department of Energy under Con-
that this could be due to the fact that the doorway state isract No. DE-FG05-86ER40293 with Middle Tennessee State
completely mixed with the background states or tA¥Pb  University. Oak Ridge National Laboratory is managed by
must be sufficiently removed from the doubly magic coreUT-Battelle, LLC for the U.S. Department of Energy under
that the particle and phonon excitations that would give riseContract No. DE-AC05-000R22725.
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