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Neutron resonance spectroscopy forn¿204Pb: Total and differential elastic scattering
cross sections

R. F. Carlton
Physics& Astronomy Department, Middle Tennessee State University, Murfreesboro, Tennessee 37132

J. A. Harvey and N. W. Hill
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

~Received 28 September 2002; published 4 February 2003!

We have measured the neutron total and elastic scattering cross sections for the204Pb1n reaction over the
neutron energy range 35–1000 keV. Neutron resonance widths and energies have been deduced for 1357
resonances from anR-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. Thes-, p-, andd-wave strength functions for this energy region are~in units
of 1024) 1.360.2, 0.1960.02, and 1.060.1, respectively. If the strengths are calculated over the entire energy
range the values fors and d waves are reduced by 35% and 12%, respectively, while that forp waves is
increased by 40%. Thes-, p-, and d-wave level densities~in keV21) are 0.3360.03, 0.4460.02, and 0.68
60.01, respectively.

DOI: 10.1103/PhysRevC.67.024601 PACS number~s!: 24.30.Gd, 25.40.Dn, 27.40.1z, 29.30.Hs
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I. INTRODUCTION

A number of studies of the lead isotopes using neut
total, capture, and differential scattering cross sections h
manifest both features to be expected in the region o
magic-number nucleus and departures from those expe
tions. A sudden onset of larges-wave strength in the neutro
energy region of 40–500 keV has been reported
206,207,208Pb1n and has been interpreted in the framework
doorway states@1#. Horenet al. @2,3#, found evidence forp-
and d-wave doorway structures in206Pb1n through an
analysis of differential scattering and total cross sections
to a neutron energy of 600 keV. They reported signific
changes in the neutron strength function forp-wave neutrons
at energies of 40 and 145 keV, which they attributed to do
way states arising from a (d3/2, 32) particle-core excitation.
The d-wave strength function showed similar patterns n
425 keV for 206Pb1n. Possible parity dependence in th
level density in207Pb was also noted. Similar doorway stru
tures have been reported@4,5# for 207Pb1n in the same en-
ergy interval and were similarly interpreted. A high
resolution study@6# of 204Pb1n over the neutron energ
range 0–100 keV revealed distinctly different nuclear str
ture properties than the other lead isotopes. There were
merous, smalls-wave resonances in this energy region wh
is well below the onset of larges-wave strength in
206,207,208Pb1n. Furthermore, thes-wave strength was found
to be more than a factor of 10 greater than that of these o
isotopes in this limited energy interval. One could argue t
comparison of strengths for an energy interval in one isot
~204! for which small s-wave strength and large doorwa
structures are seen in the other isotopes is not a convin
argument for the absence of doorway structures in204Pb
1n. We have measured and analyzed higher-resolution
ferential scattering and total cross section data from the
Ridge Electron Linear Accelerator~ORELA!. We have ex-
0556-2813/2003/67~2!/024601~8!/$20.00 67 0246
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tended the neutron energy range of the analysis to 1 M
and have identified spins and parities for 1357 resonance
this energy interval. We are thus able to examine thes-, p-,
and d-wave strengths over the larger energy interval fo
more realistic comparison with results of other isotopes
lead and consideration of the question of doorway structu
in this isotope.

II. EXPERIMENT

A. Total cross section measurements

Neutron transmission measurements were performe
the Oak Ridge Electron Linear Accelerator facility, coverin
the energy region from 35 keV to 20 MeV. The accelera
was operated at 800 Hz at a power of 7 kW. The elect
beam burst width was 3.25 ns. Collimators~1.35 cm in di-
ameter! were used before and after the sample at 9 m s
that only unmoderated neutrons from the Ta target reac
the detector. Overlap neutrons were eliminated by
0.3-g/cm2 10B filter, and a 3.7-cm-thick uranium filter wa
placed in the beam to reduce the gamma flash from the
get, both at 5 m. The neutron burst has a continuous en
spectrum from the photoneutron process in tantalum. T
neutron energy resolution function is dominated, at
higher energies, by the burst width~3.25 ns!, and the full
width at half maximum for the 201-m flight path is given b

S DE

E D 2

5~0.0410.25E!31026,

whereE is in MeV.
A rectangular NE-110 scintillator 5.2 by 8.9 cm in are

and 2.5 cm thick was mounted between two RCA 8854 p
tomultipliers to form the detector which was located at
201.575-m flight path. The detectors were gated off dur
the gamma flash and the succeeding'3 ms to eliminate
extraneous events arising from phototube afterpulsing.
©2003 The American Physical Society01-1
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The two cylindrical samples totaled 92.7204 g with a
ameter of 1.588 cm corresponding to a thickness of 0.1
atom/b. However, the sample was enriched to only 71.4
204Pb with the206,207,208Pb impurity constituents representin
12.52%, 6.27%, and 9.78% of the sample, respectiv
Hence, the magnitude of the impurity components was s
ficiently large to warrant compensation through alternati
into and out of the beam, of a 0.3175-cm-thick sample
88.33% 206Pb plus a 1.001-cm-thick sample of natural P
with the 204Pb sample, all under computer control with
cycle time of approximately 20 min. However, this compe
sation slightly overcorrected for the208Pb. Since the208Pb
resonance parameters are well known, a calculated corre
was made for this overcompensation, resulting in an inve
sample thickness of Pb of 10.155 b/atom with204Pb repre-
senting 99.44% of the sample.

We used a neutron monitor to compensate for fluctuati
in the neutron production rate during the measureme
Transmissions were counted for approximately 4 days o
an 11-day period. Background determinations and optim
tion of signal to background ratio were facilitated by fo
separately recorded time-of-flight spectra corresponding
different pulse height biases. The overall background, for
energy analyzed, was,1%. An EG&G time digitizer was
used to acquire the data, and the resulting time-of-fli
spectra were stored in the ORELA Data Acquisition Comp
ers. The data were corrected for a dead time~1104 ns! in the
digitizer and then for a constant room background. The tra
mission and total cross section were computed from
background-corrected sample-in–sample-out ratio, norm
ized to the same monitor counts.

B. Scattering cross section measurements

The scattering measurements also used the time-of-fl
technique with neutron pulses from both the tantalum and
water-moderated parts of the ORELA target. The scatte
measurements included a 0.3-g/cm2 10B filter to eliminate
low-energy neutrons associated with the previous burst
two other filters to reduce the intensity of the gamma fla
from the target: a 0.73-cm-thick uranium filter covered t
whole beam; the other, comprised of three 2.5-cm-thick l
ers of uranium, thorium, and tantalum, shadowed only
tantalum part of the target. Scattering data were collected
270 h over a 4-week period. The burst rate of the acceler
was 800 Hz at a power level of 13 kW and the burst wid
was 6.5 ns. The neutron beam was collimated at 192 m, w
both moderated and unmoderated neutrons reaching the
tering sample. The scattering sample was a 71.42-gm204Pb
~71.41%! hollow cylinder 6.03 cm high, 3.175 cm insid
diameter with a wall thickness of 0.122 cm. It was suspen
in the center of a 1.83-m-diam evacuated scattering cham
at a distance of 200.19160.005 m from the neutron modera
tor. The scattering chamber was isolated from the neu
beam tube via a 0.025-cm Mylar window.

Six neutron detectors were located 19.1 cm from the c
ter of the chamber at angles of 39°, 55°, 90°, 120°, 14
and 160° from the direction of the incident neutron bea
Each neutron detector consisted of a 7.62-cm-long by 4
02460
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cm-diam cylinder of NE-110, viewed at each end by RC
8850 photomultiplier tubes. The threshold for each phototu
was set below the single photoelectron level, and a fast
incidence between the two tubes of each detector was
quired to define an event. The system was designed so
each detector could record a maximum of only one ev
from each accelerator burst~i.e., 800 s21). The data were
corrected for dead time resulting from detection of t
gamma flash scattered by the sample. One detector
placed in the direct beam, at reduced power, to measure
product of the flux and the detector efficiency as a funct
of neutron energy. A carbon scatterer was also used to in
calibrate the other five detectors and determine their ene
efficiencies, relative to that of the detector placed in the
rect beam. A neutron monitor detector was used to norma
all spectra. After correcting for dead time and a const
room background, the scattering spectra were divided by
spectrum from the direct-beam detector in order to rem
the energy dependence of the incident flux and detector
ciency. The data were not corrected for multiple scattering
the sample. Additional details of the experimental arran
ment for these scattering measurements can be found in
literature@7#.

III. DATA ANALYSIS

We have employed anR-matrix analysis of the transmis
sions using the codeSAMMY @8#. The channel radius use
was 8.54 fm for each of the spin groups identified, fixed o
the entire energy region of the analysis. The boundary c
dition was set equal to the shift factor at each resonance.
potential scattering contributions to the background cr
section and the character of the interference between r
nance and potential scattering was modeled through an
ternalR function, for each spin group, as

R,J
ext~E!5a,J1b,JE2 s̃,JlnS Ehi2E

E2Elo
D .

The parametersa andb are varied in the fitting process, an
s̃ represents the average strength in the region outside th
the analysis and has been taken here to be the same a
within the analyzed region.Ehi and Elo are the upper and
lower energies of the analyzed region and have been s
1000 and 0 keV, respectively. This function has been sho
@9,10# to represent the contribution, within the analyzed
gion, from resonances outside that region and facilitates
modeling of average scattering functions with an opti
model potential, to deduce the parameters of that poten
Both resolution broadening and a free-gas model@11# of
Doppler broadening, using an effective nuclear tempera
of 300 K, have been applied to theR-matrix theory for com-
parison to the experimental data. More details of the anal
approach can be seen in Ref.@12#.

The total and scattering cross section data were analy
in concert, the former to deduce the energies and width
the resonances, and the latter to deduce the spins and pa
of the associated levels. This required a fitting of the tra
missions with an assumed spin and parity, followed by use
the resulting resonance parameters to calculate the diffe
1-2
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tial scattering cross section. The calculated scattering c
sections at each angle were used only to visually determin
the assumed spin and parity for a given resonance gave
to the asymmetry differences observed among different s
tering angles. Since the statistics of the scattering data w
poor, judgments of which parity gave the better fit we
based on which best represented the general trend of
prediction relative to the data and not whether the fit w
even close in quality to that obtained in the total cross s
tion data. The odd and even parities manifest very differ
asymmetries at forward and backward angles and thus se
to permit the parity determination for most of the resonanc
Figure 1 shows the total and elastic scattering cross sec
for a selected neutron energy region to illustrate the man
in which the parity assignments were established from
scattering data. Thep-wave interaction results in a mor
symmetric peak shape at 90°, and thed-wave manifests an
asymmetry. The opposite is true, for each parity, at 16
These scattering features have enabled parity assignmen
resonances of comparable width and larger. Thes-wave reso-
nances are seen to be unambiguous in both total and sc
ing cross section data. For larger resonances theJ value can
also be deduced from the differing peak heights in the tra
mission data, for a given angular momentum. We thus h
reasonably complete samples, by parity, for detected r
nances but theJ values are not reliable for the smaller res

FIG. 1. Total and scattering cross sections for a selected en
region, to illustrate the manner of assigning resonance parities.
resonances are identified by parity, with the underlined symb
indicating the final assignment. The first two resonances had t
parities swapped for the dashed curve. The solid curve is the s
tering calculation for the assigned parities. Results for 160° of
by 0.5 b.
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nances. WithJp assignments determined, the transmiss
data were fitted to obtain the final resonance parameters
thus can report the strength functions and level densities
the s-, p-, andd-wave interactions.

IV. RESULTS

This study and analysis covers the energy range from
keV to 1 MeV. Three larges-wave resonances with energie
~24.1, 27.5, and 32.8 keV! just below the beginning range o
our data have been included in our resonance paramete
with their energies and widths held fixed at values tak
from Ref. @13#. Representative energy regions of the to
cross section are shown in Fig. 2, where the circles repre
the data and the smooth curve theR-matrix representation o
the data. Where no vertical bars are seen, the data uncer
ties are smaller than the size of the symbols. The promin
s-wave resonances are seen throughout the energy ra
shown, those resonances being characterized by the d
cross section resulting from resonance-potential scatte
interference. This continues up to a neutron energy of 5
keV where the frequency of observeds-wave resonances be
gins to decrease somewhat. The gradual change in the s
of these resonances with energy can be seen in going f
low to higher energies. The total cross section data are

gy
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t

FIG. 2. Neutron total cross section of the204Pb1n reaction for
selected energy regions, showing the changing character of
s-wave interactions with energy and their dominance throughout
spectrum. The symbols correspond to experimental measurem
and the smooth curves to anR-matrix parametrization of the data
Symbols without error bars have errors less than the size of
symbols.
1-3
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ficient to identify thes-wave resonances but not for the ca
of other partial waves. The elastic scattering data enable
determination of the parity of many of these resonances.
smaller non-s-wave resonances do not manifest sufficien
pronounced differences in their forward and backward as
metries in the scattering data for different parities to per
the ,-value determination. Nevertheless, the parity is una
biguously determined for approximately 70% of the no
s-wave resonances up to 500 keV. For these resonance
spins in a given parity group are not unambiguously de
mined unless the peak cross section is such as to show
inadequacy of the smaller of the two spin possibilities.
total of 1357 resonances have been observed over the
tron energy range 35–1000 keV. Thes-wave resonance pa
rameters deduced from the analysis are presented in Tab
The uncertainties of the widths vary from approximately 5
for the larger resonances to 10% for the smaller ones wi
minimum uncertainty of 0.5 eV. Energy uncertainties
given above in the experimental details vary from 0.02%
50 keV to 0.05% at 1 MeV. The full list of resonances, i
cluding the other partial waves, has been sent to
Brookhaven National Nuclear Data Center. The parame
for the externalR functions are given in Table II. Thes
functions are an essential part of theR-matrix representation
of the data, making it possible to account for the resonan
potential scattering influence of unobserved resonances
side the region of analysis without having to use a differ
channel radius for each spin group. Another alternative i
use combinations of resonances outside the region, ca
‘‘poles,’’ to provide the necessary interference patterns.

In the following discussion of the results, two values
deduced average quantities are given. The first is based
an upper energy of 500 keV and the second, prese
in parentheses, is based upon an upper energy valu
1000 keV.

A. s waves

We observe a total of 186~317! resonances over the en
ergy region up to 500 keV~1000 keV!. Thes-wave strength
function for 204Pb1n is represented by the slope of the pl
of the cumulative neutron width as a function of energy,
plotted in Fig. 3~a!. The result is 1.360.231024 (0.85
60.0731024). The level density, shown in Fig. 3~b!, is seen
to be uniform up to an energy of 500 keV. We have n
corrected for missing resonances but have chosen, rathe
calculate the strength functions and level densities ba
upon upper energies of both 500 keV and 1000 keV. T
level density is determined, from the slope of the cumulat
number of resonances plotted as a function of neutron
ergy, to be 0.4060.02 keV21 (0.3360.01 keV21). We find
23 s-wave resonances between 35 and 100 keV, in agreem
with Ref. @6#. In the energy range 0–100 keV that stu
reported 38s-wave resonances, due to their increased se
tivity to low-energy resonances. This number ofs-wave reso-
nances stands in striking contrast to the number observe
this energy range, for206,207,208Pb of 3, 1, and 0, respectively

Rather complete neutron total cross section data are
available for the204,206,207,208Pb isotopes and reveal very di
02460
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ferent numbers ofs-wave resonances~186, 17, 13, and 1,
respectively, up to a neutron energy of 550 keV!. An even
more interesting feature of the variation of the neutro
nucleus interaction, with proximity to theN5126 closed
neutron shell, is clearly manifest fors-wave resonances in
Fig. 4 which shows the cumulative sum versus energy of
reduced width multiplied by the spin statistical factorg. The
s-wave neutron strengths, given by the slopes of these hi
gram plots over the energy range for which resonances
observed, are seen to increase as one approaches the c
neutron shell. For each isotope there are regions where
cumulative sum increases more dramatically, over a nar
energy interval, with the spacing between those increa
increasing with closed-shell proximity. Such sudden
creases in the cumulative sums have been interprete
doorway states in the entrance channel, resulting fr
particle-core interactions. In the absence of backgrou
states with which to mix, the doorway would appear as
isolated resonance as in the case of208Pb. As the number of
background states increases, mixing would give rise
spreading of the doorway more broadly over the continuu
While the data for all the investigated isotopes of lead c
tainly suggest increasing spreading of the doorway, the la
data for 204Pb suggest that any doorway state is by n
highly fragmented, and the number of background mixi
states is sufficiently large so as to render the vestiges
doorway structures rather dim. This is seen in the bar
discernable enhancements of the cumulative sum at neu
energies of 180, 260, 340, and 430 keV in Fig. 3.

Since thes-wave resonance structure dominates the sp
trum, with all other resonances superimposed on that m
structure, we have only presented the parameters for
s-wave resonances in Table I.

B. p and d waves

We have identified a total of 204~424! and 283~617!
p-wave andd-wave resonances, respectively. The plot of c
mulative neutron width as a function of neutron energy fop
andd waves is shown in Fig. 3~a!. By plotting the quantity
SgGn

,/(2,11) versus the neutron energy, where, is the
orbital quantum number, the strength is given simply by
slope of the graph. Here we see an absence of any struc
suggestive of doorway states, the same being true for
corresponding level density plots, shown in Fig. 3~b!. The
strength functions are~in units of 1024) 0.1960.02 (0.27
60.02) and 1.060.1 (0.8860.05) for p and d waves, re-
spectively, where the uncertainty is calculated fro
@2.27/(n21)#1/2S,, with n the number of resonances.

The level densities due top- andd-wave interactions are
~in keV21) 0.4560.02 (0.4460.01) and 0.7060.02 (0.68
60.01), respectively. For thep- andd-wave groups the cu-
mulative reduced width plots suggest possible miss
strength ford waves and enhanced strength forp waves
above 700 keV. Rather than being due to misassignmen
the parity, this suggests structure effects. The integrity of
parity assignments is quite good below 500 keV, and thus
deduced strengths, based upon that upper energy,
greater confidence. The differences between the level de
1-4
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TABLE I. The 204Pb1n R-matrix s-wave resonance parameters deduced from transmission and scat
analyses.

Energy Gn Energy Gn Energy Gn Energy Gn

~keV! ~eV! ~keV! ~eV! ~keV! ~eV! ~keV! ~eV!

39.542 149.5 270.191 1436.2 442.332 213.8 669.503 146.
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.
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.
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.
66.153 2.1 288.69 263.6 466.332 100.1 705.024 196.
67.114 14.5 290.919 851.4 467.072 610.6 706.416 222
73.852 41.5 292.528 180 468.868 140.3 713.119 155
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.
90.799 26.6 312.595 196.4 482.603 76.7 737.466 158.
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.
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.
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.
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.
140.063 119.5 342.6 9.1 526.141 138 799.895 79.3
141.584 2.5 342.839 525 526.653 110 804.725 142.8
143.317 4.8 345.952 280.6 528.279 114.1 807.213 57.7
143.57 31.1 349.317 789.4 530.546 105.5 808.381 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.
148.928 251.2 354.861 138.6 536.579 447.6 817.782 290.
153.091 108.3 359.111 43.9 539.334 206.5 820.636 184.
155.407 7.2 360.383 32.5 543.841 132.2 823.91 419.
158.745 72.2 360.583 193.5 546.126 280.1 829.485 571.
161.217 116.4 360.916 119.8 547.909 28.9 834.637 87
164.852 27.7 364.454 177.9 549.248 392.4 836.699 426.
166.539 162.7 366.247 119.1 550.683 57.1 839.931 126.
168.017 69.6 370.011 56.2 552.346 63.5 841.043 78.9
170.795 51.1 375.031 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 23.5 867.647 92.2
024601-5
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TABLE I. ~Continued!.

Energy Gn Energy Gn Energy Gn Energy Gn

~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 22.5 926.54 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
209.78 273.5 410.269 19.1 610.678 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
224.972 130.7 418.032 243.5 634.475 111.7 957.156 125.4
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 37.4 966.116 143.2
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 31.5 428.798 95.2 644.168 85.1 991.319 85.6
247.829 651.9 431.336 1156 645.002 32.3 993.443 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 71.5
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
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ties for the different energy ranges are minimal, reflecting
uniformity of levels throughout the entire energy region. T
d/p level density ratio (1.560.1) is in reasonable agreeme
with the value expected on the basis of statistical consid
ations ~1.7! while that for thep/s level density ratio (1.3
60.1) differs significantly from the expected value of 3.0

TABLE II. Parameters of the externalR function for all ob-
served partial waves.

Jp a b s̃
(3104 keV21)

1
2

1 -0.117~6! a 1.55~8! 0.022
1
2

2 -0.078~6! 0.18~4! 0.005
3
2

2 -0.28~1! 0.44~8! 0.010
3
2

1 -0.03~1! 0.0 0.068
5
2

1 -0.006~5! 0.0 0.007

aIn our notation 0.117~6! means 0.11760.006, etc.
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V. CONCLUSION

The~almost! uniform strength and level density for (s), p,
and d waves, as a function of neutron energy, suggest
doorways play a much less significant role for204Pb1n,
compared to neighboring isotopes of lead. Before the data
s-wave strength in lead isotopes were complete, some in
tigators reporteds-wave strengths among the various is
topes that differed by as much as an order of magnitude
disagreement with systematic trends of thes-wave strength
function in this mass region. In208Pb, for example, virtually
all the s-wave strength is seen in a single resonance at
keV while in 204Pb most of the strength is spread over t
neutron energy range~0–1000 keV!. From Fig. 4 the total
sum of reduced neutron widths~and thus the strength! is seen
to be essentially the same for all isotopes, up to 550 keV
that regard it is worth noting that the additionals-wave
strength observed in204Pb between 500 and 1000 keV give
a strength function for this isotope~over the energy range
0–1000 keV! that is in agreement with the others, calculat
over the 0–550 keV interval. This corroborates the sugg
tion that the doorway states for204Pb are highly fragmented
1-6
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and that the strength of the neutron interaction is spread
a larger energy interval for this isotope. Though the pa
groupings established in this study may not be comple
unambiguous, changes in the strength and level den
trends that would result if changes were made in some of
subjective assignments would not be such as to produce
type of large step increases in either the strength function
level spacings that has been reported for the other isotope
lead, for any of the partial waves. It has been conjectured@6#
that this could be due to the fact that the doorway stat
completely mixed with the background states or that204Pb
must be sufficiently removed from the doubly magic co
that the particle and phonon excitations that would give r

FIG. 3. ~a! The cumulative reduced neutron width and~b! the
cumulative number of levels versus neutron energy. The slope o~a!
gives the strength and that of~b! gives the level density. Arrows
indicate regions of increased strength.
rt
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to any doorways are highly fragmented. The strength fu
tions deduced from this study are consistent with gene
trends in this mass region, and differences with respec
other lead isotopes are likely a result of differing nucle
structure effects.
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FIG. 4. s-wave cumulative reduced neutron width versus ne
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