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Resonance structure in the 2’Pb + n system has been investigated by measuring the neutron to-
tal cross section with high energy resolution and the partial radiative cross sections for transitions to
the ground-state and the first-excited state in 2°Pb. A detailed analysis of resonance parameters
was carried out up to a neutron energy of 700 keV. The nuclear level density shows a strong parity
dependence. The doorway in the s-wave neutron strength function has been firmly established with
an escape width equal to the corresponding widths in the neighboring isotopes. The total magnetic
dipole strength detected between the neutron separation energy and 8.0 MeV is B(M 1)1 =5.8 u},
thus smaller than the lowest theoretical estimate for that region. Above that energy an additional 1
uk is observed, but more strength may have escaped detection because the sensitivity of the experi-
ment decreases; thus the *““missing” strength may be partly hidden at these higher energies. Radia-
tive widths for the E1 decay of resonances to the first-excited state of 2Pb show a doorway struc-
ture which can be related to the properties of known bound states.

I. INTRODUCTION

The Pb isotopes are of particular interest for nuclear
structure studies of unbound states. Due to the double
shell closure at 2%Pb, the shell structure is sufficiently
simple and the level density low such that model calcula-
tions can be expected to successfully predict the basic
properties of states above the neutron separation energy.
Indeed, simple structures have been found in s-wave neu-
tron interaction with the Pb isotopes' ~> and have been in-
terpreted in terms of doorway states.®’

Of particular interest are magnetic dipole transitions
from 1% p-wave resonances to the ground state of 2**Pb.
The question of the M1 strength in 2°®Pb has been a focal
point of theoretical as well as experimental work for many
years. In a simple shell model, two 1% states are ex-
pected, resulting from 1p-lh spin-flip excitations
v{(i32) "y )} and w{(hyy )" (hop)] with unper-
turbed energies of 5.86 and 5.55 MeV, respectively. These
two states mix strongly due to the residual spin- and
isospin-dependent forces, yielding an ‘“‘isoscalar” state at
about 5.4 MeV with a reduced transition probability of
B(M 1)1 =1, and an ‘“isovector” state at about 7.5 MeV
which in Tamm-Daneoff agproximation (TDA) has a
B(M 1)1 value of about 50 uy (see, e.g., Vergados).? The
latter strength may be strongly reduced by different ef-
fects like core polarization, mixing with 2p-2h configura-
tions and A-hole excitations, and can be as small as
12—20 ,u%,.g'lo Moreover, the couplings of particles and
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holes to vibrations might push much of the strength to
higher energies.'!

The experimental situation has been subject to drastic
changes.'? Initially, measurements seemed to indicate a to-
tal BIM 1)t of 67 uX. However, subsequent reexamina-
tion by photoneutron polarization work at Argonne Na-
tional Laboratory!* (ANL) and by neutron resonance
work at Oak Ridge National Laboratory'*!'* (ORNL)
showed that most of the originally claimed 1% states were
actually 17 in character, i.e., the transitions in question
were electric rather than magnetic dipole. The Ml
strength left in the unbound region was no more than
about 8 uk for the definitely assigned 17 states between
neutron threshold and 7.8 MeV excitation,'® plus another
tentative 8.5 MeV from possible candidates between 8.2
and 9.4 MeV identified in the photoneutron polarization
data at ANL."

The present work was performed in order to extend
high resolution neutron resonance measurements on
207Pb + n to higher energies, at the same time improving
the energy resolution in the region already covered by the
ORNL data. Measurements of the partial radiative cap-
ture cross sections feeding the ground state and first excit-
ed state in 2®Pb should help verify spin-parity assign-
ments and more accurately determine partial radiative
widths. With these measurements it was hoped to obtain
additional information on the structure of unbound states
in 2°Pb, and possibly identify additional 1T states and
measure their ground state magnetic dipole strengths.
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II. EXPERIMENTAL DETAILS

The measurements were performed at the neutron
time-of-flight spectrometer of the 150 MeV electron linear
accelerator of the Central Bureau for Nuclear Measure-
ments (CBNM), Geel. A mercury-cooled uranium target
served as the pulsed neutron source. The resolution of the
time-of-flight spectrometer has recently been improved by
the installation of a postacceleration pulse compression
magnet.'® Burst widths of 700 ps have been experimental-
ly verified. The resulting resolution with a 400 m flight
path is 100 and 700 eV at 1 and 5 MeV, respectively.

A. Total cross section measurements

Two series of transmission measurements have been
performed. In the first run, covering the neutron energy
range from 200 keV to 20 MeV, the detector was at a dis-
tance of 390 m from the neutron source. These measure-
ments were carried out with an unmoderated neutron
beam, i.e., detecting the neutrons from the uranium target
directly. A 2 cm thick uranium filter provided a signifi-
cant reduction of the y-flash effect in the detector. For
the second run, between 20 and 400 keV neutron energy,
the detector was at a distance of 198 m from the source,
and neutrons from two Be-canned water moderators
placed directly above and below the uranium target were
used. Apart from the uranium filter a B4C filter was also
used to eliminate overlap due to low energy neutrons.

The neutron detector was a 15 cmX15 cm X2 cm
NE110 plastic scintillator with four small photomulti-
pliers (RCA 4516), mounted sideways on the scintillator,
out of the neutron beam. The construction of the detector
was such as to keep capture of the incident neutrons by
the construction materials very low. The pulse-height
range was divided into three windows, and only those
time-of-flight events for which the pulse height was
within the required window were accepted. In this way,
the background to signal ratio could be minimized to less
than 1% over most of the energy range investigated.

The sample, placed in an automatic sample changer at a
distance of 100 m from the neutron source, consisted of
255 g of enriched 2°’Pb (92.4%) shaped in form of a disk
with a thickness of 0.0363 atoms/b.

The total measuring time for both runs was about 490
h. The Linac was operated with a repetition frequency of
800 Hz and a pulse width of 700 ps. The installation of a
v-flash monitor allowed stability control of the achieved
burst width. In order to deduce the background due to y
rays, a separate run was performed with a polyethylene
neutron absorber in the flight path. The time dependence
of the registered background was fitted with an exponen-
tial function and could later be subtracted from the mea-
sured spectra.

B. Capture y-ray measurements

A neutron flight path of 130 m was used for the cap-
ture y-ray measurements. Direct neutrons from the U
target as well as neutrons from the water moderators were
used in these measurements, which covered the neutron

energy range from 1 keV to 4 MeV. Lead and B,C filters
were inserted in the neutron beam to reduce the effect of
the y flash and to prevent overlap of low-energy neutrons.
An ionization chamber containing a thin uranium sample
was placed 30 m from the neutron source to monitor the
neutron flux shape by detecting fission fragments from
the 233U(n,f) reaction.

Four 7.5 cm diam and 7.5 cm thick bismuth germante
(BGO) detectors were used in these measurements, mount-
ed as shown in Fig. 1 at angles of 39°, 90°, and 125° (and
141°) with respect to the neutron beam direction (corre-
sponding to zeros of the Legendre polynomials P;, P,
and P,, respectively). The sample was reshaped to a rec-
tangular plate of thickness 8.75X 103 atoms/b.

The time-of-flight information, together with the y-ray
energy and neutron monitor spectra, were collected in list
mode on a Nuclear Data 6600 data aquisition computer.
The overall timing resolution of the system was approxi-
mately 4 ns. Processing of the data was done off line as
described below.

In order to determine absolute capture yields, a separate
measurement was performed with a 2 mm thick iron sam-
ple inserted directly in front of the lead sample, the 1.15
keV resonance'!® in *6Fe serving for normalization of the
products of neutron flux multiplied by detector efficien-
cies.

C. Elastic scattering measurements

Because for several spin 1 resonances the parities could
not be determined from the transmission and radiative
capture data alone, an additional elastic scattering mea-
surement was performed. Using again a 390 m flight
path, three neutron detectors were placed at different an-
gles (39°, 90°, and 141°) with respect to the incoming
beam. The detectors were NE110 plastic scintillators of 5
cm diameter and 5 cm thickness, coupled to RCA 8850
photomultipliers. In addition, two BGO detectors placed
out of the scattering plane were used to record y rays
after inelastic scattering from low-lying levels in 2°Pb.
Flux measurements were not made because only the angu-
lar distribution and the resonance shapes are important
for the desired J assignments of resonances. Again, data
collection was done in list mode.

207py,

39°
BEAM M) : —
55
FIG. 1. Experimental layout of the neutron capture y-ray
measurements.
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III. RESONANCE ANALYSIS

The resonance analysis serves to determine neutron and
partial radiative widths as well as spins and parities of the
resonances observed in the data. Because this is crucial
for the identification of M1 strength, the arguments used
for J7 assignments will be given special emphasis in the
discussion of the data analysis.

A. Analysis of the total cross section data

After correction of the time-of-flight spectra for instru-
mental dead time and for backgrounds, the neutron ener-
gy corresponding to each time-of-flight channel, the total
cross section, and its statistical error were calculated from
the measured spectra. These data were then analyzed
with the multichannel multilevel R-matrix code MULTL,*
which was modified to allow different potential scattering
radii for the various angular momentum channels.

The fitting procedure was done in two steps. We first
represented the total cross section over a wide energy
range (200—800 keV) by a limited number of data points
characteristic of the gross structure of the cross section,
i.e., omitting most of the narrow resonances. The param-
eters of the broad resonances (most of the s waves plus the
broadest p and d waves) responsible for this gross struc-
ture were then fitted simultaneously. During this process,
it turned out that in addition to the clearly visible two 1~
resonances at about 450 keV neutron energy, two broad
0~ s-wave resonances around 470 keV were necessary to
fit the data. Figure 2 shows two fits to the measured
cross section with and without the two O~ resonances.
The existence of these two resonances had been proposed
earlier’ on the basis of low resolution measurement and
the 0~ strength is suggested on theoretical grounds,’ but
higher resolution measurements* had subsequently ques-
tioned the existence of these resonances. The potential
scattering radii which produced the best overall fit were
R(I=0)=9.1 fm and R(I5£0)=6.4 fm, reflecting dif-
ferent contributions from distant levels.

Having obtained a good representation of the gross
structure, in a second step the large number of narrow res-
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FIG. 2. R-matrix fits to the gross structure of the total cross
section with (solid line) and without (dotted line) the two broad
0~ resonances.

onances was analyzed separately in several narrower ener-
gy regions. For many resonances the spin and neutron or-
bital angular momentum could immediately be read from
the peak value and the interference pattern of the total
cross section. In other cases, the additional information
from the capture y-ray and elastic scattering measure-
ments helped to assign spins and parities, as discussed
below. However, a special problem arose with the parity
assignment of resonances with spin J =1, which is crucial
for the identification of M1 strength: Resonances with
JT=17 can be populated by s-wave as well as d-wave
neutron interaction, and large d-wave contributions have
been reported earlier.* In a large energy range, a certain
mixing ratio of s- and d-wave contributions will result in
a shape of the resonance in the total cross section very
similar to the one of a J"=1" p-wave resonance. Thus
resonances which appear p-wave-like cannot be definitely
assigned as such. Also, the y-ray angular distribution is
inconclusive in most cases, because almost every observed
angular distribution can be equally well interpreted either
by a 1~ assignment with s-d wave interference or by a 1+
assignment with an appropriate channel spin mixture.
Only in a few cases could negative parity be excluded by
the fact that the amount of d-wave admixture necessary
to explain the observed angular distribution could not be
confirmed in the shape analysis of the total cross section
data. These difficulties were the main reason for per-
forming the additional elastic scattering measurements.

Above the threshold for inelastic scattering at 570 keV
neutron energy, an additional complication arises from
the unknown inelastic width of the resonances. Due to
the extra contribution to the total width, the peak cross
section even of broad resonances with no resolution effect
is no longer directly linked to the resonances spin. In a
few cases the observation of inelastic ¥ rays helps to mea-
sure the inelastic width and thereby to determine the reso-
nance spin. This is discussed in more detail below.

The resonance parameter analysis of the total cross sec-
tion data has been carried through up to 700 keV neutron
energy. Above that energy the resonance structure be-
comes too complex for a further analysis due to an in-
creased density of observed resonances and growing un-
certainty with respect to the inelastic widths.

B. Analysis of the capture y-ray data

The off-line reduction of the capture y-ray data was
done in two steps: First, for every partial run, amplitude
windows in the y-ray spectra were fixed for the ground
state transition and for the transition feeding the first ex-
cited state (37, 2.61 MeV) in the residual nucleus 2°Pb.
An additional window was set at energies above the
ground state transition in 2%Pb. It serves to obtain an es-
timate of the background due to scattered neutrons which
interact in the BGO detectors mainly through the
3Ge(n,y) reaction. Second, the data were read back again
to produce time-of-flight spectra for each of these y-
energy windows. A sample of such data, transformed to a
linear energy scale, is shown together with the correspond-
ing total cross section in Fig. 3.

Using the flux monitor data and the normalization pro-
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FIG. 3. Example of capture y-ray data (top two curves) to-
gether with total cross section (lower curve).

vided by the °Fe, 1.15 keV resonance, capture yields were
determined for each resonance within each of the desig-
nated pulse-height windows. Care was taken to correct
the yield in each window for the scattered neutron back-
ground and the Compton contribution from higher energy
v rays. The yield data were then analyzed with a modi-
fied version of the area analysis code TACASL.2! The code
determines the partial radiative widths of a resonance,
taking into account self-shielding and self-indication and
performing a multiple scattering correction by means of a
Monte Carlo subroutine.

The capture y-ray data are also important in the assign-
ment of resonance spins:

(i) Spin O resonances will remain unobserved in the
present y-ray data for both energy windows.

(ii) Resonances which show only a ground state transi-
tion are most probably spin 1, but the parity cannot be
determined, in general, from the y-ray data: J"=1" res-
onances could decay weakly by an E2 transition to the 3~
first excited state, but in view of the reduced (by 2.61
MeV) transition energy as compared to the E1 ground
state transition this E2 transition will usually not be ob-
served. As mentioned above, the y-ray angular distribu-
tion is also inconclusive in most cases.

(iii) Resonances which show only a transition to the 3~
first excited state will be J > 2. If transitions are observed
to both the ground state and the first excited state, the ra-
diating resonance will be J7=2".

C. Analysis of the elastic scattering data

The elastic scattering data are analyzed only in a quali-
tative way, i.e., only the angular dependence of the reso-
nance shapes is investigated for spin and parity assign-
ments. To this end, theoretical cross sections for different

spin-parity combinations and for the three experimental
scattering angles are calculated with the Blatt-Biedenharn
formalism. The calculated shapes and relative intensities
are then compared to the experimental ones. Because for
most resonances below about 600 keV neutron energy the
spin had already been determined from the transmission
and radiative capture data, the parity could be assigned or
verified in this way for the majority of these resonances.

D. Inelastic y rays

In the neutron energy region between the inelastic
threshold and 700 keV, five resonances are detected in the
yield of inelastic y rays. Four of these can be identified
with resonances known from the total cross section data;
the fifth corresponds to a triplet of resonances which is
not resolved in the inelastic y spectra.

One of these resonances has definitely been assigned
J7=27 from the total and elastic scattering data. The fit
of that resonance in the total cross section requires an in-
elastic width of 120 eV. This figure can then be used to
calibrate the inelastic y-ray yields, and with this calibra-
tion the inelastic widths of the other resonances in the in-
elastic ¥ spectrum can be determined.

IV. RESULTS AND DISCUSSION

A. Resonance parameters

For the following discussion the parameters of reso-
nances in 2’Pb + n are listed in Table I. Column 1 of the
table gives the resonance neutron energy. An entry in
parentheses indicates that the resonance in question has
not been seen in the present measurements, but has been
observed additionally in total capture measurements per-
formed with a large liquid scintillator tank at a 150 m
flight path of the ORNL Linac,?? and has been included
in the table for the sake of completeness. Column 2 gives
the neutron widths gI',, as obtained from the analysis of
the total cross section data. In columns 3 and 4 the quan-
tities gI',I", /[(0") for the ground state transitions and
their uncertainties, in percent, are given. Columns 5 and
6 list the corresponding quantities for the transitions to
the first excited state. The errors of columns 4 and 6 in-
clude both counting statistics and an 8% normalization
uncertainty common to all resonances. As long as the to-
tal width is given by the neutron width ', these quanti-
ties are equal to gI',(0%) and gI'y(37), and in the fol-
lowing we shall assume that this is true for all resonances
of interest in the present study. Column 7 gives informa-
tion on spin and parity of the resonances.

B. Level density

For a discussion of the level density, we limit ourselves
to resonances with spin O and 1, because the density of
levels with J =2 is very uncertain due to the large number
of resonances with the assignment J>2. We also limit
ourselves to E, <500 keV, because between that energy
and the inelastic threshold at 570 keV there are already
five J =1 resonances with unknown parity. In order to
arrive at an estimate for the average level spacing, we use
for its spin dependence the expression (for each parity)
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TABLE I. Parameters of 2’Pb + n resonances. Resonances with resonance energy in parenthesis are
from ORNL (Ref. 22). The remaining resonances were common to the Geel and Oak Ridge measure-
ments. The JT=0, > 2 assignment reflects the observation made at ORNL that the y decay of the cor-
responding resonance was mainly through cascades, thus excluding J=1. A, (+ ) because of small I';
B, Pb?; C, parity from y-ray angular distribution; D, f wave excluded; I, inelastic width observed; S,

parity assignment from elastic scattering measurement.

Neutron gl ,I',/T g, /T
energy g, (—0%) Error (—37) Error
(eV) eVv) (meV) (%) (meV) (%) Jn Remarks
3065 6 9 35 8 2+
10191 37 9 64 9 2+
(12 357) 0,>2
16171 38 10 133 9 2+
16439 13 20 13 20 2+
16758 19 63 10 46 11 2%
29403 20 40 16 144 11 2+
30493 209 10 1+ A
32985 12 24 >2
37747 34 508 10 1+
41334 942 3233 10 1~
48412 18 21 33 15 2+
62836 13 25 79 12 2+
(67791) 0,>2
68 391 56 15 >2
73066 26 42 21 1t
(73760) 0,>2
(75319)
(78201) 0,>2
(79 480) 0,>2
82156 19 (0hs
83042 21 29 30 158 11 2+
(84218) 0,>2
87819 10 23 32 2%
90242 193 1054 9 1*
92998 50 16 >2
98 466 105 2%
101 867 45 121 15 1-
103 620 58 0+
112 141 45 87 16 >2
115230 675 1013 10 1+
118270 62 18 >2
123 840 52 23 >2
125360 81 16 33 41 B
127775 155 272 40 151 17 2+
128020 410 1038 9 19 29 1*
130327 48 563 10 1t C
132293 35 (1+)
132 800 24 36 62 17 2+
135374 23 (0hs
136 603 16 24 33 153 13 2+
(138 800) 0,>2
139799 151 2+
141120 95 16 >2
145552 64 1+
(148 220) a1+
149 246 20 116 16 >2
149770 97 16 >2
153946 13 34 43 89 18 2%
154 360 33 37 >2
155882 74 236 13 1t
(156 760) 0,>2
159063 44 53 27 >2%
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TABLE 1. (Continued).

Neutron gr,r,/r gr,I',/T
energy gl (—01) Error (—37) Error
(eV) (eV) (meV) (%) (meV) (%) Jh Remarks
(160 640) 0,>2
168410 127 18 >2
168 650 105 45 35 1+
(170 660) 0,>2
171314 156 2+
(173 880)
179203 85 480 11 1+
179310 S ot
181150 39 1"
181330 75 2+
181 640 43 7837 8 1~
182286 7 103 20 >2
186 495 19 403 11 >2
(197 070) 0,>2
(199 520) (0™)
(200990) 0,>2
(202 070) 0,>2
(204 050)
207 745 60 ot
208 790 69 32 117 21 B
209 590 613 2- s
209 591 112 32 1
210669 68 1t S
211867 88 2- S
(212 480) 0,>2
(213870) 0,>2
(216 320) 0,>2
217 400 28 58 >2
218538 85 1+ S
(220040) (1)
220355 191 2% S
224108 115 2+ S
(225 420) 0,>2
(226 430) 0,>2
228490 2600 0~
229915 467 1t S
(230010) 0,>2
(231 340) 0,>2
233347 40 S2- s
240 802 30 57 38 2+ D,S
243632 74 118 24 2+ D,S
244050 143 18 >2
249 607 318 147 25 2+ S
249980 178 122 30 1t S
249990 199 18 2
(250 400) 0,52
254 560 138 98 32 2- s
256720 2020 10979 9 1-
(260 600) 0,52
262272 78 52~ S
265562 135 1+ s
269 600 124 27 >2
(270 110) 0,52
273630 197 15 115 28 2+
(275 400) 0,>2
(283 250) 0,52
284794 50 1+
285105 113 )+ S

1651



1652

R. KOHLER et al.

TABLE 1. (Continued).

Neutron gh,I',/T glr.I',/T

energy gl (—071) Error (—37) Error

(eV) (eV) (meV) (%) (meV) (%) Jn Remarks

287519 46 0,>2

(288 940) 0,>2

290327 40 o+
(296 470) 0,>2

298035 236 473 13 1+ C,S
300026 36 (1+)

301 660 96 28 >2

(303 500) 0,>2

306228 27 (1+)

309280 85 29 >2

310093 75 >2- S
310343 38 (1-)

314261 165 1+ S
317150 61 o+

317 190 543 5010 9 1~

318900 903 14 >2

319670 3531 2=

323455 78 2+

(324 820) 0,>2

329912 410 3~

330260 2870 1-

(331 340) 0,>2

332566 67 >2+ S
335761 130 558 12 1+ S
336710 119 1+ S
345950 63 39 94 40 2+

346 608 65 127 27 >2+ S
349934 45 0,>2

355536 88 2= S
359410 74 52 >2

359928 107 >2+ S
(363 450) 0,>2

368 904 21 2+ S
370230 120 119 37 >2+ S
(371 560) 0,>2

372936 8 (0+)

375080 584 0~

376932 9 0,>2

378785 24 103 39 520 12 2+

379418 29 0,>2

382696 33 430 14 2+ S
(383 580) 0,>2

(385910) (1)

389560 130 27 >2

390920 200 23 >2

391920 63 48 98 31 2+

(392 630) 0,>2

395790 229 211 23 2+ S
396415 18 0,>2

(397 800) 0,>2

401691 275 2+ S
402 644 300 2+ S
406010 210 ot

(409 800) 0,>2

(411200) 0,>2

412182 75 >27

413 800 314 15 345 16 2+

415035 1225 3
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TABLE 1. (Continued).

Neutron gr.rr,/T gr,r',/T

energy g, (—0%) Error (—37) Error

(eV) (eV) (meV) (%) (meV) (%) Jh Remarks

(417 500) 0,>2

(419 900) 0,>2

420806 138 1+ S
424 450 187 225 20 1+ S
427367 105 171 28 1+ S
428 624 468 2- S
430420 162 67 50 1+ S
436581 144 ot

(437 600)

(444 600) 0,>2

(445 600) 0,>2

446477 150 2+ S
446 500 11775 1-

(450 300) 0,>2

452 545 10 634 13 2+

457622 25 173 24 >2

(460 100) 0,>2

461700 184 25 >2

462 861 232 2~

463 880 6150 1~

466528 269 1+ S
470000 12500 0~

471682 45 190 26 >2"

472700 3325 3~

474719 10

475571 51 379 18 >2" S
478 500 5000 0~

479 150 25 500 14 >2+ S
481419 29 0,>2

484 990 31

486495 133 297 19 1+ S
489 040 31 1156 11 >2

489980 75 345 16 >2

490 800 125 174 27 20+)

(491 700) 0,>2

494150 98 280 20 2+ S
494 320 2549 1-

495700 165 32 1

496974 525 3=

(497 600) 0,>2

498 857 38

499 440 30 (H+ S
503 040 237 22 >2

504 900 189 27 1

(506 600) 0,>2

(508 300) 0,>2

509 363 66 >2

512073 131 1+ S
513253 257 23 >2

516586 40 >2

518050 519 15 >2

520 104 168 728 15 >2+ S
522300 188 868 14 >2t S
524 640 488 16 >2" S
(525 900) 0,>2

526 830 1389 11 >2

529 000 3125 2~ S
531637 22
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TABLE 1. (Continued).

Neutron gr.rr,/T gr.,r,/T
energy g, (—0%) Error (—37) Error
(eV) (eV) (meV) (%) (meV) (%) Ju Remarks
537070 737 14 >2
538000 75 150 34 1+ S
538 835 87 >1-
539 800 279 26 2+
(540 400) 1
542700 1087 2976 10 1~
543 800 625 2+ S
548 400 38 324 17 1
548 800 875 2= S
549 360 300 18 590 14 2+
554390 3068 1940 13 1~
(554 700) 0,>2
555717 68 729 14 2= S
555718 370 17 1
557610 418 17 >2
559190 1889 2
559536 38
562 400 145 33 1
563 800 225 1+ S
565270 100 o+t
566 130 75 >1
566 890 1163 11 >2
569007 75 >1
Inelastic threshold
(569 700) 0,>2
573451 82 649 15 >2
(576 400) 0,>2
(578 300) 0,>2
581629 121 181 33 1+ S
583431 25 385 20 >2
585772 25 0,>2
587 820 276 22 >2
587825 51
591200 150
591 900 150 0,>2
593300 25
594 860 1113 1-
597904 525 3
(600 700) 0,>2
602743 788 3
603 800 75 o+
605 200 188 1937 10 >2%
605 900 1005 11 1
606 487 713 777 11 1~
609 732 215 1+ S
613100 1649 2= S
(613 900) a+)
616130 450 5292 9 1~ S
617110 25 988 15 >2t
618034 25 (2)*
622 620 250 2- S
(624 800) 0,>2
628 350 745 15 >2
(631700) 0,>2
632745 375 >1* S
636421 625 >2
637 849 75
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TABLE 1. (Continued).

Neutron gr,r,/T g,/

energy gl, (—0%) Error (—37) Error

(eV) (eV) (meV) (%) (meV) (%) Jh Remarks

(640 400) 0,>2

643 500 375 896 14 >2

645087 75

(646 000) 0,>2

647 467 75 1483 11 >2

648 480 360 21 1

649 655 1050 3

652538 731

653692 113 1 1
(653 700) 0,>2

653870 1389 4180 9 1-

654 680 164 0,>2

659 805 60

660217 700 1
661013 25

661832 700 I
(663 600) 0,>2

667420 200

667 700 150

667 980 150

668 880 250 4+ I
670 000 75

671399 38

(672 800) 0,>2

(674 500) 0,>2

684 359 38

686 500 75

686976 188 1 I
687 400 585 17 2+

688 810 860

689 640 75

691 800 975 1~

693 388 500 B
696 200 452 315 21 1+ I
697528 250 1000 14 >2

698 709 100

699 108 750

699 588 100

Only selected resonances

701 500 1974 11 1)

702450 3

708 100 288 28 2079 10 2+

(722 400) 0,>2

726 620 523 18 688 16 2+

727 800 299 28 1

(734 400) 0,>2

738 500 880 14 1~ S
(741 600) 0,>2

745 600 276 31 >2

750 000 536 21 >2

(751 700) 0,>2

754 100 271 35 >2

758 100 751 15 >2

(773 300) 0,>2

781400 1196 15 2~

(786 000) B
(794 000) 0,>2
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TABLE 1. (Continued).

Neutron glr,.I',/T gr,r,/T
energy g, (—01) Error (—37) Error
(eV) eV) (meV) (%) (meV) (%) Ju Remarks
799 000 320 32 445 26 2t S
(804 600) 2+
(809 700) 0,>2
(813 300) 0,>2
818400 587 21 >2
820 600 745 17 1~ S
(823 700) 0,>2
(827 700) 0,>2
829 500 562 23 >2
(835200) 0,>2
(839 100) 0,>2
842490 793 18 1- S
(843 100) 0,>2
(847 000) 0,>2
847 300 1100 13 1
849 700 1126 13 1
851770 306 32 >2
857 000 1488 14 1~ S
859080 315 32 >2
911200 1529 13 1~ S
953 300 647 19 1
956 500 1349 14 1
974 600 412 34 >2
995 000 1009 20 1+ S
1000 800 1210 16 1
1 005 000 584 34 >2
1111600 733 23 1
1167200 1773 15 1
1218300 599 28 1
1230000 730 24 1
1287000 1524 18 1
1320000 941 30 1
1330000 2287 17 1

D(J™)=Dy/(2J+1)exp[ —J(J +1)/207] ,

with a spin cutoff parameter 0 =4.55 from Gilbert and
Cameron,?® and adopt in the range 0—500 keV all reso-
nances with J =0 and 1, including those resonances for
which the spin assignment is uncertain (in parentheses in
Table 1), thus, totally, 15 spin O resonances and 47 spin 1
resonances. This yields for the parameter D, an average
value of

Dy=62+6 keV .

The D, values obtained for spin O and spin 1 reso-
nances separately are 66+9 and 61+6 keV, respectively,
thus in perfect agreement with the assumed spin depen-
dence.

However, this average results from rather different level
densities for the two parities. For a determination of the
parity dependence, we use only those resonances below
500 keV neutron energy with a definite spin-parity assign-
ment. We obtain

D(r=—1)/D(r=+1)=2.84+0.4 .
For each parity separately, this yields
Do(r=—1)=118+18 keV
and
Do(m=+4+1)=42+5keV .

The indicated errors include both an estimated 10% un-
certainty due to possible missed resonances and reso-
nances with uncertain spin-parity assignments and the sta-
tistical uncertainty due to the orthogonal ensemble distri-
bution for a limited sample.

C. Neutron strength distribution
1. s-wave resonances

The cumulative sums of reduced neutron widths gI",, of
s-wave resonances is shown in Fig. 4, together with the
corresponding sums for the two neighboring isotopes.!"®
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FIG. 4. Cumulative sums of reduced neutron widths of
27Pb + n s-wave resonances as compared to the corresponding
resonances in 2%Pb + n (Ref. 1) and 2%°Pb + n (Ref. 5).

The figure demonstrates the importance of the two broad
J7=0" resonances at 470.0 and 478.5 keV neutron energy
(mentioned already in Sec. III A) in addition to the broad
JT™=1" resonances at 446.5, 463.9, and 494.3 keV. The
presence of these two 0~ resonances assures the existence
of a doorway state in both the J"=0" and 1~ s-wave
channels, and only by including them is the g(J)-weighted
sum of the escape widths the same for all three isotopes,
as required in the weak coupling picture of Divadeenam
et al.’

2. p-wave resonances

Figure 5 shows, on an arbitrary scale, the cumulative
sum of reduced neutron widths g} for J7=1% reso-
nances. Again, a doorway state is apparent around 120
keV neutron energy. The figure also includes the cumula-
tive sum of reduced magnetic dipole transition strengths
for decay to the 2°®Pb ground state. It is obvious that the
two curves have a similar shape, indicating that we are

£B(M1) *

ARB. UNITS

o

1 . Il L J

100 2:)0 300 400
NEUTRON ENERGY (keV)

FIG. 5. Comparison of the cumulative sums of reduced neu-
tron widths and reduced magnetic dipole strengths for ground
state transitions of J™=1% resonances. The vertical scales are
chosen to show clearly the presence of a common doorway state.
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dealing with a doorway common to both channels.* For
the resonances below 200 keV neutron energy, the correla-
tion coefficient between the two reduced strengths is

c=0.80.

This correlation suggests a fairly simple picture for the
configurations involved, such as the incoming neutron
dropping into the p,,, hole in 2°’Pb and exciting the ex-
pected M1 v{(i;30) i)} and w{(hiy,) " (hey)}
spin flip transitions. However, a strong doorway-like p-
wave resonance is also present at about the same neutron
energy in 2%Pb+n,’ and in 2%Pb + n,>® suggesting a
particle-vibration origin. Moreover, the cumulative
B(M 1)1 strength of the states up to 200 keV is only
about 4.3 ,u,zv, i.e., much less than any theoretical estimate.
As discussed below, we have to assume that the M1 spin
flip strength is much more fragmented, and that the ap-
parent common doorway at about 120 keV is at least part-
ly of different origin.

We conclude this subsection by listing, in Table II, p-
wave neutron strength functions as obtained from the cu-
mulative sums of reduced neutron widths of resonances
up to 700 keV neutron energy. These strength functions,
with the possible exception of the J™=2% strength func-
tion, will not be very sensitive to missed resonances or res-
onances not definitely assigned with respect to J” values
because such problems will generally concern small reso-
nances. A channel radius of a¢,=8.0 fm has been used.
The resulting p-wave strength function, although much
smaller than the optical model calculation?® in this mass
region, agrees well with measured values for neighboring
isotopes (see Ref. 26).

D. Magnetic dipole strength

The results obtained with respect to the expected mag-
netic dipole strength are illustrated in Fig. 6. In the upper
half of this figure the distribution of the reduced magnetic
dipole strength as determined from the ground state de-
cays of those resonances definitely assigned as J™=17 is
plotted. The sum of these strengths is 3 B(M 1)1 =6.8
pX. In the lower half all resonances assigned J =1 are
shown, including those with undetermined parity but ex-
cluding known 1~ resonances. The resonances without
parity assignments are mainly those at higher energies
(E, > 700 keV), which have been detected in the capture

TABLE II. p-wave strength functions. (The indicated errors
are mainly due to the statistical uncertainty of the Porter-
Thomas distribution for a limited sample.)

S(LJ) error
Jn (10~%)
0+ 0.20 + 0.11
—0.06
+
1 0.63 tg':g S(1=1)=0.27*3%x 10~
2+ 0.23 + 0.06
—0.04
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FIG. 6. Distribution of reduced magnetic dipole strength in
208pb. Upper half: measured strength of definitely assigned 1+
states. Lower half: including also those J =1 resonances with
unknown parity identified in the present work. The strong
bound state at 5.8 MeV is from Wienhard et al. (Ref. 27).

measurements due to their relatively strong ground state
transition but which cannot be clearly identified in the
transmission data and consequently cannot be given a par-
ity assignment. Including all these resonances, the sum of
reduced strengths increases to 17.7 ug.

However, most, if not all, of the y-ray strength ob-
served in the J =1 resonances with undetermined parity
will be E1 rather than M1 radiation. This can be seen
from the following argument. Below 500 keV neutron en-
ergy, most J =1 resonances have been detected and their
parities assigned. Thus E1 and M1 “strength functions”
(cumulative sums of strengths per energy interval) can be
estimated. In the M1 case the strength function is taken
in the energy range between 300 and 500 keV in order to
exclude the doorway state around 120 keV. With these,
the “expected” E1 and M1 strengths between 500 and
1300 keV can be estimated and it turns out that the miss-
ing E1 strength alone is larger than what corresponds to
the observed transitions from the J =1 resonances with
undetermined parity. This leads to the conclusion that
the majority of the strong transitions shown at the higher
energies in the lower part of Fig. 6 are, in fact, not of M1
character.

On the other hand, the increasing detection limit shown
in Fig. 6 indicates that most of the J7=17 resonances at
the higher energies will have escaped detection unless they
happened to be very strong. Also, at neutron energies
above about 800 keV (E,, > 8.2 MeV), the widths for in-

elastic neutron emission may start to contribute signifi-
cantly to the total width; this would reduce the measured
quantities g, I, /T" and eventually preclude detection
and measurement of radiative strengths at still higher en-
ergies. If the “background strength function” determined
between 300 and 500 keV neutron energy is assumed con-
stant towards higher energies, the expected M1 strength
between 500 and 1300 keV would be 3.9 u3 as compared
to the 1.1 ui actually assigned in that range. This esti-
mate would bring the total M1 strength between the neu-
tron separation energy at 8.7 MeV excitation to 9.6 ,urzq

The only statement which can finally be made with
respect to the 500—1300 keV region (7.9—8.7 MeV excita-
tion energy) is that there is no reason to take the observed
strong transitions from resonances with J =1 but unas-
signed parity as an indication of another doorway-like
concentration of M1 strength in this region. Some of the
numerical values mentioned in this discussion are summa-
rized in Table III.

Apart from these strengths above the neutron separa-
tion energy, there is an additional 1.6 u% due to the bound
state at 5.846 MeV found by Wienhard et al.,?’ and 0.5
uk at 7.279 MeV found by Moreh et al.?® The 5.846
MeV state is most probably the theoretically predicted®
isoscalar 17 state in *°*Pb.

E. Transitions to the first-excited state of 2°Pb.

Many resonances are observed to show relatively strong
radiative transitions to the first excited state of *°*Pb (see
Fig. 3). The majority of these transitions will be of elec-
tric dipole character. If all of them are assumed E1, and
the cumulative sum of reduced transition strengths is
plotted as a function of energy, Fig. 7 results. A
doorway-type behavior is observed with a summed
strength within the doorway of B(E 1)l ~0.15 e*fm?.

It is interesting to note that two J"=1" bound states
are known to exist at about 5.4 MeV excitation energy in
208pb which are probably of 1p-1h character and decay to
the ground state by strong E1 transitions with
S B(E1)1~0.19 e?fm*? If we add to their excitation
energy the energy of the 3~ first excited state of 2.6 MeV,
we arrive at 8.0 MeV, which corresponds to the 600 keV
neutron energy where the doorway is observed. It is thus
tempting to assume that the doorway consists of the same
particle-hole configuration weakly coupled to the 3~ vi-

TABLE III. Summed magnetic dipole strengths.

Cumulative
Energy strength
range (@)
Detected, 0—200 keV 4.3
Detected, 0—500 keV 5.7
Detected, 0—1300 keV 6.8
0—1300 keV, missed levels estimated
by extrapolation 9.6
0—1300 keV, including J =1 resonances
with unknown parity 17.7
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FIG. 7. Cumulative sum of reduced El transition strengths
for decay of the observed resonances to the first excited state of
ZOSPb.

bration, and that we are dealing with the same basic tran-
sition with the 3~ vibrational state acting merely as a
Spectator.

V. CONCLUSION

High resolution measurements of neutron interaction
with 2°’Pb have improved our knowledge of this interest-
ing system. The debated doorway in the J"=0" s-wave
channel has been firmly established, and the summed es-
cape widths of the doorway states in both s-wave channels
equal the corresponding widths in the neighboring iso-
topes 2%®Pb and 2°°Pb, as predicted in a weak coupling

1659

model.

Partial radiative widths for transitions to the ground
state and the first excited state of ***Pb have been deter-
mined for many resonances with firmly assigned spin and
parity. The known doorway state in the J7=1" p-wave
neutron channel is seen to act as a common doorway also
for the M1 ground state radiative transitions, but its cu-
mulative strength is only 4.3 u%. The total magnetic di-
pole strength detected above the neutron separation energy
is EB(M 1)1=6.8 yi,, compared to the lowest theoretical
estimate'® of 12.4 u%. However, the appreciable fragmen-
tation of M1 strength observed suggests that considerable
strength is missed in the upper part of the energy range
investigated (excitation energies above 8 MeV). Unfor-
tunately, the decreasing sensitivity of the present experi-
ment precludes a reliable estimate of the amount of
strength at these higher energies.

An interesting new feature is observed in the radiative
decay of resonances to the first-excited state of 2Pb. The
radiative widths show a doorway structure which, if as-
sumed to be due to E1 radiation, has a total strength
equal to the known strength of two 1~ bound states. This
suggests that the 3™ vibrational state acts as a mere spec-
tator in a weak coupling situation.
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