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6Pb+ n resonances for E = 25—6QQ keV: s-, p-, and d-wave doorway states and M 1
ground-state radiative strength in Pb
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High resolution neutron transmission and differential scattering measurements have been performed on
Pb and the results for E = 25—600 keV are presented. Data analyses were performed utilizing multilevel

R-matrix codes. Resonance parameters (i.e., E, 1, J, and I „) were deduced for a large fraction of the 223
resonances observed. In addition to the previously known doorway in the s-wave channel, the p-wave
neutron strength function exhibits significant changes near 40 and 145 keV indicative of doorway states,

'
in

the p„, and p3/2 channels, respectively. These results are in good agreement with those observed in a study of
the ' 'Pb+ n reaction. It is suggested that these doorway states arise from a (d»„3 ) particle-core
excitation. The d-wave strength function shows indications of a doorway at about E = 425 keV. The latter
represents doorway resonances in the d, &, and d»2 channels which probably arise from a recoupling of the
particle-core excitation that has been used to explain the s-wave doorway. A cumulative plot of the number
of s-wave resonances vs E shows considerable curvature which indicates an increase of about 12% in the
level density per 100 keV of excitation. These data were analyzed in terms of a constant temperature model
with a nuclear temperature of about 0.9 MeV. 'The model reproduced the cumulative plot of d-wave
resonances reasonably well up to E —SOO keV, but underestimated the number of p-wave resonances. This
indicates a parity dependence of the level density formula for this nucleus. Many of the resonances which
had previously been thought to contribute to the ground-state M1 radiative strength are in fact formed by s
and d waves, and hence, decay by E1 radiation, We deduce a considerably smaller amount of M1 radiation
for E, = 6738—7340 keV in ' 'Pb than had been reported earlier.

NUCLEAR REACTIONS GPb(n), (n, n), E= 25—600 keV; measured crz(E),
o.(E, O). Pb deduced doorway states, resonance parameters, J", I'„, neutron

strength functions, level densities, Ml ground-state radiative strength.

I. INTRODUCTION

Detailed studies of the unbound region of heavy
nuclei have been hampered because of a lack of
measurements with experimental resolutions suf-
ficient to resolve individual levels. Recently it
has been shown' 4 how high resolution neutron
transmission and scattering measurements on

'Pb have been able to clarify the question of M1
ground-state radiative strength in "Pb. Refer-
ence 3 also provided information on doorway states
in the neutron entrance channel, as well as neutron
strength functions for resonances with given (/, J).
For ' 'Pb+ n, a doorway state was found in the
p-wave, J=1' channel with indications of a door-
way in the J= 2' charm&1 in the same energy in-
terval. Such a correlation would suggest a reson-
ance in the p3~& channel which should exhibit it-
self in the so6Pb+n reaction.

The present work was undertaken to search for
doorway states in the Pb+n reaction common to
those observed for "'Pb, as well as to seek clar-
ification of the M1 ground-state'radiative strength
reported by Medsker and Jackson in a study of
the ' Pb(y, n) reaction. Previous measure-
ments of neutron transmission by 206Pb have

been rather limited and performed with poor ex-
perimental resolution. However, Farrell et gl.
reported a doorway state in the s-wave channel
which was shown to be correlated with similar
doorway states in other lead isotopes. Some re-
sults ' ~' ' of re sonance neutron capture on Pb
have been reported in the literature, as well as
other 'Pb(y, n) data. " ' Here we report neutron
resonance parameters for the energy interval E„
= 25-605 keV, and offer a reinterpretation of the
' 'Pb(y, n) work' of Medsker and Jackson.

II. EXPERIMENTAL

The experimental procedures used here were
similar to those described ' previously. Elec-
trons were accelerated in bursts of 5-ns dura-
tion with, a repetition rate of 800 s ' to an energy
of 140 MeV with the Oak Ridge Electron Linear
Accelerator (ORELA), and allowed to strike a
Be-clad, water-moderated tantalum target. This
produces a "white" neutron spectrum which peaks
at about 1 MeV.

For the transmission measurements, filters of
3.0 cm of uranium and 0.3 g/cm' ' B were inser-
ted prior to the lead sample in order to reduce
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the y flash at the detector and to eliminate the
overlap of low-energy neutrons from following
bursts. The neutron beam was collimated onto
either a 3.45-cm diameter cylinder of radiogenic
lead (88.38% ~o'Pb) or a sample consisting of a
combination of natural lead (0.168 cm thick) and
enriched (92.4%) ~o'Pb (0.284 cm thick). The lat-
ter combination was chosen so as to compensate
for the ' Pb content in the sample of radiogen-
ic lead and thus provide a transmission measure-
ment for an effectively pure sample of 'O6Pb (i.e. ,
&99.5%) with a thickness of n=0.0989 atoms/b.
For the energy region below E„=70keV (except
for the 3.35-keV resonance), a noncompensated
sample of radiogenic lead which had n =0.0257
atoms/b was used. The lead samples were
placed 9 m from the neutron source and the trans-
mitted neutrons were detected at 200.252 m by
means of a 7.62-cm diameter by 2.0-cm thick NE-
110 plastic scintillator mounted upon an RCA-
4522 photomultiplier. The neutron detector was

located in air near the center of an evacuated 122-
cm diameter scattering chamber by means of a
re-entrant tube which had a thin Mylar window.
Details of the methods employed at ORELA by
which data are accumulated corrected for various
backgrounds and reduced to transmission spectra
can be found in Ref. 14 and will not be restated
here. The reduced data for E„=85-605 keV. are
plotted as total cross sections in Figs. 1-8.

The scattering measurements were also made
at the 200-m flight station. The sample consisted
of a hollow cylinder of radiogenic lead 6.35 cm
long with a 3.18-cm outer diameter and 0.254-cm
wall thickness, and was suspended at the center
of the scattering chamber by means of a fine wire.
Data were recorded simultaneously at three ang-
les. Each neutron detector consisted of a 10.2-
cm long by 4.32-cm diameter cylinder of NE-110
mounted upon an RCA8850 photomultiplier tube
which was situated in air and encased in a thin
walled steel housing. The sample to detector
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FIG. 1. Total (top) and differential elastic scattering cross sections at 39', 55', 90, 126, and 150 for Pb+pz re-
action for E= 85-120 keV. The data are represented by the points and the calculated curves by the solid lines. The
total cross section is for an effectively pure Pb sample while the differential data are for radiogenic lead. See text
for discussion of the R-matrix fit to g & and calculations of g(E, 8) as w'ell as normalization of the latter with the data.
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FIG. 2. Total (top) and differential elastic scattering cross sections at 39', 55', 90', 126, and 150' for 6Pb+n re-
action for E=120-165 keV. The data are represented by the points and the calculated curves by the solid lines. The
total cross section is for an effectively pure Pb sample while the differential data are for radiogenic lead. See text
for discussion of the 8-matrix fit to 0 & and calculations of g (E, 0) as well as normalization of the latter with the data.

distance (i.e. , center to center) was 17.8 cm.
The relative efficiencies of the three detectors
were shown to be similar by comparison of their
spectra accumulated at the same angle for a given
neutron flux. Measurements were made at lab-
oratory angles of 39', 55, 90', 126', and 150'.
The effects due to scattering by the residual air
and chamber walls and detector-detector scat-
tering were found to be small, as was the estima-
ted multiple scattering in the sample. However,
the effects of attenuation in the sample were ev-
ident for resonances with large peak cross sec-
tions.

The scattering data were recorded in two runs
with the three detectors first positioned at 39',
90, and 150 and then 55', 90, and 126 . The
two runs were normalized by means of the detec-
tor which was positioned at 90'. In order to re-
duce the data to relative differential cross sec-
tions, we proceeded as follows. A time of flight

spectrum was recorded in one of the detectors
which was exposed directly to the incident neutron
flux (with ORELA run at reduced power). The
yield in this case was proportional to the product
of the incident neutron flux and detector efficiency,
i.e. , E(E)e(E). After dividing this spectrum into
each of the lead spectra, the latter were then
proportional to o(E, 8) (except for sample thick-
ness effects as noted above) and these are shown
in Figs. 1-8.

From the transmission data it was found that
the overall energy resolution could be represented
by the expression (~E/E) = a+ bE, where ~E is
the full width at half maximum (FWHM) and a
and b are 0.20x 10 6 and (0.47x 10 ' MeV '), re-
spectively.

III. DATA ANALYSIS

The transmission data were analyzed with an
R-matrix' least squares fitting program' MULTI
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FIG. 3. Total {top) and differential elastic scattering cross sections at 39', 55', 90", 126', and 150' for Pb+n re-
action for 8=165-240 keV. The data are represented by the points and the calculated curves by the solid lines. The
total cross section is for an effectively pure Pb sample while the differential data are for radiogenic lead. See text
for discussion of the R-matrix fit to 0 z and calculations of cr(E, 8) as well as normalization of the latter with the data.

which folds in the Doppler broadening and ex-
perimental energy resolution. The cross section
is expressed as

0'r = g e„r=2mk2+ g(J)Re(l -U~„),

1 —&, (S, —B, —&Pc)
1 —R, (S, —B~~ + iP, )

'

E„—E-il'„z/2

Here R~ is the R matrix, 2', is the nuetron wave
length, assuming that the only open channels are
elastic neutron scattering and photon emission,
y» and 1» are the neutron reduced width ampli-
tude and the radiation width, respectively, for the
Xth resonance. The Q„S„B„ndaP,

' represent
the usual hard sphere phase shifts, shift factors,

boundary conditions, and penetration factors, re-
spectively. For this work we set I3, =S„and
assumed that the radiation widths were negligible
in comparison with the neutron widths.

Differential elastic scatteririg cross sectioris
were also calculated by means of an R-matrix
code" using the formalism'8 of Blatt and Bieden-
harn. For spin zero targets, the differential
cross section can be written as

e(E 8) =k Q BzPr(8),

where P~(8) are Legendre polynominals and B~
are coefficients which are functions of the phase
shifts,

The center of mass cross sections were translated
to the laboratory system and "smeared" to account
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FIG. 4. Total (top) and differential elastic scattering cross sections at 39', 55, 90, 126, and 150 for 6Pb+n re-
action for E=240—310 keV. The data are represented by the points and the calculated curves by the solid lines. The
total cross section is for an effectively pure ~Pb sample while the differential data are for radiogenic lead. See text
for discussion of the 8-matrix fit to a@and calculations of 0(E, 8) as well as normalization of the latter with the data.

for the experimental energy resolution by means
of programs' developed by Kinney.

Usually, one can easily recognize an s-wave
resonance by its large interference pattern in the
total cross section spectrum. For many reson-
ances, an inspection of the shape in the scattering
spectra mas sufficient to assign an I value. For
example, p waves exhibit an interference pattern
which rises rapidly on the low-energy side and
falls off slowly on the high-energy side for sca,t-
tering in the forward hemisphere, reverses it-
self in the backward hemisphere, and is symrne-
tric at 90'. At the lomer energies one can also
distinguish between p, » and p3&2 by examining the
change in magnitude of the cross section with
angle. For P3~, resonances o(E, 0) is larger at
angles of 126 and 150 than at 90', while the
contrary is true for p, g, resonances. The l=2
resonances have larger a(E, 6) at 150' than at
39, and in general show strong interference at
90'.

For most of the resonances with I'„~nE (i.e. ,
the energy resolution) we were able to determine

the / values (and sometimes J) from the scatter-
ing data. The l, J were then held fixed when us-
ing MULTI to fit the transmission data. In using
MULTI, we fixed the nuclear radius at 8.042 fm
and placed "dummy" resonance far from the
region to be analyzed to account for "far removed
resonances. " %e used an iterative approach for
analysis of the transmission spectrum between
E„=25-605 keV. The data were first analyzed
in the energy interval E= 20 —700 keP to obtain
approximate values of the parameters for the
s wave as well as dummy resonances. The
dummy resonances were located at -4 MeV for
s and d waves and at 8 MeV for P waves. The
energy region under consideration was then brok-
en up into approximately 100—200 keg intervals
(depending upon the density of resonances) for
analysis using MULTI. This program is capable
of calculating cross sections with parameters for
approximately 100 resonances. Parameter files
mere made for each energy interval. In general,
each file contained fixed parameters for reson-
ances adjacent to the lower and upper boundaries
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FIG. 5. Total (top) and differential elastic scattering cross sections at 39', 55', 90, 126', and 150' for Pb+n re-
action for 5 = 310-370 keV. The data are represented by the points and the calculated curves by the solid lines. The
total cross section is for an effectively pure Pb sample while the differential data are for radiogenic lead. See text
for discussion of the R-matrix fit to 0 &and calculations of g(E, 0) as well as normalization of the latter with the data.

(to account for the contribution of nearby reson-
ances to the region being analyzed), parameters
to be varied for each resonance within the inter-
val, parameters for all of the known s-wave re-
sonances outside the interval, and parameters
for the dummy resonances. For the latter, the
energies were held fixed and the widths allowed
to vary. After several iterations it was found that
the data could be fitted reasonably well over the
range E„=85-605keg with the same set of widths
for the dummy resonances. Parameters for the
dummy resonances were as follows: s, ~, (E= -4
MeV, F„=5 MeV), P«, (E= 8 MeV, I'„= l2 MeV),
P3/2 (E= 8 MeV, I'„=12 MeV), d, &, (E= -4 MeV,
I"„=2MeV), and d, &, (E=-4 MeV, I'„=2 MeV).
Final fits to the total cross section (i.e. , trans-
mission) data are shown by the solid curves
through the experimental points in the upper cur-
ves in Figs. 1-8, and the resonance parameters
are given in Table I. This table also includes the
energies of a number of small resonances which
we did not include in our analysis.

After demonstrating that this parameter set used
with the code for calculating differential elastic

scattering cross sections reproduced the observed
total cross section we used it to calculate o(E, 8)
at each angle. As mentioned previously, the ex-
perimental resolution was taken into account in
these calculations. The experimental spectra
were scaled so that the calculated curve in regions
void of resoriances (i.e. , differential cross sec-
tion mainly due to potential scattering) accounted
for about 88% of the relative cross section (i.e. ,
the remaining 12% arising from the other lead iso-
topes in the sample). The results are shown by
the solid curves in the differential scattering spec-
tra in Figs. 1-8; the points represent the exper-
imental data. In these figures it can be seen that
the calculated cross sections are larger than the
experimental values for many of the resonances
which have large peak cross sections, and, as
mentioned earlier, this is due to attenuation in
the sample. The data have not been corrected for
this effect. Although the differential cross sec-
tions are shown as relative in Figs. 1-8, the
scales correspond to the calculated cross sec-
tions in mb/sr and represent predictions of the
absolute differential elastic cross sections.
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The agreement between the calculated and ex-
perimental spectra in Figs. 1-8 indicates the
degree of confidence in the assigned parameters.
Resonance parameters for which unique assign-
ments could not be made are enclosed in paren-
theses in Table I. It should be noted that the tab-
ulated neutron widths are correlated with the as-
signed J values and must be adjusted if the cor-
responding J values are changed.

No attempt will be made here to make a detailed
comparison with previously reported results from
transmission measurements. As will be apparent
later, our s-wave parameters are in general ag-

reementt

with those found by Farrell et zl.

IV. DISCUSSION

Strength functions and dooxuay states fox l=-0
xesongnces. In Fig. 9 is plotted the sum of the
neutron reduced widths (I'0) versus neutron energy
for the s-wave resonances. Here I"„' is the re-
duced neutron width defined as

where I'„and E are given in electron volts and v,
is the penetration factor for a neutron having ang-
ular momentum l. As mentioned earlier, our
results for the s-wave resonances are in general
agreement with those of Farrell et gl. Qur ener-
gies and reduced widths are slightly different and
we observe a few more resonances in the 25—605
keg interval. However, this is not surprising in
view of our much better experimental energy res-
olution.

The increase in the strength function (i.e. , slope
of the curve) seen in Fig. 9 was suggested by
Farrell et pl. 8 as arising from a possible doorway
state which was cpmmpn o tp the '2 ' Pb cpm-
pound nuclear systems. Beres and Divadeenam '

have described this doorway state in terms of a
(2g»„4') particle-core excitation.

l = 1 resonances. It was difficult to distinguish
between p«, and p, &, resonances above about 350
keV and thus the tabulated J and I'„values in that
region are to be considered as tentative. How-
ever, the product gI'„ is essentially independent
of the assumed J value. In Fig. 1 are shown plots
of the sum of the reduced neutron widths for p
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waves. For the region below 350 keV we show
separate plots for the P«, and P3~2 channels. The
change in strength function near 145 keV is clearly
caused by a doorway resonance in the ps&2 channel
and the change near 40 keV by a doorway reson-
ance in the P, » channel. Below 47.5 keV, Miz-
umoto et gl. observed thirteen additional reson-
ances of which they suggest seven are most likely

P wave. They report a p-wave strength function
of S, =1.7x10 "below 25 keV, and S, =16x10 ' in
the region of the p«2 doorway.

The doorway near 145 keV occurs at nearly the
same neutron energy as that" observed for 'Pb
in the 1' (and 2') channel. Furthermore, the mag-
nitude of the p-wave strength function within the
doorway is very similar for the two reactions,
i.e. , S, =1.7x10 vs S, =2;OX10 for YPb and
"'Pb, respectively. Likewise, the value above
this doorway is also quite similar, S, =3.5x10
vs S, = 1.3x10, respectively. This suggests that
the origin of the doorway state is common to both
reactions. We suggest that it arises from a part-
icle-core excitation involving the d, ~2 particle and

the 3 collective excitation. The excitation energy
of the doorway in 6Pb+n occurs at E„=6885 keV
(i.e. , S„+E„) which can be compared with an en-
ergy of E,= 7038 keV for the (d»&, 3 ) particle-
core excitation (i.e. , sum of the energy of the

d, &, state in 20'Pb plus the 3 state in '"Pb). Sim-
ilarly, for Pb+n one finds the doorway at E„
= 7498 versus 7615 keV for the corresponding
particle-core excitation. The concentration of
the strength within only a few resonances is prob-
ably a reflection of the fact that the d, &, single
particle strength is primarilycontainedin asingle
bound-state level in ' "'Pb and the density of
background states with which the particle-core ex-
citation can mix is low. A test of these arguments
could come from investigations of the ' Pb+ n
reactions. All of the d, &, single particle strength
in 209Pb is reported to be in a level at 1566 keV,
and the analogous doorway state would occur at E„
= 4181 keV where the level density of the back-
ground states is expected to be low. Hence, we
would expect the doorway in Pb+ n to reveal
itself in a manner similar to that for the O' 'Pb
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+ n reactions. However, in 'Pb the d, &, strength
is highly fragmented so that the strength in the
doorway state should be more distributed and
somewhat more difficult to detect. Investigations
of the ' Pb+ n reactions are currently under-
way at ORELA in order to investigate these possi-

bilitiess.

For 'Pb we find Z(2l+ 1) 'gl'„'=3. 2 eV for the
resonances within the P«, doorway. Assuming the
16.758- and 37.72-keV 1' resonances in 'Pb+ n
from the analogous doorway, one finds Z(2l
+ 1) 'ql'„'=2. 2 eV. Applying the weak-coupling
model to the 'Pb compound system, coupling of
a d5&~ particle to the 3 core would give rise to a
multiplet of levels, two of which would have J'
values —,

' and —,
' . Using the weak-coupling part-

icle-vibration model of Divadeenam and Beres '

for a target with spin zero, the neutron width is
given by

where A is the wave number related to the energy
by E=h' K/2~mm is the neutron reduced mass,
and m, is the z projection of the intrinsic spin.
The unperturbed particle-vibration state ((3d, &„
3 )J is designated by X~, and x"(K,m, ) repre-
sents the wave function of the outgoing neutron.
The coupling interaction is given by

V, =k(r) (2k+ 1)'~'(nY ), ,

where

a(~) = dV(x)

Here V(x) is the real radial one-body potential.
Upon substitution of V, into the expression for
I'„, the latter can be written as the product of rad-
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. TABLE I. Resonance parameters for the 6Pb+ pg reaction. Ground-state
radiation widths for the Pb(y, g) reaction reported in Ref. 5 are also tabulated.

206pb + 20?pb(~ n)b

E
c

n
(keV) rn(ei)e rk( ~)e,f

pg

(keV)

9'y yo

(«) R(&90 /&135 )

3.35
25.42
36.21
47.49
53.90
59.23
63.95
65.99
66.59
70.28
78.2+
80.36
82. 70
82.92

1
1
1

. 1
1

(2)
(2)
0
1
1

0.2 1
2
1
2

3/2
1/2
1/2
1/2
3/2

1/2+
3/2
1/2
3/2
3/2+

(1/2)-

0.25
51
40
89
6.2

t3j"
85
10
10

(»)"
[?j"

[16jh

8
6
6

10
14

0.42
4.4
2. 1
3.2
0.19

I.2.9j
0.33
0.22
0.20

(0.20)
L3.5j

I:8.3j

65.6 0.9 0.91 10

86.13
88.45
90.13
92.62
94.76

101.22
103.56
111.17
114.39
114.55

1
2
1
0

2
1
1

(1)
2

1/2
5/2+
3/2
1/2+

(3/2)+
(5/2)+
1/2
3/2

(3/2-)
(5/2)+

16
8

75
32

7
8

65
30
2. 5
5.6

4
3
8
5
2
2
8
4
7

11

0.27
3.6
1.2
0.10
2.7
2.5
0.84
0.35
0.029
1.4

83.6

92.9

O. ll

0.8

1.30 35

0.84 14

115.76
117.99
123.16
124.65

125.25
140.57

140.95
142.33
144.73
146.31
150.11
150.70
151.09
152.12
153.52
160.17
161.59
171.33
172.78
173.74
175.96
177.66
181.23
183.25
185.52
188.73
190.66
191.32
196.92
198.47

2
2

1
1

(2)
0
1

(1)
2

(2)
1
1

(2)

(3/2)
(5/2)'
1/2
3/2

{3/2)+
3/2

3/2
1/2

(3/2+)
1/2+
3/2"

(1/2-)
5/2+

(5/2+)
(1/2)-
3/2

(5/2+)

3/2
(3/2)'
3/2

3/2

3/2
1/2

1/2
3/2+

5.7
5. 1

35
300

21
103

28
12
3.1

176
598

4.4
19
0.5

10
68
0.6

73
47
13

27

200
97

64
132

11
12

5
25

4
15

5
2

10
15
25
15

3
2
3
7

2

20
13

15
17

0.064
1.1
0.36
3.06

4. 1
15.3

0.25
0.10
0.44
0.46
4.87
0.04
2.3
0.06
0.077
0.52
0.07

0.50
4.3
0.09

0.18

1 ' 25
0.60

0, 38
8.8

115.1

124.2

140.3

146.4

169.6

173.7
176.7

0.33

2. 1

2.5

0.31

0.3
0.28

1.18 27

1.14

1.23 10

0.91

1.31 25

0.89 16
1.37 29

200.69
204. 21
207.89
209.41
209.97
213.83
217.30

3/2
3/2+

(3/2)+
3/2

12 3
235 25

2173 100

22
10

0.069
14.7
4.77

1.3
0.055

198.9

204. 0

4, 0

0 25

0.99

0.94

217.67
218.16
220. 43
227. 81
229.03
230.37
235.47
241.42

1

(1)
0

1
2
2
1

1/2
(1/2 )

1/2+

3/2
5/2+
3/2+
3/2

22
6.2

1407

35
40

107
39

7
2

80

5
7

12
?

0.12
0.033
3.00

0.18
1.9
4.9
0.19

217.1

218.5

228. 2

235.3

242. 3

0.3

0.2

0.4

0.7

0.89

0.95

1.12

13

10

1.36 9

1.28 30
243.30
250. 88
254.6
257.28

5/2+

1/2+

52

1427

0.19

2.81
254.4

258.5

0.09

0.4

0.83

1.20

13

15
260. 36
260.78
262.88
265.63
268.50
269.77
274.06

1
2
1
0
2

3/2
3/2+

. 3/2
1/2+

(3/2)'

54
40

106
31
53

8
7

13
6
8

0.24
1.4
0.45
0.06
1.7

262. 5
265. 5

269.6

0.8
0.5

0.8

1.31 19
1.28 20

(2.03)
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C
n

(kev)

274.63
276.63
278.40
280. 54
283. 13
287.95
289.25
289.66

293.85
297.71
298.34

306.30

311.88
313.40

314.34
319.28
324.62
325.56
327.62
328.48
336.74
339.50
340.34
341.89
344. 13
345.39
347.24
350.91
355.32
356.86
357.83

358.99
361.94
362.58
362.94
364.06
370.37

371.05
376.71
382.84
383.95
385.03

386.85
395.05
399.60
403.76
405.91
407.31
407. 94
412.30

414.88

416.37
419.77
420. 14
426. 14

426. 90
428. 68
429. 75
433.39

433.74
439.45
441.22
442. 20
444. 68
446. 30
447. t 5
451.78
452.41
452. 74
453.38
454.80
455. 57
458. 35
460. 24
461.93
462.41

206pb +

1

2
2'
1

1

(1)

(2)
2

2
2
1
1

1

(2)
2

(2)
(2)

2
2
2
0
2
0
2
2

1
2

(1)
1
2

2
0
2
1
2
2
1

1

(2)
1

0
2

2
(1)

2
(2)
(2)

1

(2)
(2)

2
(2)

1
1
0

(1)
(2)
(1)
(2)
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TABLE I. (t"-ontinued)

207pb(y, n)bna

g& '& /I'
Eg

(keV) (eV)
d

J IT n(eV)e R(o 90'/~135')i „(eV)

(1/2)
3/2+
5/2+
1/2
3/2

32
112
100
171
133

0.13
3.6
3 2
0.70
0.54

6
14
12
18
14

1.094.0276. 7

280. 7

10

0.7 1.28 30

1.380.7 18291.8
0.43
0.21
0.24

12
12

9

3/2
1/2+

(1/2)

110
113
62

1.231.5299.9

308.0
73 0.271/2

1.430.5 22
(5/2+)
(3/2)

2.2
22

0.06
0.55

0.6 1.22 14314.0
5/2+-
3/2+
3/2
1/2

(3/2)
(5/z+)
(3/z)+
(5/z+)
(5/z+)
3/2+
3/2+
5/2+
1/2+
3/2+
1/2+

(5/z)+
3/2+

4. 4
3.9
0.19
0.17
0.15
0.14
2. 7
0.33
0.33
3.5
1.7
1.5

18.63
4. 1

8.89
0.6
8.4

20
16

7
7

6
20
17

4
4

ZO

11
11

179
164

55
49
44
6.3

128
16
16

174
85
76

1.22336 ' 2 0.9 12

341.3
344. 3

0.8
0.8

1.49
1.04

11
16

10980 600
212 30

5299 400
31 6

455 50

1.05
1.06
1.09

24
18
10

1.0
2.8
1.5

347. 3
350.4
354.4

358.4 1.4 1.39 18

0 ~ 25
1.8
0.12
0.11
0.8

1/2
3/2+

(3/2 )
(3/2),
(3/2)

12
15

5
7
9

80
98
36
34
45

0.8 1.09 21370.6
40 8

191 . 25
4447 300

281 35
157 20

(1/z)-
5/2+
1/Z+
5/2+
1/2

0.12
3.2
7.13
4. 5
0.47

1.4386. 7 16
3/2+
1/2+

(5/2)+
.1/2
5/2+
3/2+

(1/z)-
1/2

79 13
4396 270

1.2
6.99
2.0
0.49
1.5
1.0
0. 12
0.27

138
173
102

71
44

126

1.3021
24
20
10

9
15

398.8 1.0

406 ' 9 1,.5 1.00

413.0

416.0

419.0

0.8 0.91 26
3/2+ 50 0.812

2.6 1.17 10
5/2+
1/2+

(5/z)'
3/2

307 40
6363 600

34 7

522 60

4. 2
9.82
0.5
6 ' 8

1.25 1.06 14

1.25426. 1 5.8
(5/z+)
(1/2)
1/2+

(5/z)+

0.2
0.34
0.20
0.6

17
128
129
47

6
15
15
18

2. 1 12433.2 1.13
(3/z)+
(1/2-)
(3/2)+
(5/2')
(5/2+)
3/2

(5/2+)
(5/2+)
(3/2).+
(5/2')
(1/z)-
(3/2)
1/2+

(1/z-)
(5/z+)
(3/2 )
(5/2+)

20
ll
15

4
3

20
4
9

10
16
12

7
7

15
5
5
3

58
36

109
14
11

177
12
36
44
5.5

59
25
42
43
16
15

9

0. 7

0.10
1.3
0.2
0. 15
0.46
0. 14
0 ' 45
0.51
0'. 06
0. 15
0.062
0.062
0.11
0.2
0.037
0. 1

441.2 1.14 . 181.5

1.53452. 4 2. 1 17

1.2 1.12
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TABLE I. (Continued)

206pb + na 207pb(Y, n) b

c
En

(keV) rn(eV)' (eV)e, f
Eg

(kev)

g~r~ r„/r

(eV) R(o90 /o135

466. 21
468.08
471.02
471.86
472. 79
474. 10
477. 31
484. 19
485.67
488. 50

490.76
492.60
492.86
493.96
496.13
499.47
500.30
501.93
502.81,
506. 13
507.23
509.08
509.93
510.69
511.22
511.80
512.30
514.60
515.05
516.18
519.42
521.09
521.86
523.89
530.84

1 3/2
z (3/z)+

(3/z)-
(3) (5/2-)

0 1/2+
1 1/2"

(s/z)+
(2) (5/2')

z (3/z)'
0 1/2+

(2) (5/2')
(2) (3/2+)

1 1/2
(1) (3/2-)
2 5/2+

(3/2)+

(s/z)+
(2) (3/2+)

(3/2)-
2 5/2+
0 1/2+

(1) (1/2-)
(2) (5/2+)

1 1/2
(s/2)+

2 5/2+
0 1/2
Z 3/Z+

(2) (s/2+)

90 14
161 20
62 8
41 9

374 40
102 12
33 7
14 4

74 10
9166 600

29 7
19 7

290 60
26 6

152 25
32 8

89 15
86 15

123 15
16 4

160 14
4.2 10
6.8 15

110 14
22 6

188 24
55

161 20
18 4

0.22
1.7
0.15
0.43

0.54
0.25
0.33
0.14

0.73
13.1

0.28
0.18
0.68
0.06
1.4
0.30

0.81
0.78
0.28
0.14
0.22
0.009
0.061
0.25
0.19
1.65
0.076
1.38
0.15

465. 5

471.5

489. 7

521.0

3.2

2. 1

1.30 13

1.48 26

1.48 26

0 ' 97

532. 10
532;66
533.85
534.30
536.11
541.15
541.71
545. 79
548.93

550.60
552. 12
554.93
556.92
563.29
565.31
566.41
570.83
572.40
577.83
578.80
580.00

581.16
582. 14
589.22
591.39
594.78
595.96
597.60
598.66
600.27
602.85.
603.24

0 1/2+
(2) (5/2')
(2) (5/2')
{1) (1/z-)

(3/z)-
(2) (5/2')

2 (3/z)+
(2) (5/2 )
0 1/2+

(3/z)-
z (s/z)+

(2) (3/2+)
1 1/2
1 3/2

(1) (1/2 )
(2) (5/2')
2 5/2+
z (3/2)+

(z) (s/z')
(2) (3/2+)
(2) (3/2+)

2 (5/2)+
1 (3/2)"
1 1/2

(s/z)+
(2) (s/2+)

1 (1/2)"
1 (3/2)

(s/z)+
(1) (3/z-)
(2) (s/2+)
(2) (3/2+)

391 25
34 7
60 9
62 9
63 9
31 7

517 60
7.3 20

3099 170

32 7

52 9
13 4

120 18
253 30

14 5
10 3

790 85
56 9
29 6
36 7
23 5

208 25
111 10
110 16
101 15

11 3
84 13

111 13
29 7
22 6
3.5 9

42 8

0.54
0.29
0.50
0.14
0.14
0.25
4.2
0.06
4. 18

0.069
0, 41
0.10
0.26
0.53
0.030
0.07
5.84
0.41
0.21
0.26
0.16

1.49
0.23
0.22
0.70
0.07
0.17
0.22
0.20
0.043
0.02
0.28

531.1

545. 2

549.3

565.5

572. 5

580.6

591.7

597.8

1.7

0.5

1.3

7.7

1.3

0.9

2.6

0.97

1.36

0.86

1.04

0.96

1.15

(z.zl)

1.53

12

19

19

13

17

a. Present work.
b. From Tables II, III and IV of reference 5.
c. Uncertainties in resonance energies are +0.031. except where shown.
d . Those J enclosed in parentheses indicate data not sufficient to distinguish between two possible

spin values.
e. 1' „ and r~n depend upon choice of J and must .be changed accordingly if it is shown that alternate

spin value is applicable. Values enclosed in square brackets are grn or gr~n, respectively.
Uncertainties in rn are denoted as 5.6 11—: 5.6 a 1.1. (Same notation for R).

f. Reduced neutron widths (at 1 eV) calculated with a channel radius of 8.042 fm.
g. Energies from (p, n) study converted to (n,Y ) system.
h. From reference 22. The latter give 9m and these are shown within enclosed brackets. For the

78.2- and 80.36-keV resonances we give rn based upon our assigned J-value.
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FIG. 9. Plot of the sum of the reduced neutron widths QI'„) for s-wave resonances versus neutron energy.

ial and angular momentum matrix elements. We
assume that for a given neutron energy, the radial
matrix element is independent of j, i.e. , py/2 or
p3/2 Under these circumstances, one can easily

show that the ratio l „'~'/I'„'~' is proportional to
-the square of the ratio of the respective 3-j sym-
bols (', ', &»~~,). One then finds r„' = O.4 r ' '.
The sums of the reduced widths within the door-

30

20—
«C
N )0

206

20—
«C

&0—
J= lyly

0
20

'l5

+
AJ

30

~C
f

-1.5 x'lO

100
I

200
I

300
En{keV)

I

400
I

500 600

FIG. 10. Plots of the sum of reduced neutron widths g I t) for p waves versus neutron energy. The top figure is for
J= z and the middle for 8= z. The bottom figure is the weighted sum [i.e., ZgI'~(2l+1) ~J. The strength function is
given by the slope of the curve. See text for discussion.
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FIG. 11. Plot of the sum of reduced neutron widths ZgI'~(2l+ 1) ~ for d-weve resonances versus neutron energy. See
text for discussion.

ways are 7.9 eV (p, &,) and 9.7 eV (p, &,) which
would give r„'~'/r„'~'= 0.8, which is in reasonable
agreement with the calculated ratio considering
the uncertainties involved.

$ =2 resonance& In Fig. 11 is shown a plot of
ZgI'„(2l+ 1) ' vs E for the d-wave resonances.
There is an indication of a concentration of d-wave
strength in the region between 350—500 keV which
suggests the presence of a doorway state(s). Such
a state(s) could also arise from the same particle-
core excitation that is responsible for the doorway
in the s-wave channel. In fact, the (2g, &„4') par-
ticle-core excitation could give rise to levels with
spins ranging from J=—,

' ——", . Separate plots for
the d, &, and d, &, resonances do indeed indicate res-
onances with comparable strength in this energy
interval. In addition, the d, &, plot shows indica-
tions of a doorway between 100-270 keV. This is
in the same region' where the J=1 and 2 reso-
nances in the ' 'Pb+ n reaction had large reduced
neutron widths, and may represent fragmentation
of the d, &, single particle state.

Here we treat the data above 270 keV in terms
of a single doorway resonance in the following
analysis. For a single isolated doorway, we can
express"'" the sum of the reduced neutron widths
as

1 E 1 r'r
2v c v, ME [(E E)'+ (-' r-)']

where S, is the strength function for the back-
ground states, I'i is the escape width (i.e. , pre-
viously denoted'by r ), r is the total width (I' '
+ r

& ), and E„ is the energy of the doorway state.
The escape width can be written in terms of a re-
duced width I'~~ as

r~ 1eV

An initial analysis of the data showed that I'& « I'~,
and hence ZI'„can be approximated as

, (E E„),(-, ri) "E.

This expression was used to fit the data in Fig. 11
between 250-600 keV. From this analysis we find
E„=425 keV, I'~= 25 eV, and I' =100 keV. The
damping width has about the same value as that
found for the doorway state in the s-wave channel.
It is interesting to note that we find

rz~ (d wave)/rsi (s wave) = 25/100,

where the theory would predict a value of about
0.48 for this ratio (i.e. , if the radial integrals for
s and d wave were the same).
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Level densities. The literature pertaining to the
subject of nuclear level densities is vast, and the
problem of determining a level density formula is
still unsolved. Many workers have attempted to
fit level density data by means of a Fermi-gas
model even though it has been recognized" that
the latter is most likely inappropriate. Even so,
they have met with reasonable success. In gener-
al, the experimental data have not been of suffi-
cient quality to separate the observed levels by
means of spin and parity. To obtain such infor-
mation quantitatively over a large energy interval
is difficult and requires the use of techniques which
involve high-energy resolution as well as the
means to determine J' values. High resolution
neutron transmission measurements have provided

an abundance of level density data including J' val-
ues, but in general the latter have been restricted
mainly to J' for resonances formed via s-wave
neutrons.

In the present study, we have identified approxi-
mately 223 resonances up to E= 600 keV. Thir-
teen additional resonances below 50 keV were ob-
served" by Mizumoto et aE. Of these 236 reso-
nances, 22 are s wave, 87 (19 questionable) are
p wave, and 125 (61 questionable) are d wave. In-
cluded in the d waves are 20 resonances which
were observed but not analyzed (see Table I). In
addition, the data indicate 11 additional s-wave
resonances between 600—800 keV. Even with the
questionable assignments for many of these reso-
nances, as well as the question of missing levels,

40

3O

, w
~O

Uog. 2O
o. 0~ (0

10

206pb
2=0

DATA---- CALCULATED

100

IJJ

Q M'5 eo-%z
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~O
tLj V) 4p~ LLJ

20

0
140

120
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UJ)
Q V)

~o so
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EO
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Z
40

20

0
0 'IOO 200 300

E„(kev)
'400 500 600

FIG. 12. 'Plots of the cumulative number of s-, p-, and d-wave resonances (top to bottom, respectively) versus neu-
tron energy. The dashed lines represent calculated curves using the constant temperature model with T =0.9 MeV. See
text for discussion.
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these data probably represent one of the best ex-
perimental sets of levels with known J' observed
thus far by means of neutron induced reactions.
The only results of comparable quality have been
obtained from proton studies. "

The doorway state in the s-wave channel encom-
passes a large fraction of the energy interval under
consideration. It is expected that this state will
strongly affect the reduced neutron widths but has
little influence on the s-wave level density. In
Fig. 12(a) we plot the number of s-wave levels
versus neutron energy. The slope of this curve
represents the s-wave level density, which is seen
to change by about 12/0 per 100 keV. Such a
change is about what one might expect at these ex-
citation energies if the level density followed a
Fermi-gas (or constant temperature) model and

had an effective nuclear temperature of about
0.9 MeV. We believe that we are missing few if
any s-wave levels below 600 keV. This conclu-
sion is based upon (a) the experimental sensitivity
for detecting s-wave levels, (b) the level spacings
are found to be in good agreement with a Wigner
distribution, and (c) the reduced neutron widths
follow a Porter- Thomas distribution reasonably
well. Similar plots for p- and d-wave resonances
are shown in Figs. 12(b) and 12(c), respectively.

There is an abundant literature" pertaining to
the study of nuclear level density formulas. In
general, the approaches have been based upon
either a constant temperature model or some
form of Fermi-gas model. For a constant temp-
erature model, the density of levels is given by

p(E„)=ke "i

where E„=, S„+E,andk and T are constants, the lat-
ter corresponding to the nuclear temperature.
The density of levels with given J' is then taken as

p(E„,J') = (J+ 2 )k e "~r .

The latter expression was integrated and fitted
(dashed curve) to the s-wave data in Fig. 12(a).
(Actually, the fit was good up to 800 keV for s
waves. ) This gave T=0.9 MeV and k=0.0151 lev-
els/MeV. These values and the expression for
p(E„,J') were then utilized to calculate the number
of p- and d-wave resonances as a function of neu-
tron number, and the results are shown as dashed
curves in Fig. 12. The calculated curve repro-
duces the d-wave data rather well which tends to
confirm the J dependence of p(E„,J') at least in the
energy region under consideration, whereas the
observed number of P -wave resonances is consid-
erably larger than the calculated value and wouM
seem to imply that the parity independence of

p(E„,J') is incorrect. The numbers of well es-
tablished —,

' and & resonances up to 605 keV are
23 and 26, respectively. There are 18 additional
firm p-wave resonances and another 19 which have
tentative l= 1 assignments. Since the number of
firmly established —,

' resonances already equals
the number of —,

' resonances (i.e. , 23 vs 22, re-
spectively) parity independence of p(E„,J') would
require that few if any of the additional p-wave
resonances have J = —,'. Although such a possibility
is unlikely, a definitive determination must await
further work. However, a dependence of p(E„,J')
upon parity would not be too surprising for a nuc-
leus near closed shells.

Use of a Fermi-gas madel in place of the con-
stant temperature model leads to essentially the
same results as described above. Here we used
the simplified form of the two-fermion gas model
with equidistant nucleon spacings, i.e. ,

p(E„,J') = [12@ 2 o!' 'o(E„—5)' '] '(J+ ~ )

xexp [2[o.(E„—5 )]'~'}exp —(J+—,
' )'/2g'] .

The parameters n, 5, and cr are a,ssumed to be in-
dependent of energy and are related via the expres-
sions

where t is the thermodynamic temperature and

g,« is the effective moment of inertia. To fit the
s-wave data we found a set of Fermi-gas model
parameters of & = 14 MeV ', 6 = 3 MeV, and R val-
ue of o' (i.e. , spin cutoff parameter) which corres-
ponds to about 70% of the rigid moment of inertia. .
The relatively large value of 5 was required in or-
der to reproduce the curvature in the plot of the
number of s waves versus neutron number.

It must again be noted that any conclusions
drawn from the present data must be weighed in
the light of the uncertainties involved. We believe
that our s-wave results clearly confirm the change
in level density that would be predicted (i.e. , about
12% per 100 keV) by either-a constant temperature
or Fermi-gas model for nuclear excitations near
the neutron separation energy. Hence, one should
not expect to observe straight line plots of the cu-
mulative levels versus neutron energy over inter-
vals greater than =100 keV as has generally been
assumed by many workers in the past. The degree
of confidence in the determination of the J Rnd m

dependences of p(E„J') is more difficult to come
by. For example, for the present case we know
the lower limit for the number of p-wave reso-
nances below 600 keV is about 68. This is very
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close to the value calculated from the s-wave dis-
tribution. Hence, if all of the 19 resonances that
we tentatively assigned as p wave should have
other l values (which we believe unlikely), this
would of course change the conclusions noted
above. Finally, we point out that some of the
small resonances assigned as d wave might in fact
be due to higher l values, e.g. , l=3. Hence, we
conclude that before one can quantitatively test
the spin and parity dependencies of the level den-
sity formula, even more definitive data will be re-
quired.

Correlation saith Photonucleax data. Early photo-
nuclear measurements"" indicated the presence
of a doorway state in the ground-state photon chan-
nel correlated with the s-wave neutron doorway
state. However, subsequent workers'" disputed
this finding. From the present work it. is clear
that the level density is so large that investigation
of such correlations requires good energy resolu-
tion.

In this section we attempt a detailed correlation
of our results with the (y, n) data of Medsker and
Jackson' in hopes of examining their conclusion
pertaining to the M1 ground-state radiative
strength in ' 'Pb.

In Table I the g„(1"„,I' /I') values reported by Med-
sker and Jackson' are tabulated versus neutron
energy where the latter has been converted to the
(n, y) reference system Over. all, there is very
good agreement between the peak energies report-
ed in that work and our resonance energies. It
should be noted that the energy resolution for the
(y, n) measurement varied from about 0.04-2.4

keV for E= 25-360 keV. This is about an order of
magnitude poorer than that attained in this work.

Medsker and Jackson' based their assignments
on measurements of the relative photonuclear
cross sections at 90' and 135' [i.e. , fl =o„„(90')/
o„„(135')],which would be R =1.43 for resonances
with J'= &, R=1.0 for J'= —,", and 0.67&R&1.42
for J'=

& . They reported R = 1.0 for most of the
resonances which we have assigned Bs s wave
(see Table I). Allen et al. 'o in their investigation

. of the (n, y) reaction reports (I' I' /I') values for a
number of resonances below 200 keV. (The reso-
nance energies reported in that work are about
0.5 keV higher than ours. ) From a comparison of
the (n, y) and (y, n) data we find I' = I', for the s-
wave resonances at 65.99, 92.62, and 146.31 keV.
A number of peaks assigned as s wave by Medsker
and Jackson' seem to correspond to d-wave reso-
nances. Of course, it should be remembered that
the assignments of s -wave resonances by Medsker
and Jackson' were based both upon their measured
R = 1.0 values and the s-wave resonances reported
from transmission measurements' made with much

poorer resolution.
With only a few exceptions, we find that the peaks

for which Medsker and Jackson' found g„(I'„,I'„/I')
& 1 eV correspond to s- or d-wave resonances, and
hence, the observed ground-state radiation is
mainly of E1 rather than M1 character. Medsker
and Jackson' report R & 1.43 for many of the peaks
in the vicinity of our d waves which no doubt indi-
cates that they were actually observing multiplets.
This would be consistent with the experimental
resolution reported in the (y, n) work and the pres-
ence of nearby p-wave resonances as can be seen
in Table I.

By making use of the (n, y) results as given by
Allen et al."and requiring that I'„p~ I'„ for each
resonance, one can estimate in some cases how
much of the ground-state radiation might be as-
sociated with P-wave resonances. For the reso-
nance at 124.65 keV the data of Allen et al."lead
to I"„=1.9 eV versus I'„p= 5.4 eV for the peak ob-
served by Medsker and Jackson. ' However, Allen
et al."observed a resonance corresponding to that
seen in our work at 125.27 keV (l = 2) but not at
123.16 keV (I= 1). Hence, one can clearly associ-
ate the 125.27-keV resonance with the (y, n) peak.
This resonance must then have J=P [would likely
not have been observed in (y, n) if J'=-', ] from
which we deduce I"„=3.7 eV from the (n, y) data.
'Thus the sum of the total radiation widths for the
124.65- and 125.27-keV resonances is then 5.6 eV
which is comparable to the sum of their ground-
state radiation widths. This admixture could also
explain why the 124.2-keV peak in the (y, n) reac-
tion has A = 1.14+ 0.07 (i.e. , Ml+E2 admixture in
the 124.65-keV resonance). On this ba, sis I'„o
~ 1.9 eV for the latter resonance.

Since the 140.57-keV resonance was also ob-
served in both the (y, n) and (n, y) reactions, it too
must have J'=

& which is confirmed by our scat-
tering data. Here we find 1"„=1.7 eV whereas I'„,
= 2.1 eV. 'That I'„,& I"„and R = 1.23+0.10 for their
(y, n) peak might suggest that it includes some
contribution from the p-wave resonance at 140.95
keV. However, if the latter had I'„,= 0.4 eV it
should have been detected in the (n, y) experiment.

The situation appears similar for the 198.9-keV
(y, n) peak. From our assignment of J= & to the
198.47-keV resonance we deduce I'yp 4 0 eV ver-
sus I"„=2.3 eV. However, for this photopeak
Medsker and Jackson' found R = 0.99+ 0.06 which
again suggests the presence of a multiplet. Al-
though Allen et al. ' did not tabulate widths for
resonances greater than 198.4 keV, additional
resonances are present in their data (see their
Fig. 7). In particular, there appears to be a reso-
nance near 200 keV with about one-fourth the
strength of the 198.4-keV resonance. We suggest



20 Pb+n RESONANCES FOR E= 25-600 ke V: s-, p-, . . . 495

that our p-wave resonance at 200.69 keV is pro-
bably also included in the (y, n) peak, and would
therefore have 1"„,& 1.3 eV. In general, the rela-
tive cross section ratios (i.e. , R) as measured by
Medsker and Jackson' agree fairly well with our
assigned J' above 200 keV. Their value of R
=1.09+0.10 for the 276.7-keV peak may imply a
multiplet (perhaps including the 274.63-keV reso-
nance).

The uncertainties in the data do not permit one
to determine with complete confidence the M1
radiative strength in this region of excitatation of
'"Pb. However, using the results tabulated in
Table I in addition to those for three resonances
below 25 keV reported by Bowman et al. ,"we can
set a conservative upper limit of Zg„l »I'„/I'
& 23.7 eV [or on average B(MI)i (8 p,,'] for the
neutron energy interval E= 3-600 keV which is
less than 40% of the strength designated by Med-
sker and Jackson' as M1. Our sum even includes
some resonances assigned as possible d wave in
Ref. 5.

It is instructive to compare this sum of ground-
state radiation widths with that found for "'Pb.
Essentially no M1 radiative strength has yet been
found in ' 'Pb between 6738-7368 keV. Between
7368 (threshold) and 7750 keV, Qg„I'»I"„/I' = 20
eV, ' ' which on average is about 5 eV ger 100 keV.
However, about half of this (i.e., = ll eV) is loca-
ted within the p-wave doorway state' at 7494 keV.
From the above, we see that for '"Pb between
6739 and 7341 keV one finds the average value
Zg„I'„,I'„/I' = 4 eV per 100 keV. If the actual sit-
uation were to tend toward this upper limit, and if
one were to consider 2 'Pb to act as a 'Pb core
plus a.n inert py/2 hole, then this would suggest
that '"Pb would have an Ml radiative strength of
Zg„i'„,I'„/I" = 2 eV per 100 keV in this same re-
gion of excitation. (The weak-coupling model
would predict that the sum of the M1 radiation
widths for "'Pb would be twice that for 'O'Pb. )
Such M1 strength" has not as yet been identified
in the bound-state region of '"Pb.

V. CONCLUSIONS

In this work we have examined the ' 'Pb+n re-
action by means of high resolution neutron trans-
mission and scattering measurements. Para-

meters for about 223 resonances formed by s-,
p-, and d-wave neutrons have been determined.
Neutron strength functions have been deduced
which indicate the presence of doorway states.
The latter seem to arise from particle-core exci-
tations, e.g. , (g~&„4') and (d, &„3 ). The ener-
gies of the p, /, and p, /, doorway states agree well
with the results found in a study' of the ' 'Pb+ n
reaction. A resonance in the d-wave neutron
strength function was found at about the same en-
ergy as the s-wave doorway state. It is suggested
that this originates from a recoupling of the same
particle-core excitation that is responsible for
the s-wave doorway state.

A plot of the cumulative number of s-wave reso-
nances versus neutron energy could be reproduced
fairly well using a constant temperature level
density formula, p(E„)=kee" r with T=0.9 MeV.
Assuming the J -dependent level density goes as
p(E„,J)= (2J+ 1)p(E„), this expression also re-
produced the cumulative number of d-wave reso-
nances~ but it underestimated the number of p-
wave resonances. However, uncertainties as to
the J values for a number of resonances prevented
a strong statement as to the J and m dependence of
the level density formula.

This work clearly shows that the Ml radiative
strength in '"Pb is considerably less than has been
reported' previously. More accurate measure-
ments of the '07Pb(y, n) reaction would be desirable
to enhance further investigation of this problem.
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