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States in 2osPb excited via the 2o"Pb(d, p) reaction. II. The "particle" states~
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The higher-lying states in 5Pb (E„»2.57 MeV) are examined by means of the 4Pb(d, p)
transfer reaction at incident energies of 13.0 and 20.0 MeV. In order to extract a reliable
set of spectroscopic factors, a consistent set of distorted-wave Born approximation param-
eters is derived from analyses of new Pb(d, p) data at E&——13.0 MeV, and by reanalysis of
earlier 6' Pb(d, p) data. By avoiding proton optical parameters based on data in an energy
region later found to contain resonances, and by using a deuteron potential which corrects
for deuteron breakup, Pb(d, p) spectroscopic factors consistent to +15% are obtained. The
improved distorted-wave Born approximation parameters are used to assign orbital angular
momentum (l „) values to a majority of 110 new levels in ~Pb, most of them heretofore un-
known. Significant fractions of the 1i&&~2 and the lj&5y2, and the majority of the 2g9~2, 3d&i2,
4sqyq, 2g7~2, and 3d3~2 single-particle strengths are located. These strengths are found to
be concentrated about the energy centroids. A previous theoretical calculation of spectro-
scopic strengths compares poorly with the experimental values.

NUCLEAR REACTIONS 4Pb(d, p), E„»2.56 MeV, Ed ——13.0 and 20.0 MeV, also
Pb(d, p), E„=13.0 MeV; measured 0(E&, 0), extracted S». Earlier Pb(d, p)

experiments at Ed ——18.7, 20.0, and 24.8 MeV and 6Pb(d, p) at E„=17.0 MeV re-
analyzed. 5Pb results compared to weak-coupling theory.

I. INTRODUCTION

The proton elastic excitation functions charac-
teristic of the A = 208 region all show a striking
similarity of structure between -14.5 and -17.5
MeV incident energy. " As illustrated in Fig. 1,
these excitation functions consistently show reso-
nances at approximately the same proton energies,
independent of the particular nucleus being bom-
barded. It is now well known' that these resonances
correspond to unbound states in the A+1 nucleus
which are isobaric analogs of bound states in the
parent nucleus. In particular, the energy spacings
of the resonances lead to the interpretation of the
bound states as the core A coupled to a neutron in
one after another of the N= 6 major shell orbitals.
In the case of an even A target (0' g.s.) these ex-
citations present a window, albeit a cloudy one, on
the distribution of the shell-model single-particle
strength in the adjacent odd nucleus. The extrac-
tion of nuclear structure information from these
excitation functions is complicated by the inter-
ference of the resonance amplitudes with the direct
background. 4 Nonetheless, the persistence and
similarity of the resonance behavior suggests that
the distribution of neutron single-particle strength
is similar for the single-particle orbits in these
odd nuclei.

This nuclear structure information is, of course,
immediately available by means of the (d, P) reac-

tion which directly populates the bound states ac-
cording to their spectroscopic strengths. For ex-
ample, the "'Pb(d, p)"'Pb reaction has been
studied by Moyer, Cohen, and Diehl. ' Their anal-
ysis confirms that the higher-lying states populated
in "'Pb (E„)2."I MeV) do indeed have the bunching
of single-. particle strength expected from the reso-
nance study. The fact that fragmentation occurs is
a

reflection
of a residual interaction between the

neutron and the core. One is then led to ask what
is the simplest residual interaction capable of pre-
dicting the observed spectrum'P Evidence has been
presented for a weak-coupling model explanation
in the case of "'Pb..

' UVhile a simjlar calculation
has been performed for ' 'Pb, ' heretofore the ex-
isting experimental data have been insufficient for
an adequate assessment of the model's success.
The present work removes this obstacle and pro-
vides a stimulus for more refined theoretical
analysis.

We report here the result of a series of
'"Pb(d, p)"'Pb experiments performed at 13.0 and
20.0 Me& incident deuteron energy. The states to
be discussed are between 2.565 and 5.623 MeV in
excitation and are fragments of the neutron single-
particle states appearing in ' 'Pb. A total of 110
levels are established and most of them are as-
signed a spin and spectroscopic strength. The
'O'Pb(d, p)"'Pb reaction was also performed at the
same incident energies for the purpose of normal-
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FIG. 1. Proton elastic excitation functions from six
targets in the lead region showing the isobaric analog
resonances (Ref. 1).

izing the 'O'Pb spectroscopic factors to those of
Pb, with the intent of bypassing uncertainties

inherent in the conventional distorted-wave Born
approximation (DWBA) procedure.

Initially the bypass procedure was viewed as an
important means of obtaining more accurate spec-
troscopic factors for "'Pb. Although a variety of
experiments clearly show that (except for the 1j»&
orbital) the single-particle states in '09Pb are very
pure, in his survey of the "'Pb(d, P)"'Pb studies,

Macfarlane' found that the extracted (absolute)
spectroscopic factors were consistent to no better
than 25%. Since the "'Pb(d, p)ao'Pb is the single-
nucleon transfer experiment closest to the ideali-
zation inherent in the conventional theoretical
DWBA treatment, Macfarlane's figure of 25/g has
been widely quoted as representing the practical
upper limit on the accuracy of that formalism.
However, that conclusion was based on a set of
disjoint analyses performed by different experi-
mental teams, employing differing assumptions
and a variety of optical potentials to extract the
spectroscopic factors quoted by Macfarlane.
Clearly a self-consistent analysis of the complete
set of data is required. We have therefore reanal-
yzed all the experiments in the deuteron energy
range 1V.0-24.8 MeV, and are convinced, as a
result, that the DWBA method is actually more
reliable than the analyses surveyed by Macfarlane
suggest.

The main problem in the earlier analyses lay
with the choice of the proton parameters, and, to
a lesser degree, with the deuteron breakup in the
nuclear field of the target. The optical model does
not apply in the lead region for protons in the
range of E~=14.5-17.5 MeV because of the analog
resonances shown in Fig. 1. Equally important,
even when the protons are above the resonance
region, it is improper to use an optical parameter
set derived in the resonance region. However, one
such proton parameter set, derived by Percy' in
1964, has received wide use in the analysis of di-
rect reactions in the Pb nuclei, including one of
the studies' used by Macfarlane. ' We have avoid-
ed use of this proton potential, preferring the
parameters recommended by Satchler. " These
parameters also take into account the effects of
deuteron break up."" With them we are able
to obtain generally improved fits to the '"Pb an-
gular distributions, and a much more consistent
set of ' 'Pb spectroscopic factors than previously
reported. ' We believe that our use of the same
optical-model treatment leads also to a consistent
set of spectroscopic factors for "'Pb.

II. Pb EXPERIMENTAL SPECTRUM

The experimental apparatus has been described
in the preceding paper. The experiments men-
tioned therein also contain data for the higher-lying
states. In addition, several more experiments
were undertaken specifically searching for these
higher-lying states, involving exposures of 2500
and 4200 p.C, respectively, at 13.0 MeV, and
735 p, C at 20.0 MeV incident deuteron energies.
This additional series of experiments achieved
energy resolutions of approximately '7.0 keV for



MAGUIRE, KOVAR, CALLKNDER, AND BOCKELMAN

the 13.0 MeV data, and 12.0 keV for the 20.0
MeV data.

The complete (d, P) spectrum of ' 'Pb at E„=20.0
MeV is shown in Fig. 2. There is observed to be
a tremendous increase in the magnitude and den-
sity of excitation starting at 2.56 MeV, a phenom-
enon simply explained by the shell model. In this
interpretation the stripped neutron is able to pop-
ulate an orbital only to the extent that it is unoc-
cupied in the "'Pb ground-state wave function.
In the zero-order she11 limit all the orbitals in
the X=6 major shell (see Fig. 1 of the preceding
paper) are completely empty in the 2O4Pb ground
state, Qn the other hand, the four holes in the
Ã = 5 major she11 are expected to deplete only the
3P, &, and the 2f», subshells to any significant
extent. The remaining orbitals in the N =5 major
shell should be nearly completely full. Hence,
in the simplest picture there is only a small am-
plitude for populating the three-hole configurations
in 3"Pb, while the one-particle four-hole states
should be excited to the full sum-rule limit.

The particle-state region of the '"Pb spectrum
is shown in more detail in Fig. 3. Considering
the density of states, especially above 4.3 MeV
excitation, it was not obvious that this experi-
mental spectrum could be completely analyzed.
With this in mind, the spectrum was resolved
at each observation angle and at each energy in-
dependently. The spectrum analysis program
AUTOFIT, modified to become operator inter-
active, was used to decompose the often over-
lapping groups. This phase of the analysis has
been described at length elsewhere. " lt was found
that at all angles and at both incident deuteron en-

ergies, the total spectrum could be fitted with the
same number of levels at the same excitation en-
ergies. This crucial point is convincing because
the 13.0 MeV data have better absolute energy
resolution than do the 20.0 MeV data, yet there
was no necessity to introduce additional levels
to fit the 13.0 MeV spectrum.

Between 2.565 and 5.623 MeV of excitation,
110 levels of "'Pb were definitely excited, most
of them previously unknown. Their energies and
position uncertainties are listed in Table I. An
analysis of the energy determination procedure
leads us to be1ieve that between the first and last
states of Table I, there could be a +10 keV sys-
tematic error attributed to magnetic field varia-
tions and calibration uncertainties. With respect
to its nearby neighbors, the relative position of
each state is known much better. It is these local
position uncertainties (i.e., within a window of
about 200 keV) which are recorded in the &E„col-
umn of Table I. Between 5.62 and 5.75 MeV a few
(&10) states are weakly populated, but are too
closely spaced to be resolved. Between 5.75 and
6.73 MeV, no states could be discerned above the
background (in this region the background is -10
yb/sr per 3 keV channel at E~=13.0 MeV'). , The
extraction of the spectroscopic factors merits
discussion next.

gg. PPTgCAI. MPDEI. PARAMETERS oSPd(y, p)&o9PP

The, usual method of direct-reaction analysis in-
volves h comparison of the angular distributions
predicted by a DWBA code such as DWUCK" with
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FIG, 2. The (d, p) spectrum of 5Pb at 20.0 MeV incident energy. The figure is derived from two separate exposures
ef 10 200 and 735 pC for the low-lying and the higher-lying states, respectively.



SVWVKS ix 20'Pb EXCURVED. . . lr. . .

those extracted from the experiment. In the pres-
ent case, a direct comparison of the experimental
shapes to those predicted by the DWBA is not en-
tirely necessary: the cross section calculation
can be bypassed to a large extent by using the
208Pb(d, p) ~Pb single-particle angula. r distributions
as templates for the 204Pb(d, P)ad'Pb analysis.

Precise deuteron scattering cross sections
from 2 Pb and Pb have been reported by Un-
grin et al."using 13.1 MeV incident energy deu-
terons. Kith their values we are able to obtain
spectroscopic factors in "'Pb normalized to the
corresponding strengths in '"Pb. Successive
{d,P) exposures were made on 2d4Pb and '"Pb
targets. A solid-state monitor at 8„,= V5' de-
tected the elastically scattered deuterons during
both runs. The outgoing proton groups from Pb
and ' 'Pb were recorded on separate photographic
plates. For a state in "'Pb with the same spin
and parity as a given single-particle state in ' 'Pb,
it is straight forward to show that the ratio of

spectroscopic factors is:
S',~~' X„.{205) c'd(204) N„(208)
S~o~9 N»(209) c'd(208) N (204)

'

N„(A+. 1) is the number of proton events cor-
responding to excitation of the "'~Pb level; o'd(A)

is the elastic deuteron cross section from "Pb
at the monitor angle (75'); N„(A) is the number of
elastic deuteron monitor counts during the
"Pb(d, p) run; and A is either 204 or 208.

This equation is independent of the target thick-
nesses involved and assumes only equal Q values
to the residual states of ' 'Pb and ' 'Pb. Should
these Q values be different, a correction factor,
the ratio of the intrinsic D%'BA cross sections
[cn»"(209)/c»" (205)], must be introduced to the
right-hand side of Eg. (1). Effectively this pro-
cedure removes the uncertainties associated with
the choice of optical-model parameter sets. A
complete bypassing of the reaction calculation is
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No.

2
3
4
5
6
7
8
9

10

2.565
2.607
2.634
2.657
2.708
2.798
2.862
2.931
3.010
3.043

+0.001
~0.003
+0.003
+0.00 i.

+0.002
+0.002
+0.002
+0.002
+0.002

TABLE I. The

Ex. energy

single-particle
nlj

2g, /,
2g, /,
(2gs/~)
(2ge/ »

2'/2
2gg/2

(2gs/2)
2g&/

2g~/2

2'/,

205
fragments in Pb.

~rg

0.16
0.18

(o.oiv)
(o.o13)
O. 38
0.05

(o.oo9)
0.005
0.030
0.015

&~r

+0.01
+0.01

+(O.oo2)
+(0.002)
+0.02
+0.003

+(o.oo2)
+0.001
+0.002
+0.002

11
12
13
14
15
16
17
18
19
20

3.119
3.165
3.249
3.306
3.334
3.393
3.422
3.435
3.483
3.511

+0.002
+0.003
+0.003
+0.003
+0.002
+0.003
+0.004
+0.002
+0.002
+0.002

2g~/

(2'/»
(3d5/2)
(2ge/~)
(3d5/p)

ii~&/2

(Sd5/p)

Sdg/2
1Z 11/2

0.016
(o.oo5)
{O.Oo6)

(0.008)
(o.oo6)
0.09
0.03

(o.oo6)
O. 045
0.20

+0.002
+(o.ooi)
+(o.ooi. )
+(o.oo2)
+(o.ooi)
+0.02
+0.006

+(o.ooi)
+0.002
+0.02

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

3.533
3.566
3.592
3.613
3.659
3.764
3.834
3.857
3.889
3.950

3.961
3.988
4.002
4.016
4.055
4.074
4.097
4.127
4.156
4.187

4.199
4.214
4.239
4.254
4.299
4.326
4.342
4.361
4.372
4.389

+0.002
+0.002
+0.004
~0.003
+0.002
+0.002
+0.004
+0.002
+0.004
+0.003

+0.002
+0.002
+0.002
+0.003
+0.003
+0.003
+0.002
+0.002
+O.002
+0.004

+0.003
+0.002
+0.003
+0.003
+0.002
+0.002
+0.002
+0.002
+0.002
+0.002

Sd5/2
Sd5/p
l —4

ii((/2
Sd5/p

Sd5/2

Sd5/2

(3d~/2)

Sd5/2

Sdg/g

ij f5/2

(3ds/2)
Sdg/2)4
Sd5/p

Sd5/2

Sd5/2
(4s, /))

(4s, /))
3d5/2
(3d5/2)

Sd5/2
3d5/2

Sd5/2
M5/2
Sd5/2

Sds/2
Sd5/p

0.022
0.023

+0.001
+0.001

0.024
0.055
0.38

(0.001)
0.028

0.009
0.050
0.014

(0.002)

(o.oo4)
0.019

(o.oo5)
0.008
O.oi. 5
0.049
0.145
0.035
0.035
0.042

+0.003
+0.005
+0.05
(+0.0003)
+0.003

pb/sr
+0.002
+0.005
+0.002

+(o.ooo4)

~(o.ooo8)
+0.002
(+0.001)
+0.002
+0.002
+0.007
+0.022
+0.005
+0.005
+0.006

0.06 +0.01
0.009 +0.001
0.009 +0.002

17~= 2opb/sr '
0.007 +0.002

0~ = 35 pb/sr
(o.oo5) (+o.ooi)

51
52
53
54
55
56
57
58
59
60

4.412
4.428
4.443
4.452
4.497
4.539
4.558
4.590
4.624
4.642

+0.002
+0.004
+0.003
+0.002
+0.002
+0.002
+0.002
+0.002
+0.002
+0.004

Sd5/p

(Sds/p)
Sdg/2

Sdg/2
4s(/2
4s i/2
4s
4s
(3ds/2, 3d3/2)
(4s, /, )

0.025
(o.oo6)
0.020
0.050
0.340
0.185
0.100
O. 150

(0.016, 0.024)
(o.o21)

+0.004
(+0.001)
+0.003
+0.008
+0.030
+0.020
+0.015
+0.020
(+o.oos, o.oo5)
(+o.oo4)
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TABLE I. (continued)

No. F,x. energy

61
62
63
64
65
66
67
68
69
70

4.656
4.693
4.709
4.722
4.745
4.760
4.777
4.787
4.803
4.840

+0.005
+0.003
+0.003
+0.002
+0.004
+0.002
+0.002
+0.002
+0.002
+0.002

(2gz/2)
(3d5/2, 3dB/2)
4s /2

3dB /2

3dB /2

3dB/2

3dB/2

2gz/2

0~—45
(0.025)
(0.013, 0.020)
0.05

0.014
0.014
0.011
0.014
0.055

pb/sr
(+o.oo5)
(+o.oo3, o.oo4)
+0.010

p,b/sr
+0.003
+0.003
+0.002
+0.003
+0.008

71
72
73
74
75
76
77
78
79
80

4.874
4.913
4.891
4.936
4,954
4.978
4.990
5.004
5.014
5.040

+0.002
+0.002
+0.002
+0.003
+0.003
+0.002
+0.002
+0.002
+0.003
+0.002

2gz/2
3dB/2

3dB/2

2gz/2
(3dB/2+ 2gz/2)

3dB /2

3dB/2

3dB/2
3dB /2

3dB /2

0.039
0.028
0.027
0.035

(0.008+ 0.013)
0.025
0.038
0.120
0.030
0.040

+0.007
+0.005
+0.005
+0.006
(+0.002, 0.003)
+0.005
+0.006
+0.020
+0.006
+0.006

81
82
83
84
85
86
87
88
89
90

5.065
5.083
5.100
5.120
5.139
5.167
5.180
5.192
5.209
5.226

+0.002
+0.002
+0.003
+0.003
+0.002
+0.004
+0.003
+0.003
+0.002
+0.004

3dB/2

3dB/2

3dB/2

3dB/2

3dB/2
(2gz/2)

3dB/2
3dB /2

3dB/2

2gz/2

0.013
0.145
0.075
0.018
0.100

(0.017)
0.065
0.022
0.076
0.035

+0.003
+O.of7
+0.011
+0.004
+0.015

(+o.oo4)
+0.012
+0.004
+0.014
+0.007

91
92
93
94
95
96
97
98
99

100

5.242
5.258
5.285
5.304
5.317
5.325
5.344
5.364
5.378
5.399

+0.003
+0.002
+0.003
+0.002
+0.003
+0.002
+0.002
+0.004
+0.004
+0.003

2gz/2

2gz/2+ 3dB/

2gz/2

2gz/2

2gz/2

2gz/2

2gz/2

2gz/2
(3dB/2)

(2gz/2)

0.033

0.017
0.049
0.038
0.025
0.039
0.025

(o.of 7)
(o.of 3)

+0.007

+0.003
+0.007
+0.006
+0.005
+0.006
+0.005

(+o.oo4)
(+0.003)

101
102
103
104
105
106
107
108
109
110

5.418
5.439
5.452
5.473
5.486
5.515
5.534
5.572
5.598
5.623

+0.002
+0.002
~0.004
+0.003
+0.003
+0.004
+0.003
~0.003
+0.002
+0.003

2gz/2

2gz/2

2gz/2

2gz/2
2gz/2

2gz/2
2gz/2

2gz/2

2gz/2

0.056
0.025
0.020
0.040
0.036
0.023
0.027
0.020

(0.010)
0.020

+0.008
+0.005
+0.005
+0.008
+0.005
+0.005
+0.005
+0.004
(+0.002)
(+o.oo4)

Maximum cross sections are for 13.0 MeV incident energy.
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I 0.0

208 Pb (d p) 209Pb

Ed = I 8.7 MeV
Reanalyzed DW fit---- --- Original DW fit

10.0— I

Ex=2.053
En=0
~ S l/2

Ex =0.0—
&n=O

not, however, possible. It will be seen that the
single-particle centroids in "Pb are bound up
to 300 keV more strongly than in '"Pb. This fact
necessitates the use of the direct-reaction theory
to calculate the change in the cross section induced
by the Q-value differential between "'Pb and "'Pb.

In Sec. I we have stated that the lack of consis-
tency in spectroscopic factors in the Pb region
noted by Macfarlane' is related to the use of a
proton optical potential derived from proton data
taken in a resonance region where the optical

model is inapplicable. Other experiments" have
relied on a global proton optical potential20 which
has been shown not to be applicable in the lead
region. ' We decided to reanalyze the previous
"'Pb(d, p)'O9Pb data using a proton optical poten-
tial derived by Satchler. " In Figs. 4-6 we show
the original and the reanalyzed fits to the experi-
mental angular distributions for the "'Pb single-
particle states, including the 18.7 MeV data by
Jeans et al. ,

"the 20.0 MeV data of Kovar et al. ,
"

and the 24.8 MeV data of Muehllehner et al.'
Moyer et al.5 have done the 2O6Pb(d, P)'O'Pb experi-
ment at 17.0 MeV, and have reported spectroscop-
ic factors for the "'Pb single-particle states based
on a 2% "'Pb impurity in their target. These
spectroscopic factors were recalculated here by
comparing the original and recalculated DWBA
angular distributions. For completeness, we then
show in Fig. 7 fits to the strongest fragments in
"'Pb. Finally, Fig. 8 displays new data on the

I.O— IO.O

IO.O

208pb(d p) 209pb
Ed =20.0 MeV

— Reanalyzed DW fit----—Original DW fit
I 0.0

O. I I.O

I.O I.O

E
IO.O

Ex= l.565
En=2
&dsr2 O. I

O. I 1.0

1.0 O.OI

g) IO.O

E

Cg

I.O
b

10 =-——~

O. I

IO.O

Ex =2.537
En=2
&d~r2

O. l

10.0 I.O
+.

I.O: Ol

I.O
Oo 50' O.OI '

IOO 0
ec.m.

50' IOO

FIG. 4. The single-particle angular distributions of the
Pb(d, P)2 SPb reaction at 18.7 MeV incident energy as

originally fitted and as now reanalyzed. The data are
from Ref. 19.

O.I—
OD

I

50' IQO I 50 0'
ec.m.

50 IOO I 50

FIG. 5. The single-particle angular distributions of
the 0 Pb(d, P) SPb reaction at 20.0 MeV incident energy.
The data are from Ref. 21.
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IO.O

2 8Pb{d,p) 209Pb
Ed*24.8 MeV

Reanalyzed DW fit
-----Original DW fit

IO.O

1.0 I.O

3"Pb single-particle transitions taken at E„=13.0
MeV.

The reanalysis of all this older data and our
own new data was accomplished with the use of
the neutron, deuteron, and proton parameter sets
given in Table II. The bound state of the captured
neutron was approximated by an eigenfunction of
a central Woods-Saxon potential (with a spin-or-
bit term) whose depth was adjusted to give the
observed binding energy of the level. With the
exception of the 20.0 MeV deuteron parameter

set, the optical-model potentials listed were de-
termined conventionally, i.e., these parameters
will fit the elastic scattering angular distributions.
The two 13.0 MeV sets are similar to those dis-
cussed by Casten et al." in their' 12.3 and 15.0
MeV "'Pb(d, p) studies. With the sets designated
PE and PE1, these authors were able to fit the
"'Pb single-particle angular distributions and
polarizations, in addition obtaining spectroscopic
strengths near unity (except for the lj»&,). For
our 20.0 MeV data analysis, the proton optical
potential was that derived by Satchler" and is
based on fits to the elastic proton scattering cross
sections and polarizations on 2 Pb at 19.0, 20.0,
25.0, and 30.0 MeV incident energy. Also in the
literature is a set proposed by Percy' in 1964,
based on 17.0 MeV scattering from aosPb

two sets differ mainly in the depth of the imagin-
ary absorption term, 7.5 MeV for the Percy set
and 10.0 MeV for the Satchler set. The discrepan-
cy can be explained by noting that 17.0 MeV cor-

O. I IO.O

206pb(d p) 207pb

Ed ~ l7.0 MeV

Reanalyzed DW fit
——---Original OW fit
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FIG. 6. The single-particle angular distributions of
the Pb(d, p)2oepb reaction at 24.8 MeV incident energy.
The data are from Bef. 10.

PlG. 7. The main fragments in the 2 Pb(d, p) VPb

reaction with their angular distributions. At 17.0 MeV
incident energy, only the 2g9&, and li&q~2 groups are out-
side the resonance region. The data are from Ref. 5.
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responds to a resonance (the 4s, &„and, at 17.4
MeV, the 2g, f,-sd, &,) in the elastic channel, ' vio-
lating the fundamental basis of the optical model.
The increased elastic channel flux from this res-
onance has the effect of reducing the absorption
depth from what it would normally be. Thus, the
use of this Percy set should be avoided. The ex-
istence of the isobaric analog resonances in the
elastic proton channel also complicates the anal-
yses of direct reactions in the lead region for
proton energies between 15.0 and 17.5 MeV. For
example, anomalies generally appeared in (d, P)
and (P, d) excitation functions whenever the pro-
ton is in this energy range. " Tamura and Coker"
propose an explanation of these anomalies, quan-
titatively and qualitatively, in the context of the
shell-model approach to reaction theory. This
approach results in the use of a resonating transi-
tion amplitude in addition to the normal DWBA
amplitude. We thus are of the opinion that our
straightforward analysis of the 13.0 MeV hole-
state angular distributions for "'Pb (E~ =15-17.5
MeV) may be incorrect in an amount difficult to
determine. This difficulty does not apply to the
analysis of the 20.0 MeV data for which the proton
groups are far above the resonance region.

The remaining parameter set of Table II, that
for the 20.0 MeV deuterons, is cited as case No.
3 in Ref. 11. It is not a conventional optical-model
parameter set. Instead a parameter set based on
the Johnson-Soper deuteron breakup model" was
used to generate the deuteron relative motion func-
tion. Following the Johnson-Soper method, Satch-
ler" has been able to fit the 20'Pb(p, d)"'Pb angu-
lar distributions without the use of radial cutoffs
in the transition matrix element. However, it
should be noted that the lower angular momentum
(l„) transfers are least affected by the choice be-

IO.O

zosPb(d p}aO9Pb
Ed = l 5.0 MeV

10.0
Ex = 0.0
2g 9/2
S=0.93—

I.O I.O

0. 1

E

b

1.0
2.937:

7/2
0.97

IO.O

1.0

= 1.565
5/2
0.93

0. 1 1.0

2.442
3/2
0.90:

0.01
Oo 50' 0.1

100 0' 50' 100
ec.m.

FIG. 8. Fits to the Pb(d, p) 9Pb single-particle
angular distributions at Ed ——13.0 MeV. A combination of
contaminant interferences and intrinsic weakness ren-
dered the li~~p and 1jf5/p angular distributions nonsig-
nificant in the angles exposed (5' 80').

TABLE II. Optical parameters used in distorted-wave analysis. Optical potentials are of a
Woods-Saxon form with Vp a real volume term of radius x()&' and diffuseness a; 8" is an
imaginary surface absorption; V„ is a real surface spin-orbit potential. The values for W'

and Vsp given here include the factor of 4.0 required by DWUCK.

Incident
energy
(MeV)

Vp xp a W' x& a'
Particle (MeV) (fm) (fm) (MeV) (fm) (fm)

so so aso c
(Me V) (fm) (fm) (fm)

13.0 106.0 1.15 0.981 82.0 1.34 0.68 28.0
58.0 1.25 0.65 54.0 1.25 0.47 30.0

1.15 0.81 1.30
1.25 0.65 1.25

20

13 and 20.0

112.0
52 0

1.25 0.682
1.25 0.65

1.25 0.65

77.6 1.25 0.783 24.0
400 125 076 240

(X=25) '

112 047 130
1.12 0.47 1.25

Satchler (Ref. 11) gives the formula Vp(MeV) =58.4-0.3E& for the real depth of the proton
well. The value 52.0 MeV represents a convenient average for the range of proton energies
covered.

Depth adjusted until the binding well reproduced the given level's experimental separation
energy.

'The spin-orbit term of the form factor potential is equal to A. times the Thomas term.
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tween the conventional and breakup parameter
sets, so that for l„~3, these results are not sen-
sitive to the correctness of the deuteron breakup
model compared to the conventional optical model.

The spectroscopic factors derived from the re-
analysis of the "'Pb(d, P) data using the 20 MeV
potentials are listed here in Table III. It is pointed
out that except for the 2g, /, and lips /2 transfers,
the single-particle transfers effected at 17.0 deu-
teron energy result in outgoing protons in the anal-
og-resonance energy range. In particular, the
1j»» fragment in 'Pb is reported by Moyer
et al.' to have 40% more spectroscopic strength
than the main fragment in "'Pb. This seems
highly unlikely, since one would expect a splitting
rather than a fusion of spectroscopic strength as
one moves away from "'Pb. Indeed it will be
seen here that the main 1j»/, fragment in "'Pb
(measured at two "nonresonant" incident energies)
has only about half the strength of the '0'Pb state.
Assuming no doublet to be involved, it may be
that the resonance in the proton channel is affect-
ing the 1V.O MeV (d, P) analysis. Other than the
higher-lying states excited at E„=17.0 Me7, the
only other major discrepancy indicated in Table
III is that for the 2g, /, transfer at E„=24.8 MeV
in which both the original and the reanalyses give
a spectroscopic factor of 0.67. This failure is
somewhat surprising, since the reanalysis has
generated a significantly improved fit to the strip-

ping peak in the angular distribution (Fig. 6). We
would point out, however, that the Muehllehner
et al."study was part of a systematic analysis
at E„=14.8 and 20.1 MeV. Kovar" in his 20.0
MeV study has found a 20% discrepancy in the ab-
solute cross section for the 2g, /, transfer as mea-
sured in his and the Muehllehner work. The di-
rection of the error, assuming it was in Muehl-
lehner's measurement and carried over into the
24.8 Me& study, would serve to increase the ob-
served spectroscopic strength to a value closer
to unity. Neglecting these two areas of discre-
pancy it can be said that the reanalysis has pro-
vided generally improved fits to the '"Pb angular
distributions as well as a more consistent set of
spectroscopic factors.

Spectroscopic factors for the new 13.0 MeV
data are listed on Fig. 8. At this energy the pro-
tons populating the ground state may be affected
by the g, &, resonance (see Fig. 1); however, the
S„.for the five single-particle states observed
are all of the order of unity. Further detail on
the comparison between the ori.ginal and the re-
vised fits may be found in Ref. 16. The net re-
sult is that the DWBA method appears to be quite
reliable in the lead region (+15%) and there should
be no need to distinguish between normalizing the
"'Pb cross sections to "'Pb, or, more convention-
ally, comparing the "'Pb predicted angular distri-
butions to those experimentally observed.

TABLE III. Spectroscopic factors from earlier Pb(d, P) ~pb experiments.

nlj
17.0 MeV

Orig. Refit
18.7 MeV"

Orig. Refit
20.0 MeV'

Orig. Refit
24.8 MeV

Orig. Refit

3d5/2

4s

2N/2

M3/2

0.68

0.81

0 39

o.65'

0 52

0.93

1.13 '

0.92

1.10

0.57

0 75

o.56'

1 05

1 23'

0.66

0.75

0.71

0.62

0.70

0.81

0.88

0.92

1.10

0.78

i. .00

0.93

0.92

1.00

0.83
(o.72)
0.86

(o.s3)
0.58

(o.47)
0.98
(o.ss)
0.98

(o.95)
1.05

(o.95)
1.07

(o.9o)

0.92

1.14

0.77

0.89

0.85

0.95

0.99

0.67

0.94

1.00

0.93

1.17

1..17

0.67

0.89

0.77

0.92

1.10

0.90

1.07

~Reference 5.
Reference 19.
Reference 21. The numbers in parentheses refer to the fits obtained using conventional

deuteron parameters and the Percy 17.0 MeV proton optical parameter set.
dReference 10.
'The outgoing protons from these residual states are within the elastic proton resonance

region 14.5 17.5 MeV.
Unacceptable fit to the experimental shape makes this value questionable.



180 MAGUIRE, KOVAR, CALLENDER, AND BOCKELMAN

Pr 2o5 Pb RESULTS

The optical-model parameters, which in the
previous section are shown to yield improved
analyses of the "'Pb data, were used to predict
angular distributions for the 2O4Pb(d, P) data ob-
tained with 20.0 MeV deuterons. The 13.0 MeV
data analysis need not be so involved as the 20.0
MeV analysis. The energies of the proton groups
corresponding to states with E,„&2.75 MeV are
below the first analog resonance and the incoming
13.0 MeV deuterons, according to the breakup
model, may be treated with a normal optical pa-
rameter set. [The ground-state Q value for "'Pb
is 4.510 MeV (Nuclear Data Sheets, 1960). The
first particle state (2.565 MeV) corresponds to a
proton energy of 14.72 MeV c.m. compared with
14.86 MeV for the 2g, &, resonance in the p+ "Pb
experiment. ] Since their incident energy is near
the Coulomb barrier, the 13.0 MeV deuterons are
not affected by the nuclear field of the target as
much as the 20.0 MeV deuterons. The optical
parameter sets used for the 13.0 and the 20.0

204Pb(d p)205Pb
Ed = 20.0 MeV

I.O

I I

Ex=4 ~7
+ S I/2
S=O 35

I.O

I I

Ex=2 708
2ge/2

MeV data analyses are given in Table D.
The spectroscopic factors S» listed in Table

I are the weighted averages derived from analyses
of both the 13.0 and the 20.0 MeV data. The er-
rors ~S„.are based on the scatter of individual
determination at each angle, and are assigned
solely from consideration of the fitting errors,
the scanning errors, and the errors in estimating
background.

In Pigs. 9 and 10 are shown fits to the strongest
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S =0.34
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FIG. 9. Fits to the strongest different particle-state
fragments of the Pb(d, P) 5Pb reaction at E„=13.0
MeV.

FIG. 10. Fits to the strongest different particle-state
fragments of the Pb(d, P) SPb reaction at E„=20.0
MeV.
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shell-model fragments in "'Pb as observed at
E„=13.0 and 20.0 MeV, respectively. For com-
parison the fits to the single-particle states in
"'Pb can be seen in Figs. 8 and 5. Although these
fits are quite good, they are not by themselves
conclusive. In similar experiments on ' 'Pb'
and ou 2~'2o~Hg~' at one incident energy, Moyer
had great difficulty in distinguishing between the
2g, /, and 3d, /, transfer shapes. In the present
work, for which two incident energies are employed,
it becomes much easier to discriminate between
the different angular momentum transfers. This
is so because (for the range of values pertinent
here) as one goes from a lower to a higher incident
energy, the cross section for a larger l„ trans-
fer increases with respect to that for a smaller
E„ transfer. Table IV demonstrates this effect
using the experimental maxima of the differential
cross section for ' 'Pb(d, P)'ogPb at E„=13.0 and
20.0 MeV. Hence, if the 2g, /, state were misas-
signed as the 3d, /, state in the 13.0 MeV analysis,
its spectroscopic factor at 20.0 MeV would be
2.25 times as large as at 13.0 MeV. In anticipa-
tion of the results to be described for "'Pb, the
last column of Table IV notes that binding-energy
differences of a few hundred keV are not expected
to alter the intensity ratios significantly. In this
manner all the E„assignments of the ' 'Pb states
in Table I were checked. Such a procedure of
course, does not resolve the general total spin
ambiguity (j=f„+—,') common to all unpolarized
experiments. In reality, though, there is really
only one serious j-value ambiguity in 3"Pb in the
seven orbits of Table IV. The polarization data of
Casten et al. and the ' 'Bi decay studies of Ham-

ilton et aE. ' and of Rupp and Vegors~' have es-
tablished a —,

"assignment for the strongest 2g, /~
fragments (Nos. 1, 2, and 5 of Table I). There
is, of course, no ambiguity for the 4s, /2 and the
1j„&,fragments, and because of sum-rule limits
there is very little ambiguity for the 1'] /g and the
2g, /2 states. Thus, only the distinction between
the 3d, /, and the 3d, /, fragments can be reasonably
questioned. Figure 11 presents the strongest (S»
&0.015) particle-state fragments as they are as-
signed in Table I. In the context of the entire spec-
trum it can be seen that the assignments which
were made are the most probable. Overall, un-
less one is willing to argue for an inversion of the
3d, /2 and 3d, /, fragments, or, less drastically,
for an arbitrary interweaving of these fragments,
it must be concluded that there is a concentration
of spectroscopic strength in "'Pb rather narrowly
about the centroids. This is especially true for
the 2g, /, and 4s, /, orbitals, and, although less
dramatic, is still recognizable for the 2g, /3 or-
bital. In this respect, the simple shell-model po-
tential (central field plus spin-orbit term) clearly
predominates over the smearing effects of the
residual interaction.

The only theoretical calculation for the ' 'Pb
particle states was done by Rao' who used a par-
ticle-vibration model form of the residual inter-
action to predict the spectrum. This predicted
spectrum is found to be in substantial variance
with the experimental spectrum of 'Pb. For ex-
ample, the main 2g», strength is given by Rao
in one state at 0.9 MeV whereas in fact the main
strength is distributed over three closely lying
levels above 2.565 MeV. Within the framework of

TABLE IV. The maxima of the (d, P) differential cross sections at 13.0 and 20.0 MeV incident
energy.

nlj

E209 a
B

(MeV)
(da/dQ) (mb/sr)

13.0 MeV 20.0 MeV Ratio

:E205 a
B

(MeV) (Ratio)"

2gs/2

1~1' /2

1j~s/~

M5/2
4s /

2gp/2

3d3/2

—3.945
—3.146
-2.511
-2.380
-1.912
—1.450

1.405

2.03
0.19
0.13
7.90
5.45
2.87
6.09

4.40
0.50
0.45
8.40
2.60
6.45
6.10

2.17
2.63
3.46
1.06
0.48
2.25
1.00

—4.038
—3.242
-2.733
-2.571
—2.193
—1.443
-1.675

2.14
2.58
3.23
1.11
0.50
2.25
1.07

Binding energy of the single-particle state in BPb, or (in column 6) the fragments' centroid
in '"Pb.

"The maximum of the differential cross section Pb(d, P) Pb as experimentally observed at
these incident energies (see Figs. 10 and 5).

'The experimental ratios for 0 Pb multiplied by the Q-value corrections calculated using the
optical parameters in Table II.

The 1j~5/2 transfer is predicted to peak at far back angles at which plates were not exposed.
The value quoted here is that based on the shape of the DWBA curve as normalized to the for-
ward angle data points.
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FIG. 11. The spectro-
scopic strength distribution
for the particle states in
~ 5Pb. The arrows denote
the positions of the Pb
centroids and the corres-
ponding single-particle
states in 2 ~Pb.

the particle-vibration model we suggest that a
scheme for generating a triplet of 2g, &, fragments,
as shown in Fig. 12, is possible. The arguments
for this scheme are based entirely on the branch-
ing ratios for "'Pb decays which can be obtained
from the data presented by Hamilton et al.2' For
example, the —,

' 0.703 MeV state is observed to
decay almost entirely (E,) to the —,

' ground state,
while a similarly allowed decay to the —', state at
0.262 MeV cannot be seen. In addition, the 0.703
MeV state cannot be seen in either neutron strip-
ping or pickup reactions, implying that the state
cannot be represented simply as a particle (hole)
coupled to '"Pb ("'Pb). Instead the state may be
based on the excited 2' core as both Miranda"
and Rao' have suggested. In that case the over-
whelming decay to the ground state may be simply
interpreted as the excited core state decaying to
the 0' state, leaving the 2f, &, neutron as a spec-
tator. Following this line of reasoning, it is noted
that the strongest branches out of the first two

2g, &, states are to this 0.703 MeV state. In this
regard, we hypothesize that the configuration
~"'Pb', 6282f, &,(0.0 MeV)), &,+ is admixing with

the shell-model configuration ~'~Pbo, 82g9&,),&,+,
a not unlikely event in view of the near de-
generacy in energy. In that case, the excited
3" core simply E1 decays to the excited 2' core
of the 0.703 MeV state. Finally, a third config-
uration ~2O'Pb~4'3, 8 li»&, (1 01 MeV)).,&,, can ad-
mix with the other two to produce the observed
triplet. Although the energy denominator involved
in this mixing is not as favorable, it is noted that
the 2g, » fragments display a relatively large E2

decay to the ~' state at 1.014 MeV, consistent
with our scheme. It is possible then, that a cou-
pling parameter different from the one that Rao
used (q =0.30) will, in conjunction with the con-
figurations proposed here, produced a better
predicted spectrum for ' 'Pb.

Even without a detailed knowledge of the origins
of the splittings, very interesting trends emerge
when the fragmentations in "'Pb and in "'Pb are
compared. In "'Pb at least 50%%up of the expected
spectroscopic strength is to be found in a single
state for the 2g, &» 3d, &» 4sy/» and the 3d3/
orbitals. No such concentration of strength ap-
pears in ' 'Pb but the least fragmented orbitals in
"'Pb (the 2g, &, and the 4s«, ) are the same as
those in "'Pb. Likewise, the most fragmented
state, the 2g, &» also displays the most pro-
nounced smearing in "'Pb.

Another persisting trend is that of the centroid
binding energies for ' Pb, Pb, and 'Pb as
listed in Table V. The 4s,&» 3d, &» 3d, &„and
1j»» states show a marked increase in binding
energy in going from "'Pb to "'Pb, while on the
other hand the 2g, &, and the 2g, &, states are much
less affected. We initially realized that a de-
formed nucleus with a Dl ' term in the potential
might explain the depression of the highest l„state
(Ij»&,) and the lack of movement of the I„=4
states. Bromley" has also pointed out that be-
havior of the remaining states is understandable
if one assumes that the macroscopic nuclear po-
tential in "'Pb is more diffuse than that in "'Pb.
The lowest l„orbits have the highest number of
radial nodes and thus in ' 'Pb with a more diffuse
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2

potential, these orbits would become more bound.
In any case the ordering of the 2g, /, and the 3d3/2
orbitals in Pb is reversed in 'Pb.

TABLE V. Binding energies of the single-particle
states in the odd Pb nuclei.

2pc}pb (MeV) 207pb (MeV) '"pb (MeV)

V. CONCLUSIONS

This paper and that immediately preceding re-
port comprehensive examination of the excitation
spectrum of "'Pb as probed by the (d, P) reaction.
Not only has it been possible to reach conclusions
concerning the nuclear structure of this three-
hole nucleus, but also we have been able to re-
vise substantially previous conclusions regarding
the reaction calculation itself. That is, the (d, p)
angular distributions in the lead region can be
much better predicted by the DWBA method than
earlier studies have indicated. This improve-
ment has been achieved through a better approxi-
mation of the optical potentials describing the in-

2gs/2

ii))/2
Vis/2
3d5/2
4s
2'/2
3d3/2

-3.944
-3.165
-2.502
-2.379
-1.911
-1.452
-1.407

-3.978
-3.223 a

-2.618
-2.431
-2.085

1.466&'
-1.526

—4.038
—3.242 a

-2.733 a

-2.572
-2.193
-1.443
-1.675

More than half the expected single-particle strength
is missing.

"The difficulties experienced by Moyer pt al. (Ref. 5)
in distinguishing g7/2 and d3/2 transfers make this value
questionable. Since there is more unassigned 2g7/~
strength than missing 3d3/2 strength, the centroid energy
quoted here assumes two other states in Pb are actual-
ly 2gv/2 in addition to the only definitely assigned —state

2
at Ez ——1.611 MeV.
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coming deuteron and the outgoing proton channels.
In both the low-lying and the higher-lying ex-

citation regions a clear concentration of the avail-
able spectroscopic strength about its centroid is
demonstrated. This observation is illustrated in
Fig. 13, describing the strength distributions in
terms of two parameters I",&, and N, &,. The num-
ber N, &, is the minimum of states accounting for
3 of the observed spectroscopic strength for a
given orbital. The parameter I', &, is the width (in
MeV) spanned by the states included in N2(3. Al-
though somewhat arbitrary, the pattern exhibited
by these parameters is clearly a consequence of
the persistence of simple shell-model behavior in
"'Pb. No one calculation has yet attempted to re-
produce or predict the entire "'Pb spectrum, that
is, both the one-particle four-hole states and the
three-hole states. While it would undoubtedly be
complex, it would be important to undertake such
an effort in light of the data presented here.
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TWO PARAMETER DESCRIPTION OF
THE (d, p) S~~C~~UM QF o Pb
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FIG. 13. Two-parameter condensation of the (d, p) ex-
citation spectrum of ~Pb.
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