Eur. Phys. J. A (2020) 56:178
https://doi.org/10.1140/epja/s10050-020-00146-4

THE EUROPEAN ()]
PHYSICAL JOURNAL A e

updates

Regular Article - Experimental Physics

Structure of negative parity states at 6 SE; < 7.0MeV in 28Pb

A. Heusler -
! Gustav-Kirchhoff-Str. 7/1, 69120 Heidelberg, Germany

Received: 22 November 2019 / Accepted: 18 April 2020 / Published online: 7 July 2020

© The Author(s) 2020
Communicated by Robert Janssens

Abstract In the doubly magic nucleus 2°®Pb states at ex-
citation energies 6 < E, < 7.0MeV populated by the inelas-
tic proton scattering via the doublet isobaric analog reso-
nances g7,2+d3;2 in 209Bj are studied. Sixteen states con-
taining dominant strengths of the configurations g7,2p3,2,
d3 /20372, 87/2f5/2, d3)2f5 2 are newly assigned spins from 2~
to 67, among them ten states are newly identified. Ampli-
tudes with relative signs of up to four one-particle one-hole
configurations with strengths down to 0.05% are determined
in 40 states with spins from 1~ to 6~. Amplitudes of con-
figurations d32p1/2, d3/2p3/2, d32f5 2 for fourteen states and
amplitudes of g7/2p1/2, &7/2P3/2, &71/2f5/2 for twenty-seven
states are determined. Total strengths up to the full strength
are found for configurations d3,2p1,2, d3/2p3/2, d32f5,2 With
spins from 1™ to 3™ and for 87/2P1/2> 87/2P3/25 g7/gf5/2 with
spins from 1~ to 6.

1 Introduction

The heaviest doubly magic nucleus 28Pb is fascinating as
it offers the opportunity to study different classes of nuclear
excitations. Most states in 2°8Pb are described in the shell
model (SM) by one-particle one-hole (1p1lh) configurations.
More than two dozen states below the neutron and proton
threshold (S(n) = 7368keV, S(p) = 8004keV [1]) are rec-
ognized to be not described as 1plh configurations.

At E, =~ 6.0MeV configurations built by the coupling of
the 37 yrast state with 1plh configurations were identified
in eighteen states [2]. Ten states at 2 < E, < 8§MeV were
recognized as tetrahedral configurations [3,4]. Four states at
E. < 5.9MeV are pairing vibrations [5-7]. Four states at
E, < 6.2MeV are suggested to be icosahedral configura-
tions [8].
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Negative parity states below E, = 7.0MeV are almost
completely identified by this work. It allows to find positive
parity states and non-1p1lh states [9] by comparison to SM
calculations [10-13].

The surface delta interaction (SDI) was introduced by
Green and Moszkowski [14] and extensively discussed by
Talmi [15]. It provides a simple method to understand the
interaction among two particles in a complex nucleus [2, 15—
18].

The essential tool to determine amplitudes of 1plh con-
figurations in states of 2°8Pb derives from the study of iso-
baric analog resonances (IAR) [19-53]. It allows to obtain
information about the residual interaction among one-par-
ticle one-hole configurations [31-34].

IARs in 29Bi strongly excite only negative parity states.
Early data were obtained in 1965-1970 in the USA [21-
30] and in 1968-1969 at Heidelberg (Germany) [35-42]. In
2003-2019 more data were obtained at the Maier-Leibnitz-
Laboratorium (MLL) at Garching (Germany) [43-53].

The weak cross sections on the intruder ji5,2 IAR could
be measured [45] because of the high sensitivity of the Q3D
magnetic spectrograph at the MLL with the final detector
[54]. Results from the study of the 2°’Pb(d, p) reaction [55-
58] help much to decide ambuigities. Similarly studying
208pb(d, d’) [57-59] and 2*Bi(d, *He) [60,61] helps.

The proton decay of IARs allows to determine ampli-
tudes of 1plh configurations including the sign from the
interference pattern in the angular distributions of (p, p’)
[32,33,43,45,47,48]. The orthogonality and sum rule rela-
tions allow to determine amplitudes of unobserable configu-
rations (either because of vanishing cross sections or because
of the absence of a target state) [9,43,49].

The rather firm completeness of the sequence of states for
most spins at £, < 6.2MeV allowed to study the chaotic-
ity among bound states in a heavy nucleus [62-64]. The
rather complete orthonormal transformation matrices from
one-particle one-hole configurations to states [34,49,50] for
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Table 1 Resonance energy

E7¢5 and total width I for LJ E"(LJ) [MeV] References r'ot(LJ) [keV] References
IARs LJ in 29Bj 512 16.965 [28] 319 [28]

dsp 17.446 a 279 [28]

ds; 16.496 [28] 303 [28]

272 17.400 b 288 [28]

992 14.918 [28] 253 [28]

i 15.716 [28] 224 [28]

152 16.375 [45] 210 [28]

(3~ ®g9/2) 16.600 [50] (300) [50]

2Change from 17.476 [28], see Sect.3.3.5
bChange from 17.430 [28], see Sect.3.3.5

E, < 6.2MeV allowed to recognize two dozen non-1plh
states, among them the 4140 2~ yrast state newly inter-
preted as a tetrahedral rotation and vibration [3,4]. It was
first observed by Glockner [39,40] who provided a first anal-
ysis of the data discussed in this paper.

In Sect.2 a reminder to the application of the theory of
IARSs to nuclear spectroscopy is given. In Sect. 3 available ex-
perimental data for the description of states at 6.20 < E, <
7.0MeV in 28Pb are presented. In Sect. 4 results on states at
6.20 < E, < 7.0MeV in 208Pb are discussed.

Amplitudes of up to four one-particle one-hole configu-
rations with strengths down to 0.05% and relative signs are
determined in 40 states at 5.8 < E, < 7.0MeV with spins
from 17 to 6~ and major configurations d3,2p1/2, d3/2p3/2,
d3ofsy2, and g7/0p1)2, 87/2D3/25 87215)2-

Because of the large amount of information an appendix
separated from the main text shows more figures, excitation
functions from 1968 [28], spectra taken in 1969 with semi-
conductor detectors [41,42], and spectra taken in 2003-2016
with the Q3D magnetic spectrograph [51,52,57,58]. Finally
the appendix includes a survey of the excitation energies of
states at 6.20 < E, < 7.15MeV with spin and parity assign-
ments complementing Table VI in [50].

2 Isobaric analog resonances

IARs in heavy nuclei were discovered in 1963 [19]. Acceler-
ators with the capability to excite IARs in the lead region with
proton energies of 14-20 MeV became available shortly later.
The Max-Planck-Institut fiir Kernphysik (MPIK) at Heidel-
berg (Germany) bought a MP Van-de-Graaf accelerator for
this purpose in 1967.

The high potential of the investigation of IARs in heavy
nuclei was recognized by Robson as he wrote at the end of
the discussion during the conference on “Isospin in Nuclear
Physics” [65] (p. 507): On the experimental side it is safe
to predict that there is a gold mine of information still to
be dug out. It is becoming clear that more accurate data as
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well as sophisticated measurements will be what we need.
... Nevertheless, there appears to be a tremendous amount
of work still to be done before we will have a reasonable
complete set of data and a satisfying understanding of it.

2.1 1ARs in 2B

Experiments with 28Pb(p, p’) at the MPIK were performed
in 1968-1969 [35-42]. In 1970 the construction of the Q3D
magnetic spectrograph began and was finished in 1973 [66]
except for a useful detector. Several such Q3D magnetic
spectrographs were built at different institutes. Only after
thirty years of development at the MLL [67-70] the final
detector was finished in 1999 [54]. It was used until end of
2019.

The TIARs in 2Bi with parent states g9,2, i1 1/2,j15/2, d5/2,
51/2,87/2,d3/21n 209py, (Table 1) were investigated from 1965
to 1971 in the USA [20-30] and in 1968-1969 at the MPIK
[35-42]. The study of the proton decay of IARs in 2*°Bi was
resumed in 2003 after finishing the Q3D detector at the MLL
[6,43-52,54].

In 2015 nearly all (about 150) states below E, = 6.2MeV
were identified [50]. Almost all negative parity states at
E, < 6.2MeV and almost all positive parity states at
E, < 59MeV were described as 1plh configurations.
Two dozen positive parity states below E, = 6.5MeV
were described as non-1p1lh configurations [2-7,9]. The 17,
27, 2%, 37, 4T yrast states, the third 0T and another 27
state were recognized as tetrahedral configurations [3,4,9].
Four states are interpreted as pairing vibrations [5-7].
Another four states are suggested as icosahedral configura-
tions [8].

The doublet IARs g7,2+d3,2, however, were not studied
carefully before. The data shown in [39] was not yet further
evaluated. The main reason is the four times minor resolution
in comparison to data taken with the Q3D magnetic spectro-
graph at the MLL [6,43-51].

This paper is the first one to identify three dozen states
with the structure g7,2p3/2, g7/2f5,2 and d32p3/2, d32fs)2,
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and spins from 17 to 67. The excitation energies are in
the range 6SE, < 7MeV. Fourteen states with spins
from 37 to 6~ are newly identified. Admixtures of other
Iplh configurations to states near E, = 5.9MeV with
dominant d3op1/2 strength and spins 17, 27 and with
dominant g7,p1/2 strength and spins 37, 4~ are deter-
mined with high precision from angular distributions [39]
and excitation functions [28]. Essential 2°/Pb(d, p) data
were obtained with the Q3D magnetic spectrograph at the
MLL in the 1990s using polarized deuterons [55,56] and
in 2004-2018 with unpolarized deuterons [57,58]. The
208ph(d, d’) reaction [57,58] exciting all states without any
preference for spin, parity, and structure helped to resolve
ambuigities in the interpretation of angular distributions for
208ph(p, ).

The 2O9Bi(d , 3He) reaction [60,61] does not excite states
at £, > 6MeV with measurable cross sections. No data
from the reaction 2*®Pb(«, ') exciting preferentially natural
parity states exist for £, > 6 MeV [71].

2.2 Description of the proton decay of IARs

Inelastic proton scattering via an IAR is described in detail
in [32,33]. Complementary descriptions are given in [43,45,
47,48]. Computer codes to calculate angular distributions are
provided [72,73]. Here a short summary is given.

2.2.1 Description of Iplh states

Most states in 2°8Pb are described by a superposition of
Iplh configurations LJT'/j~! (shortly LJ Ij) where LJ
describes the particle with orbital angular momentum L and
spin J and /j the hole accordingly,

B ) =S ey a1 17)

L] I

p>

non—1plh

E N
Chon— lplh)’ e))

E . defines an energy label by the excitation energy with four
digits rounded to units of keV. Unique energy labels demand
deviations of the four digit unit from the value of the excita-
tion energy up to 2 in case of close doublets.

The sequence of configurations and states is enumerated
with

order number m for configurations
m=1,2,..., and

order number M for states ‘E}, 1 11751> ,
M=1.2... @)

The amplitudes ¢ obey the orthonormality and sum-rule con-
ditions

Z Z ‘le/ ‘L’J/l’ =0, ZLJI/ ‘CLH]

LILLT I

E.1" E, I
ZZCLJU i =0,
E, E.

2
=1,

S B =1 o

for each spin /™. The mixing with non-1p1lh configurations
is negligible,

2

non—1plh

E 17

Cn(m—lp]h

2
’ ~ 0. 4)

For the 2615 3™ yrast state interpreted as a pure tetrahedral
rotor [3,4], however, weak admixtures of 1plh configura-
tions are observed (Table 4 in [3]). They produce interference
patterns with the non-resonant (p, p’) excitation across all
IARs in 2®Bi at 14 < E, < 22MeV (Fig. 1 in [21], Fig.
3in [22], and Fig. 1 in [74]). A first excited state with spin
37 is a rarity among all nuclei. Besides the 3™ yrast state in
208pp the only other known example is in the doubly magic
64°Gds2 [75].

For all positive parity states resonantly excited by the j15,2
IAR [45] and for all known negative parity states except for
the 3~ yrast state, the interference for the 208Pb(p, p) reac-
tion via an isolated IAR with the non-resonant excitation
is negligible. The asymmetry of the excitation functions is
explained by the logarithmic dependence of the single parti-
cle (s.p.) widths on the proton energy [76] (Sect.3.3.6). The
asymmetry leads to a rather constant cross section continuing
beyond the IAR for several hundred keV [20-23,45].

In the schematic shell model (SSM) the particle L J and the
hole /j couple to 1plh configurations LJ /j without residual
interaction [45]. By including the SDI the multiplet split-
ting of the 1plh configurations LJ /j is explained [17,18].
It varies with —0.73 < ESPT — ESSM < 10.38MeV. SM
calculations with the M3Y interaction [11-13] do not yield
much differing excitation energies up to £, &~ 7.0 MeV, but
the number of states differs (Sect.4.3.3).

The proton decay of IARs in 2 Bi excites all neutron 1p1h
configurations in 2°8Pb. The 2°’Pb(d, p) reaction [1,55,56]
excites the 1plh configurations with all particles L J in 2°Pb
coupled to the py /2 hole.

The 2Bi(d, *He) reaction [60,61] and the 2%Bi(z, )
reaction [77] excite the proton 1plh configurations with the
hy > particle coupled to some hole /;.

2.2.2 Mean cross section and centroid energy

Mean cross section. The mean (angle integrated) cross sec-
tion for the reaction 2Pb(p, p’) on a certain IAR LJ for a
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Table 2 S.P. width I"*-?- for

s.p. : R s.p(];
IARs LJ in 2Bi at the Lr Eu @) g Eij dp
reference energy E; 7 and for [MeV] [keV] References [keV] [MeV] [keV] References
hole orbits /; in 2°8Pb at the
reference energy Ey; sty 1696 60 [40] pip 1149 25.0 [40]
d3 )2 17.48 29 [40] 60* P32 10.59 15.0 [40]
dspy  16.50 40 [40] fs) 10.92 47 [40]
g1)2 17.43 40 [40] 382 fi2 9.15 0.45 [40]
89/2 14.92 22 [40] hy/a 8.0 0.1 [40]
i13/2 9.9 0.2 [40]
4This work (Sect.3.3.5)
state with pure configuration LJ /j and spin I is d43/2 T Al
oL 1], 1) = QL+ DI T ar ;. G g7/2 H il il
1
The formalism [32,33] derives the factor az,;;. Table3
shows relevant values for pure configurations [72,73]. s1/2 H 1 \ ‘
The s.p. widths depend on the energy of the incoming
and outgoing protons in a logarithmic manner [76] (Fig. 8 in d5/2 H MHH \‘H
[40], Fig. 14 in [78]). At a certain proton energy in the range :
7 < E, < 14MeV theratio of some s.p. width I /" to Fz;f;; j15/2 H 0l
for L' = L +2is roughly a factor four for L =0, --- , 7 and . -
similarly for /j (Table2). i11,/2 H Ll
Figure 1 shows the strength distribution for all neutron B | i —
1plh conﬁguratic.)ns.at 3 < Ex < 7MeV in a sc.hematic g9/2 ‘ HH HH ‘
manner. The excitation energies and the cross sections are I = ]
not to scale. Only the ratios of the cross section within a P /2{5/2 P3/2 5., f7/2
certain multiplet are to scale. ‘ ‘ ‘ L
3 4 5 6 £, [MeV]

Centroid energy. The centroid energy is calculated as

T EX,I”,m 2
_ >m Ex( ’m)‘CLJlj
E (LJIj,I™) = - 3 ) (6)
E . I7™.m
2om Criij

where states with order number m are selected to contain
major fractions of the configuration LJ /j. Because of the
strong dependence of the s.p. widths on the angular momen-
tum/, weak admixtures of configurations L.J p1,2 and L J p3 2
to states with dominant configuration LJfs5,, change the
value E, considerably.

2.2.3 Description of angular distributions

The angular distributions near a single IAR are described by
a series of even order Legendre polynomials Px [32,33],

do -
E(@aEX’I ’L*I’Ep)

= A(LJ.Ep) 21 +1)
Z Pk (cos ©) Z Zax(l, LI, 1 UjY el
K

]j l/j/
s.p. s.p. E.I7
Xy I Ty el
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Ly )

Fig. 1 Schematic view of the Iplhstates at3 < E, < 7 MeV excited
by the seven IARS g9,2,111/2,/15/2,d5/2, 51,2, 87/2, and d3 2. (The figure
is adapted from Fig. 5 in [25].) The number of states with different spins
and their strengths are shown in rough relations, the excitation energies
are only approximately to scale. The cross section of the configurations
with an 713/, hole is unobservable small. The parity of the states is
negative except if the one-particle one-hole configuration contains one
intruder, either ji5,2 or i13/2

Here A describes the excitation function (Sect.2.2.4), ag the
geometry of the recoupling, 17" the s.p. widths [40], and
¢ a phase difference. Computer codes doing the calculation
of the coefficients ax together with tables and figures are
available [72,73].

The mean cross section is obtained from the fit of angular
distributions as

G(Ex, I7, L, Ep) = A(LJ, Ep)(2I + 1)

N 2
C o Sepe | E T
Zao(l,Ll,lj,lj)F/;p ‘Ll

lj

(®)
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1.0

relative units

7.0 17.2
proton energy [MeV]

17.4 17.6 17.8

Fig. 2 Excitation functions for the s1/2, g7/2, d3/2 IARs in 209g;
calculated with parameters from [28,40] (Tables 1, 2). Three proton
energies chosen during the experiments done in 1969 at Heidelberg
[39,41] are marked at bottom

An important remark is the maximum value of the sum-
mation index K [Eq. (4e) in [32]]

K <min(2L, 2J, max(2/), max(2j)). O]

Table 1 shows the resonance energies £”“* and total widths
I for all known IARs in 2%°Bi. Table2 shows the s.p.
widths ISP for the particle orbits LJ in 2’Pb and the hole
orbits /j in 207Pb.

2.2.4 Description of excitation functions

The excitation function for the reaction 2°8Pb(p, p’) via the
IAR LJ exciting the state ‘E_x, 1 A’f,> [Eq. (1)] is described by
a Lorentzian [Eq. (4a) in [32]]

tot 2
FLJ

ME, — Ef2 + 5%

A(LJ,Ep) = (10)

Figure2 shows calculated excitation functions covering the
5172, 87,2, and d3 /2 IARs for arange of proton energies within
about ten total widths "%,

In reality the shape of the excitation function is highly
asymmetric [21,22]. The asymmetry is explained by the log-
arithmic energy dependence of the s.p. widths [76] (Fig. 8 in
[40D).

1.5] 1 15T 7
(a) (b)
1.0 === - 1.0 B e
v | e | |
5 E
e o
0.5F 1 05f 1
120° 140° 120° 140°
0.0 L 0.0 L

scattering angle scattering angle

Fig. 3 Calculated angular distributions shown for 90° < ® < 180°
in steps of 10° [Eq. (11)]. The abscissa is chosen as the Legendre poly-
nomial P;(cos ®@). Hence the values for scattering angles in steps of
® = 10° are not equidistant; at bottom & = 120° and 140° are marked.
Four distributions are shown, f(®) = 1 for the isotropic distribution
with a drawn line and without symbols, and a at left with a dash-double-
dotted line and diamonds [Eq. (11a)], with a dash-dotted line and squares
[Eq. (11b)], with a drawn line and crosses [Eq. (11c)], and b at right with
a dash-double-dotted line and diamonds [Eq. (11d)], with a dash-dotted
line and squares [Eq. (11e)]. with a drawn line and crosses [Eq. (11f)]

2.2.5 Shape of angular distributions

Equation (7) describes the angular distribution for the proton
decay of an IAR LJ into the state |E,, I™). The shape is
isotropic for orbital angular momentum L = 0 (the 51,2
IAR) or the p1 2 hole in case no other configuration admixes
(Eq.(9)].

The s.p. width for/ = 2 is roughly four times stronger than
for/ = 4 (Sect.2.2.2). Hence weak admixtures of configura-
tions with a py,; or 5,2 hole to a state E v, I with dominant
configuration LJ p3, creates an angular distribution with a

strong P, component.

In order to enhance the appearance of a dominant P,
shape, P> is chosen as the abscissa thus leading to an almost
linear function in most cases. Figure 3 shows examples with
the distributions

0(®) =
1 — Pr(cos ®)/3, (a)
1— Py(cos ®)/3, (b)
1 — Py(cos ®)/3 — Py(cos ®)/3, (c)
1 + Pr(cos ®)/3, (d)
1+ P4(cos ©)/3, (e)

1+ Py(cos®)/3 — Pe(cos @) /3. (f)

2.3 Configurations excited by IARs in 2%Bi

IARs in 2% Bi excite neutron 1p1h configurations in each state
in 298Pb (Fig. 1). The coupling of a particle LJ to a hole /]
creates multiplets with 2—14 members. The cross sections are
proportional to the spin factor 27 + 1 [Eq. (7)].

@ Springer
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All neutron Iplh configurations have negative parity
except for those built with one intruder, j15,2 or {132 for neu-
tron configurations, i13,2 and /11 /> for proton configurations.
The configuration ji5,2i13/2 has negative parity.

2.3.1 Configurations at 6 E, < 7.0MeV

SM calculations using the SDI [15] predict the multiplet split-
ting of 1plh configurations. It also explains the ground state
of even-even nuclei to have spin 0" because of the large down
shift in the multiplet splitting with two nucleons in the same
orbit [15,16].

The interaction among two nucleons to be strongly local-
ized is verified by the calculation of the wave functions for
neutrons in orbits 82 < N < 184 and protons in orbits
50 < N < 126 shown in Figures 3, 4 in [79].

Excitation energies for 1p1 configurations in 2’8Pb were
calculated using the SDI for g7,2p3/2, 87/2f5/2> d3/2P1/2,
d32p32, and d3ofs;2, and other configurations [17,18]
(Tables 3, 6,7, 8,9, 10, 11).

The coupling of the 3™ yrast state to 1plh configurations
produces states at £,26.0MeV [2]. A few more non-1plh
states are suggested at £, < 7.2MeV [8]. Because most of
these states have positive parity, they are of little interest in
this paper.

2.3.2 Angular distributions on the g7,2+d3 > doublet IARs

Figure 4 shows the shape of the angular distributions for pure
configurations with a d3 2, g7,2 particle and a p3,2, f5,2 hole
and spins from 0~ to 6. The angular distributions for pure
configurations with a p1 /2 hole are isotropic. Note the simi-
larity of the shapes for d32p3 2, d3ofs/2, 7/2p3/2 With cor-
respondingspins /| =L -1, =L —-1+4+1,I =L —-143
with the exception of I = L — [ + 2 for d3,2p3/2. The shape
for g7,2fs2 with I = L — [ + 5 is much steeper than the
shapes for d32p3 /2, d3ofs5,2 with I = L — [ + 3.

The interference between the different IARs cannot be cal-
culated. (An attempt was made [80].) However, for spins 0,
57, and 67 no interference between the two close IARs g7,2
and d3,> and configurations with p3,, or f5,2 holes is possi-
ble. For spin 1™ the shape of the angular distribution for the
configurations, d3,2p3/2, d32f5/2, and g7/2f5/2 is similar and
hence a distortion of the angular distribution is expected to
be weak.

For spins 27 and 3~ the three angular distributions for
d3 /20372, d3)2f5/2, and g7 252 are dissimilar and hence a dis-
tortion by the interference between different IARs is expected
to be large. For spin 4™ the ratio of the s.p. widths I“p% /1;' and
1}2/’; " (Table 2) leads to the expectation that a dominant con-
tribution of g7,2p3,2 should yield a rather undistorted shape
of the angular distribution.

@ Springer

The shape of angular distributions for spin 3~ with a strong
g7/2p3,2 component does not differ much from the shape for
spin 4~ (Fig.4). Here the SDI calculation of the multiplet
splitting helps (Table 3, Sect.3.4.1).

2.3.3 Excitation functions near the g7, + d32 doublet
IARs

The g7/2 and d3 7 IARs build a strongly overlapping doublet
of IARs (Fig.2, Tables 1, 2). No theoretical description of
overlapping doublets of IARs exists (Sect.2.3.2). By three
well chosen proton energies states with dominant 1plh con-
figurations with either particle may be found.

The ratios of the mean cross section at £, = 17.47MeV
and E, = 17.75MeV inrelation to that at £, = 17.40MeV,

G(Ey, I7, E, = 17.47MeV)
Ry7/40 = —= (11)
&(Ey, 17, E, = 17.40 MeV)

G(Ey, I™, E, = 17.75MeV)
R75/40 = —= (12)
G(Ey, 1™, E, = 17.40 MeV)

for pure configurations LJ [j (Fig.2) are expected to be

Ry7,40 = 0.85 for LJ = g7,2,
Ra7/40 = 1.20 for LJ = d3)2,
R75/40 = 0.15 for LJ = g7,2,
R75/40 = 0.20 for LJ = dj3). (13)

The ratios R47/40, R75/40 determined from the fit of angu-
lar distributions can be estimated from Table 4 for 40 states.
For LJ = d3/2 mean values R47/40 = 1.0 and R75/40 =02
are derived, for LJ = g7, mean values R47/40 = 0.92 and
R75/40 = 0.14. In most cases it justifies the assumption of
the IAR to be either the isolated g7, or the isolated d3 > res-
onance. With the 6264 1~ state one exception is found (Sect.
4.1.4).

3 Experimental data
3.1 Data taking

This paper is based on experiments performed in 1965—
1969 in the USA, in 1968—-1969 at the MPIK (Heidelberg,
Germany), and in 1990-2019 at the MLL (Garching, Ger-
many).

In 1965-1969 experiments on 2%8Pb(p, p’) were per-
formed using semiconductor detectors at Austin (USA)
and Seattle (USA) [22-24,27-30]. Angular distributions
and excitation functions were taken for levels at 2.6 <
E, < 6.9MeV near all IARs (Table 1). Figures 16, 17
reproduce excitation functions taken at Seattle [28].
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Table 3 States with spins from 0~ to 6~ and prominent strengths tion energies E, derive from Table 4. Total mean cross sections Y &P
of the configurations Sl/zf5/2, S1/2P3/25 d3/2p3/2, 87/2P3/2» d3/2f5/2 at are estimated from the fit of angular distributions at Ep = 17.40MeV
5.8 < ESPI < 7.2MeV. Mean cross sections 5°//¢ are calculated with for LJ = g7/2 and at E, = 17.47MeV for LJ = d3» (Figs.25, 26,

27,28, 29, 30, 31)

-~ T 2
s.p. widths from [40]. Detected strengths ) )cf*”]/ , centroid excita-

2

ESP! LJlj o e E, E. cfj,’] E, cfy,’j” » ‘cfulj E, 3 GO
[17.18] 2 b e ¢ a a [Eq.6)] ¢
[keV] [b/sr] x 100 x 100 x 100 [MeV] [lwb/sr]
6113 s1/2.f502 2y 73 6086 90) f 6.09
5976 s12 52 35 117 6088 - -
6227 S1/2 P3/2 1 178 6314 (80) & 6.31
6441 S1/2 P3/2 210 249 6420 (60) & 6.42
5835 d3;n p1y2 lg 253 5947 95 5.95 370
6049 d3)2 p1)2 24 365 78 5.99 500
5924 62 6086 28

6362 dz; fs)2 1o 49 88 6.37 200
6486 25 6720 40

6601 ds f5)2 25 65 66 6.44 200
6420 30 6552 30

6408 d3 f5)2 317 108 6444 74 6.45 250 *#0.3

6665 3 f5)2 4 109 — — —

7108 d32 p3)2 03 37 - - -

6936 d3;2 p3)2 14 130 89 6.54 200

6486 25 6720 40

6851 dz;n p3)2 216 239 6420 27 6.45 180 * 0.7

6814 d3;2 p3)2 35 336 6444 33 6.54 250 *0.7

5819 87,2 P12 35 511 94 5.95 600

5874 51 6010 33
6002 87/2 P12 4 580 5969 52 6.02 600
6274 812152 lg 44 6264 46 6.26 30
6580 812152 24 55 6657 88 6.37 100
6327 2121502 35 98 6617 57 6.32 300
6555 8172 f5)2 455 102 h 63 79 6.59 400
6371 812152 S5 148 94 6.42 200
6354 18 6389 39

6655 812152 61 133 i 124 6.63 250

7015 87/2 P32 209 171 132 6.834 170
6868 33 6969 32

6801 87/2 P32 35 288 6617 98 6.43 400

6801 87/2 P32 45 370 127 6.65 400
6739 30 6801 48

6759 87/2 P3/2 513 468 100 6.72 600
6688 64 6878 29

Calculated with s.p. width F;;’/’z = 29keV [Eq.(5)] [28], see Table2 and Sect.3.3.5

bState with the dominant strength; other states contribute much less (Table 5)

“Energy label and strength of the state with the largest cross section 6“*” (Table 5)
dEnergy label and strength of the state with the largest cross section &*” but one (Table 5)
¢Estimated from Table 4, see Sect.3.3.5

fEstimated

&From [46]

hSection4.1.7

iSection4.1.8

@ Springer
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Fig. 4 Angular distributions for pure configurations (left) d3,2p3/2 and
d3/2f5/2 and (right) 87/2P3/2 and g7/2f5/2 [Eq. (7)]. The ordinate shows
the differential cross section o <4/ [Eq. (5)] inrelative units running from
0to 1.5; the value 0¥/ = 1isshown by the horizontal line. The abscissa
is chosen as the Legendre polynomial P>(cos @) (Fig.3). Scattering

In 1966 28Pb(p, p’) spectra were taken with the Elbeck
magnetic spectrograph at Los Alamos (USA) with a
resolution of about 8keV [25,26]. 48 levels at 2.6 <
E, < 6.1MeV were detected at 12 proton energies
14.95 < E; < 17.50MeV covering the gg,» IAR with
three proton energies, the ds /> IAR with four proton ener-
gies, the 512, 87,2, d3/2 IARs with five proton energies.
(More original spectra taken at Los Alamos are still avail-
able [26].) Cross sections at the single scattering angle
® = 90° were measured.

Twelve spins of states at £, < 5.5MeV were shown.
All spin assignments are still valid. The assignment of
spin 37 to the first excited state [81] is valid since
seventy years. The identity of the 3~ yrast and three
higher excited states is known since hundred years
[82,83].

The excitation energies £ f k obtained from 2°8Pb(p, p’)
data taken with the Elbeck magnetic spectrograph were
used in subsequent papers [23,24,27-30]. They have to
be recalibrated because of the choice of the excitation
energy of the 37 yrast state incorrect by 8keV (see Eq.
(6) in [47]).

EEkrec(g )y = EERN(E,) + 6.0 + 0.8(E, — 2615) [keV].
(14)

M. Martin noted that the discrepancy stems from the
problematic calibration of the excitation energy for the
2615 37 yrast state before 1960. The extremely high ex-

@ Springer

3/ 3/ ds/, ds/, 9772 9772 /2 /2 /2
P3/2 P3/2 5/2 5/2 P3/2 P3/2 5/2 5/2/\ 5/2
0" 17 17 2 2 3 1 2" 3
Y Y Y Y Y Y Y Y Y Y Y Y £y - - Y Y £y
s/ 3/ 3/ 3/ 97/2 /2 /2 /2 772
P32 Ps/2 f5/2 f5/2 P32 3/2 5/2 5/2 5/2
7 3 3 4 ¥ 5 4\/ 5 6
Y Y Y Y Y Y Y Y Y Y Y Y £y - - Y Y £y

angles range from 90° to 180° (left to right); the values P>(cos 120°)
and Pp(cos 140°) are marked. The angular distributions for the con-
figuration L Jp3/> appear as a linear function for LJ = d3,2, g7/2 (see
Fig.3). Some configurations g7,2f5/2 have a pronounced extremum at
® = 120° or ® = 140°

citation energy was already observed by Rutherford in
1899 [84].

In 1968-1969 experiments on 2°8Pb(p, p’) were per-
formed at the MPIK using semiconductor detectors with a
mean resolution of 12keV [39-42]. Annual reports were
produced in 1968-1970 [35-38]. Spectra were taken near
the 89/2, j15/2, d5/2, and the g7/2+d3/2 doublet IARs at
six proton energies [39]. Scattering angles from ® = 60°
to 170° in steps of 5° were covered. The original data are
lost but could be reconstructed (Sect.3.2.1).

Relative cross sections at different scattering angles were
measured with a precision of 2% [40]. Yet absolute cross
sections were not determined [39].

Figures 22, 23 show spectra covering the region 6.0 <
E, < 7.0MeV. Figures 24, 25, 26, 27, 28, 29, 30 and 31
show angular distributions for states with spins from 1~
to 6~ and excitation energies 5.8 < E, < 7.0MeV. The
evaluated experimental data shown in the angular dis-
tributions are presented in [41,42]. The data taking was
described in [40]. In Sects. 3.2 some details are remem-
bered.

In the 1990s experiments on 2%’Pb(d, p) with polarized
deuterons and on 28 Pb(p, p) were performed at the MLL
(Garching, Germany) using the Q3D magnetic spectro-
graph and evaluated by Valnion [55,56].

In 1992 experiments on 2%®Pb(a, ') were performed
at the MLL (Garching, Germany) [71]. In this paper the
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data were not used but for inspecting the 4140 2™ state
[3].

In 2003 experiments on 2*Pb(p, p’) were resumed after
finishing the final detector for the Q3D magnetic spec-
trograph at the MLL [54]. The MLL was closed at the
end of 2019. Raw data are available [51,52]. The reac-
tions 207Pb(d, p) and 2°®Pb(d, d’) were studied in addi-
tion [57,58]. Figures 18, 19, 20, 21 show spectra for
208pb(p, p'), 27Pb(d, p), and 2%®Pb(d, d’) in the region
6.0 < E, < 7.3MeV.

In 2019 experiments on 2%Pb(p, p’) covering the s /25
g7/2, d3;2 1ARs were performed but not yet evaluated
[53].

3.2 Reconstruction and evaluation
3.2.1 Reconstruction

As described in [40] data for 208Pb(p, p') were taken with
the newly installed MP Van-de-Graaf accelerator at the
MPIK in 1968-1969. In total about 6 months of beam
time were used to cover the g9,2, ds/2, g7/2, and d3)2
IARs. A group of around twenty students and more than
twenty technicians were involved in preparing the experi-
ments and performing the data taking. The evaluation was
done by Glockner [39]. Fotographic reproductions of the
computer plots for 77 2%Pb(p, p’) spectra both original
and fitted by the triangle method [40] are still available
[41].

By help of the Engauge Digitizer code [85] scans of
the fotographic reproductions were digitized. Using another
computer code spectra were reconstructed as input for GAS-
PAN [86]. Details for the description of GASPAN spectra
can be found in e.g. [45] or [50]. The resolution of about
12keV was used as a guide for the reconstruction.

The spectrum analysis code GASPAN [86] was used
in the usual manner to fit the spectra. However the level
energies were not fitted but had fixed values shown in
Table 15. Figures 22, 23 show some spectra. In con-
trast to the simple triangle method [40] the advanced
features of GASPAN were used to fit the contamina-
tion peaks from '2C(p,p)), 0, p), *®Pb(p, d), and
208pb(p, ) with different peak widths. By this manner
more levels of 2%Pb could be resolved in the neigh-
borhood of the contaminations than found by Glockner
[39].

In general 2%8Pb(d, d’) spectra show more states than
208ph(p, p') because of the presence of positive parity
states (Fig.20), 207pb(d, p) show markedly different spec-
tra (Fig.21) because of the selective excitation of configu-
rations with a p;/, hole. Even very weak admixtures can be
measured [55,56].

3.3 Evaluation
3.3.1 Definition of peaks, levels, and states

Spectra with different resolutions were evaluated. Therefore
the number of resolved nuclear states differs in different ex-
perimental data.

States are distinguished from levels and peaks. We further
define a doublet as an ensemble of close lying (mostly two)
states. Sometimes a member is known from other experi-
ments only and is not excited at all.

A state is defined by its qualities in some nucleus. A
peak is defined as some hump in a spectrum more or
less resolved from neighboring humps. A level is defined
as the result of a fit by some spectrum analysis tool
resolved from its neighboring levels. We are using GASPAN
[86].

In the fit of the data obtained in 1968-1969 [41,42] by
GASPAN the option of fixed energies [45] was used. By this
means a doublet with two or more states in a distance smaller
than the resolution is separated into two levels.

For each enumerated level shown in Table 15 the excita-
tion energy corresponding to the shown energy label E,
was selected, preferably from [1], otherwise the mean value
obtained from the 2°8Pb(p, p’), 2"Pb(d, p), and 2°8Pb(d, d’)
data obtained with the Q3D magnetic spectrograph was used
[51,52,57,58].

Because the separation in spectra taken at similar scatter-
ing angles is affected by statistical fluctations, up and down
jumps are produced in the angular distribution when com-
paring cross sections at consecutive scattering angles (see
examples discussed in Sect. A.5). In a few evident cases the
arithmetic mean for two neighboring levels is used instead
the values given by the fit.

The evaluation is not yet finished. Only the most promi-
nent levels are considered in this paper, about half of the
resolved levels (Table 15). Angular distributions for 40 states
in 37 levels were evaluated (Tables 3, 4, Figs. 24, 25, 26, 27,
28, 29, 30, 31).

3.3.2 Calibration

By combining results from all experiments described in
Sect.3.1 both the excitation energies and the cross sections
were calibrated.

Calibration of excitation energies. Calibration of ex-
citation energies. Excitation energies at 6.2 < E, <
7.2MeV were derived from existing Q3D data taken in
2003-2017 atthe MLL [51,52,57,58]. Table 15 shows all
known levels. The levels recognized in the 1969 Heidel-
berg data [39] are enumerated. The high resolution data
for 2%Pb(p, p') with E, = 35MeV [87] obtained with

@ Springer
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the Enge split-pole magnetic spectrograph at Michigan
(USA) well correlate with the data (Sect. 4.2, Table 15).
Some levels not listed in [1] are strongly excited by
208Pb(p, p') via the g7/2+d3/2 doublet IARS.

The calibration of the excitation energies for the MPIK
data was done in two steps. Glockner [39] assumed a lin-
ear response of the semiconductor detectors and used the
then available information on 2% Pb for strong peaks [88].
All contamination peaks from 2C(p,p’), %0, p),
208Pb(p, d), and 208Pb(p, t) were identified. In a second
step the excitation energies of states listed in [1,89,90]
with known spins of 17,27, and 3~ were used. Table 15
shows all states identified at £, < 7.15MeV.
Calibration of cross sections. The spectra reconstructed
from the data taken with semiconductor detectors in 1969
at the MPIK were fitted by GASPAN by using the fea-
ture of fixed energies in [45]. Contamination peaks from
2C, p), %0 p, p), *®Pb(p, d), and 2%8Pb(p, ) [39]
were fitted with broader widths and a free fit of the posi-
tion.

The ordinates of the spectra in the fotographic repro-
ductions show only relative values, scales with 4, 6, 10,
or 20 steps without any notations are drawn as ordi-
nate [39]. Excitation functions of 208Pb(p, P [28] and
spectroscopic factors from 207pp(d, p) [55,56] assisted
in finding the calibration of the cross section within a
factor 0.8 (Sect.3.4.3).

The calibration of the relative cross sections across all
scattering angles was done with an uncertainty of 2%
[40]. The small uncertainty of the relative solid angles
derives from the use of a scattering chamber with up to
ten solid state detectors in 10° distance. By turning the
scattering chamber different detectors were positioned at
the same angle.

The angular distributions taken near the gg9/> IAR dis-
cussed in [40] were well reproduced. By help of the
reconstructed data [41] the 4140 2~ state [3,4] first stated
by Glockner [39] was observed in 2%8Pb(p, p’) spectra
[57,58]. 2%8Pb(d, d’) spectra taken with the Q3D mag-
netic spectrograph at the MLL confirmed the 4140 2~
state interpreted as a tetrahedral rotation and vibration
[59].

The final results indicate the correctness of the calibration
also for the data not discussed in [40], namely all other
IARs than g9 and all off-resonance proton energies. The
cross section at £, = 17.40MeV for states with domi-
nant configurations g7,2p3,2 and g7,2f5,2 is close to that
at £, = 17.47MeV (Eq.(11), Table4). The g7/, reso-
nance has a maximum at £, = 17.43MeV and a width
of I'"" = 288keV (Table 1, Fig.2).

The measured cross sections yield angular distributions
where often gaps appear at certain scattering angles
because of contamination lines or because the correspon-

@ Springer

dence to known levels is unclear. Figures 24, 25, 26, 27,
28, 29, 30 and 31 show angular distributions. Details
are given in the appendix (Sect. A.5). They are selected
because of rather firm spin assignments, either previously
known or new (Sects. 4.1, 4.2, Tables 3, 4).

A systematic uncertainty of the cross sections in the
order of 10% 1is estimated because of the problematic
calibration. The systematic uncertainty of the amplitudes,
however, is much lower because of the strong correla-
tions.

3.3.3 Fit of angular distributions by superposition of three
Iplh configurations

The mean distance between any two states in 2%Pb is
9keV. The distance between two states with the same
spin and parity is larger than 30keV. It is explained by
the chaoticity [62—-64]. The state contributing dominantly
to a certain level in the MPIK data could be identi-
fied by the high resolution Q3D data (Table 15). Mostly
a single state corresponds to the level determined in the
12keV data. However there are two notable exceptions
(Sects.4.1.7, 4.1.8).

Some states 6.2 < E, < 7.0MeV have known
spins, new spin assignments are derived for a dozen states
(Tables 3, 4, 5, 6, 7, 8, 9, 10, 11). For all states mostly
three configurations are sufficient to describe the mea-
sured angular distribution. The sensitivity is extremely
high, amplitudes corresponding down to 0.1% strength
can often be reliably determined together with the relative
sign.

The shape of the angular distribution should not vary much
with the proton energy E . In this work three energies are
considered, E, = 17.40, 17.47, and 17.75MeV. The shape
is determined either for £, = 17.40 or 17.47MeV and not
varied for the two other proton energies. The excitation ener-
gies calculated by SDI [17] (Fig. 4) and the cross sections for
pure configurations (Tables 6, 7, 8, 9, 10, 11) are used as a
guide to assign spins.

Assuming a weak mixing of the 1plh configurations the
shape should be given by the dominant component (Fig.4,
Sect. 3.4.4). For states with negligible admixtures of configu-
rations with a p1/2 or p3/2 hole, configurations with a f7,2
hole are included as the third configuration. These ampli-
tudes from distant configurations are assumed to contribute
less than 1% of the total strength. If because of the spin the
P1,2 or p3 2 hole is absent configurations with a hg > hole are
included.

There are results where amplitudes LJ /j with holes of
orbital angular momenta / = 1, 3, 5 contribute simultane-
ously. They could be determined because the / = 1 hole
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Fig. 5 Dependence of the ratio of the Legendre coefficients ak /ag
on the amplitudes ¢;,i = 1,2, 3,4, in the 5; 6389 state [Eq.(18)].
The drawn lines show the ratio ax/ap = Aaz/ag, the dotted lines
as/ap £ Aag/ag (increasing values are indicated), the dash-dotted lines
ag/ap £ Aag/ap (increasing values are indicated). The best fit yields

adds no more than 1% to the total strength (Figs. 27, 28,
Table4).

3.3.4 Sign of amplitudes

The (p, p’) reaction via IAR is highly sensitive to the relative
signs of the amplitudes in the state. An example is given
in [9]. Up to four amplitudes may be determined in each
state if statistics are sufficient. Two methods are used for
the analysis of angular distributions, the method used in this
paper is described Sect.3.3.6.

The high sensitivity in determining the sign of amplitudes
is better explained by the method used earlier [32]. This other
method starts with the fit of the angular distribution by a series
of Legendre polynomials,

do ~ -
d_Q(@aEXaI ’L-I»Ep)
=ag(Ey, I, LJ, Ep)oo(LJ, Ep, I™)

3 ag (Ex, I, LJ, E ) Pk (cos ©)
ag(Ex, 17, LJ, E )Pk (cos ©)

(15)
K =even

where agoy is the mean cross section (Sect. 2.2.2). The uncer-
tainty of the cross section is given by

do

as?

= dag + Sar Py(cos @) + dayg Py(cos ©) + Sag Pg(cos @).
(16)

A (O, Ex, 1™, LJ, Ep)og(LJ, Ep, I7)

The relative sign of three amplitudes cy, c2, c3 can be
determined by observing how the ratio of the Legendre co-
efficients ag /ap depends on the size of the amplitudes. The

0.00 ' — 0.05 ' F(;/Té) — ‘0.15 ' ' 0.20
the amplitudes ¢y, 5, = +0.97 and (left frame) ¢y, o5, = +0.11,
Cerphopy = +0.15, cgypnp3, = —0.01, (middle and right frames)
Cgrpfrn = 10.09, Cgpng;y = —0.15, Cg5pp3, = +0.00 given by
Eq. (18). For details see Sect.3.3.4

I b @@ | A (b)

300

o
=]
T

»

=}
N
o
=]

cross section [ub/sr]
cross section [ub/sr]

20

6688 57

Q . o 1 0 o o 1
P(90)  P(120) P(140) P(180) P(90)  P(120) P(140) P(180)
Legendre polynominal P,(0)

Legendre polynominal P,(0)

Fig. 6 Angular distributions for a the 6389 5|7 with dominant con-
figuration g7,5f5,2 and b the 6688 55, state with dominant configuration
87/2D3/2

amplitudes vary in the range —1 < ¢; < +1,i = 1,2, and

=+f1-3-a. (17)

A weak fourth amplitude changes the shape slightly,

c3 = +m, leal < 1. (18)

The uncertainty of the coefficients ax increases with K ; for
ae it is very large and hence the value ag is mostly useless.
We discuss two examples.

The 6389 state. Figure5 shows the dependence of the
amplitudes on the ratios ag /ao of the Legendre coefficients.
Fig. 6a shows the fit of the angular distribution with Legendre
polynomials.

@ Springer
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Fig. 7 Similar to Fig.5 for the 6688 state

On a sphere two circles cross at two points at angles
between 0° and 90°. Hence the band (ay = daz)/ag inter-
sects the band with (a4 & das)/ag near two regions. Often
they are far apart as shown in the middle of Fig. 5. The valid
intersection is chosen by considering the configuration mix-
ing expected from the shell model. In the example presented
by Fig.5 the amplitude g7,2f7,2 is expected to nearly vanish
because of the large distance of the s.p. energies from f5,,
to f7,2, namely 1.777MeV. The fit yields the amplitudes of
three configurations, +0.97 for the dominant configuration
g7/2f5,2 and +0.10 for g7/2f7/2. Admixtures of g7,2p3/2 and
g7/2h9/2 are weak. The left and right frame of Fig.5 shows
the change of all amplitudes by using the fixed values +0.15
for g7/2h9/2 yielding values £0.01 for g7,2p32.

In a second step the mean cross section opay is determined
by adjusting the common factor ag in Eq. (15). The final result
yields

. =0.00+0.02,

o, =+0.59£001,

= +0.06 % 0.02,

e, = +0.10%0.10. (19

The 6688 state. Figure6b shows the fit of the angular
distribution with Legendre polynomials. Figure 7 shows the
dependence of the amplitudes from the ratios ag /ag of the
Legendre coefficients.

Similarly as shown for the 6389 state the final result yields

.6688,57 _

SO = +0.78 £0.01,

6688,5° _

e = —0.17£0.10,

6688,5~

Corfay = 10.04£0.05. (20)
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The results given by Eq.(19), Eq.(20) differ from the
amplitudes shown in Table4 because of different choices
of the s.p. widths thus exhibiting the systematic uncertainty
(Sect.3.3.5). The relative amplitudes are similar and espe-
cially the signs are the same, however.

The method presented here is more tedious than the
method used by this work. It needs two separate steps. Hence
iterations need more effort. The method is advantageous as it
demonstrates the uncertainty of the amplitudes more clearly
in many cases.

3.3.5 Parameter dependence

The fit of the angular distributions by Eq. (7) needs the total
width I""°" for the IAR, the s.p. widths I"*-P- for the particle
and hole orbits, and the phase differences ¢ (which all depend
at the proton energy) and at the resonance energy E"¢S.

The sensitivity of the fit on the resonance energy E"¢*, the
total width "', and phase differences ¢ is weak. It affects
the variation of the mean cross section with the energy. Values
for the resonance energy E"* were slightly changed within
the uncertainties derived by Wharton et al. [28], see Table 1.
The improvement of the fits shown in Figs. 24,25, 26,27, 28,
29, 30 and 31 change the relative cross sections on the g7,
and d3,2 IARs by about 10%, however the improvement is
within the systematic uncertainty of the mean cross section.
The resulting amplitudes shown in Table 4 are little affected.

In the fit, the s.p. width I"*-P- for the particle affects only
the absolute cross section and hence a common factor to the
size of all amplitudes. In contrast, the s.p. widths I"*-”- for
the holes change all amplitudes in a complicated manner in
the fit of the angular distributions.

We did not attempt to construct an orthonormal matrix of
the amplitudes [Eq. (3)], but we tried to verify the predictions
of the excitation energies calculated by the SDI and the calcu-
lations of the total cross sections with the known parameters
(Tables 1, 2, 3). The results shown in the left frames of Figs.
8,9, 10, 11, 12, 13 and Table 3 show the success (Sect.4).

In the fit, the s.p. widths I"*-?- for the holes change all
amplitudes in a complicated manner. The uncertainty of the
value of the dominant amplitude is related to the uncertainty
of the corresponding s.p. width; however because of the inter-
ference with the other configurations the correspondence is
not linear. The logarithmic dependence of the s.p. width for
the holes was calculated by Clarkson as described in [76] and
shown in [78], see also [72]. In the fit, the phase differences
¢ [Eq.(7)] affect the results only weakly. Phase differences
calculated by Harney [33,72] were used.

In this paper we tried to optimize the parameters I"*-7- (L J),
and E"¢ (L J).The values I'*-P-(1j), I'"°"(LJ)and ¢ (I, 1 j)
were not varied.

The precise spectroscopic factors from 2’Pb(d, p) [55,
56] were verified by a fit of the angular distributions for
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208pp(p, p') with configurations s1,2p1,2, ds2p1 /2, 89/2P1/2,
g7/2p12 for almost all states (Table4). Yet for the 5947 1~
state with dominant d3 ,p1 /> strength a large discrepancy was
found. A correlated problem is the calibration of the cross
section (Sect.3.3.2). Wharton et al. [28] measured excita-
tion functions for the 5947 1~ and 5924 2~ states (Fig. 17);
the cross section near @ = 90° suggested from Figs. 24,
25 is higher. Calculations using I7,.”" = 28keV [28] espe-

32

cially fail to explain the amplitude 6'23;7[;11/; = 0.98 from

207pp(y, p) [55,56] (Table 3). Therefore the s.p. width is esti-
mated as I’ 1;2'5)2 " = 60keV (Table2). A comparison to calcu-

lations [76,78] favors the s.p. widths F;;’z " and Fds;; to be
similar. Hence the new value given in Table 2 may be over-
estimated.

The ratio of the cross sections from E, = 17.40 to
17.47MeV predicted by Eqgs. (11)—(13) was verified in first
order. A change by 40keV of the resonance energies (Table 1)
improved the results (Egs. (12), (13), Figs. 24, 25, 26, 27,
28, 29, 30, 31). The change is explained by the unknown
procedure to calibrate the proton energy of the accelerators
involved [28,40].

Each amplitude shown in Table 4 has unknown systematic
uncertainties in the order of several percent, relatively. The
relative signs of the amplitudes, however, are rather firm as
discussed in Sect.3.3.4.

The number of particle-hole configurations included in
the fit (2-4) was adjusted until the sign of the weakest con-
figuration could be reliably discriminated. The relative signs
of the amplitudes shown in Table4 are firm; the reverse sign
given in parentheses changes the fit by more than 2¢" in most
cases (Figs. 24, 25, 26, 27, 28, 29).

3.3.6 Iterative fitting process

The iterative fitting process is explained in more detail. Spin
assignment and fit of the angular distributions are highly
interrelated.

The shape is assumed to not depend on the proton energy.
This fact was verified in many cases by comparison of angular
distributions taken at proton energies £, = 16.30, 16.45,
16.60MeV [41].

The constancy of the shape across anisolated AR explains
the absence of non-resonant contributions in all states. An
exception is the 37 yrast state [21,22,74] where all ampli-
tudes are weak because of its dominant tetrahedral structure
(Sect.2.2.1). Together with the logarithmic dependence of
the s.p. widths from the proton energy [76] the constant shape
explains the evident asymmetry of the excitation functions
(Fig. 10 in [45]) already observed in the very first experi-
ments on 2%8Pb(p, p’) via the 89,2 IAR for the 3192 57 and
3475 4~ yrast states [21] and more states [22].

The change of the mean cross section from £, = 17.40 to
17.47MeV predicted by Eqgs. (11)—(13) served as a guide to
select the particle LJ. Only one major choice of the ampli-
tudes for LJ [j was done; the amplitudes were not varied
for different proton energies E, except for the Lorentz fac-
tor [Eq.(10)]. For configurations g7,2/j the best fit at pro-
ton energy £, = 17.40MeV is chosen and for d3,/j at
E, = 17.47MeV. The cross section for £, = 17.75MeV is
predicted to be reduced by about a factor 5 in all amplitudes
(a factor 25 in cross section) (Fig.2, Egs. (11), (12)).

The fit of an angular distribution consists of several steps.
A major problem is the fact that no states with spins 4=, 57,
6~ were known before.

Only the 6688 state was strongly suggested to have spin
57 [40]. Indeed the first step in the iterative fitting process
was the verification of this assumption by a fit of the shape
at all three proton energies E, = 17.40, 17.47, 17.75MeV
(Figs. 12,28, Tables 3, 4). The configuration mixing is deter-
mined with +0.80 87/2P3/25 —0.21 g7/2f5/2, +0.15 g7/2f7/2
(Table4, Eq. (1)). The difference to the values in Eq. (20) and
similarly from the values —0.03 g7/,2p1/2, +0.77 g7/2p3/2,
+0.13 g7,2f5/2, —0.20 g7/2f7/2 for the 6389 5 state (Table 4)
to the values in Eq. (19) exhibit the systematic uncertainties
of determining amplitudes.

1. In first approximation a single configuration is chosen.

2. For states with known spins 17, 27, 37 the shape leads
to rather good discrimination between the configurations
LJp3/2 and LJf5/2 (FigS. 24, 25, 26).

3. The shape for states with unknown spin often approaches
predictions for pure configurations reasonable (Fig.4)
thus giving an important hint to the spin assignment.

4. The mean cross section excludes lower spins in case the
values are exceeding the prediction given in Table 3. By
this means states with spin 47, 57, and 6 were rather
soon identified.

5. As an underlying assumption the major configuration
LJ [j should correspond to the prediction for the excita-
tion energy by the SDI (Table 3) within less than 200 ke'V.

6. Especially the major strength LJ p3,2 shouldlie 0.33 MeV
higher than LJ f5,> but more precisely as predicted
by including the multiplet splitting calculated with SDI
(Table 3).

7. Clearly the orthonormality and sum-rule conditions
[Eq. (3)] must be observed.

8. After several iterations the distribution of the configura-
tion strengths should verify the assumptions. Figures 8,
9,10, 11, 12 and 13 yield a final prove.

This step is most important in the iteration process of
the determination of both the spin assignment and the
configuration mixing.
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9. In case of LJpy/, values known from the 207pp(4, 12
study [55] the given particle LJ = g7, or d3; is pref-
ered. The d3,2p1/2 amplitude in the 6088 37, 6264 17,
6969 2 states is weak, but the dominant configurations
are g7,21j.

10. In a second approximation the amplitude of another con-
figuration LJ [j is chosen and the sign determined.

11. In case the relative sign of the two amplitudes could

be clearly determined, a third configuration LJ/j is
included. The change of the sign for the third configu-
ration often leads to different fits.
In Figs.24, 25, 26, 27, 28, 29, 30 and 31 both fits with
the different choice of the signs are plotted (drawn line
for the best fit, dotted line for the excluded reverse sign).
Only in some cases a third configuration does not change
the shape significantly.

12. In a few cases a fourth configuration exhibits significant
changes of the shape (Table4) [9].

Figures 24, 25, 26, 27, 28, 29, 30 and 31 show the fitted
angular distributions discussed in this paper. Table4 shows
the amplitudes ¢y s ;; obtained by the fit, Table 5 the strengths
C%j Ij Figures 8, 9, 10, 11, 12 and 13 show the distribution
of the detected strengths.

3.3.7 Criterions for a reasonable fit

The fit is optimized to reproduce the values at backward scat-
tering angles ®X130° because here the contributions from
the Legendre polynomials differ most (Fig. 3). Cross sections
at scattering angles ®<130° were allowed to deviate more.

For two doublets the fit was done for @ <130° and @2 130°
separately, see Sects. 3.3.8,4.1.7, 4.1.8.

A common set of amplitudes was used to optimize the
fit of the angular distributions taken with the proton ener-
gies £, = 17.40, 17.47, 17.75MeV. The square root of the
Lorentzian factor defined by Eq. (10) was applied to reduce
the amplitudes in the fit of the angular distribution taken near
the off-resonance energies (especially £, = 17.75MeV).
However the optimal fit was mainly searched near the top of
the IAR, near E, = 17.40MeV for configurations with the
g7,2 particle and near E, = 17.47MeV for configurations
with the d3, particle, see Sect.3.3.4 and Table 1.

As an effect of the fit with fixed energies (Sect. 3.2.1) fluc-
tuations in the shape of the angular distributions show up.
Fluctuations at some scattering angles could be removed by
averaging values obtained from neighboring levels [42].

3.3.8 Fit of the two states in known doublets

Angular distributions of the two states in known doublets
were fitted by regarding the backward angles for one state

@ Springer

Table 5 Strength distribution for the configurations g7,2p1/2, £7/2/5/2,
87/2p3/2- and d3 212, d3of'5 2. d3j2p3 2 derived from Table 4

ESP 17, Strength |cg, 1 }2 Strength |cyy), 1,-|2
with [j = with/j =

[keV] P12 P32 fin P12 P32 fin
5947 lg 094 0.01 0.04
6264 Ig 0.46 0 0.09 0.04
6314 1y 0 004 056
6362 1 0 0.08 0
6486 17, 0 025 012
6720 13 0 0.40 0.10
5924 2y 0.62 0.03 0.04
6086 2% 0.28 0.04 0.02
6420 27, 0 030 027
6552 21 0.02 0.12 0.30
6589 213 004 002 O
6657 25, 028 030

6789 25, 025  0.16

6868 217 0.33  0.08

6929 213 0.13  0.06

6969 2y, 032 0.10

5874 36 059 015 0.14

6010 3; 029 003 002

6088 3 003 001 007

6243 35, 0 005 001

6275 35 001 011
6337 33 0 006 002

6444 3% 0.20 0.56

6617 3, 002 067 0.30
5969 43 084 0.04 001

6012 47, 0 0.10  0.09
6452 45 0 0.14  0.17
6529 4y 0O 0.09  0.02
6739 4, 004 030 036
6801 43 0 048  0.09
6944 45, 0 0.10  0.03
6354 54 0.06  0.25
6389 5, 0 0.59
6688 53, 0.64 0.04
6878 53, 029  0.05
6462 6 0.33
6541 67, 0.12
6631 6, 0.32
6777 61 0.46

as being more important and by regarding forward scattering
angles for the other state (Sects. 4.1.7, 4.1.8).
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The differential cross section for the doublet is described
by the sum of the two components [Eq. (7)]

do
as2

. doy ~logm
(®, pair,LJ, E,) = d—Q(@,Ex,Il ,LJ1, Ep)

doy

2
d—g(@, E{ I, LI, Ep).

2

+

The differential cross section for the two states is described
with the factor 0 < a? < 1 by

d il ki(E
© (OB 1T Ly, Ep) = ——S i)
9 Faki(Ep) + fako(Ep)
do )
X (®, pair, L;iJ;, Ep),

as?
i=1,2,

with faky(Ep) = A(L1J1, Ep)Q2I + 1)(1 — &),
faky(Ep) = A(LyJa, Ep)Q2Ly + e, (22)

The factors o and +/1 — a2 are displayed in Fig.24 for the
6264 1~ state and in Figs. 30, 31.

3.4 Identification of states with dominant 1plh strengths
and spin assignment

The fit of the angular distribution by three 1p1lh constituents
often allows for disparate choices, see Sect.3.3.4 and Fig.5.
The SSM acts as an important guide to determine the dom-
inant 1plh configuration and to decide the spin assignment.
The calculation of the excitation energies by SDI together
with estimates of the cross section (Table 3) refines the expec-
tation (Tables 6, 7, 8, 9, 10, 11).

In the end the distribution of the sum of the 1p1h strengths
and the centroid energies should reproduce this expectation.

3.4.1 The SM as a guide

Figure 1 serves as an important guide to identify states. The
distribution of the 1plh strength across states in a typical
range of less than 150keV should yield a centroid energy
close to the excitation energies calculated by the SDI (Table
6,7,8,9, 10, 11). Figures 8, 9, 10, 11, 12 and 13 show the
SDI energies in the left frames for spins from 1~ to 6.

3.4.2 Spin assignments

Several states with spins 17,27, and 3™ are known at 6.2 <
E. <7.0MeV [1,46,89-94]. Two states with spins 4~ and
57~ were suggested by the big cross sections [40].

The shape of the angular distribution for a state with one
dominant configuration with a d3 > or g7,2 particle is close to
the shape shown in Fig. 4. (A complete list for all one-particle
one-hole configurations built with particles and holes in the

orbits 50 < N < 184 is found in [72].) This often allows to
decide the spin and configuration assignment unambigously.

Considerations from Sect. 3.4.1 together with the orthonor-
mality and sum-rule relations refine the spin assignments in
an iterative manner, see Tables6, 7, 8, 9, 10, 11, 13, 14.

3.4.3 Dominant particle in the 1plh configurations

The excitation functions of Wharton et al. [28] served as an
important guide for the choice of the dominant particle in
the 1plh configurations. The excitation energies were recal-
ibrated by Eq. (14).

For each level all contributing states could be uniquely
determined. Mostly one state is dominant but several close
doublets were recognized (5280 0~ and 5292 1™, 5874 3~
and 5886 47, 581227 and 5813 27, 6010 3~ and 6012 4,
6086 2~ and 6088 37). More details are given in Sect. A.2.

3.4.4 Dominant hole in the Iplh configurations

Strongly excited states must have components of configura-
tions with either a py 2 or p3,2 hole because of the about four
times stronger s.p. widths in relation to configurations with
afs/7 hole [40]. The shape of the angular distribution should
be close to the shape of the dominant configuration (Fig. 4).

Configurations with a dominant f5, hole produce angular
distributions with large coefficients of Legendre polynomial
P4 [Eq.(9)] thus deviating from the linearity introduced by
the choice of P, as abscissa.

3.4.5 Presence of 1plh configurations with a p1 2 hole

An important guide to fit the angular distributions taken near
the g7/2+d3/2 IARs derives from the results for 207Pb(d D)
with polarized deuterons by Valnion [55,56]. For many states

one or two values of the amplitudes cf*][f/z [Eq. (1)] are

determined for / = L + % and L =0,2,4,6.

The 2°7Pb(d, p) results allow to give a good first guess of
the configurations d3,2p1/2 or g7/2p1/2. However for some
states the dominant configuration does not have the d3,, or
87,2 particle (Table4).

The 5947 1~ and 5924 2~ are known to bear the domi-
nant d3;p1/2 strengths, and the 5874 3~ and 5969 4~ the
dominant g7,2p1,2 strengths. The angular distributions con-
firm the values from [55] for all four states. The 6088 state
in the 6.09 MeV doublet level is identified to bear the miss-
ing g7/2p1,2 strength for spin 37. The high sensitivity of the
angular distributions reveals weak admixtures of d3/2p3,2,
d3/2f5/2 and 87/2P3/2, g7/2f5/2 in these five states.

The 297Pb(d, p) results also allow to fit doublets unre-
solved in the 1969 data with the 6010 37, 6012 4~ states
(Sect.4.1.7) and the 6086 27, 6088 3~ states (Sect.4.1.8).
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4 Discussion

Among more than hundred known states in the region 6.2 <
E, < 7.0MeV this paper discusses half of them. The spin
assignments should be taken with precaution; some of them
are not entirely firm, however the parity assignments are firm
because of the resonant excitation on IARs with known par-
ity.

The spin assignment is based on the selective excitation on
the g7/2 and d3,2 IARs in 209g;, Carefully measured angular
distributions for 2°8Pb(p, p) at three proton energies close
to the g7,2 and d3,> doublet IAR provide the basis. Both the
shape of the angular distribution and the mean cross sec-
tion were investigated. The high sensitivity of the resonance
reaction allows to determine up to four amplitudes of 1plh
configurations for each state. The good knowledge of the s.p.
widths [40] is essential. The procedure to fit an angular distri-
bution is described in Sects. 3.3.6, 3.4. An alternative method
is described in Sect. 3.3.4.

Data taken with the Q3D magnetic spectrograph at the
MLL in 2003-2019 for various reactions with a resolution of
3keV (Table 15) allowed to find the dominant state for most
levels observed with semiconductor detectors at the MPIK
in 1969 with a resolution of 12keV [39].

Data taken for 2’Pb(d, p) with polarized deuterons pro-
vided precise amplitudes for two dozen states [55]. They
were important to calibrate the absolute cross sections
(Sect.3.3.2).

The purpose of the paper is to present a first survey of
the strongest excited negative parity states in 2°8Pb at 6.2 <
E, < 7.0MeV. No attempt is made to discriminate the parity
for all states. In principle it is possible because negative parity
states exhibit a change of the cross section across the IARs
and the positive parity states tend to have low cross sections.

SM calculations [11-13,17,18] provide a guide to identify
new states (Sect.3.4, Tables 3, 4). The dominant configura-
tion is suggested by the excitation energy being close to the
predicted energy E f DI The shape of states with weak admix-
tures should be close to the shape for the pure configuration
(Fig.4). The resulting strength distribution is expected to not
deviate much from the predictions (Figs. 8,9, 10, 11, 12, 13).
The final result confirms the expectation. The results explain
the excitation functions measured by Wharton et a/. [28] and
reproduced in Figs. 16, 17 (Sect. 3).

We discuss only states where good results were obtained.
A future analysis of available data [53] on 2%8Pb(p, p’) will
yield more results.

The fits of angular distributions with alternate signs given
in parentheses in Table4 are shown with dashed lines in
Figs. 24, 25, 26, 27, 28, 29, 30 and 31. These solutions are
not realistic (Sect.3.3.4).
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In addition to states at 6.2 < E, < 7.0MeV, states at
5.7 < E, < 6.2MeV with dominant configurations involv-
ing the p1 7 hole are discussed (Sect.4.1.1).

4.1 Known states
4.1.1 States with dominant g7,2p1,2 and d3ap1,2 strengths

The comparison with 2O7Pb(d , D) [55,56] confirms the dis-
tribution of the strength of g7,2p1,2 for spins 37,4~ and of
d32p1/2 for spins 17,27,

Admixtures from d3,2p3/2 and d3 ofs5,2 to the 5947 17,
5924 27, 6086 27, states and from g7,2p3/2 and g7,2f5/2 to
the 5874 37, 6010 37, 5969 4~ states are less than 4%, 4%,
15%, 3%, 4% in strength, respectively (Tables 3, 4, 5).

The calibration of the absolute cross sections which was
not provided [39] is discussed in Sect.3.3.2. It introduces
systematic uncertainties in the size of the amplitudes but not
in the relative signs.

4.1.2 0~ states

The two lowest 0™ states are a perfect example of a two-levels
system [91,92]. Less than 3% strength of other configurations
admix.

A search for levels with the unique shape of the angular
distribution for d3,2p3,2 (Fig.4) was not successful. The ex-
citation energy E fD I = 7108keV calculated with the SDI
[17,18] is however above the threshold £, = 7.0 MeV cho-
sen in the data taking of 1969 [41,42].

4.1.3 17 states

At least nineteen states with spin 1~ below E, = 7.5MeV
are known [1,89-94] (Tables 3, 4, 5, 6). The contribution of
the configurations d3,2p1,2, d3j2p3j 2. ds ofs)2 is determined
for six states (Tables 4, 5). Below E, = 7.2MeV one state
is still missing [93] (Table 6).

The 6264 state was first observed in 1968 by 2%Pb(p, p’ y)
[95]. Nearly equal transition strengths from the ds/2, 51,2,
d3/2 IARs were observed thus assigning spin 17 . The 6264
state is discussed in detail in the following (Sect.4.1.4).

4.14 The 6264 1~ state

The 6264 14 state is excited on the ds 2, 51,2, g7/2, and d32
IARs (Fig.2 in [46]). An excitation by 2°®Pb(d, d’) is very
weak (Fig. 20). Weak amplitudes of s1 2p1,2 and d32p1 2 are
determined from 2°’Pb(d, p) [55] (Table4).

The fit of the angular distribution assuming configurations
with the g7/, particle (Fig.24) needs a strength of g7,2f5/2
close to unity which is unlikely. The data points at ® & 120°
are not fitted. The decrease of the mean cross section from
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Table 6 Configurations with

spin 1~ at ESPTa pg*+U [j=' m [} E.® References 8E; |cf;;{/.”|2 X100 M Figures
5.8 < ESPT < 7.2MeV [keV] [keV]
(Sect.2.3.1). States with known
spin and parity (order number Iy 4842 [1] ¢
M) are correlated with model 5835 dp pip 50 1y 5947 (1] —112 94 m+1 17,24
configurations (order number . . _
m). Number of figure with a 6106 J15/2 32 6 17 6076 [50] +30 m+1
fitted angular distribution and 6276 fi2 dspp 9 1, 6362 [1] —88 m+ 1
with an excitation function are 6227 s12 pp 7 Iy 6314 [1] 60 m+2 17,24
shown. Yrast states are . .
included. Configuration 6274 87/2 552 8 s 6264 111 46 n 17,24
strengths derived from Table 4 6362 dzpp f52 10 17, 6486  [1] —124 m+1 24
6529 iz hup 1101, 6597 f —68 m+1
6898 P32 512 12 13 6720 [1] +178 m+1 24
6936 d32 p32 13 13 7063 [1] —153 ¢ m+1
6910 52 d32 14 1175 7083  [1] +37 m+ 1
7120 dsp fip 150 1 9
7129 ho /2 g1 16 1, 7207 [1] —78 m+1
7162 892 hopp 17 135 7240 [1] =78 m+1
7323 i112 hyya 18 13, 7332 [1] -9 m+1
4From [17,18]
“Table 15
“Tetrahedral configuration [3]
dNot yet identified

°No data, the excitation energy is above the chosen limit £, = 7.0 MeV
fTentative assignment

Table 7 Same as Table 6 for

spin 2~ ESPTa g+t 7V m o If, E.® References SE. |cfy,’j”|2 X100 M Figures

[keV] [keV]
27 4140 [3] ¢

5892 g fip 5 25 5643 [49] +249 50 m+ 1
5900 hopp  dsp 6 27 5778 [46] +122 60 m+1
5958 dsp pap T 25 5812 [48] +146 60 m+ 1
6049 dspp pip 825 5924 [1] +125 62 m+1 17,25
6113 sip fsp 9 25, 6086 [46] +27 60 m+1 17,31
6441 sip pap 10025 6420 [46] +21 60 m4+1 25
6601 dspp fsp 1302, 6552 [46] +49 30 m—1 25
6582 fip dspp 12 2, 6589 [1] -7 m+1 25
6580 g2 fsp 1125, 6657  [46] -77 30 m+3 25
6720 jispp i3 14 25 ¢
6816  fsp  sip 15 25, 6789 f +27 m—+1 25
6851 dspp pap 160 25 6868 [1] -17 0 m+1 25
6957 g frp 170 2 6929 [46] +28 m+1 25
6958 g2 hop 18 25, 6969 [1] —11 m+1 25

7015 g12 p32 19 25

4From [17,18]

bTable 15

“Tetrahedral configuration [3]
4From [44]

°Not yet identified

fThis work
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Table 8 Same as Table 6 for

spin 3~ ESPTa pg*+U [j=' m [} E.® References 8E; |cf;;{/.”|2 X100 M Figures

[keV] [keV]
37 2615 [1] ¢
5976 5172 f52 13 35 5813 [1] +163 m+2
5819 812 D12 12 3} 5874 [48] -55 59 m+4 16,26
5765 ds) D32 11 3j; 6010 [1] —245 60 m+6 16,30
6205 Jis52 iz 14 3, 6088 [1] +117 m+4 17,31
6327 812 f52 15 3, 6191 [1] +136 m+4
6329  fip dsp 16 3y 6243 ¢ +86 m+4 16
6616 i13/2 hiia 19 35 6275 [1] +134 m+4 16,26
6587 i11/2 f12 18 35, 6337 d +250 m+4 26
6408 d32 52 17 35 6444 [1] +172 56 m+4 26
6801 812 D32 21 3, 6617 [1] +184 67 m+3 16,26
6679 f52 512 20 355 6699 [1] -20 ¢ m+5
6814 d3)n P32 22 35 6820 [1] -6 10 m+4
6905 892 hoya 23 35, 6940 [1] =35 ¢ m+4
6956 52 d32 24 35 f
3 7020 [1] ¢

7173 ds)» fi2 25 33, 7117 [1] +56 ¢ m+5
4From [17,18]
bTable 15
“Tetrahedral configuration [3]
dThis work
¢No angular distribution analyzed
fNot yet identified

Table 9 Same as Table 6 for N 7

spin 4~ ESPTa g+t j=' m If, E.® References §E, ler ) |2*100 M  Figures
[keV] [keV]
3511 89/2 P12 1 4 3475 [1] +36 108°¢ m
5836 892 f2 12 4, 5886 [48] —-50 954 m 16, 26
6002 87/2 P12 13 455 5969 [1] +33 84 m 16, 27
6022 ds)» D32 14 4, 6012 [50] +10 60 m 16, 30
6555 812 f52 15 45 6452 ¢ +103 17 m 27
6557 112 ds)y 16 4176 6529 ¢ +28 m 27
6600 J15)2 i13/2 17 45 f
6604 inp  fp 18 4 f
6665 dz )2 52 19 4, 6739 ¢ —74 m 27
6801 81/2 D32 20 4,, 6801 ¢ 0 48 m 27
6864 89/2 hya 21 4, f
6964 i13/2 hiyp 22 45, 6944 ¢ +20 m 27

45, 7137 [3] g

213 fip dip 4y !
4From [17,18]
bTable 15
‘From Table 4 in [3]
4From [44]
°This work
fNot yet identified

gTetrahedral configuration [3]
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Table 10 Same as Table 6 for

i

spin 5~ ESPTa pg*+l [j=' m [} E." References &E, |cf‘,’,j [>>x100 M Figures
[keV] [keV]
3366 892 P12 1 57 3198 [1] +168  89¢ m
55 5993 [1] d
6279 J15/2 iz 13 5 6354 ¢ -75 f m+3 28
6371 812 f52 14 5, 6389 ¢ —18 50 m+3 28
6373 fi2 ds) 15 53 g
6543 i112 f12 16 5 g
6682 i13/2 hiipp 17 550 g
6759 g12 P32 18 5, 6688 [1] +71 64 m+3 16,28
6843 892 ho 2 19 5,, 6878 ¢ -35 m+3 28
4From [17,18]
bTable 15
®From Table 4 in [3]
dUnknown configuration (Sect.4.4)
€This work
fNo value from angular distribution
2Not yet identified
Table 11 Same as Table 6 for - B
spin 6~ ERPTa Lyttt om I Ex® References  SE. ey 17 X100 M Figures
[keV] [keV]
3964 892 f52 1 6, 3920 [1] +44 101¢ m
5844 892 f12 8 6g 5686 [44] +158 954 m
6539 ing  fip 9 6, 6462 °© +77 m 29
6561 J152 i13/2 10 6y, f
6657 fi2 ds) 12 6,; 6541 °¢ +116 m—1 29
6824 892 ho 2 13 6, 6631 ¢ +193 m—1 29
6655 812 f52 11 6, 6777 ¢ —122 46 m+2 29
6936 i13/2 hiyp 14 6}, f
4From [17,18]
bTable 15
°From Table 4 in [3]
4From [44]
This work
fNot yet identified

E, = 17.40 to 17.47MeV (R47/40 [Eq.(13)]) is however
well approximated.

A fit with d3/p3,2 and d3of5/2 does not allow to fit a
curved shape because of the limiting degree K = 2 [Eq. (9)].
Yet the increase of the mean cross section from £, = 17.40
to 17.47MeV (R47/40 [Eq. (13)]) is better fitted.

We assume nearly equal cross sections on both [ARs
(a = /1/2 [Eq.(22)]). The amplitudes tabulated in Table 4
derive from the fit curves shown in Fig.24. Apparently the
interference between the two IARs changes the shape of the
angular distribution at the three proton energies only slightly.

4.1.5 27 states

Nineteen 2~ states with excitation energies £, < 7.0MeV
are identified [1,46] (Tables 3, 4, 5, 7). The possible assign-
ment of spin 2~ to the 5993 state (Sect.4.4) has to be inves-
tigated.

The contribution of the configurations d3,2p1,2, d32p3,2,
d32f52 is determined for six states and of g7,2p3/2, €7/2/5/2
in four states at 6.2 < E, < 7.0MeV (Tables 4, 5, Fig.9).

The excitation energy E f DI — 7015keV for g7/2p3,2 cal-
culated with the SDI [17,18] is above the threshold E, =
7.0MeV chosen in the data taking of 1969 [41,42]. Nev-
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ertheless half of the g7,2p3/2 strength was found (Table5,
Fig.25), see especially Sect.4.2.1.

4.1.6 37 states

Twenty-nine states with spin 3~ below E, = 7.5MeV are
known (Tables 3, 4, 5, 8). The distribution of the configura-
tions g7,2p1,2, 87,2132, 87252 is determined for nine states
[1,50] (Tables 4, 5, Fig. 10).

The 6444 3~ state contains weak admixtures of ds;2p1/2
and g7,2p1,2 [55,56]. The fit of the angular distributions near
the g7,2+d3,2 IAR doublet can be done with either d3,2p32,
d3/2f5/2 Or 7/2P3/2, 87/2f5/2- The ratio of the cross sections at
E, = 17.40, 17.47MeV favors the fit with the g7> particle
(Tables 4, 5).

No angular distribution could be analyzed for 3~ states
at 6.2 < E, < 7.0MeV with order numbers M = 25,
27 because of lack of data. The 7020 3~ state with order
number M = 29 [Eq.(2)] is recognized as tetrahedral con-
figuration [3,4]. It is assumed to differ from the SM states
with m = 28, 30.

4.1.7 The 6010 3=, 6012 4~ doublet

The doublet with the 6010 3~ and 6012 4~ states was
resolved only late [50]. With the resolution of 12keV the
two states build an unresolved doublet in the 1969 data.
Nevertheless the doublet could be fitted (Egs. (21), (22),
Fig.30).

Both states have about equal mean cross sections. Only
the 6010 3~ state is excited by 20’Pb(d, p) [50]; the 6012
4~ state with unnatural parity is not excited. Valnion [55]
determined the g7/2p1/2 strength for the 6.01 MeV doublet.
It is entirely assigned to the 6010 3~ state with the larger
cross section. The amplitude 6‘23/12(1)73];2 = (.53 allows to fix
the ratio within about 10% [55,56]. The fit for the 6010 3~
state clearly yields the relative sign of the two amplitudes
of g7,2p1/2 and g7,2p3,2. The fit for the 6012 4™ state yields
the three amplitudes 87/2P1/25 87/2DP3/2 and g7/2f5/2 with low
uncertainties (Fig. 30).

Kulleck et al. [30] deduced a large coefficient A4
from the fit of the angular distribution. It can be explained
by a considerable admixture of g7,5f7/2 and a negligible
£9/2P1/2 admixture to the 6012 4™ state [Eq. (9)]. A fit with
four amplitudes (i.e. including g7/2f7,2) was not possible
because the 6.01 MeV doublet was not resolved in the 1969
data.

The ratio of the mean cross sections for the 6010 3~ and
the 6012 4~ states is determined with 0.57 & 0.05 : 0.43 ¢
0.05 in agreement with the estimate [50]. Tables 4, 5 show
the results, Fig. 30 the fits.

@ Springer

The measured cross sections exhibit a steep decline from
® = 90° towards ® = 170°. The cross sections observed
by Wharton et al. [28] near ® = 90° and 158° (Fig. 17) are
well reproduced; this fact was useful in calibrating the cross
sections (Sect.3.3.2).

4.1.8 The 6086 2, 6088 3~ doublet

The doublet with the 6086 27, 6088 3~ states was resolved
only late [50,93]. With the resolution of 12keV they
build an unresolved doublet in the 1969 data. Neverthe-
less the doublet could be fitted (Egs. (21), (22), Fig.31,
Table 4). The ratio of the mean cross sections is about
1:3.

By neglecting the existence of a doublet the fit of the
6.09MeV level yields a fit with a d3/2p1/2 component
with an amplitude of |c|] = 0.3 for the 6086 2~ state
in stark disagreement with the value 0.48 measured by
Valnion [55]; the mean cross section is a factor two too
low.

The existence of the 6086 27, 6088 3~ states in the
doublet was recently shown [93]. The steep decline at
90° < ® < 120° is explained by a strong d3,2p1/2 com-
ponent in the 6088 3~ state and the negative sign of a
d3/2p3/2 admixture yielding a mean cross section slightly
higher than for the 6086 2~ state whereas the smooth
increase of th cross section at ® < 140° < 170° is
well fitted by a strong d3,2p1/2 component and a d3/2p3/2
admixture with negative sign. In both cases the sign of the
d3/2f5,2 admixture is clearly determined (Fig.31, Tables 4,
5).

4.2 New spin assignments

Fourteen states are newly identified or newly assigned a spin.

The progress in the evaluation of states in 2°*Pb over hun-
dred years is impressive [25,81-84]. In the region 6.2 <
E, < 7.0MeV twenty states were observed in 1967 and
no spin was known (Table 12). Now about 150 states are
discerned (Table 15). Spins from 1~ to 6~ for 42 states
are determined, among them 14 new assignments by this
work (Tables 4, 5, 6, 7, 8, 9, 10, 11). It took 50 years
with a dormant period of nearly 30 years (about 1970-2005
with few 2%Pb(p, p’) data during this time) to obtain these
results.

4.2.1 States with spin 2~

Ten states with spin2~ at6.2 < E, < 7.0MeV are predicted
by the SDI (Table7), seven states were known previously
[1,46] (Tables 3, 4, 5, Sect.4.1.5). The 6789 state is newly
assigned spin 2. The unique shape of the angular distribu-
tion clearly assigns a strong g7,2p3/2 component, the shape
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Table 12 Comparison of

excitation energies determined Level? E.° SE.€ Iyt Dominant config. E.? Counts at £, b.d
in 1966 [25] and fifty years later [keV] [keV] 16.95 17.40 17.50
[MeV] [MeV] [MeV]

6232 —11 3% 6243
6255 -9 Ig 817252 6264 25 55 58

10 6304 -10 1y S1/2P3/2 6314 164 45 30

16 6345 -9 55 g1/2f5)2 6354 52 48 64

21 6377 —12 5is g12f5)2 6389 16 355

24 6409 —11 21 S1/2P3)2 6420 115 84

28 6436 -8 35 87/2P3/2 6444 35 189

33 6480 —6 17 d32p3)2 6486 20

38 6523 —6 4% f12ds)2 6529 5 56

41 6540 —12 25 d3)afs )2 6552 58

48 6605 —-12 35 87/2P3/2 6617 322 288

52 6646 —11 255 81/2f5)2 6657 50 145

55 6681 -7 55 87/2P3)2 6688 55

62 6730 -9 45 d3)afs)2 6739 45 320 302

70 6789 —-12 4% 6801 20 183 130

71 6807 —13 35 6820 20 62 83

79 6865 —13 551 87/2P3)2 6878 25 120 92

85 6917 —-12 20 6929 50 70

90 6958 —11 2% 6969 80 65
6989 —-12 7001 32 31
7007 —13 33 € 7020 30 91 80
7051 —12 14 7063 15 50 45
7072 —11 s 7083 10 48 49
7108 -9 33 7117 20 11

4From Table 15

bFrom [25]

CSE, =E, — Iz:X confirms the correction E;Ek"'ec [Eq.(14)]
dNumber of counts ~ 4.2x (number of pwb) [25]

¢ Tetrahedral configuration [3]

for g7,2f5/2 is similarly steep towards backward scattering
angles (Figs. 4,25). The relative signs of the two amplitudes
are firmly determined (Table4).

4.2.2 States with spin 3~

Nine states with spin 37 at 6.2 < E, < 7.0MeV are pre-
dicted by the SDI (Table 8), seven states were known previ-
ously (Tables 3, 4, 5, Sect.4.1.6). Two more states are newly
assigned spin 37.

The 6337 state is newly identified and assigned spin 3~
(Fig.26). It is clearly distinct from the 6340 state suggested
with spins 17, 27, or 37 and an uncertainty in excitation
energy of SkeV [1].

The 6243 state is tentatively assigned spin 3~ because of
the considerable cross section near the g7,2 IAR (Fig.26).

Other spins in the range from 1~ to 6~ are excluded by the
shape of the angular distribution (Fig.4).

4.2.3 A rather complete system of 4~ states

Twenty states with spin 4~ below E, = 7.0MeV are
known (Tables 3, 4, 5, 9). States with spin 4~ and dom-
inant g7,2p3/2 or g7,2f5,2 strength were found by the
pronounced shape of the angular distribution near the
g72 IAR if a weak d3/2f5,2 admixture can be expected
(Fig.4).

The 6452 state contains a major g7,2f5,2 fraction, the 6529,
6739, 6801, 6944 states contain nearly the complete g7,2p3/2
strength. The ratio R47,40 [Eq. (13)] indicates weak d35f5/2
admixtures (Table4).

The 6739 state was suggested to have spin 4~ because
of the large cross section [40] (Fig.27, Tables 4, 5). The
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Table 13 A rather complete system of 4~ states. Configuration
strengths derived from Table 4

Table 14 A rather complete system of 6~ states. Configuration
strengths derived from Table 4

E I |egr/2py2 |2 [ |2 Dominant EP Iy |Cgrafs !2 Dominant

[keV] configuration [keV] configuration
6012 4, 0.0 0.09 dspp pip 5686 65 0 292 Fir2
6452 455 0.06 0.36 812 f52 6462 6y 0.33 i fip
6529 47,  0.09 0.02 fip dsp a 670 jis)2 132
¢ 47 Jisp2 3 6541 61, 0.12 fn ds)
‘ 418 g fie 6631 61 0.32 892 hoj
6730 4y, 030 0.36 dp fip 6777 67 0.46 2172 S5
6801 45, 048 0.09 @ P a 6, 132 e
¢ 4 89/2 ho2 sum 1.24
6944 42 0.10 0.03 113/2 hiiy2 aNot yet identified
sum 1.19 0.97

(a) Not yet identified

angular distributions of the 6739 state indicate an inter-
ference between the two IARs g7,2 and d3;;. The fit at
E, = 17.47MeV reproduces the data at & > 140° but
the mean cross section at E, = 17.40MeV is larger.
Also the cross section is enhanced in the region at ® =~
120°.

The poor fit of the angular distributions of the 6739 and
6801 states explains the summed strength for g7,2p3,2 to be
larger than unity.

The angular distributions of the 6452 state are well fit-
ted by assuming a strong g7,2f5,2 contribution (Fig.27).
The g7,2p1/2 strength is weak, indeed the 6452 state is not
observed in 2°7Pb(d, p). The 4~ state with order number
M = 23 [Eq.(2)] is identified as a member of the tetrahedral
rotation-vibration band (010) (Table 9), the excitation energy
agrees perfectly with the prediction [3,4]. The next SM con-
figuration is predicted 100keV higher (proton f5,2ds,2 con-
figuration).

Still three more 4~ states with order numbers M =
17,18, 21 are expected at 6.2 < E, < 6.6MeV (Fig. 11).

4.2.4 States with spin 5~

Nineteen states with spin 5~ below E, = 7.0MeV are
known (Tables 3, 4, 5, 10). States with spins 5~ and 6™ at
6.2 < Ey < 7.0MeV are excited by the proton decay of
the g7/2 IAR only, configurations d3,2f7,2 and d3 2hg > are
far away and their contribution is negligible. The shape of
the angular distributions is pronounced near the g7,2 IAR
(Fig.4), the cross section of the 5~ states is expected to be
large.

The 6688 state was tentatively assigned spin 5~ [40]
because of the large cross section; it was assigned spin 5~
[1] in view of the excitation function measured by Whar-

@ Springer

ton et al. [28], see reproduction in Fig.17. The unique
shape of the angular distribution confirms the assign-
ment of the dominant g7,,p3,> configuration (Fig.28). The
g7,2p3/2 strength is determined with 64% (Tables 4, 5,
Fig. 12).

Three other 5~ states are identified by the rather unique
shape of the angular distributions and the large cross sections
(Table 5, Fig. 28). The 6878 state with 25% g7,2p3,2 strength
thus complements the g7,2p3/2 strength to near complete-
ness. Similarly the 6354 and 6389 states together contain
nearly the full g7,5f5/,2 strength. Still three more 5~ states
are expected at 6.2 < Ey < 7.0MeV (Table 10, Fig. 12).
Apparently their cross sections are weak.

4.2.5 A rather isolated system of 6~ states

Twelve states with spin 6~ below E, = 7.0MeV are known
(Tables 3,4, 5, 11). States with spin 6~ and dominant g7,2f5,2
strength were found by the pronounced shape of the angu-
lar distribution near the g7, IAR (Fig.4); the cross sections
should be rather large because of the spin factor [Eq.(5)].
The SDI predicts 6™ states at 6.2 < E, < 7.0MeV with
order numbers M = 9-14 [Eq. (2)]; the 10th 6 state is not
yet identified.

Indeed the 6462, 6541, 6631, 6777 states are identified
to contain the complete g7/2f5,2 strength (Tables 4, 5, 11).
Admixtures from g7/2f7,2 and g7,2h9/> are less than 4%
(Fig.29). The centroid energy E, = 6.63MeV [Eq.(6)] is
close to the predicted energy E f DI — 6655keV (Tables 3,
14).

The SDI predicts the configuration g7,2f5/2 for spin 6~
to be shifted by 160keV in relation to the SSM due to the
Nordheim number N = +1 similar as for i1 5f5,2 and spin
87 [17]. The shift in excitation energy is verified (Table 11).

Eight 6~ states are known at much lower excitation ener-
gies, there is a gap of 778keV between the state with order
number M = 8 and 9 (Table 11, Fig. 12). The 14th 6~ state is
predicted 279 keV higher in excitation energy [17, 18]. Hence
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the 6™ states with order number M = 8-14 excepting the still
missing 10th state may be considered as a complete system
isolated from the rest (Fig. 13). Admixtures of configurations
with order numbers m < 8 and m > 14 are expected to be
small.

The poor fit of the angular distributions of the 6462 and
6631 states explains the summed strength for g7,2f5,2 to be
larger than unity.

4.3 Comparison to shell model calculations
4.3.1 Identified Iplh strengths

The left partsin Figs. 8,9, 10, 11, 12 and 13 display the excita-
tion energies in the region 5.8 < E, < 7.0MeV calculated
by the SDI for spins 17, 27, 37,47, 57, and 6~ and the
configurations s1,2p1/2,51/2P3/2, 512152, d3/2P1/2-d3/2P3)2»
d32f5/2, 87/2P1/25 £7/2P3/2- 87/2f5/2- In the bottom line other
SM configurations are shown.

The right parts display the excitation energies and the mea-
sured particle-hole strength of all states with spins 17, 27,
37,47,57, and 67 in the region 5.8 < E, < 7.0MeV.
For states with identified strengths the complement of the
strengths (for a configuration not shown in the figure or an
unobserved configuration) is shown in the bottom line as
“unobs”. The sum of the identified strengths are shown with
thick triangles in the left parts. Table 3 tabulates identified
strengths and centroid energies both calculated and derived
from experiment.

The 17 states. The strengths for s1/,2p3,2 and d3op1)2,
d32p3/2, d3pofss2, and g7/0p172, g7/2p3/2 is nearly com-
pletely located. Only much g7,5f5,2 strength is still missing.
The reason is the weakness of the cross section and the inter-
ference among the g7/2+d3,2 doublet IARs.

The 2™ states. The strengths for s1 2f52, d32p1/2, d3 2152
and also for gg,»f7/2 are nearly completely located; Some
51/2P3/2, d3/2P3)2, &7/2f5/2 strength is missing. The g7,2p3/2
strength is overestimated. For s1,2p3/2 the reason is the lack
of data near the s1 2 IAR and the interference with other IARs
leading to non-isotropic angular distributions. For d3,2p3/2,
g7/2f5,2 thereason is the weakness of the cross section and the
interference among the g7,2+d3,2 doublet IARs. For g7,2p3 2
the reason is the distribution across five states leading to
statistical fluctuations.

The 3~ states. The strengths for ds;ofs;2, g7/2p172
g7,2p3/2 are nearly completely located. For the missing
s1/2f5,2 strength the reason is the lack of data near the
s1/2 IAR and the interference with other IARs leading to
non-isotropic angular distributions. Most d3,,p3,2 and some
87/2f5,2 strengths are still missing. Again the reason is the
weakness of the cross sections and the interference among
the TARs.

The4~ states. The g7,2p1 /2 strength was completely found
by Valnion [55,56], note footnotes in Table 4 and Sect. A.2.1.
It was crucial in doing calibration of the cross sections
(Sect.3.3.2) and the adjustment of the parameters for the
IARs (Tables 1, 2).

The strength for g7/2p1/2, g7/2f5/2 is located within a few
percent, see Sect.4.2.3. No d3/2f5/2 strength could be found.
Again the reason is the weakness of the cross sections and
the interference among the IARs. The overestimated g7,2p3/2
strength has the distribution across all states as the reason
leading to statistical fluctuations.

The 5™ states. The strengths for g7,2p3/2, g7/2f5,2 are
located within a few percent. The finding proves the good
calibration of the cross sections (Sect.3.3.2) and the adjust-
ment of the parameters for the [ARs (Tables 1, 2).

The 6 states. The strength for g7,5f5/2 is located within
a few percent, see Sect.4.2.5. Again, the finding proves the
good calibration of the cross sections (Sect.3.3.2) and the
adjustment of the parameters for the IARs (Tables 1, 2).

4.3.2 Centroid energies

A large amount of one-particle one-hole strengths has been
identified (Tables 3, 4, 5). The sum of the configuration

E,I".m

strengths )", ‘culj
often close to unity. It allows to compare the centroid ener-
gies E. [Eq. (6)] of various configurations to the excitation
energies Ef DI calculated by the SDI[17,18], refer to Cols. 1
and 5 in Table 3. The good agreement verifies the spin assign-
ments (Tables 6, 7, 8, 9, 10, 11, Figs. 8, 9, 10, 11, 12, 13).

In Figs.8, 9, 10, 11, 12 and 13 the left part shows the
centroid energies for the configurations s1,2p3/2, d3/2p3/2,
81/2f5/2, d32p1)2, d3j2p3 )2, d3ofs )2, 87/2P172, 87/2P3/2, and
g7/2f5,2 for the spins from 17 to 6~ and indicates the sum
of strength determined by a thick triangle. In general the
agreement of the centroid energy E, with the energy EfD !
is good.

The 1~ states. The right part of Fig. 8 shows the distribu-
tion of the strengths, the left part the values E3P/ by a dotted
line with a diamond at bottom. The centroid energy agrees
with ESP! within 50keV (about 100keV) for (s1/2p3/2),
(d3/2P1/2), d3)2fs5/2, and g7/2f5,2. It deviates by more than
100keV from ESP! for d3/op3)2. The reason is simply the
limiting choice E, < 7.0MeV in the experimental data.
Obviously much d3/2p3/2 strength will be found in the well
known 1~ states above E, = 7.0MeV in future.

The 2~ states. The right part of Fig.9 shows the dis-
tribution of the strengths, the left part the values E f pi
by a dotted line with a diamond at bottom. The centroid
energy agrees with £ f DI within 50keV (about 100keV) for

$1/2P3/25 S1)25/25 d3j2p172, (d32f5/2), and also for g9/2f7/2;

found in the identified states is
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Fig. 8 Distribution of strengths 0 < |cff,’1]; 2 <1 [Eq.(3)] for
configurations with particles LJ = s1,2, d3 /'2, g7/2 and holes /]
D172, P32, 5,2 in states at 5.8 < E, < 7.0 MeV with spin 17 in b—f.
Relevant values L 2J and / 2 are shown at left. The abscissa shows
the range of excitation energies 5.8 < E, < 7.0MeV. The ordinate
is given in relative untis 0 < 1 shown at right. (Left frame) Distri-
bution calculated by SDI with unity strength (dens dotted and marked
by a diamond), observed centroid energies and summed strength (thick
triangle), other configurations listed in Table 6 denoted as “other” in
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a; the excitation energy EfD (g9 /2f7/2) is shown, too, because of its
importance in the region 5.5 < E; < 6.2MeV (and the position for
EfD[ > 5.8MeV marked by a square for spins 27, 47, 67). (Right
frame) Distribution determined from experiment. Sum of unobserved
strengths shown denoted as “unobs” in a. In each state only either g72-
strength or d3;-strength is determined; an interference between com-
ponents with different particles LJ cannot be obtained (Sect.2). The
distribution of the s1,2p1,2 and s1,2p32 strengths is also known [46,49]
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Fig. 9 Similar to Fig. 8 for spin 27. The distribution of the 51/2f5/2 and s1/2p3/2 strengths [46,49] is also known

the left panel shows the position marked by square and the
value ESPT,

It deviates by more than 100keV from Ef DI tor dy /2P3/2
87/2P3/25 g7/2f5/2. For d3/2p3/2 the reason is the limit-
ing choice E, < 7.0MeV in the experimental data as
already mentioned. For g7,2p3,2, £7,2f5/2 the distinction from
d3/2p3/2, d3)2f5/2 is hindered by the interference among the
TARs.
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The 3~ states. The right part of Fig. 10 shows the distri-
bution of the strengths, the left part the values E;ED I'by a
dotted line with a diamond at bottom. The centroid energy
agrees with ESPT within 50keV for d3/ofs/» and within
about 100keV for s1/2f5/2, g7/2p1,2- It deviates by more than
100keV from EfDI for d32p3/2, d32f5/2, and g7/2p3 /2. The
distinction between g7,2f5,2 and d3 25,2 is hindered by the
weak cross sections and the interference among the IARs. For
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d3/2p3/2 and d32p3/2 the reason is the limiting choice £, <
7.0MeV in the experimental data as already mentioned.

The 4~ states. The right part of Fig. 11 shows the distri-
bution of the strengths, the left part the values EAS,D I'by a
dotted line with a diamond at bottom. The centroid energy
agrees with E,;?D ! within 20keV for 87/2P1/2,87/2f5,2. Italso
agrees for g9/2f7,2; the left panel shows the position marked
by square and the value ESP7.

The large deviation for g7,2p3,2 is caused by the limiting
choice E, < 7.0MeV in the experimental data. Section4.2.5
discusses more details. No d3,2f5,2 strength could be found,
see Sect.4.3.1.

The 5~ states. The right part of Fig. 12 shows the dis-
tribution of the strengths, the left part the values E3P!
by a dotted line with a diamond at bottom. The cen-
troid energy agrees with ESP! within 50keV for g7/2p3/2,
81/25/2-

The 6~ states. The right part of Figs. 13 shows the distribu-
tion of the strengths, the left part the value £ f DIy a dotted
line with a diamond at bottom. The centroid energy agrees
with E f DI within 30 keV for the single configuration g7 2f5,2
resonantly excited near £, = 17.4MeV. Section4.2.5 dis-
cusses more details. It also agrees for g9,2f7/2 [44]; the left

panel shows the position marked by square and the value
ESPL.

4.3.3 Number of states at 6.2 < Ey <7.2MeV

Tables 4 and 5 list the results for 40 states with spins from 1™
to 6. All states with spins 17, 27, 3~ were known before
except for two 37 states. The 6243 3~ state is identified
because of the considerable cross section near the g7,2 IAR,
the 6337 3~ state is distinguished from the close lying 6340
state (Table 15).

The assignment of spin 5~ to the 6688 state [1,40]
is confirmed. Six 4~ states, four 5~ states and five 6~
states are newly identified. No 4~ state with a large
d32f5,2 component could be identified. The reason is
discussed in Sect.2.3.2. Figure 14 compares the distribu-
tion of states with spins from 17 to 6~ with calcula-
tions.

At 6.2 < E, < 7.2MeV the SDI predicts eleven 1~
states, ten 27 states, twelve 37 states, eight 4™ states,
seven 5 states, six 6~ states (Tables 4, 5, 6, 7, 8, 9,
10, 11). As discussed in Sect.2.3.2, states with spin 17,
27,37, and 4~ are difficult to differentiate by 2°8Pb(p, p’)
via the g7,2+d3/2 doublet IARs. Hence the determination
of major 1plh components in five out of ten predicted
17 states (Sect.4.1.3), in eight out of ten predicted 2~
states (Sects. 4.1.5, 4.2.1), in eleven out of twelve pre-
dicted 3~ states (Sects. 4.1.6, 4.2.2), and in five out of
eight predicted 4~ states (Sect.4.2.3) is a good achieve-
ment. Four out of seven 5~ predicted states (Sect.4.2.4)
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and four out of six predicted 6~ states are identified
(Sect.4.2.5).

At 6.2 < E, < 7.0MeV 103 levels and 126 states are
recognized (Table 15). The levels cover states within about
4.0keV. The SDI predicts 59 states with spins from 1~ to 6~
(Tables 6, 7, 8, 9, 10, 11), 40 such states are identified. In
addition the 127, 137, 14~ yrast and the 12~ yrare states are
known [1]. The 6831 8~ and 6879 7~ states are suggested
as the coupling of ji5/2p1,2 to the 37 yrast state [2]. Cer-
tainly most of the remaining half of the observed states with
unknown spin (about sixty) have positive parity. The SDI
predicts only 11 states with spins from 17 to 9T, the cou-
pling of g9,2f5/2 to the 37 yrast state another two hundred
states [2] (Fig. 15).

In the region 6.2 < E, < 7.0MeV in total the
number of observed states agrees with calculations by
the SM for Iplh configurations [12,13,17,18] and with
the coupling of Iplh configurations to the 3~ yrast state
[2] rather well, at least for the negative parity states.
However several disagreements with the SM are obvi-
ous.

We do not discuss the disagreements in this paper because
part of them occur with the yrast or yrare states and at
E, =~ 55MeV [9]. Tables 6, 7, 8, 9, 10 and 11 show the
differences of the order numbers m for the pure SM configu-
rations from M for the states [Eq. (2)].

4.3.4 Comparison of the number of states to calculations

Figure 15 compares the distribution of states with negative
and any parity to calculations. The SM predicts gaps in the
distribution of excitation energies at £, = 4.5, 5.5, 6.1,
6.9MeV. The gap at E, ~ 4.5MeV enabled the study of
an almost complete system of one 27, one 7, three 37, four
6, five 4, and six 5 states in 298Pb [34]. The spins were
finally settled in 1982, the results are shown in Table 4 of [3].

The gap at E, =~ 6.1 MeV enabled the study of the nearly
complete ensemble of states below E, = 6.2MeV [50]. It
thus provided data to study the chaoticity among bound states
in a heavy nucleus [62-64]. By chance the gap at E, =~
6.9MeV is close to the arbitrary limit £, = 7.0 MeV chosen
for the data taken in 1969 (Sect.2.1).

The mean observed cross section of negative parity states
is in the order of 10 pwb/sr but approaches 500 pb/sr for a few
states (Table6, 7, 8, 9, 10 and 11, Fig. 17). Positive parity
states are generally weaker excited [45].

At 6.2 < E, < 7.0MeV 126 states are observed
(Table 15). About 59 states with spins from 1~ to 6 are
observed (Tables 4, 5, Sect. 4.4) and about 20 states with spins
from 7~ to 147 [1,50]. Most of the other observed states have
unknown parity.

Nearly 200 positive parity states are predicted, among
them the majority by the coupling of the 3™ yrast state to
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number of states for spin I"

Fig. 14 Number of statesat5.2 < E, < 7.2MeV with negative parity
for spins 17,27, 37,47, 57, and 6. The number of known states
(drawn lines) is compared to calculations with SDI[17, 18] (dotted lines)
and with M3Y [12] (dashed lines). Data for 5.80 < E, < 6.20MeV
are taken from Table VI in [50], data for 6.20 < E, < 7.15MeV from
Table 15. The number of known states includes those predicted but not
yet observed (Tables 6, 7, 8, 9, 10, 11). The dot at left indicates the zero
level of the ordinate. The number of known states at £, < 7.2MeV is
(a) 16, (b) 20, (c¢) 30, (d) 23, (e) 19, (f) 14, with spin 17,27,37,47,
57, 67, respectively, see ordinate at right

89,2152, 89/2P3/2, 111/2P1)2, and i112f5/2. The number of
observed states which do not have negative parity is much
lower. It agrees roughly with the SM calculations with M3Y
(Fig. 15). Apparently the majority of positive parity states
predicted by the coupling of the 3™ yrast state to 1plh con-
figurations is not yet identified except for 14 states with the
coupling to gg,2p1,2 and four other states [2].

4.4 Discovery of non-1p1lh states

Complete spectroscopy of Iplh configurations allows to
find non-1plh configurations [9]. A discrepancy between
the order numbers predicted by SDI and the observed order
assists in resolving the correlation. For 5.8 < E, < 7.0MeV
Fig. 14 and Tables 6, 7, 8,9, 10 and 11 compare the distribu-
tion of states for spins from 1~ to 6~ separately to calcula-
tions. The number of observed states with negative parity is
rather certain up to £, =~ 7.0 MeV. For some energy regions
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Fig. 15 Number of states at 2.5 < E, < 7.2MeV compared to cal-
culations for 1plh configurations a with negative parity, b with any
parity and [lowest curve] for non-1plh configurations. Lines marked
with dots show experimental values, dotted lines calculated with SDI
[17,18], drawn curves calculated with M3Y [12]. The lowest curve
shows the number of non-1p1lh configurations known from experiment
and calculated by the SDI for the weak coupling of the 3™ yrast state
to 1plh configurations [2]. Larger gaps in the distribution of excitation
energies are predicted at £, &~ 4.5,5.5,6.1,6.9MeV. They are visi-
ble in the experimental distributions except for the last one where the
knowledge diminishes. The gaps enabled the study of rather isolated
systems of states [34] (Sect.4.3.4)

the order numbers M, m are exchanged but in general the
difference M — m [Eq.(2)] is constant for most spins and
most regions.

The 17,27, 37 yrast states were recognized as tetrahedral
configurations [3,4]. Therefore the order number M of the
observed states is one higher than calculated by SDI. At £, &
5.5MeV three more 3~ states and at £, ~ 5.8 MeV three
more 5~ states are observed than predicted by the SDI [9].
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The 70203~ and 7134 4™ states are recognized as tetrahedral
configurations [3,4]. Details are discussed in the following.

The 1™ states. Higher excited states are known for spin
17 [1,89,90,92-94]. The number of identified states agrees
with the expectations by the SDI calculation [17,18] up to
E, =17.2MeV except for the additional yrast state (M = 1).
The 4842 1 state is identified as a tetrahedral configuration
[3].

In contrast SM calculations with realistic forces underes-
timate the number of 1™ states (Fig. 14a). However such cal-
culations have a general problem to predict 1~ states because
of handling the center of gravity motion [10-13]. The prob-
lem is solved by introducing one artificial state in addition
(see e.g. [10,13]).

Because the 17~ yrast state is described by a dominant
non-1plh configuration the order numbers M of the states
are one higher than the order numbers m of the configura-
tions counted by the SDI, M = m + 1 [Eq.(2)] (Fig. 14a,
Table 6). One more 1~ state is predicted at 7.1 MeV but not
found [93] (Sect.4.1.3).

The 2~ states. The number of identified states for spin 2~
agrees with the expectation by the SM up to E, = 7.0MeV
except for the additional yrast state (M = 1) (Fig. 14b).
Hence the order numbers M of the states are one higher than
the order numbers m of the configurations counted by the
SDI, M = m + 1 [Eq.(2)] (Table 7). The 4140 2~ yrast state
is identified as a tetrahedral configuration; it is not predicted
by any SM calculation.

The 3~ states. The number of states assigned spin 3~
is much larger than predicted by SM calculations (Fig. 14c,
Table 8). In addition to the yrast state recognized as tetra-
hedral configuration [3] disagreements are found at E, ~
5.5MeV [9]. For the states at £, ~ 5.5MeV the identifica-
tion and the spin assignments are rather firm [50], but final
doubts cannot be excluded.

The 4~ states. The number of states assigned spin
4~ agrees with the SDI calculations (Sect.4.2.3, Fig. 14d,
Tables 9, 14). In contrast SM calculations with the M3Y
interaction [12] underestimate the number of states slightly.

Just above the limit £, = 7.0MeV chosen in the data
taking of 1969 [41,42] the 7134 4~ state was recognized as
tetrahedral configuration [3,4].

The 5~ states. For spin 5~ the number of identified states
agrees with expectation by the SM up to £, = 5.7MeV
(Fig. 14e). However the large gap of 0.65MeV between the
two configurations g9,2f7/2 j15/2i13/2 predicted by SM cal-
culations is not present. The 5705 5,5 and 5993 5, states do
not have a SDI equivalent. In Fig. 14 in [50] one more state
at E, ~ 5.5MeV is unexplained. This explains the discrep-
ancy of the order numbers by three (M = m + 3) [Eq.(2)]
for E, > 6.0MeV [9] (Table 10).

The spin assignment to the 5993 state is doubted. An essay
indicates that an assignment of spin 2~ would be possible,
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too. Yet this would mean that the discrepancy with the num-
ber of one-particle one-hole configurations would lead to
M = m + 2 [Eq.(2)] for the 27 states at E, > 6.0MeV
(Table 7). The changed mean spacing between the 2~ states
would affect the chaoticity only little [62—64].

The 6~ states. For spin 6~ the number of identified
states agrees with the SM expectation [Sect.4.2.5, Fig. 14f,
Tables 11, 14]. The knowledge of states ceases above E, =
6.7MeV.

At6.2 < E,7.0MeV there are sixteen states with negative
parity not yet identified in total, one 0~ state, (no 1~ state),
one 2~ state, (no 3~ state), three 4~ states, three 5~ states,
and two 6~ states. In addition two 9~ states, two 10~ states,
two 117 states and another 127 state are missing.

As Table 15 shows there are about 90 states without a spin
assignment at 6.2 < E, < 7.0MeV. Currently available
experimental data do not allow further discussion.

Calculations by [2] predict a large number of positive par-
ity states in the region. The lowest curve in Fig. 15b displays
the number of non-1p1h configurations known from experi-
ment and calculated by the weak coupling of the 3™ yrast
state to 1plh configurations using the SDI [2].

According to [2] about five dozen states are predicted
which nearly agrees with the number of states with unknown
spin. The difference between the SDI and the M3Y calcula-
tions is thus partly explained.

5 Summary

Precisely measured angular distributions of 2%8Pb(p, p’) at
the MPIK (Heidelberg, Germany) for states 6.2 < E, <
7.0MeV taken 50 years ago are evaluated. In the last fifteen
years new data were gathered for the same region of excita-
tion energies and beyond with four times better resolution and
with the additional reactions 2°’Pb(d, p) and **®Pb(d, d’) at
the MLL (Garching, Germany).

Sixteen states are assigned new spins from 27 to 6~ . Spins
with 17,27, 37, and 5~ are additionally verified in twenty-
four states. Four 27, one 37, four 4, and one 6~ states are
newly identified. Amplitudes for up to four 1plh configura-
tions are determined with relative signs in thirty-four states
at 6.2 < E, < 7.0MeV and in addition in six states at
5.7 < E. < 6.2MeV strongly excited by the 2)’Pb(d, p)
reaction.

The centroid excitation energies and the sum of the
strengths for the Iplh configurations g7,2f5/2, d3/afs)2.
87/2P32, d32p3,2 is determined for most spins. The devi-
ation of the centroid excitation energies from SM calcula-
tions is less then 50keV at average. The sum of the strengths
amounts up to the full strength in most cases.

The purpose of the paper is to find positive parity states
and non-1p1h states in the heavy nucleus >*®Pb by studying
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negative parity Iplh states at 6.2 < E, < 7.0MeV. Obvi-
ously some of the sixteen new spin assignments in the chosen
region are not yet firm. About half of the 90 levels comprising
about 120 states observed in 1969 at 6.2 < E, < 7.0MeV
are weaker excited and not thoroughly investigated.
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A Figures
A.l1 Figures 1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14 and 15

Figure 1 shows calculated 1plh states at 3 < E, < 7
MeV excited by the seven IARs g9/2, 11,2, j15/2, d5/2,
51,2, 772 and d3 > in a schematic manner.

Figure2 shows calculated excitation functions for the
5172, 872> d3/2 IARs in 209B;. Ratios of cross sections
given by Eqgs. (11) and (12) are derived with unity s.p.
widths.

Figure 3 shows angular distributions calculated by
Eq. (11). They enhance the appearance of a dominant P,
shape by choosing the abscissa as P;.

Figure4 shows calculated angular distributions for pure
configurations with a g7,5 or d3, particle and a p3,; or
/52 hole. The linearity of angular distributions for pure
configurations with a d3, particle or p3,2 hole is given
by the choice of P, as abscissa.

Figures 8, 9, 10, 11, 12 and 13 show in the left panel
excitation energies calculated by the SDI for spins 17,
27,37,47,57,and 6~ and the configurations s1,2p1/2,
81/2P3/2> $1/2f5)2, d32P1)2, d32p1)2, d3j2p3)2, d3)2f5)2,

4
943 (mbise)

-
I

d5/: o

5804 MeV

[

INCIDENT PROTON ENERGY (MoV)

=

L
_e 7S

5958 MeV

19,

G681 MaV

A

7

\
t

Iy

. E.GO5 MeV
~ 6232 « 6255 MeV

oa}

d‘h st \
vy

B ZANY
" " " - - -

R RS T ETT R B

INCIDENT PROTON ENERGY (MeV)

Fig. 16 Excitation functions for 2%Pb(p, p) reproduced from (top)
Fig. 7 and (bottom) Fig. 10 in [28]. For details see Sect.A.2.1

87/2P1/2» 87/2P3/2, &1/2f5/2. Other 1plh configurations
are shown in the bottom frame. The observed centroid
energies and summed strength are shown with thick trian-
gular lines. In the right panel experimental observations
of excitation energies and strengths are shown. Strengths
of unobserved configurations are displayed at bottom.
Figure 14 compares the number of states at 5.2 < E, <
7.2MeV forspins 17,27,37,47,57, 6~ to calculations.
The dot at left shows the number of states up to £, =
5.2MeV.

Figure 15 compares the number of states at 2.5 < E, <
7.2MeV (a) with any parity and (b) with negative parity
to calculations. The lowest curve in panel (b) displays
known and calculated non-1p1h states with positive par-

ity.
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A.2 Figures 16 and 17

Figure 16 shows reproductions of Figs.7, 8 in [28]
(Sect. A.2.1), Fig. 17 reproductions of Figs. 10, 11 in [28]
(Sect.A.2.2). The excitation energies have to be
recalibrated by Eq. (14). Table 12 confirms the recalibration.

Open (close) circles are values taken at @ = 90°(100°),
triangles at ® = 158°; the proton energies of the ds >, 51,2,
87/2> d3/2 IARs are marked by an arrow [28].

In the following the states related to the original levels are
described. In most cases a single state describes the essential
cross section. The 6.232 + 6.255 doublet was already recog-
nized, however the doublet contains four states resolved by
the Q3D measurements (Table 15). Five more doublets were
resolved after 2007 [47,50]; in ten levels other states do not
contribute significantly to the cross section; they mostly have
positive parity (Table 15).

A.2.1 Figure 16
The top frame of Fig. 16 reproduces Fig. 7 in [28].

(4.967) The 4974 3, state contains 31% ds/2p1/2 strength
[55]. The admixture observed on the 51,2 IAR is
explained by a weak s12/5,2 component. Within the
resolution of about 30keV the 4953 37, 4962 5T,
4996 77 states are unresolved [50]; they contribute
little to the observed excitation function.

(5.030) The 5038 25 state contains 59% ds/>p1/2 strength
[55], see also Table 4 in [3]. The admixture observed
on the 51,7 IAR is explained by a weak 51 55,2 com-
ponent. Within the resolution of about 30 keV neigh-
boring 501097, 5040 21, 5069 107 states are unre-
solved [50]; they contribute little to the observed
excitation function.

(5.121) The 5127 2, state contains 33% ds/2p1/2 strength
[55]. The admixture observed on the 51,2 IAR is
explained by a weak s1/5f5/2 component. Within
the resolution of 30keV the neighboring 5093 8™
state is unresolved [50]; it contributes little to the
observed excitation function.

(5.804) Even with MLL Q3D magnetic spectrograph the
doublet with the 5812 25 and 5813 3|5 states is
unresolved. It was resolved by a sophisticated anal-
ysis of neighboring states [48].

The 5813 3™ state contains 12% g7,2p1,2 strength
[55]. It explains the enhancement remarked as being
due to the d3/7 IAR in 40keV distance. However a
weak admixture with a weak d35f5,2 component in
both states is certainly also present. Therefore the
shape of excitation function deviates significantly
from a Lorentzian near £, = 17.4MeV.

The very weak enhancement on the 51,2 IAR may
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be explained by a small amplitude s1/2p3/2 in the
5812 24 state and 5155/ in the 5813 3;5 state.
Within the resolution of about 30keV the neighbor-
ing 5789 3%, 5805 1=, 581927, 5825 8%, 58358,
5844 17 states are unresolved [50]; they contribute
little to the observed excitation function.

(5.869) The 5874 3, state contains 57% ds/2p1,2 strength

[55]. Within the resolution of about 30keV the
neighboring states 5864 12 [12] and the unresolved
5901 97T state [50] contribute little to the observed
excitation function. However the unresolved 5886
4, state contributes significantly.
The admixture observed on the 512 IAR is explained
by a weak s1,5f5,2 component in the 5874 3|,
state. The admixture observed on the g7, IAR is
explained by a g7/2f5,2 component in both states
(5874 3|4 and the 5886 4,).

(6.000) The 6010 3},, 6012 4, doublet contains 29%

ds2p1 2 strength [55]. It was recently resolved [50].
The analysis of the angular distributions in the Hei-
delberg data from 1969 yields three amplitudes for
each state (Sect.4.1.7, Table4). The large ampli-
tudes with a g7,2 particle in both states explains
the strong enhancement of the excitation function
on the g7/2 IAR.
The admixture observed on the 512 IAR is explained
by a weak s1/2f5,2 component in the 6010 3 state.
Within the resolution of about 30keV the neighbor-
ing 5989 67, 5993 57, 6023 77, 6026 8, 6037 6™
states are unresolved [50]; they contribute little to
the observed excitation function.

The bottom frame of Fig. 16 reproduces Fig. 10 in [28].

(5.958) The 5969 4 ; state contains 85% g7,2p1,2 strength1
Within the resolution of about 30 keV the neighbor-
ing 5937 11,5947 17,5957 8%,59732%,5981 7T,
5989 6%, 5993 5~ states are unresolved [50]; they
contribute little to the observed excitation function.

(6.232 The doublet unresolved within the resolution of

+6.255) about 30keV contains the 6243 32_0, 6275 3,, and
6264 14 states (Tables 6, 8). The 6243 3, state
contains no LJ py 2 strength; the 6264 15 state con-
tains 4% s1,2p1/2 and 5% d32p1/2 strength [55].
The considerable enhancement on the g7,, IAR
is explained by the strong g7,2f5/2 component in
the 6264 14 state as well as in the 6275 3,; state
(Table 4).

! In Table 4 of [55] 101% strength corresponding to G?‘j = 4.580

(Abbildung on p. 158) is tabulated for the 5969 45 state in discrepancy
to Abbildung 31 on p. 119 showing the value G f; = 3809 yielding 85%
strength as stated in Fig.31 of [55].
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(6.605)

(6.681)

The admixture observed on the ds /> IAR is explained
by weak ds/»f5/2 components in the three states.
The 6256 27 and the 6217, 6220, 6223, 6234, 6250,
6277 states with unknown spin and unknown parity
and the 6283 10~ state contribute little to observed
excitation function.

The strong enhancement on the g7,> IAR is explained
by two states. The 6617 3, state contains a weak
g7/2p12 strength [55] and a large g7/2p3/2 compo-
nent, the 6631 6, a significant g7,2p3,2 strength.
The 51,2 TAR excites the 6617 3, state thus prov-
ing a 51,252 admixture.

Within the resolution of about 30keV the 6589
27, contributes insignificantly (less than 10 pb/sr,
see Table4). The neighboring 6615 12~ and 6597,
6603, 6609, 6619, 6633, 6637 unresolved states
with unknown spin and unknown parity [50] con-
tribute little to the observed excitation function.
The 6688 state is excited on the g7/, with the most
extreme cross section. It does contain a very weak
g7/,2P1/2 component. A significant g7,2p3/2 compo-
nent is concluded. Spin 4~ is excluded by the large
cross section (Table 3). It leads to the assignment
as the 5| state (Table 10). The angular distribu-
tions near the g7,2 IAR exhibit weak admixtures of
81/2f5/2 and g72f7,2 (Fig. 28, Table4).

Within the resolution of about 30keV the unre-
solved 6682 27, 6699 3—, 6708 2~ states and the
neighboring 6670, 6673, 6683, 6695 states with
unknown spin and unknown parity (Table 15) con-
tribute little to the observed excitation function.

A.2.2 Figure 17

The top frame of Fig. 17 reproduces Fig. 8 in [28].

(5.284)

(6.304)

The 5.284 level contains the 5280 0, and 5292
15 states. They contain 65% and 108% ds/2p1/2
(i.e. almost the complete) strength [55], respec-
tively. The admixture observed on the ds/> IAR is
explained by a weak ds/>f5,2 component. Within
the resolution of about 30keV the unresolved
neighboring 5286 2+, 5317 3%, 5318 37, 5327 9T,
5339 87 states [50] contribute little to the observed
excitation function.

The 6.304 level is a doublet with the 6314 1, state
and the 6317 state with unknown spin. The 6314 1~
state contains 7% s1,2p1,2 strength [55]. The angu-
lar distributions near the d3,> IAR exhibit a strong
admixture of d3/5f5/2 (Fig. 24, Table 4) explaining
the admixture on the d3,» IAR. Within the reso-
lution of about 30keV the unresolved neighbor-
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Fig. 17 Excitation functions 2%Pb(p, p’) reproduced from (top) Fig.
8 and (bottom) Fig. 11 in [28]. For details see Sect. A.2.2

ing 6293 37, 6317, 6327, 6332, 6337 3~ states
(Table 15) contribute little to the observed excita-
tion function.

The bottom frame of Fig. 17 reproduces Fig. 11 in [28].

(5.914)

(5.936)

(6.078)

The 5924 27 state contains 68% ds;,p1/2 strength
[55]. Although the resolution was about 30keV it
was resolved from the 5947 1~ state. The admix-
ture observed on the 51,2 IAR may be plained by a
weak s1/2f5/2 component. Unresolved neighboring
5901 97, 5918 4+, 5928 10T, 5937 11 states [50]
contribute little to the observed excitation function.
The 5947 17 state contains no s1,2p1,2 admixture
t0 93% ds/2p1 2 strength [55]. Although the reso-
Iution was about 30keV it was resolved from the
5924 2~ state. Unresolved neighboring 5928 10T,
5937 1T states [50] contribute little to the observed
excitation function.

The level contains two states, the 6086 2y and the
6088 3 states [93] (Sect.4.1.8). The observed
2O7Pb(d, p) strength [50,55] corresponds to 23%
d3ap1)2 strength in the 6086 2, state or to 16%
d3ap1)2 strengthin the 6088 3 ¢ state (Sect. 4.1.8).
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The excitation observed on the 51,2 IAR is explained
by weak s1/2/5/2 components in both states. Within
the resolution of about 30keV the unresolved
neighboring 6068 5+, 6076 1, 6099 4T states [50]
contribute little to the observed excitation function.

A.3 Figures 18, 19, 20 and 21

Spectra for 2%Pb(p, p'), 2%8Pb(d, d’), **’Pb(d, p) shown in
Figs. 18 19, 20 and 21 were fitted by GASPAN [86] with
a Gaussian and an exponential tail [45]. The background is
mostly described by a polynomial of first degree; it is dis-
played by a blue line. Each peak is fitted by a Gaussian of
individual width with an exponential tail of common shape;
it is displayed by a green curve.

The width is chosen as a linear function for peaks describ-
ing nuclear levels in lead isotopes because of the quadratic
dependence on the magnetic field and the limited size of
the spectrum. The widths for contamination peaks are varied
freely. The fit of the total spectrum is shown by a red line.

For the fits shown in Figs. 22, 23 the option of fixed ener-
gies [45] was used (Sect.3.3.1). Original data displaying
spectra for 2%8Pb(p, p'), 2%8Pb(d, d’), >’ Pb(d, p) are avail-
able [57,58].

Figure 18 shows spectra taken with the MLL Q3D mag-
netic spectrograph for 2%Pb(p, p’) on the s; 2 IAR with
E, =1696MeV at 6.3 < E, < 7.3MeV.

Figure 19 shows spectra taken with the MLL Q3D mag-
netic spectrograph for 2% Pb(p, p’) near the g7 2 IAR with
E, =1730MeV at6.3 < E, <7.2MeV.

Figure20 shows spectra taken with the MLL Q3D mag-
netic spectrograph for 2%®Pb(d, d’) with E; = 22MeV
at6.3 < E, < 7.1MeV.

Figure21 shows spectra taken with the MLL Q3D mag-
netic spectrograph for 2’Pb(d, p) with E; = 22MeV at
6.3 < E, < 7.0MeV.

A.4 Figures 22 and 23

Original data displaying reconstructed spectra for 2% Pb(p, p’)
fitted by GASPAN [86] are available [41,42].

Figures22 and 23 show reconstructed spectra taken in
1969 at the MPIK for 2°8Pb(p, p’) on the ds ;> and g7, IARs
at6.0 < E, < 6.5and 6.5 < E, < 7.0MeV, respectively.
The legend in the middle assists to find the levels correspond-
ing to the states with spins from 1~ to 6.

Figure 22 shows reconstructed spectra taken for

208ph(p, p') at 6.0 < E, < 6.5MeV (top) on the ds)>
IAR, and (bottom) on the g7,> IAR. Contaminations from
(p,t) and (p, d) are identified with the 6128.2, 6136.4
levels. Both the 6010 35, 6012 4|, doublet (Sect.4.1.7)
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and the 6086 27, 6088 3~ doublet (Sect.4.1.8) are not
resolved. The 6264 15, 6275 3,,, 6314 1y, 6337 3,
6354 5,,, 6362 1, states are distinguished by the differ-
ent excitation near the ds /> and g7, TARs. The 6389 5,5
is well isolated. The 6420 2|,, 6452 4%, 6462 6 states
are distinguished by the different excitation near the ds,»
and g7,2 IARs. The 6486 1| is well isolated. The 6529
416, 6541 6, 6552 2|5 states are distinguished by the
different excitation near the ds/> and g7, IARs.

Figure 23 shows reconstructed spectra taken for
208Pb(p, p’) at 6.5 < E, < 7.0MeV (top) on the ds,»
IAR, and (bottom) on the g7,2 IAR. Contaminations
from (p,t) and (p,d) are identified in the top frame
with the 6592.4, 6868.0 levels. The 6589 2,, 6617 3,-,
6631 6, states are distinguished by the different exci-
tation near the ds;> and g7,2 IARs. The contamination
from 208Pb(p, d) near the ds;; IAR could be discrimi-
nated (Sect.3.2.1). The 6657 2|5 and 6688 5, states are
well isolated. The 6720 1,5 and 6739 4, states are well
resolved. The 6777 6,5, 6789 2,,, 6801 4 ¢, 6820 3,4
states states are distinguished by the different excitation
near the ds;» and g7,2 IARs. The 6868 2., 6878 5,,,
6878 5, states are distinguished by the different exci-
tation near the ds;» and g7,2 1ARs. The contamination
from 208Pb(p, d) near the ds;» IAR could be discrim-
inated (Sect.3.2.1). The 6929 25, 6944 4, 6969 2,,
states are distinguished by the different excitation near
the ds /> and g7/2 IARs.

A.5 Figures 24, 25, 26, 27, 28, 29, 30 and 31

Figures 24 , 25, 26, 27, 28, 29, 30 and 31 show angular distri-
butions for 208Pb(p, p’) reconstructed (Sect. 3.2.1) from data
taken with semiconductor detectors in 1969 at the MPIK.
The evaluated experimental data are presented in [42].

The ordinate is chosen in units of the mean cross section
o [Eq.(8)], mostly from O to 1.5, otherwise from 0 to 3 7;
the value 1 o [Eq. (5)] is shown by the dotted line.

Some cross sections are exceeding the scale for vari-
ous reasons, either the level contains another state not well
discriminated or the level is close to a contamination line
not well separated. Two doublets are discussed separately
(Sects.4.1.7, 4.1.8).

Instead of the scattering angle ® the Legendre polynomial
P>(cos ®) is chosen as abscissa (Sect.2.2.5). The legend for
the abscissa is omitted but the values P> (cos ®) are marked
for ® = 120° and 140° similar to Fig. 3.

For each state )Ex, I™ ) [Eq. (1)] amplitudes cf}lljﬂ are
determined where the particle is either LJ = g7,2 (“gS”) or

LJ = d3; (“dT”) and the holes [j = p1/2, p3/2, f5/2, f1/25
hy > described as “pO, pT, {F, fS, hN”.
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208 phL(p,p?), Fp = 16.960 MeV, @ = 84° 6.8 < F. < 7.3 MeV
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Fig. 18 29Pb(p, p) spectra taken for 6.3 < E, < 7.3MeV on the s ,2 TAR with the Q3D magnetic spectrograph at the MLL and fitted by

GASPAN. Known negative parity states are identified (Table 15)

For each angular distribution two calculations of 2% Pb(p, p’)

via either the g7/, or the d3,2 IAR were chosen to yield rea-
sonable fits tabulated in Table4. The result from the drawn
curve with up to four amplitudes is considered as the best
approximation. The result from the dotted curve with the
reversed (excluded) sign for one amplitude tabulated within
brackets is excluded; it explains the high sensitivity of the
method (Sect.3.3.4).

In Figs.24 , 25, 26, 27, 28, 29, 30 and 31 the value LJ of
the particle (the IAR) and the chosen proton energy £, the
energy label Ex and the spin I [Eq. (1)], the mean cross sec-
tion o [Eq.(5)] for the proton energies E, = 17.40, 17.47,
17.75MeV in units of pb/sr, the values /j of the considered
holes, and the amplitudes of the configurations LJ [j multi-

plied by a factor 100 are written down. Table4 additionally
displays the deselected set of amplitudes with one reverse
sign in parentheses.

In Figs.24, 30, 31 the factors o and +/1 — a2 [Eq. (22)]
are indicated, see Sects.4.1.4, 4.1.7 and 4.1.8, respectively.

Figure 24 shows angular distributions for states assigned
spin 1. Relatively good fits succeeded for all five known
states. For the 6264 state an equal excitation on both the
g7,2 and d3,5 IARs is determined (Sect.4.1.4). Admix-
tures to the 5947 1 state with dominantds,2p1 /2 strength
are determined with 1% d32p32 and 4% d3 >f5 > (Tables
4,5).
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208 pPh(p,p?), Fp = 17.300 MeV, ©® = 138° 7.0 < FE, < 7.2 MeV
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Figure 25 shows angular distributions for states assigned
spin 27. Among the nine known 27 states at E, >
6.2MeV relatively good fits of the angular distributions
succeeded for eight states. The fits for the 6589 and 6868
states are poor and not shown, the results are included
in Table 4. For the 6682 state data are insufficient.
Admixtures to the 5924 2,5 state with dominant d3,2p1/2
strength are determined with less than 4% d3,2p3/2 and
d3/2f5/2 (Tables 4, 5).

Figure 26 shows angular distributions for states assigned
spin 37. Among the nine known 3~ states at £, <
6.2MeV the angular distributions for two states suc-
ceeded in relatively good fits. The 6243, 6739 states are
newly assigned spin 3~ (Sect.4.2.3). Admixtures to the
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E.[Mev] 6.60

Fig. 19 29%pb(p, p’) spectra taken for 6.3 < E,7.2MeV near the g7,2 IAR with the Q3D magnetic spectrograph at the MLL and fitted by GASPAN.
Known negative parity states are identified (Table 15)

5874 315 with dominant g7,2p1,> strength are determined
with about 15% 87/2P3)2 and g7/2f5/2 (Table4).

Figure 27 shows angular distributions for states newly
assigned spin 4~ . Admixtures to the 5969 4,; with dom-
inant g7,2p1,2 strength are determined with less than 4%
g7/2p3/2 and g72f5/2 (Tables 4, 5).

Figure 28 shows angular distributions for states newly
assigned assigned spin 57; the 6688 state with domi-
nant g7,2p3,2 strength was already identified [28,40], see
Fig.17; admixtures of g7,2p3/2 and g7,2f5/2 are deter-
mined (Tables 4, 5). Even four amplitudes may be deter-
mined in the 6389 5~ state with £, = 17.47MeV,
—0.00 £ 0.02, 4+0.59 +£ 0.01, 40.06 &+ 0.02, +0.20 £+
0.10 [Eq. (19)], —0.03, +0.77, 40.13, —0.20 (Table 4,
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Fig. 20 298Pb(d, d’) spectra taken for 6.3 < E, 7.1 MeV with the Q3D magnetic spectrograph at the MLL and fitted by GASPAN. Known negative
parity states are identified (Table 15)

Fig. 28), <0.05, +0.60, +0.20, —20 [9] for g7/2p3,2 B Tables

g7/2f5/2, g7/2f7/2, g7/2h9/2. The weak amplitude for

g7/2p3/2 and the relative signs are relevant, the ampli-  The experimental uncertainties in Tables 1 and 2 are shown
tude for g7,2h9,7 is uncertain but weak. in the given references. They are not relevant for this work
Figure 30 shows angular distributions for the unresolved ~ because of much larger systematic uncertainties which are
doublet at £, = 6.01 MeV (at left) with spin 3™ and (at not discussed in detail.

right) with spin 4™. The 6010 35 and 6012 4, states are The strengths in Tables 3, 4, 5, 6, 7, 8, 9, 10, 11, 13, 14
discussed in Sect.4.1.7. derive from Table4. Systematic uncertainties are estimated
Figure31 shows angular distributions for the unresolved  in the order of several percent.

doublet at £, = 6.09MeV with the 6086 2, and 6088

i 209
3, states in Sect.4.1.8. Table 1 shows parameters for IARs in <”Bi (Sects.

2.2.1,3.3.5).

Table2 shows s.p. widths (Sects. 2.2.1, 3.3.5).

Table3 compares the predictions of excitation energies
calculated by the SDI to results from the fit of the angular
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297Ph(d,p), Eq = 22MeV, (top) © = 32°, (middle) © = 30°, (bottom) @ = 25°
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Fig. 21 2Y7Pb(d, p) spectra taken for 6.3 < E,7.0MeV with the Q3D magnetic spectrograph at the MLL and fitted by GASPAN. Known negative
parity states are identified (Table 15)

distributions for 40 states (Figs. 24, 25, 26, 27, 28, 29,
30 and 31).

Table4 shows excitation energies and amplitudes of 1plh
configurations for states discussed in this paper. For 40
states mostly three amplitudes are determined. The rela-
tive signs of the amplitudes are neatly determined in most
cases; the alternate (excluded) sign shown in Figs. 29,
30 and 31 is given in parentheses, see Sect.3.3.4.

Spin assignments of 17,27, and 3~ were done previously
(Sect.4.1) except for the new assignments of spin 3~ to
the 6243, 6337 states (Sect.4.2). New spins are assigned
to the 6452 47, 6529 47, 6739 47, 6801 47, 6944 4,
6354 57, 6389 57, 6878 57, 6462 67, 6541 67, 6631
67,6777 6™ states, the early recognized 6688 5~ state is
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verified (Sect.4.2).

The amplitudes from the 20’Pb(d, p) analysis [55] with
the 51,2, d3/2 and g7,> particle and a py; hole are weak,
states at 5.8 < E, < 6.2MeV with major strength of
$1/2P1,2> d3j2p1/2, and g7,2p1/2 are included (Cols. 6-
9). In most cases the fit of the angular distributions for
208Pb(p, p') yielded similar amplitudes for g7/2p1,2 and
d32p1/2 (Cols. 10 and 15, respectively).

Table5 shows the strengths ¢? for the states tabulated in
Table 4.

Tables6, 7, 8, 9, 10 and 11 show calculated excita-
tion energies and cross sections for states with pure con-
figurations d3,2p3/2, 87/2P3/2- 81/2f5/2, and d3 of5 2. The
detected sum of the strengths of states with these con-
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Fig. 22 Spectra for 2Ong(p, p’) taken in 1969 at the MPIK at 6.0 < E, < 6.6MeV (top) on ds/» IAR, (bottom) near g7/> IAR. The spectra are
fitted by GASPAN. For details see Sect. A.4
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Fig. 23 Figure 22 continued for 6.5 < E, < 7.0MeV
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Fig. 24 Angular distribution of 2®8Pb(p, p’) for states assigned spin
17. The description of the x- and y-axes is omitted for clarity. The x-
axis is given by the Legendre polynomial of second degree running from
P>(cos(90°)) to P>(cos(180°)), see Fig.3; the values P>(cos(120°))
and P, (cos(140°)) are indicated at bottom. The y-axis is in relative
units; the scale from O to 1.5 relative units is shown by a thick line at
left. The value with relative units of 1.0 is shown by the dotted line, a
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details see Sects. 4.1, A.5

scale is drawn at the right side. The values LJ, /] for the particles and
holes are shown as dT for d3,2, gS for g7/, pT for py/2, pT for p32,
fF for f5/2, fS for f7,2, hN for hg/>. The amplitudes are multiplied by a
factor 100. The mean cross section o [Eq. (8)] is shown with o in units
of wb/sr. In the fit of the 6264 state the factors o and +/1 — o2 [Eq. (22)]
indicated with “)*” are applied to the amplitudes (Sect.4.1.4). For more
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Fig. 25 Angular distribution of 2%8Pb(p, p’) for states assigned spin 2. For details see Sect. A.5
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Fig. 27 Angular distribution of 2°8Pb(p, p’) for states assigned spin 4~. For details see Sect. A.5
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Fig. 31 Angular distributions of 2%8Pb(p, p’) for the doublet with the 6086 2~/6088 3~ states. For details see Sects.4.1.8, A.5

figurations are shown and illustrated in Figs. 8, 9, 10, 11,

12 and 13.

Table 12 compares results obtained fifty years ago to

recent results.

Table 13 shows the distribution of the g7,2p3/2 and
g7,2f5,2 strengths for the 4~ states at 6.0 < E, <
7.0 MeV.

Table 14 shows the distribution of the g7,5f5/2 strength
for the 6~ states at 5.6 < E, < 7.0MeV.
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Table 15 Levels in 28Pb at 6.20 < E, < 7.00MeV observed in
spectra taken in 1969 (Sect.3.1) and reconstructed (Sect.3.2.1) for
208pb(p, p') at E, =17.40,17.47, 17.75MeV. Most enumerated levels
are unresolved doublets in the original data [39] (marked by a verti-
cal bar). The favored identification with a certain state observed after

2003 for 298Pb(p, p'), 2%8Pb(d, d'), and 2O7Pb(d, p) (Sect. 3.1) is based
on spin and parity either known (Sect.4.1) or deduced by this work
(Sect.4.2). Levels observed by Wagner et al. [87] and Valnion [55] are
included. Levels at 7.00 < E; < 7.15MeV are included because they
were used for the calibration (Sect.3.2.1)

Level E, I™  Ref. NDS2007 208Ph(p, p’) 07Ph(d, p) 29Pb(d, d")
[1] [55,87] this work  this work  this work
a b c d e
keV keV keV keV keV
1 16217 6216.8 £1.5 6216.8 6216.8 6216.1
6220 6220.0 6219.4
2 6223 6223.9 £1.5 6223.9
3 6234 62349 £0.6 6234.9 6234.9 6235.6 6234.6
4 62437 3” g 62424 £0.9 62424 6242.4 6242.2 6242.6
5 6250 6250.6 £1.5 6250.6
6 6256 2+ [1] 6255.68+0.06 6255.5 6255.6 6255.6 6255.7
7 62647 1= [1] 6263.7 £0.1 6263.8 6263.7 6263.6 6263.9
8 62757 3” [1] 6274.55+0.22 6274.9 6274.5 6274.4 6274.7
6277 6278.4
9 6283 100 [1] 6283 +£6 6283.0 6284.2
10 63147 1= [1] 6313.9 £0.1 6315.0 6313.9 6314.0 6313.8
11 6317 6317.6 £1.5 6317.6 6317.6 6317.4 6318.0
12 6327 6327.2 £1.5 6327.2 6327.2 6328.0 6327.3
13 6332 63329 £1.5 63329 6332.9 6332.3 6333.6
14 63377 37 g 6340 <£5 6337.9 6337.0 6337.3 6337.4
15 6348 6348.3 £1.5 6348.3 6348.0
16 63547 57 g 6354.4 £0.4 6354.4 6354.4 6354.5 6354.5
17 63627 1~ [1] 6361.6 £0.1 6361.6 6361.6 6361.3 6361.5
18 6365 6365.3
19 6371 27,37 [1] 6371.8 £1.5 6371.8
20 6378 6378.8 £0.6 6378.8 6378.8 6377.8 6378.2
21 6389f 57 g 6389.6 £0.5 6389.6 6389.6 6389.3 6389.3
22 6397 6397.1 £1.5 6397.1
23 6419 (5+,6%) [1] 64202 £14 6418.8
24 64207 2= [46] 6428 +10  6420.0 6420.0 6419.3 6419.7
25 6429 6427.6 £1.5 6427.6 6427.6 6428.3 6427.9
26 6435 6435.8 6431.0 6431.7 6430.8
27 (6436 12— 1] 6435.57+0.23 6437 6437.7
‘6438 6438.5 6438.4 6439.6
28 |6444f 37 [1] 6444.4 £0.2  6443.8 6444.4 6444.2 6443.7
6448  (137) [1]  6448.40+0.14 6450
29 6452f 4= N 6452.0 £0.5 6451.5 6452.0 6451.7
30 6462f 6~ g 6462.7 £0.4 6462.3 6462.7 6461.9 6462.5
31 6471 6472.6 £1.5 6472.6
32 6480  2- [l 6482.0 £15 6482.0
33 64867 1= [1] 6486.5 £0.2  6486.1 6486.5 6486.5 6485.8
34 6505 1 1] 6505.6 £2.2 6500 6508.0 6507.3
35 6513 1 1] 6512.8 £0.6 6512.8
37 6517 6517.0 6517.2 6518.0
38 16529/ 4= N 6529.0 £1.5 6529.0 6529.0 6529.1 6529.1
6531 6531.7 £1.5 6531.7
39 65417 6~ g 6541.6 £0.6 6541.6 6541.6 6540.9 6541.7
40 6547 6545.2 £1.1 6547.2 6547.0
41 65521 2= [46] 6551.93+0.16 6552.2 6551.9 6551.9 6551.4
42 6561 6561.0 £1.5 6561.0 6561.0 6562.1
43 (6570 6570 6570.0 6570.4
‘6573 6573.2 £ 1.5
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Table 15 continued

Level £, I™  Ref. NDS2007 [55,87] 208Ph(p, p') 207Pb(d,p) 2°5Pb(d,d’)
44 16589 2= 1] 6588 +10  6589.0 6588.0 6588.0
6590 (1] 6589.0 +1.5
45 6597 6595.9 6597.0 6596.8 6597.7
46 6603 6615 6601.8
47 6609 6609.2 +1.5  6609.2
48 66177 3= [l  6617.0 £0.3 6616.2 6617.0 6617.1 6616.4
49 16631/ 6~ 9 6631.5 £0.6 6631.5 6631.5
6633 6633.0 6633.6
50 6642 6642.0 6642.2 6641.7
51 6655 6655.3 £1.5 6655.3
6656 4t [1]  6657.8 £0.5
52 [6657F 2 [46] 6659.2 6657.8 6657.6 6657.3
6661 6661.0 6661.4
53 6670 6670.0 6669.9
54 |6682 6682.46+0.14 6683.0 6682.4 6682.2
6683 6683.0
55 6688F 5= 1]  6687.8 £0.7 6689.1 6687.8 6688.6 6687.7
56 6695 6695.0 6696.0
57 6699  (37) [1]  6699.60+0.23 6699.9 6699.6 6700.3
58 6708 6708.9 £1.5 6708.9 6708.9 6709.3 6710.0
59 6720/ 1- 1] 6719.8 £0.5 6719.7 6719.8 6720.2 6719.9
60 6728 6728 +£2 6728 6728.0 6728.4 6728.9
61 6734 6734.4 £1.1 6733.3 6734.4 6734.5 6733.2
62 67397 4= 9 6739.6 £0.7 6739.6 6739.6
63 6743 14~ [1]  6743.42+0.16
64 |6753 6753.0 6752.5 6753.1
6756 2= [I] 67564 £0.7 6756.4 6756.4
65 6766 6766.6 £1.0 6768 6766.6 6766.1 6766.2
66 6773 1,2,3~ [1] 67734 +15
67 6777F 6~ 9 6777.0 6777.0 6776.7 6776.7
68 |6786
67897 2= 9 6789.1 £0.6 6787.1 6789.1 6789.4
69 [6791 6792.2
6794 6794.1 £1.5 6794.1
70 |6801F 4= 9 68008 £2.0 6801.0 6800.8 6801.4
6804 6804.0
71 |6818 6818.0 6817.8
6820 3~ 9 6820.0 £0.4 6821.0 6820.0 6820.6
72 6825 6825.6 £0.7 68258
73 6831 8~  [1,2] 68315 £15 68315 6829.0 6829.2 6828.6
74 6836 6836.0 6834.1 6834.1
75 6842 6842.1
76 |6846  (8+) 6845.7 £0.6 6845.7 6845.7 6846.2
6850 6850.0 6850.0
77 6860 9~  [I] 68614 £0.6 6861.4 6860.0 6860.2 6860.8
6867 10~ [I]  6868.0 £0.6
78 68687 27 [46] 6868.0 6868.0 6867.2
79 68787 5= 9 6877.7 £0.5 6877.9 6877.7 6877.5
6879 7~ [1,2] 6879 +£6 6879.0 6878.0
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Table 15 continued

Level E, I™  Ref. NDS2007 [55,87] 208Ph(p,p’) 2°"Pb(d,p) 2°°Pb(d,d’)

80 6884 10~ [1] 6884 =£6

81 6895 6895.0 6896.0 6894.5
6897 6897.3 £0.4  6897.2

82 6904 6904.0 6904.0

83 6913 2t 1] 6913 +4

84 16917 6917.5 £0.6  6917.5 6917.5 6917.2 6917.6
6920 6920.7 £0.8 6920.7 6922.6

85 69297 2= [1]  6929.6 £0.5 6929.1 6929.6 6929.8 6928.4
6932

86 6940 3= 1] 69399 £1.5 6939.9

87 69447 4= 9 6947 +£2 6947 6944.0 6945.1

88 6950 6951.0 6950.2

89 6960 6960.0 6959.6

90 6969 2= [1]  6969.3 £0.5 6969.5 6969.3 6969.0 6968.8
6980  1,2% [1] 6980 440 6983.0 6983.4

91 6988 6988.7 £1.5  6988.7 6988.7 6988.8

92 6995 6995.1 £1.5  6995.1 6995.1 6994.7 6994.5
7000  (97) [1] 7000
7001 7001.0 £0.4 7001.2 7001.0 7001.2 7001.0
7005 7005.0 7004.2
7019 1= 1] 70202 £0.6
7020 3= 3] 70202 £0.4 7020.1 7020.2 7020.0
7030 7030.0 7030.4
7034 7034 +£2 7034 7034.0 7033.8
7045 7045.0
7058 7057.9 £1.5 7057.9 7057.9 7057.6
7061 2= [1] 7061 45
7063 1= [1]  7063.53+0.20 7063.4 7063.5 7063.3 7064.2
7083 1= 1]  7083.2 £0.3 7082.2 7083.2 7083.4 7082.9
7086 12 [1] 7086 +6 7086.0 7086.2 7085.1
7095 7095.6 +£0.3  7095.6 7095.6 7095.1
7100 7100.0 7099.9
7108 (17,37) [1] 7108 £1.0 7108.0
7117 (37) 1] 7117.0 £0.3  7117.0 7117.0 7117.0 7116.4
7137 4= [3] 71373 £0.4 71378 7134.3 7134.3 7134.8
7140 7140.0 7141.1

(a) Levels fitted by GASPAN [86] (Sec. 3.3.3). Doublets within about 4.0keV are marked

by a vertical bar.
(b) Typical uncertainty 0.6 keV.
(¢) Typical uncertainty 0.3keV.
(d) Typical uncertainty 0.4keV.
(e) Typical uncertainty 0.5keV.
(f) Observed to resonate near the g7/o+ds/o IARs.
(g) New spin assignment (Sect. 4.2).

Table 15 shows the excitation energies of states observed
by various experiments in the range 6.20 < E, <
7.15MeV. The levels used for the calibration at 6.20 <
E, < 7.0MeV are enumerated assuming one level to
cover about 4.0keV in excitation energy. The resolution
in the 29%Pb(p, p’) reaction studied in 1969 [39] is about
12keV. In the fit of the 1969 spectra by GASPAN the

@ Springer

option of fixed energies was used [45] (Sect.3.2.1).

The resolution of about 12keV is insufficient to clarify
the identity of states completely. For this reason it does
not make sense to show the uncertainties of the experi-
mental values derived from the 208 Pb(p, p), 207pp, d, p),
208Pb(d, d’) reactions by [55,56,87] and by this work.
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The mean magnitude of the uncertainties is given as foot-
notes.
This table continues Table VI in [50] for 0 < E, <
6.2MeV to 6.2 < E, < 7.15MeV. Below E, <
7.15MeV in total about 300 states are now identified in
ZOSPb.
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