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Positive parity states in 208Pb excited by the proton decay of the isobaric analog
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With the Q3D magnetic spectrograph of the Maier-Leibnitz-Laboratorium at München at a resolution of about
3 keV, angular distributions and excitation functions of the reaction 208Pb(p,p′) were measured at some scattering
angles 20◦–138◦ for several proton energies 14.8–18.1 MeV. All seven known isobaric analog resonances in 209Bi
are covered. By the excitation near the j 15/2 intruder resonance in 209Bi, several new positive parity states in
208Pb with excitation energies 4.6–6.2 MeV are identified by comparison of the mean cross section to the known
single particle widths. The dominant configuration for 27 positive parity states is determined and compared to
the schematic shell model.
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I. INTRODUCTION

The method of inelastic proton scattering via isobaric
analog resonances in 209Bi (IAR-pp′) allows to determine
the complete neutron particle-hole structure of nuclear states
in 208Pb [1–4]. In the reaction 208Pb(p,p′) the particle of a
particle-hole configuration is chosen by adjusting the proton
energy Ep to the appropriate isobaric analog resonance (IAR)
in 209Bi. The excitation energy of the particle-hole state is
obtained from the energy Ep′ of the inelastically scattered
proton. The configuration amplitudes of the holes, coupling to
the particle, are determined from the angular distribution of
the outgoing protons in the reaction 208Pb(p,p′) (see [5] and
references therein).

In the doubly magic nucleus 208Pb, the shell model predicts
the majority of particle-hole states to have negative parity.
However above and below each major gap among the shell
model orbits (N = 126, Z = 82), there is an intruder with
a parity different from the regular orbits. Therefore in 208Pb
some positive parity states have similar low excitation energies
as negative parity states.

Indeed in 208Pb below Ex = 6.1 MeV, the schematic
shell model without residual interaction (SSM) predicts 36
one-particle one-hole (1p-1h) states with spins 5+–10+. In the
Nuclear Data Sheets [6] (in the following often called
NDS2007) only about 30 states with positive parity are known
and much less states with spins 5+–10+. We add nearly a
dozen more states to the number of firmly identified positive
parity states.

In principle, the parity of a particle-hole state in 208Pb
can be determined in a straightforward manner by measuring
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excitation functions of the inelastic proton scattering on 208Pb
via IAR in 209Bi. Namely only the proton decay of the intruder
IAR j 15/2 is calculated to populate positive parity particle-hole
state with measurable cross sections; in all other IAR very low
cross sections for particle-hole configurations with the intruder
hole i13/2 are predicted [7]. Indeed, early measurements of
excitation functions identified the lowest 8+ in 208Pb to be
selectively excited by the j 15/2 IAR [4].

By IAR-pp′, states with dominant proton particle-hole
configurations are observed via an admixture of neutron
particle-hole configurations. Therefore almost all states in
208Pb may be detected by 208Pb(p,p′) via IAR in 209Bi.

The method of inelastic proton scattering via IAR devel-
oped after 1965 [1–4,8] gave the impetus to construct the Q3D
magnetic spectrograph in the 1970s at several labs. At the
Maier-Leibnitz-Laboratorium of the LMU München and the
TU München, the Q3D magnetic spectrograph was improved
during a long period [9,10]. But finally only the detector con-
structed in 1999 allowed for the resolution needed to resolve
most states in 208Pb [11]. Namely the mean distance between
two levels in 208Pb for Ex = 4.5–6.2 MeV is about 10 keV
and before 1999 the best resolution was only 4 keV [12].

So the method of inelastic proton scattering via IAR
was resumed in 2003 [5] after the high resolution particle
spectroscopy has matured. With a resolution of about 3 keV,
the Q3D magnetic spectrograph at München allows to measure
excitation functions and angular distributions of IAR-pp′ for
states in 208Pb with excitation energies 2.5 < Ex < 8.2 MeV.
In favorable regions and at scattering angles 20◦ � � � 138◦,
cross section as low as 0.5 µb/sr with a background of
0.1 µb/sr can be measured in typically half an hour with
sufficient statistics.

Results for states populated strongly by the i11/2 IAR in
209Bi are shown in [5]. Here we present results for more
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than 30 states in 208Pb below Ex = 6.1 MeV with mean
cross sections of 0.5–25 µb/sr excited in the j 15/2 IAR. Some
doublets with less than 5 keV distance are resolved and
several new states are identified. Positive and negative parity is
determined unambiguously. Preliminary results were already
presented at conferences [13,14] and included in [5,6].

Angular distributions are measured but the full analysis is
not presented here, essentially only the mean cross sections
are used. The complete transformation matrix from the SSM
configuration space to the real states in 208Pb can be determined
by using the data from angular distributions and the assumption
of an unitary transformation matrix. The method has been
successfully applied to determine the structure of generalized
neutron particle-hole states in 140Ce [8] and of the lowest
negative parity states in 208Pb [16,17]. For the positive
parity states with spins 5+–10+ in 208Pb, however, a detailed
discussion would become lengthy.

In Secs. II A and II B shell model states are discussed, in
Sec. II C shortly the method of IAR-pp′. The experimental
determination of excitation energies from the Q3D exper-
iments is discussed in Sec. III B. In Sec. III C excitation
functions of 208Pb(p,p′) are discussed yielding new resonance
parameters for the j 15/2 IAR (Sec. III F). The disentangling of
several doublets with spacings of less than 5 keV among more
than 120 states observed below Ex = 6.1 MeV is discussed
in Sec. III D. Results are given in Sec. IV.

II. THEORY

A. Basic configurations

1. Schematic shell model

In the SSM the energies Ex of states in 208Pb (A = 208)
with one-particle one-hole (1p-1h) structure are derived from
the masses m of the four neighboring nuclei [18] and the
excitation energies E

expt
x of the particle LJ in 209Bi and of the

hole lj in 207Tl for protons (π ), of the particle LJ in 209Pb
and of the hole lj in 207Pb for neutrons (ν) determined from
experiment [15],

ESSM
x (π,LJ, lj ) = �EC(A,Z) + �Q(A,Z, π )c2

+Eexpt
x (π,LJ ) + Eexpt

x (π, lj ),
(1)

ESSM
x (ν, LJ, lj ) = �EC(A,N ) + �Q(A,N, ν)c2

+Eexpt
x (ν, LJ ) + Eexpt

x (ν, lj ),

where

�Q(A,Z, π ) = m(208Bi, LJ g.s.) − m(208Pb, 0+
g.s.)

+m(207Tl, lj g.s.) − m(208Pb, 0+
g.s.)

= 4214 keV is the magic gap at Z = 82,

�Q(A,N, ν) = m(209Pb, LJ g.s.) − m(208Pb, 0+
g.s.) (2)

+m(207Pb, lj g.s.) − m(208Pb, 0+
g.s.)

= 3431 keV is the magic gap at N = 126.

Figure 1 shows the excitation energies in 209Pb, 207Pb, 209Bi,
207Tl and the magic gaps �Q. In this paper positive parity
states built with particle-hole configurations are discussed

FIG. 1. Excitation energies in 208Pb, 207Pb, 209Bi, 207Tl deter-
mined from experiment [15] and gaps �Q derived from mass
differences [Eq. (2)]. The magic gaps at 50, 82, 126, 184 nucleons,
and the intruder levels (dotted, italic) are indicated. The h9/2 orbits
for protons and neutrons are matched to each other.

where one of the nucleons is an intruder (dotted lines). For
more than 30 states, spectroscopic information about the
configurations j 15/2 lj , lj = p1/2, f 5/2, p3/2, is obtained from
the experiment.

An essential part of the Coulomb pairing energy �EC [Eq.
(1)] derives from the nonlinear increase of the binding energy
with neutron number N and proton number Z, see Eq. (2-19) in
[19]. We use the values �EC(A,N ) = 0 MeV, �EC(A,Z) =
−0.30 MeV.

Table I shows the excitation energies [Eq. (1)] calculated for
positive parity states with Ex < 6.9 MeV. Only the multiplets
j 15/2 lj , lj = p1/2, f 5/2, p3/2, are completely shown; for some
other configurations more spins are predicted. For 6.2 < Ex <

6.6 MeV a large gap is expected.

2. More-particle more-hole configurations

For the positive parity states the opportunity is given to
determine the mixing between 1p-1h and 2p-2h configurations.
Namely the lowest 15/2− state in 208Pb is no pure single
particle state and hence all particle-hole configurations built
in the proton decay of the j 15/2 IAR are already mixtures of
1p-1h and 2p-2h configurations. The lowest 9/2+ and 15/2−

states in 209Pb are described by Bohr and Mottelson [20] as

|ĝ9/2〉 = 0.97|0+g.s. ⊗ g9/2〉 + 0.24|2614 3− ⊗ j 15/2〉,
(3)|ĵ15/2〉 = 0.85|0+g.s. ⊗ j 15/2〉 + 0.52|2614 3− ⊗ g9/2〉.

The states ĝ9/2, ĵ15/2 in 209Pb may be considered as generalized
particles similar to the more complicated situation in the
N = 82 nuclei [8,21]. So in the following, by simply writing
g9/2, j 15/2 instead of ĝ9/2, ĵ15/2, we always have the structure
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TABLE I. For spins 5+–10+ and Ex < 6.9 MeV in 208Pb,
shell model excitation energies ESSM

x calculated by Eq. (1). Each
configuration is given an order number n. For spin 6+ an additional 2p-
2h configuration is expected at Ex ≈ 5.2 MeV (Sec. II A). IAR-pp′

may determine amplitudes of the configurations j 15/2p1/2, j 15/2f 5/2,
j 15/2p3/2.

Particle-hole ESSM
x I π

n

configuration MeV 5+ 6+ 7+ 8+ 9+ 10+

ν j 15/2 p1/2 4.854 1 1
ν g9/2 i13/2 5.064 1 1 2 2 1 1
π h9/2 h11/2 5.262 2 2 3 3 2 2
ν j 15/2 f 5/2 5.424 3 3 4 4 3 3
π i13/2 s1/2 5.522 4 5
ν j 15/2 p3/2 5.752 5 6 5 4
ν i11/2 i13/2 5.843 4 6 7 6 5 4
π i13/2 d3/2 5.873 5 7 8 7
π f 7/2 h11/2 6.159 6 8 9 8 6
π d5/2 i13/2 6.631 7 9 10 9 7

of Eq. (3) in mind. The neutron holes just couple to these
configurations.

Yet the states with spin 6+ excited by IAR-pp′ via the
j 15/2 IAR through the configurations j 15/2f 5/2 and j 15/2p3/2

contain also admixtures of the double-octupole configuration
|2614 3−〉 ⊗ |2614 3−〉 [22–24].

The challenge to the experimentalist is the need to detect
at least eight 6+ states below Ex = 6.1 MeV and to determine
the main configurations for each of them. From the recent
compilation by NDS2007, four 6+ states are assigned. Three
assignments are confirmed, another one is shown to belong to
a different member of a 5 keV doublet. From the tentative
assignment of two more 6+ states by NDS2007, one is
confirmed, the other assignment indicates the problem of
determining the L-value from high-energy 208Pb(p,p′) [25],
see Secs. III, III D, IV F. We identify two more 6+ states.

In 209Pb, the lowest negative parity states start shortly above
the fourth positive parity state (s1/2, Ex = 2.0 MeV) [26–28].
They are described by configurations such as g9/2

2p1/2
−1,

g9/2
2f5/2

−1. Hence their coupling with a p1/2, f 5/2, p3/2 hole
yields positive parity states in 208Pb with low spin. The IAR
of these negative parity states above Ep = 17.0 MeV in 209Bi
are expected to be weak because of the multiparticle structure.
The excitation functions covering the region above the s1/2

IAR do not indicate an excitation of positive parity states with
cross sections larger than 5 µb/sr which is neither explained
by identified states, nor by states with large direct-pp′
contributions or doublets. However only few proton energies
were used to cover the excitation functions in this region.

The next 15
2

−
state in 209Pb (with a structure complementary

to the lowest ĵ15/2 state [Eq. (3)]) is suggested at Ex =
3.05 MeV [27,28]. The coupling of a p1/2, f 5/2, p3/2 hole
to this state yields states in 208Pb at Ex ≈ 7.0 MeV, far above
the region of 4.5 < Ex < 6.1 MeV where the lowest positive
parity states with spins 5+–10+ are expected (Table I).

In this paper the (generalized) 1p-1h frame seems ac-
ceptable for the discussion of the configurations j 15/2p1/2,

j 15/2f 5/2, j 15/2p3/2 determined in states with excitation ener-
gies of 4.5 < Ex < 6.1 MeV. For the 6+ states an admixture
from 2p-2h configurations should be considered, but is ignored
in this paper, since we identify less states than predicted by
the SSM.

B. Description of states

A particle-hole state with energy label E, spin I , parity π

is described by a superposition of particle-hole configurations
built from neutrons (ν) and protons (π ) relative to the 0+
ground state (g.s.) of 208Pb with amplitudes c,

|E, Iπ ,M〉 =
∑
LJ

∑
lj

c
E Iπ ,ν
LJ,lj |(ν, LJ ⊗ ν, lj )I,M〉

+
∑
LJ

∑
lj

c
E Iπ ,π
LJ,lj |(π,LJ ⊗ π, lj )I,M〉, (4)

M = −I, . . . ,+I.

In a short-hand notation the state is described by

EIπ ≡ |E, Iπ ,M〉 for any magnetic substate M. (5)

The particles are characterized by their angular momentum
L and spin J , the holes similarly by l, j . The energy label
E is defined by the excitation energy of the state (given by
NDS2007 unless the state is new) rounded to keV. In order to
achieve an unique energy label, sometimes 1 keV is added or
subtracted.

By ordering the configurations according to their excitation
energy, an order number n of the configuration is defined.
So Iπ

n may be written instead of |(LJ lj )Iπ 〉, see Table I.
Similarly, in case a complete sequence of states with a certain
spin, parity, and a dominant configuration as expected from
the SSM is identified, we simply write Iπ

N ,N = 1, 2, . . . . In
some cases a state number out of the complete sequence is
tentatively designed as Iπ

(N) with N being the order number
of the SSM configuration, if states with intermediate numbers
may be expected but are not yet identified. For the 6+ states
order numbers N > 2 are set into parentheses, see Sec. II A.

C. Principles of the IAR- pp′ reaction

The theoretical description of IAR-pp′ is valid for isolated
IAR [5,8]. The IAR j 15/2 in 209Bi as the intruder is best isolated
among all IAR. The next IAR of the same parity is expected
near Ep = 18.0 MeV (Sec. II A).

1. Isobaric analog resonances

The wave function of a single particle (s.p.) IAR in 209Bi
with spin LJ may be represented by

∣∣�IAR
LJ (209Bi)

〉 = 1√
2T0 + 1

T−(|LJ, ν〉 ⊗ |208Pb(0+ g.s.)〉),
(6)

where T0 = N−Z
2 = 44

2 is the isospin of the g.s. of 208Pb. The
isospin lowering operator T− acts on all excess neutrons. In
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FIG. 2. Action of the isospin lowering operator T− on the excess
neutrons in 209Pb [Eqs. (6), (7)] where T0 = 44

2 creates 45 components
of the IAR. In each component one neutron (ν) is converted into a
proton (π ). However only six out of the 164 core nucleons (N,Z �
82), three out of the 44 excess neutrons (82 < N, Z � 126), and one
orbit above N, Z = 126 are shown. The depicted Coulomb barrier
explains the change of the penetrability with the proton energy [7].

each of the 45 components, one excess neutron is converted
into a proton,

∣∣�IAR
LJ (209Bi)

〉 = 1√
2T0 + 1

|LJ, π〉 ⊗ |208Pb(0+ g.s.)〉

+
∑
lj

√
2j + 1

2T0 + 1
(|lj+1, π〉 ⊗ |lj−1, ν〉)0+

⊗ |LJ, ν〉 ⊗ |208Pb(0+ g.s.)〉. (7)

Figure 2 shows the action of the isospin lowering operator. The
IAR consists of 2T0 + 1 configurations where either a proton
is coupled to the parent nucleus (middle frame) or a neutron
is coupled to the parent nucleus and one excess neutron in the
parent nucleus is converted into a proton (right frame).

In the proton decay of the IAR either the proton escapes with
the unchanged energy Ep (elastic proton scattering) and leaves
208Pb in its g.s. (left frame of Fig. 3) or the proton escapes
with the energy Ep′ = Ep − Ex (inelastic proton scattering)
and excites neutron particle-hole configurations in the parent
nucleus with the energy Ex (right frame of Fig. 3).

In contrast to the equivalent pickup reaction 209Pb
∗
(p,d),

inelastic proton scattering via the IAR LJ creates a super-
position of neutron particle-hole configurations LJ lj in the
parent nucleus. Hence the angular distribution is affected by
the interference between all components and the amplitude
c
E Iπ ,ν
LJ,lj of each configuration LJ lj including the sign can be

determined [Eq. (4)].

2. Cross section of IAR- pp′

The differential cross section is described by a product of
four factors [5,8].

(i) One factor describes the population of the IAR with
orbital momentum L and spin J as a function of the

FIG. 3. The proton decay of an IAR. The left frame reflects the
elastic proton scattering, the right frame the inelastic proton scattering
creating neutron particle-hole configurations in the parent nucleus.

s.p. width �
s.p.

LJ , the total width �tot
LJ and the resonance

energy Eres
LJ .

(ii) A second factor describes the decay of the IAR given
by the s.p. width �

s.p.

lj and the phase between the
interfering amplitudes of the decaying particles with
orbital momentum l and spin j .

(iii) A third factor describes the geometry of the angular
momenta L, l and spins J, j recoupling to the final
spin I .

(iv) A fourth factor describes the resonance behavior. The
pattern of the excitation function is described to first
order [4,5] by a Lorentzian shape,

Rres(Ep,LJ ) = �tot
LJ

2

4
(
Ep − Eres

LJ

)2 + �tot
LJ

2
. (8)

Both the incoming and outgoing particles have to overcome
the Coulomb barrier of the nucleus (see Figs. 2, 3). The
penetrability of the escaping proton strongly increases with
proton energy Ep and is much lower for protons with higher
angular momentum L or l [7], see also Table II. Therefore
an asymmetric pattern of the excitation function is expected
which indeed is already observed in the very first experiments
on 208Pb(p,p′) via IAR in 209Bi [3]. It has been described by
different formulas [4,5].

Table II shows relevant IAR parameters.
For a pure configuration LJ lj the shape of an angular

distribution is given by geometrical factors only, a product of
3j and 6j symbols [5]. In general however, the shape of the
angular distribution is distorted by the configuration mixing
(see, e.g., [2,8]).

Only for the 5615, 5742, 5764 states, the shape of the
angular distribution is discussed in this work. In order not
to lengthen the paper, we otherwise discuss only mean cross
sections, no details of angular distributions.

The measured angular distributions for 208Pb(p,p′) via IAR
in 209Bi can be fitted by a series of even order Legendre
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TABLE II. Parameters for IAR in 209Bi.

IAR Eres
LJ

a �tot
LJ �

s.p.

LJ
b

LJ MeV keV keV
[4] [4] [5]

g9/2 14.918 ± 0.006 253 ± 10 20 ± 1
i11/2 15.716 ± 0.010 224 ± 20 2.2 ± 0.3
j 15/2

c 16.375 ± 0.010 210 ± 10 0.8 ± 0.1
d5/2

d 16.496 ± 0.008 308 ± 8 45 ± 5
s1/2 16.965 ± 0.014 319 ± 15 45 ± 8
g7/2 17.430 ± 0.010 288 ± 20 45 ± 10
d3/2 17.476 ± 0.010 279 ± 20 35 ± 10

Hole ESSM
p′ (LJ lj )e �

s.p.

lj [5]
lj MeV keV

p1/2 11.49 28.6f

f 5/2 10.92 5.2 ± 0.4
p3/2 10.59 14.6 ± 0.5
i13/2 9.86 0.06g

f 7/2 9.15 0.67 ± 0.04h

h9/2 8.08 0.04g

aResonance energy in the laboratory system.
bThe uncertainties for the g9/2, d5/2, s1/2, g7/2, d3/2

IAR may be larger than estimated from [4].
cValues determined by this work.
dEres

d5/2
taken as reference value (Sec. III F). In this paper

�tot
LJ = 300 keV is used.

eESSM
p′ (LJ lj ) = Eres

LJ − ESSM
x (LJ lj ), see Eq. (1).

fReference value from [4], see also [5].
gCalculated [7].
hFrom [29].

polynomials PK ,

dσ

d�
(E, Iπ ,�,Ep) =

∑
K=even

AK (E, Iπ ,Ep)PK (cos �). (9)

The mean cross section is described by the isotropic compo-
nent,

σ mean(E, Iπ ,Ep) = A0(E, Iπ ,Ep). (10)

We define the angle integrated cross section

σ avg(E, Iπ ,Ep) = 1

n

n∑
i=1

dσ

d�
(E, Iπ ,�i, Ep) (11)

as an acceptable approximation of the mean cross section σ mean

[Eq. (10)] but systematically different from it. Namely the
shape of the angular distribution is often pronounced and the
measured data points do not cover the full range of scattering
angles sufficiently well.

The excitation of a state by the intruder IAR j 15/2 assigns
positive parity. Because of the often pronounced angular
distribution, the measurement of excitation functions should
be done for a certain scattering angle. However, because of the
limited amount of data, we compare differential cross sections
[Eq. (9)] determined for some range of scattering angles �̃

and for some range of bombarding energies Ẽp relative to the

j 15/2 IAR,

R
avg
j 15/2

(E, Iπ , Ẽp) = 1

m

m∑
i=1

1

n

n∑
k=1

dσ
d�

(
E, Iπ ,�i, Ek

p

)
dσ
d�

(
E, Iπ ,�i, Eres

j15/2

) ,

�̃ = 1

m

m∑
i=1

�i ≈ 90◦, Ẽp = 1

n

n∑
k=1

Ek
p.

(12)

D. 207Pb(d,p), 209Bi(d,He)

By using the Q3D magnetic spectrograph at München, the
reaction 207Pb(d,p) was measured at scattering angles � =
20◦, 25◦, 30◦ for 3.1 < Ex < 8.0 MeV [5].

For all states in Table III excited by 207Pb(d,p) a mean cross
section is determined,

σ
avg
(d, p)(E, Iπ ) = 1

3

∑
�=20◦,25◦,30◦

dσ(d, p)

d�
(E, Iπ ,�). (13)

The strength c2 [Eqs. (4), (5), Table IV] for the configurations
LJ p1/2 is derived from the spectroscopic factors [12]. By
comparison to DWBA calculations configuration strengths for
more states are derived from the mean cross sections σ

avg
(d, p)

obtained by this work.
By chance for � = 20◦, 25◦, 30◦ the slope of the angular

distribution for l = 0 and l = 7 is steep in contrast to rather
flat angular distributions for other l values. In Table III l values
derived from this work are given in parentheses.

Table III shows spectroscopic factors C2S from
209Bi(d,3He) [30] and Srel from 209Bi(t, α γ ) [31]. For several
states upper limits of spectroscopic factors for h9/2h11/2 are
determined by recalibration of a few spectra [32].

III. EXPERIMENTAL DATA

We evaluate data taken with the Q3D magnetic spectro-
graph of the Maier-Leibnitz-Laboratorium at the München
14 MV tandem accelerator for 207Pb(d,p) [5] and since 2003
for 208Pb(p,p′) via IAR in 209Bi. More literature data are
considered [6].

Within L ± δL, δL � 1, the angular momentum L de-
termined from 208Pb(p,p′) at Ep = 35 MeV [25] (with a
resolution of about 7 keV) is accepted if the level is resolved.

Experimental data are shown in Table III. For positive parity
states in close doublets, data for the neighboring states are
included. Also included is the 5690 4+ state which is excited
by direct-pp′ with a mean cross section σ avg = 7–20 µb/sr
increasing linearly for Ep = 14.8–18.1 MeV. In addition the
5260, 5958 states are included, see Sec. IV H.

The dominant configuration is suggested by comparison
to the SSM. For states strongly excited in the j 15/2 IAR
with excitation energies 4.6 � Ex � 4.9, 4.9 � Ex � 5.6,
5.6 � Ex � 6.1 MeV, the configuration j 15/2p1/2, j 15/2f 5/2,
j 15/2p3/2 is expected, respectively (Table I).

014316-5



A. HEUSLER et al. PHYSICAL REVIEW C 82, 014316 (2010)

TABLE III. Excitation energy, spin I , and parity π of states in 208Pb for Ex < 6.0 MeV assumed to have positive parity [6] and identified
by this work [208Pb(p,p′) , 207Pb(d,p)]. Other states from doublets (Sec. III D) are included. L values from 208Pb(p,p′) [25], spectroscopic
factors C2S from 209Bi(d,3He) [30], and relative spectroscopic factors Srel from 209Bi(t, α γ ) [31] are included.

Fig.l E Excitation energy σ avg l I π Main Iπ L C2So Srel

(p,p′) (d,p) on j 15/2
m (d,p)m (d,p)n p-h (p,p′)

keV keV keV µb/sr µb/sr config.

[6] – this – – – – – – work – [6] [25] [30] [31]

4424 4423.647 ± 0.015 4423.7 ± 0.4 4423.4 ± 0.7 26 ± 5 0.3 ± 1 6 + g9/2i13/2 6+ 6 0.27 1.28
4611 4610.748 ± 0.016 4610.7 ± 0.3 4610.5 ± 0.2 18 ± 2 7.0 ± 5 7 8 + j 15/2p1/2 8+ 8 0.19 1.31

6 4861 4860.78 ± 0.06 4860.7 ± 0.3 4860.8 ± 0.3 11 ± 2 3.0 ± 3 7 8 + g9/2i13/2 8+ a 0.25 1.62
6 4868 4867.91 ± 0.04 4867.8 ± 0.2 4867.9 ± 0.2 25 ± 2 10.0 ± 8 7 7 + j 15/2p1/2 7+ a <0.1
6 4895 4895.23 ± 0.05 4895.0 ± 0.8 1.0 ± 0.3 <0.1 10 + g9/2i13/2 10+ ≈10 0.61 3.32

4928 4928.1 ± 1.5 4929.0 ± 0.4 (3) ± 1.0 <0.1 2 + 2+ <0.1
6, 7 4929 b b b 5 + g9/2i13/2 4 <0.1
7 4995 4994.7 ± 0.6 4993.7 ± 0.8 4995 ± 1 2.0 ± 1.5 <1.5 7 + g9/2i13/2 �7 �8 <0.1
7 5010 5010.43 ± 0.14 5010.6 ± 0.8 1.5 ± 0.8 <0.1 9 + g9/2i13/2 9+ 9 <0.1 0.30
7 5069 5069.31 ± 0.10 5069.1 ± 0.7 5068.7 ± 0.9 1.7 ± 0.5 <0.2 10 + h9/2h11/2 10+ (9) 0.74 3.22
7 5093 5092.99 ± 0.03 5093.3 ± 0.5 5093.4 ± 0.4 5.0 ± 0.5 0.6 ± 0.2 (7) 8 + h9/2h11/2 8+ 0.21 1.99

5162 5162.05 ± 0.05 5162.4 ± 0.9 1.3 ± 0.5 <0.1 9 + h9/2h11/2 9+ c 1.71 9.76
5193 5193.428 ± 0.025 <0.5 5 + h9/2h11/2 5+ d 1.86 4.83
5194 5195.054 ± 0.023 b 5195.1 ± 0.4 (5) ± 1 (1.5) ± 0.3 3, 4 − 3−, 4− d e f

5195 5195.37 ± 0.10 5194.8 ± 0.4 b b 7 + h9/2h11/2 7+ d e 6.20
5213 5213.007 ± 0.021 5214.1 ± 0.3 b 6 + h9/2h11/2 6+ 1.17 4.63
5214 5213.98 ± 0.03 b 5214.1 ± 0.1 (8) ± 1 (5.0) ± 5 2–5 − (5−) e f

5216 5216.214 ± 0.018 b b 4+ e 1.32
5260 5260 ± (6)g h 9+

4 5326 5326.6 ± 0.2 5326.4 ± 0.3 6.5 ± 0.5 <0.1 9 + j 15/2f 5/2
+ <0.2

4 5339 5339.46 ± 0.06 5339.4 ± 0.5 4 ± 1 <0.1 8 + j 15/2f 5/2 8+ 0.52 2.54
4 5374 5373.8 ± 0.8 5373.5 ± 0.5 5373.6 ± 0.5 6.5 ± 0.5 0.3 ± 1 (7) 7 + j 15/2f 5/2 (6)+ 5 <0.2
4 5417 5418.6 ± 0.5 5418.6 ± 0.5 5 ± 1 <0.1 6 + j 15/2f 5/2 (6)+ i <0.1

5537 5536.58 ± 0.19 5536.3 ± 0.5 4.5 ± 1.0 <0.1 10 + j 15/2f 5/2 10+ 0.54 1.65
5588 5587.7 ± 0.5 5587.6 ± 0.7 2.5 ± 0.5 <0.2 (5) + j 15/2f 5/2 <0.1
5615 5615.4 ± 0.4 5614.8 ± 0.2 17 ± 2 <0.1 7 + j 15/2p3/2 7+ �6 <0.1

4, 8 5640 5639.55 ± 0.09 5639.3 ± 0.8 5639.8 ± 0.3 b b 1−

5642 5641.98 ± 0.20 5641.9 ± 0.6 b b 1, 2+

5643 5643 ± 4 5642.8 ± 0.3 b b 2–5 − 2–7−

5648 5649.01 ± 0.06 5648.9 ± 0.3 5648.7 ± 0.6 b (2.0) ± 0.2 2–5 − 3−, 4− j j

4, 8 5649 5649.5 ± 0.4 5649.4 ± 0.3 (13) ± 1 b (9) + j 15/2p3/2 6–9+ e f

5 5742 5741.1 ± 0.4 5741.7 ± 0.3 5741.5 ± 0.4 11.5 ± 1.0 0.5 ± 2 (7) 8 + j 15/2p3/2 6–9+ 9 <0.1
5 5764 5763.7 ± 0.8 5764.1 ± 0.6 3.5 ± 0.5 <0.1 6 + j 15/2p3/2 6+ 6 <0.1
5, 9 5899 5901 ± 3 5899.2 ± 0.4 5.0 ± 0.5 <0.1 (9) + i11/2i13/2 (8)+ (8) <0.2

5928 5928.0 ± 0.3 5927.4 ± 0.9 <0.5 <0.1 10 + i11/2i13/2 10+ 0.29 1.59
5958 5954 ± 6 5957.6 ± 1.0 1.0 ± 0.8 <0.1 (9) + (f 7/2h11/2) 9+ <0.1

9 5989 5989.1 ± 1.2 5988.7 ± 0.9 1.5 ± 0.8 <0.1 6 + i13/2d3/2
k <0.1

5993 5992.67 ± 0.25 5994.3 ± 0.5 (25) ± 5a <0.1 2–5 − 6+ k

aDoublet structure.
bDoublet discussed in Sec. III D.
cLevel seen, but no L-value given.
dL = 3 for apparently dominant member.
eDoublet not resolved [30].
fDoublet not resolved [31].
gUncertainty not given [6].
hSee Sec. IV H.
iL = 6 or L = 7, probable doublet structure.
jh9/2d5/2 [30,31].
kL = 6 for Ex = 5.993 ± 0.003 MeV.
lLevel shown in the given figure.
mValues in parentheses for doublets.
nValues in parentheses from this work; others from [12].
oU.L. for h9/2h11/2 from this work [32].
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TABLE IV. (Columns 1–2) Identified states with spins 5+–10+. Spin and parity assignments Iπ from NDS2007 are marked in bold. The
order number N is explained in Sec. II B. (Column 3) Mean cross section σ avg from IAR-pp′ (Sec. III E). Values for members of doublets are
given in parentheses (Sec. III D). (Column 4) Configuration strength c2 [Eq. (4)] for j 15/2p1/2 derived from spectroscopic factors [12]. Upper
limits and values in parentheses are obtained by this work. (Columns 5–12) Excitation functions given by the ratio of mean cross sections
Ravg

j 15/2 [Eq. (12)] for Ep = 14.92–17.50 MeV corresponding to the g9/2, i11/2, j 15/2, d5/2, s1/2 IAR and the g7/2, d3/2 doublet IAR and two
more proton energies near the j 15/2, d5/2 IAR.

E Iπ
N σ avg c2 Ravg

j 15/2 (E, Iπ , Ẽp)

[Eq. (11)] from g9/2 i11/2 j 15/2 d5/2 s1/2 g7/2 + d3/2

207Pb(d,p) 14.92 15.72 16.29 16.40 16.50 16.62 16.96 17.50
µb/sr [12] MeV MeV MeV MeV MeV MeV MeV MeV

a 4929b (51)+ 3.0 0.4 0.2 0.5 1 ± 0.4 0.8 0.6 0.4 0.2
5193 5+

2 <0.5 c

a 5588 (53)+ 2.5 0.3 0.3 0.8 1 ± 0.3 0.7 0.5 0.6 0.7
4424 6+

1 26.0 direct-pp′ dominant
5213b 6+

2 (8) 0.9 0.5 0.8 1 ± 0.3 0.7 0.6 0.8 0.8
a 5417 6+

(3) 6.5 0.2 0.2 0.8 1 ± 0.2 0.6 0.3 0.3 0.3
5764 6+

(5) 3.5 0.3 0.2 1 ± 0.2 0.3 0.3 0.4 0.3
5989 6+

(7) 1.5 0.5 0.8 1 ± 0.5 0.8 0.8
a 4868 7+

1 24.0 0.90 ± 0.06 0.1 0.1 0.8 1 ± 0.2 0.4 0.2 0.2 0.2
4995 (72)+ 1.5 <0.10 0.2 0.4 1 ± 0.7 0.8 0.6
5195b 7+

3 (5) <0.03 0.3 0.7 1 ± 0.2 0.8 1.0 1.0
a 5374 7+

4 6.5 (0.03 ± 0.01) 0.1 0.1 0.8 1 ± 0.2 0.5 0.2 0.3 0.3
a 5615 7+

(6) 17.0 <0.03 0.1 0.1 0.7 1 ± 0.1 0.5 0.3 0.2 0.3
a 4611 8+

1 18.0 0.63 ± 0.05 0.1 0.2 0.8 1 ± 0.1 0.7 0.5 0.6 0.6
a 4861 8+

2 10.0 0.27 ± 0.05 0.1 0.1 0.8 1 ± 0.2 0.6 0.5 0.3 0.3
a 5093 8+

3 5.0 (0.05 ± 0.02) 0.2 0.6 0.8 1 ± 0.1 0.5 0.5 0.2
5339 8+

4 4.0 <0.03 0.2 0.2 0.8 1 ± 0.3 0.6 0.2 0.5 0.6
a 5742 8+

5 11.5 (0.05 ± 0.02) 0.1 0.1 0.8 1 ± 0.3 0.5 0.3 0.2 0.2
a 5010 9+

1 1.5 0.2 0.4 1 ± 0.6 0.7 0.7 0.4
5162 9+

2 1.3 0.6 1 ± 0.6 0.8 0.4
a 5326 9+

3 6.5 0.2 0.2 0.8 1 ± 0.2 0.5 0.2 0.4 0.2
5649b (94)+ (13) 0.2 0.1 0.5 1 ± 0.5 1.1 0.8 0.3 0.2
5900 (95)+ 4.0 0.3 0.6 1 ± 0.2 0.6 0.5 0.4 0.3
5958 (9+

6 ) 2.0 d

4895 10+
1 1.0 0.8 0.9 1 ± 0.5 0.9 0.9 0.9 0.9

5069 10+
2 1.7 0.4 0.5 1 ± 0.4 0.6 0.6 0.7

a 5537 10+
3 4.5 0.1 0.2 0.8 1 ± 0.3 0.7 0.3 0.4 0.4

5928 10+
4 <0.5 c

aExcitation function shown in Figs. 10 and 11.
bUnresolved doublet (Sec. III D).
cNo resonance seen.
dSection IV H.

A. Spectra

Survey spectra for IAR-pp′ are shown in Figs. 4 and 5;
spectra fitted by GASPAN are shown in Figs. 6–9. No scale for
the ordinate is given, since the cross sections varies by a factor
up to 5 for different scattering angles and by a factor up to 500
for different proton energies.

One spectrum of 208Pb(p,p′) taken with the Q3D magnetic
spectrograph covers excitation energies corresponding to
about 4% of the magnetic field, or (Emax

x − Emin
x )/(Ep −

Emax
x ) ≈ 0.08. Hence at least three spectra have to be taken in

order to cover the full range of interest 4.5 < Ex < 6.1 MeV.

In total more than 300 spectra taken at different scattering
angles 20◦ � � � 138◦, bombarding energies 14.8 < Ep <

18.1 MeV and with several targets of 100–300 µg/cm2

thickness are evaluated.
In Figs. 4 and 5 states with major fragments of the

configurations j 15/2f 5/2, j 15/2p3/2 are identified, see Table III.
In Figs. 6–9 spin, state number, and parity from Tables III and
IV—omitting the parentheses for tentative assignments—are
given for positive parity states discussed in Secs. III D and IV.

The excitation energies in Figs. 6–9 differ from the values
in Table III determined by Eq. (17), see Sec. III B2.
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FIG. 4. Spectrum taken at scattering angle � = 88◦ for 5.3 < Ex < 5.7 MeV and proton energy Ep = 16.630 MeV (top: off resonance)
and Ep = 16.405 MeV (bottom: on j 15/2 IAR). Some positive parity states are identified (dotted lines), see Tables III, IV. In the region
5.3 < Ex < 5.6, 5.6 < Ex < 6.0 the major fragments of the j 15/2f 5/2, j 15/2p3/2 multiplet are located, respectively. The structure of other
strongly excited states is not discussed.

B. Excitation energies

1. Fit of spectra by GASPAN

The determination of excitation energies from spectra
taken with Q3D magnetic spectrograph of the Maier-Leibnitz-
Laboratorium at München depends on the high linearity
achieved with the present detector [11].

The fit of some spectrum by the computer code GASPAN [33]
consists of the following steps:

(i) The spectrum is divided up into three to six parts
because of the high level density. Gaps near deep

minima or regions with broad contamination lines guide
the divisions.

(ii) An automatic search at low sensitivity generates a list
of peaks. From a crude energy calibration the biggest
peaks are identified by comparison to NDS2007.

(iii) The width of the peaks is determined for strong peaks
known from NDS2007 to belong to well isolated states.
The width δ of each peak [Eq. (A1)] is fitted by

δ(c) = δ0 + δ1c, (14)

where c is the channel number along the detector plane.
A parabolic dependence similar to Eq. (15) has not to

FIG. 5. Continuation of Fig. 4. Spectra taken for 5.7 < Ex < 6.1 MeV.
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FIG. 6. (Color online) Spectra taken for 4.835 < Ex <

4.935 MeV and fitted by GASPAN. Satellites from L electrons are
fitted to the 4842, 4868 peaks (Appendix B).

be assumed, since each spectrum is fitted in separate
parts with a length of �Ep′/〈Ep′ 〉 < 0.03.

During this step contamination lines are fitted by broader
lines or by adding a linear or a quadratic background
(Appendix A). For some lines a significant deviation of
the width from the mean value [Eq. (14)] reveals possible
doublets.

(iv) Each peak is fitted by a Gaussian with an exponential
tail [Eq. (A1)]. The width of the tail is determined on
the side where Ep′ < Ep − Ex .

(v) As explained in Appendix B, sometimes one or two
secondary lines have to be added to strong peaks.

(vi) The quality of the fit by GASPAN is measured by the χ2

criterion and by the spectrum of the residues from the
fit [Eqs. (A4), (A5)]. Both criteria may reveal possible
new levels or doublets.

(vii) In special cases new peaks are discovered by a GASPAN

run minimizing the residue spectrum [Eqs. (A5),
(A6)].

2. Determination of excitation energies

Each peak is fitted by a Gaussian of individual width and an
exponential tail (Appendix A). In GASPAN spectra (Figs. 6–9),
the fitted value of the excitation energy is shown at the position
of the Gaussian [Eq. (A1)]. Because of the exponential tail
the maximum is always at higher excitation energies. It does
not matter since we always compare energy differences only
[Eq. (17)].

The instrumental resolution is defined as the FWHM value
of the peak given by the Gaussian proportional to δ [Eq. (A1)].
In the spectra only the half-width at the low excitation energy
side assumes the value, while the effective half-width at the
high excitation energy side is often much larger because of
the tail. The intensity of the tail depends on the target
thickness, the target angle, the scattering angle, the choice
of backward or forward scattering and whether the carbon
backing is crossed or not.

The precision of the excitation energies derived from
the evaluation of the spectra by GASPAN is refined in an
iterative manner of at least four main steps. In the first step

FIG. 7. (Color online) Spectra taken for 4.920 < Ex < 5.105 MeV and fitted by GASPAN. The ratio of the 4929, 5010 peaks to the 4974
peak is about 4 : 100, 1 : 100, respectively. The cross sections for the 4974 and 5037 states are nearly equal and increase by a factor 2 from
Ep = 16.260 to 16.460 MeV. Satellites from L electrons are fitted to the 4974 and 5037 peaks (Appendix B). In the lowest spectrum the proton
energy is Ep = 16.310 MeV (not Ep = 16.260 MeV as indicated).
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FIG. 8. (Color online) Spectra taken for 5.610 < Ex <

5.710 MeV and fitted by GASPAN.

the proportionality of the magnetic field B to the energy of the
scattered protons is used,

Ep′ (c) = Ep − EGSP
x (c) = a0 + a1c + a2c

2, (15)

where c is the channel number along the detector plane.
In a second step strong peaks are identified with known

states by comparison to literature data [6] and the parameter
set a0, a1, a2 is improved.

By using another computer program, the congruence of
the results for all runs (up to 200 runs for a certain region
of excitation energies) is inspected and contamination lines
from light nuclei or other lead isotopes are discriminated. New
doublets and new states are investigated, too.

Another iteration with the GASPAN code [33] consists in the
fit of many peaks known by NDS2007 to be no close doublets
(δEx > 4 keV). In this step the deviation of the excitation
energy EGSP

x [Eq. (15)] from ENDS
x determined with high

precision by γ spectroscopy [6] is fitted,

EGSP
x (c) = ENDS

x (c) + b0 + b1c + b2c
2. (16)

From up to 200 different runs, a mean value of the energies
〈EGSP

x 〉 is determined yielding the final value given in Table III,

Ex(c) = ENDS
x (c) + δE′

x(c),
(17)

δE′
x(c) = 〈

EGSP
x (c)

〉 − ENDS
x (c) = c0 + c1c + c2c

2.

FIG. 9. (Color online) Spectra taken for 5.880 < Ex <

6.005 MeV and fitted by GASPAN. Satellites from L electrons are
fitted to the 5886, 5924, 5969 peaks (Appendix B).

The parameter c0 is the mean deviation of all values EGSP
x

from the chosen excitation energies ENDS
x . It should be small,

|c0| � 1 keV, and c1, c2 should nearly vanish, too, if the
identification of all known levels with NDS2007 is correct
and the statistics are high enough.

The parameters c1, c2 partially compensate for the nonlinear
correction by the relativistic kinematics. Because of the large
atomic weight (A = 208) the deviations from a parabolic
behavior are in most cases less than 1 keV. However for spectra
taken at large scattering angles a systematic uncertainty should
be kept in mind.

The parameters c1, c2 should be proportional to the mag-
netic field B except for slight variations in the order of
(Ex − ENDS

x )/(Ep − Ex) = 10−4 because of the correction by
the entrance quadrupole and hysteresis effects. By keeping
the magnetic field unchanged and only varying the proton
energy Ep, different regions of excitation energies can be
compared (often jumping from one IAR to another). In this
case variations of less than 10−5 may be achieved [34].

A final accuracy δEx < 1.0 keV for well isolated peaks
with sufficiently good statistics, up to δEx � 0.1 keV for peaks
with high statistics is achieved. The accuracy does not much
depend on the excitation energy up to Ex = 8.2 MeV, the
maximum energy where data were taken both for 208Pb(p,p′)
and 207Pb(d,p).

3. GASPAN options

For close doublets either their energetic distance or their
relative intensities can be determined more precisely by help
of GASPAN.
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FIG. 10. For proton energies 14.5 < Ep < 18.0 MeV, normal-
ized excitation functions for states with energy label E given at left
(Table IV). Lorentzian curves are calculated for the j 15/2 (drawn)
and the d5/2 (dashed) IAR [Eq. (8) with parameters from Table II].
All known IAR in 209Bi are shown at bottom. Different regions of
scattering angles are denoted by a triangle for � = 138◦, a square for
� = 88◦, a diamond for 72◦ < � < 115◦. They correspond to data
from different beam times (see Sec. III F).

The GASPAN option of fixed energy spacing [33] allows
to determine the difference of one floating energy against a
group of fixed excitation energies with a precision of about
a tenth of the resolution. With sufficiently good statistics,
spacings of less than 1 keV with an uncertainty of about
0.2 keV can be determined. By this method the excitation
energies of the 5648, 5649 doublet are determined (Table III).

By using the same option, cross sections of a doublet with
spacings 0.5–1.5 times the resolution may be determined with
more reliability than with the option of floating energies for
all levels.

C. Excitation functions

In four beam times of 208Pb(p,p′) experiments, different
regions of scattering angles are covered. The excitation func-
tions are fitted by a calculated Lorentzian with parameters from

FIG. 11. Expanded view of Fig. 10 for proton energies 16.2 <

Ep < 16.7 MeV covering the j 15/2 and d5/2 IAR. Positive and
negative parity states are best discriminated by comparing the ratio
of the cross sections at Ep ≈ 16.35, 16.60 MeV.

Table II [Eq. (8)] and normalized to the top of the j 15/2 IAR.
For each beam-time a slightly different absolute proton energy
is assumed, see Sec. III F. By taking the position of the d5/2

IAR as reference all excitation functions are superimposed.
Figures 10 and 11 show excitation functions for several states
with selective excitation by the intruder IAR j 15/2.

The j 15/2 and d5/2 IAR are separated by less than their
width (Table II). Hence the cross section of negative parity
states with significant fragments of the configurations d5/2 lj ,
lj =p1/2, f 5/2, p3/2, is still 50% of the maximum cross section
near the top of the j 15/2 IAR. Vice versa for positive parity
states, the cross section near the d5/2 IAR is still about half of
the maximum cross section on the j 15/2 IAR.

Because the total width �tot
d5/2

of the d5/2 IAR is much larger
than �tot

j15/2
for the j 15/2 IAR (Table II) the ratio of the cross

section for a positive parity state excited by the j 15/2 IAR
and a negative parity state excited by the d5/2 IAR becomes
the least at proton energies Ep ≈ 16.6 MeV. In contrast, the
ratio is larger at proton energies Ep ≈ 16.3 MeV and thus less
meaningful.
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All positive parity states under discussion except for
four doublets (Ex = 4.928, 5.194, 5.214, 5.648 MeV, see
Sec. III D) are resolved by the Q3D experiments, see however
the discussion of an atomic effect in Appendix B.

Although the mean cross sections are small, σ avg <

30 µb/sr [Eq. (11)], the off resonance cross section at low
proton energies Ep 
 (Eres − �tot) is determined to be mostly
less than 20% of the maximum. At higher proton energies
Ep � (Eres − �tot) it is still about 30% except for the lowest
8+ state which has a considerable direct-pp′ component [4] or
where the experimental uncertainties are large. The asymmetry
of the excitation function is explained by the penetrability
increasing with the bombarding energy Ep [5].

D. Doublets

The nomen doublet denotes two or more states not resolved
by some experiment. The nomen multiplet is reserved for some
SSM configuration LJ lj with spins I = |J − j |, . . . , J + j .

Disentangling the cross sections of doublets is difficult if
either the distance is small or the excitation of the individual
states differs considerably. For example, in Fig. 7 the ratio of
the cross section for the 5010 9+ state to that for the 4974 3−
state is about 1 : 100. In Fig. 8 the distance between the 5648
and 5649 states is less than 0.5 keV.

Positive parity states excited by the j 15/2 IAR have cross
sections which are at average a factor 10–300 smaller than
negative parity states excited by all other IAR. Especially, the
d5/2 IAR has a distance of less than half the resonance width
�tot from the j 15/2 IAR. Therefore the cross sections of states
weakly excited by the d5/2 IAR often compete with those from
positive parity states excited by the j 15/2 IAR.

Some doublets are not resolved in the Q3D magnetic
spectrograph. However, the selective excitation by different
IAR leads to a shift of the excitation energy in dependence
of both the bombarding energy Ep and the scattering an-
gle �. Figure 8 shows spectra of a quintuplet of states,
E = 5640, 5642, 5643, 5648, 5649 [6]. The 5648, 5649 states
discussed below (Sec. III D) are resolved by the systematic
shift of the excitation energy with the proton energy near the
j 15/2 IAR (Table III).

In case the distance between two members of a doublet with
about equal cross sections is more than half the resolution
(i.e., δEx � 2 keV), a GASPAN option allows to determine
the cross section of each member (Sec. III B3). In case
the excitation functions of the two members of the doublet
differ, by deconvoluting with the shape of the excitation
functions measured for (ensembles of) other states, the angular
distributions for the two members can be disentangled. If
one member may be assumed to be excited by direct-pp′
essentially only, the angular distribution of the direct-pp′
member may by determined far off the IAR. The angular
distribution of the other member can then be determined
by deconvoluting with the measured shape of the excitation
function, too.

The 4.842 + 4.861 + 4.868, 4.974 + 4.995, 5.517+ 5.537,
5.564 + 5.588, 5.886 + 5.899, 5.924 + 5.928 MeV doublets.
Some positive parity state are within less than about 20 keV
above states strongly excited by the d5/2 IAR (Figs. 4–9). By

fitting the satellite peaks from L electrons for the strong peaks
in the same region in a similar manner (Appendix B), the
cross sections of the 4861, 4868, 4995, 5537, 5588, 5899,
5928 states are obtained. In some cases weak peaks from
other states between the doublet states [6] have to be included,
too.

The 5924 state is strongly excited by the d5/2, d3/2 IAR.
The excitation energy and the mean cross section of the 5928
state can be determined only with a large uncertainty (Table III,
Fig. 9).

The 4.928 + 4.929 MeV doublet. NDS2007 assigns spin
2+ to the 4928 state. The level at Ex = 4.928 MeV is
resonantly excited by the j 15/2 IAR (Fig. 11). For some ranges
of scattering angles the off-resonance cross section is larger
than expected by assuming a Lorentzian shape of the excitation
function. The variation of the excitation energies with the
proton energy Ep or the scattering angle � is less than 0.5 keV.
In sect. IV G arguments are given for a doublet of two states
with spins 2+ and 5+.

The 5.193 + 5.194 + 5.195 MeV doublet. The 5193,
5194, 5195 states are recognized by NDS2007 as a triplet
with spins 5+, {3−, 4−}, 7+, respectively (Table III). The
5193, 5194, 5195 states are not fully resolved by IAR-pp′.
The excitation energies change with the proton energy Ep or
the scattering angle � by about 0.4 keV in an uncorrelated
manner. The 5193 state is weakly excited by IAR-pp′.

One state of the 5194 + 5195 doublet has negative parity
since it is excited by the d5/2 and the g7/2 IAR, the other
state has positive parity since it is excited by 209Bi(d,3He) and
209Bi(t, α γ ). On top of the j 15/2 IAR, the cross section of
the doublet is enhanced by about 20% relative to other proton
energies.

The 5.213 + 5.214 + 5.216 MeV doublet. The 5213,
5214, 5216 states are recognized by NDS2007 as a doublet
with spins 6+, (5−), 4+, respectively (Table III). By IAR-pp′
the 5213, 5214 states are not resolved. The close-lying 5216
4+ state is excited with a mean cross section below 0.5 µb/sr.

The variation of the excitation energies with the proton
energy Ep or the scattering angle � is less than 0.5 keV. The
5213 state has positive parity since is it excited by the j 15/2

IAR. The 5214 state has negative parity since it is excited by
the g9/2, d5/2 and g7/2 IAR.

The 5.648 + 5.649 MeV doublet. The 5648, 5649 states
are not resolved by IAR-pp′ (Fig. 8). On top of the j 15/2 IAR,
however, the mean excitation energy is higher by 0.5 keV than
on top of all other IAR. The 5648 state is excited both by the
g9/2 and d5/2 IAR, the 5649 state by the j 15/2 IAR. For both
states, in the region 16.1 � Ep � 16.6 MeV the mean cross
section σ mean [Eq. (10)] is similar.

A further difficulty arises from the neighborhood to the
5642 + 5643 doublet. On top of the d5/2 IAR at some
scattering angles, the 5643 state is often stronger excited than
the 5648 + 5649 doublet (Fig. 8).

The centroid energies of the 5642, 5643 states and the
5648, 5649 states are determined as function of the proton
energy Ep and the scattering angle �. Systematic variations
are found. By comparison to NDS2007 the excitation energies
of the 5642 and 5648 states are verified within the experimental
uncertainties (Table III).
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The energy of the 5643 state is determined with higher
precision than by NDS2007, the 5649 state is newly identified.
For the 5643 state being excited by the d5/2 IAR spins 6−, 7−
are excluded.

The 5.989 + 5.993 MeV doublet. The 5989, 5993 states
are not resolved by 208Pb(e,e′) [6,35]. They are recognized
as two states with different parity. Namely, the 5989 state is
excited by the j 15/2 IAR and hence has positive parity while the
5993 state is excited by the g9/2, d5/2 IAR and the g7/2 + d3/2

doublet IAR and hence has negative parity (Table III).

E. Cross sections

As an intruder, the j 15/2 IAR may excite positive parity
states solely. On top of the j 15/2 IAR only states containing
admixtures of particle-hole configurations built with a p1/2,
f 5/2, p3/2 hole may produce measurable cross sections.
Therefore states with spins from 5+ to 10+ may be detected.
Mostly, we do not discuss positive parity states with other
spins.

We note that the cross section for neutron particle-hole
states with configurations LJ i13/2 built with the intruder hole
are calculated [7] to be less than 1 µb/sr even for the g9/2 and
d5/2 IAR created strongly.

Most of the cross sections for states with configurations
j 15/2 lj , lj = p1/2, f 5/2, p3/2, built with the intruder particle
are of the order of 1–20 µb/sr while in the Q3D experiments
a background of at least 0.1 µb/sr is seen. Since in addition
several different targets were used, the angular distributions
are mostly measurable with a precision of larger than 10%
even in case of good statistics.

Often, the angular distributions have extreme shapes with a
steep increase or decrease at scattering angles near � = 0◦ and
� = 180◦. The Q3D experiments do not allow measurements
beyond � = 140◦. Measurements in the range � = 0◦–35◦
become difficult because of the increasing background from
stray scattering of protons and the increasing background
from contamination lines due to light nuclei in the target (1H,
2H, 12C, 14N, 16O, 40Ar). Therefore the comparison of angle
integrated cross section σ avg [Eq. (11)] instead of mean cross
sections σ mean [Eq. (10)] may have large systematic errors.

F. Resonance energy

Among the positive parity states, early experiments (with a
resolution of 27–35 keV) resolved only the 4611 8+

1 state [4].
Since it is well isolated, from the excitation function taken for
15.8 < Ep < 16.6 MeV at scattering angles � = 90◦, 158◦,
the IAR parameters for the j 15/2 IAR were determined.
The 4611 state is excited by direct-pp′, too, distorting the
resonance curve.

The absolute value of the resonance energy depends on the
method describing the asymmetry of the excitation function
[4,5]. Variations of the parameters within the uncertainties
change the position of the resonance by up to 30 keV.

Because of different focusing procedures, the absolute
value of the proton energy changes by up to 20 keV while
comparing results from different beam times. In Figs. 10 and

11, a global shift of the proton energy has been applied for
each beam time.

The comparison of data taken with different accelerators
[Seattle [4] and München (this work)] reveal a systematic
difference of the absolute proton energies by about 10 keV.
Therefore the resonance energy of the d5/2 IAR determined
by [4] is taken as reference (Table II).

The parameters determined for a large ensemble of states
from this work (Tables III and IV) are

Eres
j 15/2 = 16.375 ± 0.010 MeV,

(18)
�tot

j15/2
= 210 ± 10 keV.

The resonance energy Eres
j 15/2

is 40 keV higher than obtained by
the early study of the lowest 8+ state [4]. For this reason the
first Q3D data [5] missed the top of the j 15/2 IAR. The IAR
parameters [Eq. (18)] agree with [4] but are more precise.

IV. RESULTS

The final goal of this work is the determination of the
structure of all positive parity particle-hole states in 208Pb
below Ex < 6.1 MeV. However in order to shorten the
discussion, only the states with spins 5+–10+ and their major
configurations are investigated.

As shown for 140Ce, spin and structure of particle-hole states
can be derived [8] from the coefficients AK,K = 0, 2, . . . , of
a fit of angular distributions of (p,p′) on some IAR [Eq. (9)].
For the particle-hole states in 208Pb the method was applied,
too, and yields the structure of the 20 lowest negative parity
states [16,17] and the multiplets [Eqs. (4), (5)] built with the
i11/2 particle [5].

Because this work comprises data from separate beam times
with several different targets, the determination of angular
distributions is difficult. In addition the cross sections of
interest are below 30 µb/sr. Here we use the angle integrated
cross section σ avg [Eq. (11)]. Only for the determination of the
spin for the 5615 state, the shape of the angular distributions
taken on different IAR is considered [5].

A future analysis of the angular distributions will yield the
structure of almost all positive parity states in 208Pb with spins
5+–10+ below Ex < 6.1 MeV, a few more than presented here.

A. Reaction mechanism

Excitation functions are measured for proton energies
14.8 < Ep < 18.1 MeV (Figs. 10 and 11). For almost all
positive parity states with spins 5+–10+, the ratio of the
off-resonance cross section to the maximum cross section on
top of the j 15/2 IAR is about 0.2 : 1 if the statistics are sufficient
(Table IV).

From the comparison of data taken at backward angle � =
138◦ to data taken at � ≈ 40◦, for all states an asymmetry of
the angular distribution can be excluded for angles � � 30◦
except for the 4424 6+

1 state and the 4611 8+
1 state. Therefore

except for these two states, we assume the angular distribution
of all states with spin 5+–10+ to be described as a purely
resonant reaction [5,8] without a direct-pp′ component.
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B. Identification of positive parity states

Below Ex < 6.1 MeV, from the SSM (Table I) 36 positive
parity states with spins 5+–10+ are expected to be described
by an unitary transformation of up to eight configurations for
each spin. In addition 2p-2h states with spins 5+–10+ are
expected [22,24] none of which is firmly identified up to now.

Positive parity states are identified by their selective
excitation on top of the j 15/2 IAR. Figures 10 and 11 show
some excitation functions.

Spectra near the j 15/2 IAR were taken for excitation
energies 4.5 < Ex < 6.1 MeV. In this region about 130 levels
are identified. (For 4.4 < Ex < 6.1 MeV the SSM predicts 50
states with positive parity and spins 1+–12+, 50 states with
negative parity and spins 0−–8−.)

Excitation functions for each level were studied for several
scattering angles. In each beam time different ranges of scatter-
ing angles were used, especially one beam time was performed
at � = 138◦, the technically most extreme backward angle.

More states are identified to have positive parity than shown
in Table IV. However in several cases the identification is not
convincing, either because the statistics are too low or because
of difficulties in resolving doublets. Especially excitation
energy regions in a distance of about 10–20 keV above states
with large components LJp1/2, LJp3/2, LJ = g9/2, d5/2, s1/2,
g7/2, d3/2 are difficult to study because of the presence of
satellites from the knockout of L electrons (Appendix B). In
Figs. 6, 7, and 9 such satellites next to the 4841, 4868, 4974,
5038, 5886, 5924, 5969 states are considered.

The cross sections of positive parity states built with the
regular particles (LJ �= j15/2) and the intruder hole i13/2 are
calculated to be less than 1 µb/sr [7]. Only by the direct-pp′
reaction some positive parity states with dominant g9/2i13/2

structure are observed, namely the lowest states with natural
parity, the 4086 2+, 4324 4+, 4424 6+ states [6].

Below Ex < 6.1 MeV, NDS2007 lists about 40 states with
either firm positive parity assignment or possible positive
parity. Among them there are about 20 states with spins
5+–10+. In addition some states attributed negative parity
may have positive parity. Tables III and IV show the states
identified to have positive parity together with states belonging
to doublets with positive parity states.

C. Verification of identifications by NDS2007

In NDS2007 positive parity states are identified mainly by
data from 209Bi(d,3He) [30], 209Bi(t, α γ ) [31], and 208Pb(e,e′)
experiments [35].

The 5615 7+ state is already discussed in [13,14]. In [5] the
4929, 4995, 5010, 5069, 5093, 5195 are already recognized to
resonate on top of the j 15/2 IAR. In NDS2007, correspondence
from the preliminary evaluation of data to the 4611, 4861,
4868, 5326, 5339, 5374, 5417, 5537, 5615, 5649, 5742, 5764
states [5] is given as a private communication.

In the following, we accept the spin assignment to the 4424,
4611, 4861, 4868, 4895, 5010, 5069, 5093, 5162, 5193, 5195,
5213, 5339, 5537, 5928 states [6].

The 4424 6+ and 4611 8+ states. The 4424 6+
1 state

has a strong direct-pp′ component. Similar to the 4086 2+
1 ,

4324 4+
1 states, the angular distribution is dominated by an

asymmetric shape (with a steep raise toward forward angles)
with a nonresonant dependence on the proton energy Ep. The
4611 8+

1 state has a direct-pp′ component, too, the resonance
behavior dominates, however [4].

The 10+ states and states with major h9/2h11/2 frag-
ments. The structure of the 4895, 5069, 5537, 5928 states with
spin 10+ is derived by [36]. The 5537 10+

3 state is verified to
contain the major fraction of the j 15/2f 5/2 strength; the 4985
10+

1 , 5069 10+
2 states contain minor fractions (Tables III and

IV). The 5928 10+
4 state is barely seen in a few spectra of

208Pb(p,p′).
The spin assignments to the states 5162, 5093, 5193, 5195,

5213, 5339 with dominant configuration h9/2h11/2 and spins
9+, 8+, 5+, 6+, 7+, 8+, respectively, is accepted. The low mean
IAR-pp′ cross section is compatible with the assignments
(Table III). The 5193 5+ state near the 5194 + 5195 doublet is
weakly excited by the j 15/2 IAR. For the 5193 + 5194 + 5195
and 5213 + 5214 + 5216 doublets a complication arises since
in between there is a negative parity state, see Sec. III D.

D. Identifying states with major j15/2 p1/2 strength

NDS2007 shows the 4611, 4861, 4868 states to have spins
8+, 8+, 7+, respectively. The ratio of the mean cross sections
σ avg from 208Pb(p,p′) [Eq. (11)] compares well to the ratio
of the mean cross sections σ

avg
(d, p) from 207Pb(d,p) [Eq. (13)].

Hence the admixture of configurations j 15/2f 5/2 and j 15/2p3/2

to the 4611, 4861, 4868 states is small. This is especially true
for j 15/2p3/2 because of the large single particle width �

s.p.
p3/2

(Table II).
By comparison to the SSM (Table I), the two lowest 8+

states essentially share the two configurations g9/2i13/2 and
j 15/2p1/2 while the lowest 7+ state may be assumed to contain
little admixtures of other configurations.

E. Identifying states with major j15/2 p3/2 strength

The 5615, 5649, 5742, 5764 states stick out by their large
mean cross sections (Table III). By using the ratio of the
s.p. widths �

s.p.
p3/2/�

s.p.
p1/2 (Table II), in comparison to the 4611,

4861, 4868 states containing most of the j 15/2p1/2 strength,
a prominent admixture of j 15/2p3/2 is assigned to the 5615,
5649, 5742, 5764 states.

From the 209Bi(d,3He) data [30,32], for the 5615, 5764,
5742 states an admixture of h9/2h11/2 is determined to be less
than 1% (Table III). The proton transfer data for the unresolved
5648 + 5649 doublet yield no decisive information about the
5649 state (Sec. III D).

From the 207Pb(d,p) data, for the 5615, 5649, 5764 states
an admixture of j 15/2p1/2 is determined to be less than 2%
(Table IV) while the 5742 state is excited by 207Pb(d,p) with a
strength of about 5%. By the steep increase of the cross section
for � = 20◦–30◦, the orbital angular momentum for the 5742
state is determined as l = 7, hence the spin is either 7+ or 8+.

(i) The 5764 state is assigned spin 6+ by NDS2007. The
mean cross section corresponds to about half of the
j 15/2p3/2 strength.

(ii) For the 5742 state, the angular momentum L = 9
from 208Pb(p,p′) at Ep = 35 MeV [25] favors the
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assignment of spin 8+ and hence spin 7+ is excluded.
The mean cross section of the 5742 state corresponds
to about half of the j 15/2p3/2 strength.

(iii) The sum of the j 15/2p3/2 strength in the 5615, 5742
states is calculated to exceed unity for any spin; hence
the two states have different spins.
The shape of the angular distribution for the 5615 state
excludes spin 6+, 9+ by comparison to calculations for
the pure configuration j 15/2p3/2. The anisotropy coef-
ficients for spin 6+, 7+, 8+, 9+ are A2/A0 = +0.600,
−0.388, −0.576, +0.412, respectively; therefore for
states with spins I = 7, 8 the angular distributions
have a maximum at 90◦ while for states with spins
I = 6, 9 the angular distributions have a minimum at
90◦ and are raising strongly toward forward angles
[5].
From the angular distribution for the 5615 state a value
A2/A0 = −0.5 ± 0.3 is derived [Eq. (9)]. Hence the
5615 state is assigned spin 7+ and shown to nearly
exhaust the j 15/2p3/2 strength.
(For the 5764 6+ state a value A2/A0 = +0.3 ± 0.2,
for the 5742 8+ state a value A2/A0 = −0.6 ± 0.2 is
derived, confirming the spin assignments.)

(iv) The 5989 and 5993 states have negative and positive
parity, respectively (Sec. III D).
The 5993 state is assigned 2− to 5− because of the
excitation by the d5/2 IAR and the g7/2, d3/2 doublet
IAR. The branching of the γ intensity in 207Pb(d,p γ )
can be explained, especially if the 5194 + 5195 doublet
is assumed to contain a 3− or 4− state (Table III).
The level at 5.993 MeV, to which spin 6+ is assigned by
the 208Pb(e,e′) experiment [6] and to which an angular
momentum L = 6 is determined by the 208Pb(p,p′)
experiment at Ep = 35 MeV [25] is identified with the
5989 state.

(v) The large cross section of the 5649, 5899 states excludes
spins 6+, 7+. Spin 8+ is ruled out for either of the two
states. In a tentative manner spin 9+ is assigned to both
the 5649 and the 5899 state.

(vi) The order number N (Table IV) for the 5615, 5649,
5742, 5764, 5899, 5989 states with spins 7+, (9)+, 8+,
6+, (9)+, 6+, respectively, is assigned by comparison
to Table I.

F. Identifying states with major j15/2 f5/2 strength

All four 10+ states are known (Sec. IV C). Therefore in
the region of Ex ≈ 5.3 MeV states excited by the j 15/2 IAR
are expected to contain large fractions of the configuration
j 15/2f 5/2 with spins 5+ to 9+.

The 5417 6+ and the 5339 8+ states [6] are excited by the
j 15/2 IAR with a cross section corresponding to about half the
j 15/2f 5/2 strength. Whereas the 5339 8+ has a considerable
h9/2h11/2 component, the 5417 6+ state is weakly excited by
209Bi(d,3He) (Table III).

Either cross section of the 5326, 5374 states exceeds the
strength of half the j 15/2f 5/2 strength for spin 6+ or 8+. Each
one exceeds the cross section of a pure 5+ state, too. Hence
the 5326, 5374 states are assigned spin 7+ or 9+ (Table III).

The mean cross section indicates each of the two states to
nearly exhaust the j 15/2f 5/2 strength of either spin. From
209Bi(d,3He) a weak h9/2h11/2 admixture is derived.

Only the 5374 is excited by 207Pb(d,p), the orbital angular
momentum is determined to be l = 7, hence the spin is 7+.
Correspondingly the 5326 state is assigned spin 9+.

The order number N (Table IV) for the 5326, 5339, 5374,
5417 states with spins 9+, 8+, 7+, 6+, respectively, is assigned
by comparison to Table I.

The 5588 state is excited by the j 15/2 IAR with a
considerable mean cross section (Table III). The excitation
by 207Pb(d,p) is very weak and no excitation by 209Bi(d,3He)
is seen (Table III). Spin 5+ is tentatively assigned since no
other state in the region 4.9 � Ex � 5.6 is left as a candidate
for a j 15/2f 5/2 state with spin 5+. The assignment yields a
rather pure j 15/2f 5/2 configuration.

G. Identifying states with major g9/2 i13/2 strength

The 4086 2+
1 , 4324 4+

1 , 4424 6+
1 states are excited near the

g9/2 IAR primarily by the direct-pp′ reaction; the resonant
cross section is calculated to be negliglible (Sec. III E). Weak
admixtures of h9/2h11/2 are determined [30,31]. The 4086,
4324, 4424 states are assumed to mainly consist of the lowest
positive parity particle-hole configuration g9/2i13/2 (Table I).

The 4611 8+
1 state has a strong j 15/2p1/2 component (Sec.

IV D). The 4895 10+
1 state has a weak j 15/2f 5/2 component

(Table III). Both states are assumed to contain a large g9/2i13/2

strength.
Among the unnatural parity states with dominant con-

figuration g9/2i13/2 only the 5010 9+ state is known [6].
Figure 7 shows its fully resolved peak. Figures 10 and 11
show a resonance although the mean cross section on top of
the j 15/2 IAR is only 1.5 µb/sr (Table IV). Less than 20% of the
j 15/2f 5/2 or 5% of the j 15/2p3/2 strength is contained in the
5010 9+ state. From 209Bi(d,3He) a weak h9/2h11/2 admixture
is derived (Table III).

The 4995 state is excited by the j 15/2 IAR with a cross
section of about 2 µb/sr (Table III). From 209Bi(d,3He) a
weak h9/2h11/2 admixture is derived. From 208Pb(p,p′) at
Ep = 35 MeV [25] the angular momentum is determined as
L � 7. Because the states with major configuration g9/2i13/2

and spins 6+, 8+, 9+, 10+ are known, spin 7+ is assigned.
Less than half the j 15/2f 5/2 strength is contained in the
4995 7+ state. An admixture of j 15/2p1/2 is weak (Tables III
and IV). An admixture of j 15/2p3/2 is less than 10%.
By SSM (Table I) a dominant configuration g9/2i13/2 is
assigned.

The 4928 state is known to have spin 2+ [6]. Indeed it is
excited at all proton energies (Fig. 10). The angular distribution
shows the forward peaking typical for a direct-pp′ reaction.
However, a resonance effect on top of the j 15/2 IAR is detected
(Fig. 11, Table IV). Hence a 4928 + 4929 doublet is assumed
(Sec. III D).

On top of the j 15/2 IAR about half of the mean cross section
of the 4929 state (about 1.5 µb/sr) can be contributed to a
j 15/2 lj component. Because most of the j 15/2f 5/2 strength is
already located in other states with spins 5+–10+ (Table IV),
spin 5+ and a dominant configuration g9/2i13/2 is assigned
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to the 4929 state by comparison to the SSM (Table I). The
j 15/2f 5/2 strength in the 4929 5+ state is less than 30%.

The order number N (Table IV) for the 4424, 4611, 4895,
4929, 4995, 5010 states with spins 6+, 8+, 10+, (5)+, (7)+, 9+
respectively, is assigned by comparison to Table I.

H. Other positive parity states

Among the high spin positive parity states, from 208Pb(e,e′)
[6,35], three 9+ states at Ex = 5010, 5260, 5954 keV (Table
III) and two 11+ states at Ex = 5291, 5860 keV are reported.
(In Figs. 8 and 11 of [35] two different data sets for the 5291
state are displayed. From the systematics of the calculations
one may conclude that Fig. 8 displays the reported 5260 9+
state while Fig. 11 displays the reported 5291 11+ state.)

The current evaluation of IAR-pp′ does not indicate the
detection of any 11+ state. The 5010 9+ state with main
configuration g9/2i13/2 is confirmed, see Sec. IV G.

The identification of a 5260 state to have spin 9+ and
to consist of the h9/2h11/2 configuration conflicts with the
identification given for the 5162 state (Sec. III D), even within
the resolution of about 50 keV.

The identification of the 5954 state assigned 9+ with
i11/2i13/2, f 7/2h11/2 configurations may correspond to the 5958
state (Table III, Fig. 9), but the few 208Pb(p,p′) data are not
conclusive.

In the region 6.00 < Ex < 6.15 MeV three states
with possible positive parity are reported by NDS2007,
Ex = 6037.5 keV (5+, 6+), Ex = 6068.5 keV (5+, 6+), Ex =
6101.1 keV (5+). All three levels are observed in IAR-pp′
with mean cross sections of about 2 µb/sr in a region which
is extremely difficult to analyze. Namely on the d5/2 IAR
the 6012 state has the largest mean cross section of all
states at 2.4 < Ex < 8.2 MeV (about 350 µb/sr) and hence
several satellites from L electrons have to be considered
(Appendix B). In addition the 6087 state is excited by the
d5/2 IAR strongly, too. Because of their close neighborhood,
the selective excitation of the 6037, 6068, 6101 states by either
the j 15/2 or the d5/2 IAR cannot be decided at the current stage
of evaluation (Fig. 5).

V. CONCLUSION

For several proton energies 14.8 < Ep < 18.1 MeV and
at some scattering angles 20◦–138◦, excitation functions and
angular distributions of 208Pb(p,p′) via IAR in 209Bi were
measured. In the doubly magic nucleus 208Pb below Ex <

6.1 MeV, 27 states with spins 5+–10+ are identified.
By using the Q3D magnetic spectrograph of the Maier-

Leibnitz-Laboratorium at München, the excitation energy is
determined with a precision of 0.1 keV for strongly excited
states in 208Pb. Several doublets with spacings less than 0.5 keV
are resolved by their excitation in IAR with different parity or
by exhibiting a resonance effect in different IAR.

States with parts of the j 15/2p1/2, j 15/2f 5/2, j 15/2p3/2

strengths are identified by the selective excitation in the
j 15/2 intruder IAR. Besides several states with dominant
configurations j 15/2 lj , the examination of minor such admix-
tures allows to identify states with major proton particle-hole
configurations or states consisting mainly of the particle-hole

configurations LJ i13/2 built with the neutron intruder hole
i13/2.

From the experimental data of this work and by comparison
to NDS2007 data, 27 positive parity states in 208Pb have
been identified and their dominant configuration determined.
Among the 36 positive parity states in 208Pb with excitation
energies Ex < 6.1 MeV and spins 5+–10+ predicted by the
SSM, only nine states are not yet identified. Assignments for
18 positive parity states given in NDS2007 are confirmed. In
addition nine positive parity states are newly identified.
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APPENDIX A: THE GASPAN FIT FUNCTION

The peak shape function y(j ) is defined for a region
of n consecutive channels j starting at channel j0 with N

peaks. The fit of the measured data points x(j ) utilized in
GASPAN is

y(j ) =
N∑

i=1

AG(i)

{
e−z(i,j )2/δ(i)2

+AT ez(i,j )/ν erfc

[
z(i, j )

δ(i)
+ δ(i)

2ν

] }

+
lmax∑
l=0

AB(l) (j − 〈j 〉)l , (A1)

z(i, j ) = j − Ap(i), 〈j 〉 = 1

n

n∑
i=1

(i + j0 − 1). (A2)

The parameters AG, AP , δ define the strength, position, and
width of the Gaussian peak, AT , ν the strength and decay
constant of the tail, AB the background. Here erfc is the
complementary Gaussian error function

erfc(a) = 2√
π

∫ ∞

a

e−t2
dt. (A3)

In an iterative manner, the parameters AG, AP , AT , AB , δ, ν

are obtained by minimizing the fit criteria

χ2/f =
j0+n−1∑
j=j0

�2(j ), (A4)

�(j ) = y(j ) − x(j )

σ (j )
, (A5)

where σ 2(j ) is the variance of the data x(j ). The fit criterion
Eq. (A4) should become close to χ2/f = 1, the deviation of
the residuum spectrum �(j ) should be below two standard
errors σ (j ) everywhere,

−2 � �(j ) � +2 (A6)
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and not vary in a systematic manner anywhere. Except for
the smooth background defined by a polynom with degree
lmax, all parameters are subject to constraints: AG(i) > 0, j0 <

AP (i) < n or fixed, AT > 0 or fixed, δ(i) > 0 or fixed, ν > 0
or fixed.

APPENDIX B: ATOMIC ELECTRONS AND 208Pb(p,p′ )

In the analysis of the Q3D data, a careful inspection of the
dependence of the excitation energy on both the proton energy
Ep and the scattering angle has to take into account a specific
experimental difficulty which finally limits the resolution of
the Q3D magnetic spectrograph [13,37].

In the inelastic proton scattering on 208Pb, the 82 electrons
in the lead atom are affected, too,

208
82 Pb(p, p′ + ze−)208

82 Pbz+, z = 0, 1, 2, . . . . (B1)

Satellites to each peak are produced since electrons from
various atomic subshells are expelled. The intensity of each
satellite peak depends on the mean number 〈z〉 of separated
electrons and their binding energies, the proton energy Ep′ and
the scattering angle �, but not on the target thickness.

The binding energy of the LI , LII , LIII electrons is
13.06, 15.20, 15.86 keV, respectively. The M electrons with
3 keV binding energy and the outer even less bound electrons
are not resolved. The K electrons with 88 keV binding energy
are never observed, since the intensity of such a peak is much
less than for the other electrons and since in such a large
distance from the main peak rarely no peak from 208Pb(p,p′)
is present. Note that the mean distance of nuclear states in
208Pb for 3.9 < Ex < 6.1 MeV is about 10 keV becoming
even less for higher excitation energies [6].

FIG. 12. (Color online) Excerpt of a 207Pb(d,p) spectrum taken
at � = 30◦ and Ed = 22 MeV. The exponential tail [Eq. (A3),
linear in this logarithmic plot] is followed along almost the
full peak-to-valley ratio of 2000. The 4997, 5020 levels be-
long to 206Pb(d,p); the 4974, 5038, 5075, 5080 levels belong to
207Pb(d,p). The broader 4994, 5056 levels are the result of the
pragmatic fit of the LI , LII , LIII lines from the electron knockout
(Appendix B). At bottom the residual spectrum �(j ) is shown
[Eq. (A5)]; the dashed lines show the values �(j ) = ±2σ . The
systematic variation of the residuum spectrum at the low energy side
may be improved by including another tail AT [Eqs. (A1), (A3)].

Therefore the first satellite peak is found in a distance of
about 15 keV to the main peak with an intensity in the order of a
few percent, the next peaks in about 30, 45 keV distances with
less intensity [13]. A pragmatic procedure has been developed
to fit the spectra by GASPAN [33] by adding a secondary peak
in a mean distance of about 15 keV with about 3–4 times the
width of the main peak if the statistics are sufficiently high,
see Fig. 12.
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