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Discovery of collective states
in the heavy nucleus 208Pb
by complete spectroscopy

Andreas Heusler

I want to talk about the method how to discover col-
lective states in the heavy nucleus 208Pb by complete spec-
troscopy.

Complete spectroscopy means that up to a certain en-
ergy all states are known with spin, parity, and dominant
composition.
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The nucleus 208Pb is studied since 120 years. Spec-
troscopy of 208Pb started immediately with the discovery
of radioactivity. Already in the 19th century an estimate
of the excitation energy for the lowest state in 208Pb was
derived. Today the energy is known with a precision of
10 eV. The energy of 2 1/2 MeV for the first excited state
is unique across the whole nuclear chart.

In the 1920s the excitation energies of the relative ex-
citation energies of the four lowest states were determined
with a precision of 1 keV.

In 1954 the spin of the lowest state was determined as
3− which is again rather unique across the whole nuclear
chart.

An important event was the discovery of isobaric ana-
log resonances (IAR) in heavy nuclei.

In 1965 accelerators became capable to excite IARs in
the lead region. In the next five years important data were
obtained for 208Pb. But it took 50 years to determine spin,
parity, and dominant structure for the lowest 150 states.

Now I know the excitation energies of about 500 neu-
tron bound states and part of the proton bound states
with a typical uncertainty of 1 keV.

Spin, parity, and dominant structure are rather well
known for the negative parity states at 6.2 < Ex < 7.0MeV.

Most states are 1p1h configurations but three dozen
states have definitely other configurations.

In the 1960s neutron pairing vibrations were discovered
with triton beams and theoretically described.
Recently the lowest proton pairing vibrational 0+ state
was identified.

Two years ago I recognized ten states as members of
the four basic rotating and vibrating bands.

In this year two dozen states were described by the
coupling of 1p1h configurations to the 3− yrast state. The
mean deviation from the calculated excitation energy is
about 20 keV.

The coupling of the lowest 1p1h configuration g9/2p1/2
with spin 4− to 3− yrast state yields states with spin from
1+ to 7+ and with spin 5− states with spin from 2+ to
8+.

Amazingly two members from the coupling of i11/2p1/2
to the 3− yrast state yields states shifted down from the
centroid energy by half a MeV.

The question arises how to find more collective states
not described as 1p1h configurations?

There is only one method: Compare the structure of
all states to shell model calculations.
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An important experimental tool is the quadrupole-3-
dipole magnetic spectrograph (Q3D) at Garching (Ger-
many). It yields a resolution of 3 keV. One spectrum of a
typical length of 1MeV can be taken in one hour. Cross
section as low as 1µb/sr can be reliably measured.
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The most important reaction is the inelastic proton scat-
tering via IARs in 209Bi.

In 208Pb there are 44 excess neutrons. By adding one
proton an IAR in 209Bi is created with a typical energy of
20MeV and a width of about 300 keV.

In the subsequent proton decay all neutron particle-
hole configurations in each state of 208Pb are excited. They
act in a coherent manner to create interference patterns
in the angular distributions.
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I show two examples of 5− states strongly excited on
the g7/2 IAR, at left with the dominant configuration
g7/2f5/2, at right with g7/2p3/2.

Three or even four amplitudes can be determined with
the relative sign. Reversing the sign of one amplitude is
clearly excluded – no fit is obtained.

[back to Frame — 4 – ] The knowledge of some am-
plitudes allows to investigate the orthogonality relations
among the states. Together with the normality and sum
rule relations amplitudes of unobservable configurations
can be determined. They are unobservable either because
the cross section is too low or because there is no target
as is the case for proton particle-hole configurations built
with a particle in a higher orbit.

207Pb is a stable isotope thus allowing to study the
neutron transfer reaction (d , p).

209Bi is also a nearly stable isotope allowing to study
the proton transfer reaction (d , 3He).
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By these methods all neutron particle-hole configurations
in all states at 3 < Ex < 7MeV are determined.
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Before 1962 data for 208Pb were taken by studying the
β-decay.

Beginning in 1965 208Pb(p, p′) via IARs in 209Bi was
studied. One study was performed with a magnetic spec-
trograph and a resolution of 8 keV, angular distributions
and excitation functions for the g9/2, d5/2, s1/2, and the
g7/2+d3/2 doublet IARs were taken with semiconductor
detectors at a resolution of 12-30keV.

Later in 2003-2018 spectra with the Q3D magnetic
spectrograph were taken with a resolution of 3 keV.

In addition the proton transfer reaction 209Bi(d , 3He)
and the neutron transfer reaction 207Pb(d , p) were stud-
ied. γ-spectroscopy yielded data by 208Pb(n, γ), 209Bi(t , α γ),
207Pb(d , p γ), and 208Pb(n, n ′ γ).

Quite recently also 208Pb(d , d ′) was investigated. This
reaction does not yield any information about spin, parity,
or structure, but clearly demonstrates the existence of a
state.
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Here 14 4− states are described by 14 particle-hole con-
figurations. The amplitudes are normalized to 1.

Most values are close to unity and arranged along the
diaogonal. In two cases the order of the configurations in
the states is reversed (8,9 and 13,14). Two configurations
are unobservable (f7/2s1/2, f7/2d3/2).
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For the 2− states the configuration mixing is similarly
weak.

However the 2− yrast state is not described by par-
ticle-hole configurations. It is the other member of the 2±

doublet described as the head of a tetrahedral rotating
and vibrating band in the flattening mode.

Frame – 10 –

For the 3− states the yrast state is recognized as the head
of the tetrahedral rotational band; the next member is the
4+ yrast state.

By careful comparison of the number of states with
shell model calculation one state at Ex ≈ 6.5MeV is rec-
ognized to be not described by 1p1h configurations.

For the 5− states two states appear in addition to the
prediction by the shell model.
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Here I compare the excitation energies to two different
shell model calculations, with the surface delta interaction
( SDI) and with the Michigan 3-Yukawa interaction (M3Y)
emplyoing 1p1h, 2p2h, and 3p3h configurations.

For the 4− states the agreement with both calculations
is perfect. The existence of the tetrahedral configuration
at Ex = 7.2MeV cannot be ruled out by the calculations.

For the 2− states the appearance of the yrast state
cannot be explained by the shell model.
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For the 3− states the appearance of the yrast state cannot
be explained by the shell model easily.

The dominant configurations of the states at Ex <
7.0MeV are well known. The comparison with the calcu-
lation by SDI clearly demonstrates the appearance of one
additional state at Ex ≈ 6.0MeV.

Similarly for the 5− states the appearance of two states
at Ex ≈ 6.0MeV is evident. Two states at Ex = 6.8MeV
have g7/2p3/2 as the dominant configuration, the corre-
spondance with both shell model calculations is good.
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In the comparison of the positive parity states, for the
states described by the coupling of g9/2p1/2 to the 3

− yrast
state, the excitation energies are found to deviate by only
20 keV at average.

Most lower lying states can be described as 1p1h con-
figurations. However in the shell model no 0+ state is ex-
pected.

Pairing vibration explains two 0+ states and two 2+

states, another 0+ state is predicted as tetrahedral over-
tone; it is not yet discovered.

The 4+ yrast state is explained as a member of the
tetrahedral rotation band.

The 6+ yrast state and the 12+ yrare state are not yet
explained by any model.
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Here I compare the experimental known 6+ and 12+ states
to shell model calculations.

Evidently the 6+ yrast state appears in addition to
the seven 1p1h configurations and the coupling of 1p1h
configurations to the 3− yrast state found up to Ex =
6.2MeV.

In case of the 12+ states the shell model predicts only
two 1p1h configurations which are experimentally identi-
fied.

2p2h configurations are predicted to start 1.5MeV higher.
Evidently the 12+ yrare state cannot be explained.
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In the heavy nucleus 208Pb several different classes of ex-
citations are observed,

– 1p1h configurations,
– 1p1h configurations coupled to the 3− yrast state,
– neutron and proton pairing vibrations,
– members of tetrahedral rotating and vibrating bands.
In addition the 6+ yrast and 12+ yrare states are un-

explained,
One more 3− state and two 5− state in the region at

5.2 < Ex < 6.05MeV cannot be explained by any existing
model.

Still a few positive parity states below Ex = 6.2MeV
are not yet identified and above Ex = 6.2MeV most pos-
itive parity states are unknown.

A mysterious question is about the prediction of a 2+

state near the ground state predicted as the coupling of
both intruders j15/2 and i13/2 to the 3− yrast state.
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Urgently needed is the theoretical description of dodeca-
hedral configurations similar to the tetrahedral configura-
tions by some algebraic cluster model (ACM).

On the experimental side the neutron capture on 207Pb
and the investigation of the subsequent γ-cascade is needed.
Modern equipment exists but the study of γ-transitions
among the more than 500 states will need a great effort.


