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Identification of the i11/2f5/2 and i11/2p3/2 neutron particle-hole multiplets in 208Pb.

A. Heusler, G. Graw, R. Hertenberger, H.-F. Wirth, F. Riess, P. von Brentano.

1. I will talk about the main ideas leading to the iden-
tification of neutron particle-hole states in 208Pb by
the method of inelastic proton scattering via IAR in
209Bi, especially the identification of the multiplets
with the structure i11/2f5/2 and i11/2p3/2.

2. First I will quickly remind to the shell model which
predicts the lowest states of the doubly magic nu-
cleus 208Pb to be particle-hole configurations.

Then I will explain why only 40 years after the
discovery of the IAR in heavy nuclei, a new series
of experiments were started with the Q3D magnetic
spectrograph at München.

I will spend some time to explain the method of in-
elastic proton scattering via IAR, since its practice
is almost forgotten.

I have no time to explain the method in detail, but I
will indicate the essential arguments how structure,
parity and spin of neutron particle-hole states are
determined.

3. The doubly magic nucleus 208Pb offers an unique
chance to study the shell model in extenso.

The magic gap for 126 neutrons leads to rather pure
single particle states in 209Pb, and to rather pure
single hole states in 207Pb.

The shell model predicts the lowest states in 208Pb
to be particle-hole configurations where one parti-
cle above the gap couples to a hole below the gap.

As I will explain later the method of analog-pp’
is sensitive to neutron particle-hole configurations
only, but of course we have proton particle-hole
configurations, too. This presents no serious prob-
lem since there are much more neutron particle-
hole configurations than proton particle-hole con-
figurations.

The two configurations which I talk about, are the
second particle coupled to the second and third
hole.

4. Here the predictions of the shell model are shown.
The residual interaction is assumed to vanish. In
reality each configuration is split up into a multiplet
of different spins and neighbouring configurations
are mixed.

The goal of our study is to determine the residual
interaction among particle-hole configurations from
experimental data alone.

5. This symposium takes place in honor of Steve Yates
and is organized by Paul Garrett. I want to thank
for the invitation to give this talk and congratulate
Steve Yate to the Seaborg Award. I also want to
transmit the congratulations of Gerhard Graw and
especially of Peter von Brentano who regrets that
he could not come to the symposium.

Together with Minfang Yeh and Tamas Belgya,
Steve Yates challenged complete spectroscopy of
208Pb. Namely only (n, n’γ) is able to excite all
states, other reactions excite only some states in
208Pb.

IAR have been discovered in 1964 and the power
of the method has been recognized before 1970. In
principle analog-pp’ is able to excite all states in
208Pb, too. However, one may wonder why we had
to wait 30 years for new analog-pp’ experiments
with 208Pb.

6. The reason is quite simple resolution: The level
spacing in 208Pb in the region of Ex = 5-6 MeV
predicted by the shell model is about 7 keV.

The first experiments for were done with the Enge
magnetic spectrograph and a resolution of 10-20
keV. They used photo emulsion plates, a very cum-
bersome method. As we now know the energy cal-
ibration was misadjusted by 2 permille.

The following experiments with semiconductor
counters and a resolution of 15-35 keV were suf-
ficient to determine the essential parameters of all
IAR, but already in the region around 4 MeV three
doublets could not be resolved.

Therefore we had to wait for the continuous im-
provement of the Q3D facility and develop at least
4 generations of detectors until we achieved in 2003
the needed resolution of 1:3000.

7. The particle spectrometer at München consists of
a magnetic spectrograph with a quadrupole at the
entrance and 3 dipoles spanning a large solid an-
gle, 6 x 6 degrees, a stable Stern-Gerlach hydrogen
source with beam currents of µA electrostatic Van
de Graaff accelerator which can be tuned to a pre-
cision of 10−5, and finally a highly linear detector
which allows data rates of several kHz.

With this instrument we achieve stable conditions
for several days. It allows the fast measurement of
precise proton spectra with a low background. A
typical run takes 20 minutes.
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8. In 2003 and 2004 we performed experiments for
208Pb(p, p’). We covered all known IAR between 14
and 18 MeV, excitation energies up to 8 MeV. An-
gular distributions of the cross section were taken
for scattering angles up to 115 degrees.

We identified about 250 states, 1/3 among them
were not known before. The absolute energy can be
determined within a few hundred eV for stronger
excited states corresponding to a precision of a few
10−5.

9. An important tool is the deconvolution code GAS-
PAN. It allows to decompose the spectra (linear
above, logarithmic below) into lines with different
shapes on top of a smooth background.

Contamination lines from light nuclei are detected
by the kinematic broadening (Ex ≈4.8 MeV). Dou-
blets with about half the instrumental resolution
(3 keV) are decomposed (at 4.71 MeV with 1.9 keV
distance).

Due to the low background small peaks can be reli-
ably traced across many spectra. E.g. the doublet
at 4.86 MeV is identified with states of structure
j15/2p1/2 and spin 8+, 7+.

This region of only 300 keV delivers 15 data points
(excitation energy and cross section); in total we
have about 20,000 data points. The identification
is an iterative process since for weak peaks either
the cross section or the energy can be determined
only precisely.

*** *** *** *** *** *** *** *** *** *** *** ***

10. Analog-pp’ on 208Pb is equivalent to a neutron
pickup reaction with a target of 209Pb in an excited
state. E.g. the deuteron-triton reaction on 209Pb
in the i11/2 state, 209Pb*(d, t)208Pb*, creates neu-

tron particle-hole states in 208Pb. This experiment
is impossible.

11. In order to explain analog-pp’ we start with the
doubly magic nucleus 208Pb with Z=82 protons and
N=126 neutrons. By adding one neutron we obtain
209Pb with 45 excess neutrons.

12. The IAR in 209Bi is generated by exchanging one
of the excess neutrons into a proton. The isospin
lowering operator acts on each of the 45 excess neu-
trons in a coherent manner. This allows to measure
interferences.

13. The IAR has a short lifetime and decays into a state
of 208Pb by emission of a proton.

In case the outgoing proton comes from the region
between 82 and 126 particles, a neutron particle-
hole state in 208Pb is created. It consists of the
neutron corresponding to the IAR which is decay-
ing, and anyone of the holes in the neutron excess
region.

14. In the simple shell model the decay of IAR predicts
the population of all configurations built with the
particle corresponding to the decaying IAR which
we choose by adjusting the proton beam energy,
and with all holes in the neutron excess region. The
different particle-hole configurations are identified
by their excitation energy and cross section.

We will discuss the identification of the two multi-
plets i11/2f5/2 and i11/2p3/2 expected near 5 MeV
excitation energy and at 16 MeV proton beam en-
ergy.

Here I show the spin splitting in a schematic way.
Similarly, the different penetrability of the outgoing
proton is shown in some schematic way by different
colors. E.g. the configurations with the f5/2 hole
are about 10 times weaker excited than the configu-
rations with a p1/2 or p3/2 hole due to the higher
angular momentum barrier.

The configurations with the intruder hole i13/2 can-
not be detected at all, but the decay of the IAR
with the intruder particle j15/2 could be well mea-
sured.

At various energies a gap in the configuration space
can be discerned (Ex = 4.5, 5.2, 6.1 MeV). The sub-
closure of the configuration space allows to apply
the principle of unitarity. By this means the resid-
ual interaction can be determined. This method
has been successfully applied for the first 20 states
below Ex = 4.5 MeV in 1982.

When I heard from the shell model calculation by
Karl-Hugo Meyer in 2002, I was surprised how well
his calculated wave functions agree with my re-
sults determined 20 years earlier from the study
of analog-pp’.

15. We did not measure excitation functions but only
on top of each IAR. Therefore I show some pio-
neering measurement by Zaidi, Brentano et al [1],
where the proton energy is varied in steps of 30 keV,
here for one state now known to have the structure
g9/2p3/2 and spin 6−. Clearly this state is excited
by the g9/2 IAR only with a proton beam energy
of 15 MeV. The direct-(p, p’) reaction contributes
little.

16. Here you see proton spectra taken on the i11/2 IAR
with the Q3D. The doublet at 4.7 MeV is resolved
by the computer code GASPAN as shown before.
The triplet spanning only 9 keV is a characteristic
feature in the other spectrum.

The structure of these six + four states shown in
black is determined by investigating the excitation
functions and the angular distributions.

17. The particle of the dominant neutron particle-hole
configuration is found by comparing the cross sec-
tion on the different IAR.
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Here I show spectra for the i11/2p3/2 group taken
on top of the IAR i11/2 and the lower resonance
g9/2 and the higher resonance d5/2.

The singular excitation by the i11/2 IAR is pro-
nounced. The enhancement is often in the order
50, since one has to bear in mind that the excita-
tion of the i11/2 IAR is suppressed by a factor 10
against the two neighbouring IAR due the lower
penetrability of the populating proton.

Clearly the particle of these four particle-hole states
is the i11/2 neutron.

18. From the angular distribution we derive structure
and spin.

These curves are no fit but calculations for pure
shell model configurations i11/2p3/2 with spins 4−,

5−, 6−, 7−. The mean cross section agree within
10% with the prediction of a pure configuration.

The angular distribution for each configuration has
a characteristic shape. For the lowest spin 4− and
the highest spin 7− the spin assignment is unique
because of the deep minimum at 90◦.

19. Another argument for the spin and structure as-
signment comes from considering the excitation en-
ergies.

From the angular distribution we derive the par-
tial configuration strengths close to unity as I have
shown for the p3/2 group.

Calculating the spin weighted mean we obtain the
centroid energies. They agree within a few keV
with the prediction from the simple shell model
without residual interaction.

20. I hope that I could convince you that the inelas-
tic proton scattering via IAR is a powerful method
to determine spin, parity and structure of neutron
particle-hole states. Here the 6 states identified as
i11/2f5/2 with spins 3−, 4−, 5−, 6−, 7−, 8− and the
4 states identified as i11/2p3/2 with spins 4−, 5−,

6−, 7− are shown embedded in a host of 30 other
states detected by 208Pb(p, p’).

21. More configurations are predicted by the shell
model.

Only 4 keV above the highest i11/2p3/2 state, the

lowest 0− state with the structure s1/2p1/2 is iden-
tified.

Near 4.86 MeV the doublet with structure j15/2p1/2

is seen which I showed in rthe GASPAN spectrum
before.

22. At this rather low excitation energy some new
states are already identified. For excitation ener-
gies above 6 MeV almost every 2nd state is not
known up to now.

23. By the method of IAR-pp’ we have identified spin,
parity and structure for about 20 more states,
mostly with either low or high spins.

An open problem is the identification of about
20 states with intermediate spins 2−,3−,4−.

Here an additional experiment will help which we
performed, but I did not mention in my talk,
namely the neutron stripping reaction 207Pb(d, p).

The final goal is complete spectroscopy of 208Pb.
For excitation energies below Ex = 6.1 MeV spin
and structure of about half of the negative parity
particle-hole states expected from the shell model
have been detected, and about one third of the pos-
itive parity states.

24. A paper about this work has been submitted to
Phys. Rev. C and can be accessed from the arXiv.

Thank You.

Q: (Jess Weil) What about the 4698 3− state?

A: [fig. 9] The excitation of the 4.7MeV level mea-
sured by [1] near the i11/2 IAR is mainly due to the
4709+4711 keV doublet nearby which Zaidi et al
could not resolve with 35 keV whereas the 4698 3−

state us strongly excited both by the g9/2 and the
d5/2 IAR.

Q: (Paul Garrett) Is the limit of the Q3D reached?

A: Yes, we now have problems with atomar ef-
fects, as we now detect satellite lines due to the
LI , LII , LIII electrons with about 14 or 2 · 14keV.
For strong levels GASPAN even successfully fits
a doublet due to the M-electrons with < EM >≈

3 keV comparable to the resolution of 3 keV.

Q: (Steve Yates) What about the spurious states
mentioned by NDS below 5MeV?

A: Our goal is to detect all levels up to about
6 MeV.

Comment: (Steve Yates) A paper with the table
of excitation energies up to Ex ≈ 6.3MeV is in
preparation by us.

[1] S. A. A. Zaidi, L. J. Parish, J. G. Kulleck, C. F. Moore, P. von Brentano. Phys. Rev., 165:1312, (1968).


