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1. I want to talk about high resolution particle spectroscopy with the
Q3D magnetic spectrograph at München, in particular about inelastic
proton scattering via isobaric analog resonances.

2. The lowest states in the doubly magic nucleus 208Pb are described as
particle-hole configurations.

In each group of neutron particles, neutron holes, proton particles,
proton holes, there is one intruder; therefore about 30% of the states
have positive parity.

3. The level density is rather high, for excitation energies 4.8 < Ex <

6.1MeV a mean distance of 15 keV is predicted.

γ-spectroscopy with a resolution of 2 keV may resolve most states, but
it has the handicap that the excitation energy of many states are only
reconstructed.

Particle spectroscopy observes the states directly and in addition may
determine the strength of some configurations.

The resolution has been improved over the years from 15 to 4 keV.

Now a resolution of 3 keV is obtained and new methods to disentangle
doublets are developed.

4. We have performed experiments at the Maier-Leibnitz-Labor at Garch-
ing.

Protons are accelerated to energies between 14 and 18MeV and de-
tected by the Q3D magnetic spectrograph at scattering angles between
20◦ and 140◦.

The multiwire detector gathers protons in a solid angle of 3×3 degrees.



A spectrum of 1MeV length is gathered in typically half an hour with
sufficient statistics.

5. Here 5% of a spectrum with five levels are shown.

The resolution as measured on the low energy side is 3 keV, but on the
high energy side an exponential tail appears, linear on this logarithmic
scale.

The width of the tail depends on the effective target thickness and
whether forward or backward scattering is used.

(In addition, satellites from the knockout of L-electrons with 13−15 keV
produce satellites to each peak.)

6. Let me shortly explain inelastic proton scattering via isobaric analog
resonances.

In the doubly magic nucleus 208Pb we have 44 excess neutrons.

By adding one neutron a particle state in 209Pb is created.

The isobaric analog of such a state consists of 45 components.

In each component one excess neutron is converted into a proton.

7. In the proton decay of an analog resonance (IAR) either the proton es-
capes with the unchanged energy; this corresponds to the elastic proton
scattering.

Or 208Pb is left in an excited state and a superposition of up to 30
neutron particle-hole configurations is created in each state.

The proton energy can be precisely measured; relative distances be-
tween two states can be thus determined with an uncertainty of 100 eV
up to excitation energies of 8MeV.

8. Analog-pp’ has many advantages; I will mention only a few.

By adjusting the proton energy to a certain analog resonance, the neu-
tron particle of a particle-hole configuration can be chosen.

By measuring excitation functions the parity of each state can be de-
termined; namely only configurations with one intruder excite positive
parity states.



If essentially only one configuration contributes to the cross section
of the state, the shape of the angular distribution is given by pure
geometry and the spin can be determined.

9. Now I show a series of pp’-spectra.

In this 2 keV doublet the lower state is excited on the g9/2, d5/2 and
the g7/2, d3/2 doublet IAR, but the higher state on the d5/2 IAR only.

It has spin 4− and contains 90% of the d5/2p3/2 strength.

The states strongly excited by the g7/2 and d3/2 IAR are known from
207Pb(d, p) to contain the configurations g7/2p1/2 and d3/2p1/2.

10. In this 2 keV doublet the higher state is excited on the d5/2 only.

It has spin 4− and contains 90% of the d5/2f5/2 strength.

The lower state consists by 90% of a proton configuration but contains
also 5% g9/2p3/2 strength.

11. The big peak seen on the s1/2 IAR belongs to a well known 1− state.

It contains 80% of the s1/2p3/2 strength.

The lower state in the 8 keV doublet at Ex = 6.4MeV is excited ten
times stronger by the s1/2 IAR than by the g7/2 IAR.

It has spin 2− and contains 40% of the s1/2p3/2 strength and otherwise
g7/2f5/2, d3/2f5/2.

12. The excitation functions taken from 14 to 18MeV proton energy assign
positive parity to the four states.

Namely only the intruder IAR excites these states, and not the d5/2

IAR in a distance of half the width of the resonance. (The width of
the j15/2 resonance is 200 keV, of the d5/2 resonance 300 keV.)

Similarly, the parity of more than 200 states up to 8MeV is determined,
among them 30 positive parity states.

13. Here angular distributions for four states with dominant configuration
g9/2f7/2 are shown.

The 8− state is 99% pure, the 6−, 7− states contain 10% of a proton
configuration, the 5− state has a complex structure, it contains at least
five major components.



14. Here 10% of a more typical spectrum is shown with ten states within
100 keV.

In this triplet the outer states are the 6−, 7− states for which I just
showed the angular distribution.

The middle member has spin 4+ and does not show any resonant be-
haviour.

The highest state of the quintuplet at Ex = 5.65MeV has positive
parity since it is excited by the intruder IAR only.

The next state is in a distance of 400 ± 100 eV. It is excited both on
the g9/2 and d5/2 IAR.

15. Finally there is also a spectrum of 207Pb(d, p).

The peak-to-valley ratio is 2000.

You can image that extremely small spectroscopic factors can be de-
termined if you look at the 5020 peak.

It belongs to an isotopic impurity of 206Pb which contributes less than
1000th to the target material and still has a peak-to-valley ratio of 5.

16. For positive parity states with spins 5+, 6+, 7+, 8+, 9+, 10+ almost all
states below 6MeV predicted by the shell model are identified.

For the three missing states we have plausible candidates.

The schematic shell model energies are shown at left, the experimental
energies at right.

17. For negative parity almost all states below 6MeV predicted by the shell
model are identified; for spins 1−, 2− even up to 7MeV.

18. The goal of the work is to determine the residual interaction.

The two 0− states are the only bound 0− states in the whole nuclear
chart.

They nicely represent a two-level scheme because the next configura-
tions are in 1.2MeV distance.

By comparing the spectroscopic factors of the two configurations to
states with spins 1−, 2−, the absolute values of the transformation



matrix are determined; an upper limit of 3% for the strength of other
than the two configurations is derived.

The residual interaction is determined from the transformation matrix,
the shell model energies and the experimental energies.

The diagonal matrix elements represent the level shift, the off-diagonal
matrix elements the level repulsion.

In a similar manner we are determining the amplitudes of all states
(both positive and negative parity) below Ex = 6.1MeV.

19. Here, for 13 states with spin 2− up to 7MeV the amplitudes of 17
configurations are determined.

For the lower states the uncertainty of the amplitudes is small, for the
higher states it is a first guess.

In contrast to 207Pb(d, p) and 209Bi(d, 3He), the amplitudes for all neu-
tron particle-hole configurations can be determined.
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