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Results on ongoing research of elementary magnetic nuclear excitations using pho-
ton and electron scattering at the superconducting Darmstadt electron linear ac-
celerator (S-DALINAC) are presented. In the first part of the talk properties of the
orbital magnetic dipole scissors mode are discussed which has now been studied
throughout the rare-earth nuclei including the transitional regions from spherical
vibrators to rotors and from rotors to nuclei with ~-soft shapes. The associated
strong variations of the total B(M1) strength and their correlation with the B(E2)
transitions to the 2; states, which define the degree of deformation, have recently
been successfully explained by a phenomenological approach as well as by the Inter-
acting Boson Model. High-quality {v,v') spectroscopy with a EUROBALL cluster
module in combination with a statistical analysis of unresolved background con-
tributions demonstrates thet contrary to claims of a severe reduction, the scissors
mode strength in odd-mass nuclei is comparable to that in the even-even neigh-
bours. The second part of the talk is concerned with high-resolution inelastic elec-
tron scattering at 180°, which is selective with respect to magnetic excitations. As
a first example the investigation of an {-forbidden M1 transition from the ground
state to the J™ = 1% state at E; = 7.003 MeV in 328 is discussed. The extracted
B(M1) strength of 0.0035 “?V is the smallest ever measured with electron scattering
and constitutes one of the most sensitive tests of the role of non-nuclear degrees
of freedom in the nuclear magnetic response. Finally, systematic studies on the
hitherto scarcely explored magnetic quadrupole giant resonance which is mainly a
spin-isospin excitation located at an excitation energy Ez ~ 44 - A~1/3 MeV are
discussed. In the last experiments a dramatic improvement of the background re-
duction was achieved by the use of the pulsed beam structure originally developed
for the Free Electron Laser at the S-DALINAC. This allows access to heavy nuclei
for the first time. Results for the strongly fragmented and quenched M2 strength
are presented for *8Ca and °°Zr and compared to SRPA calculations and sum rule
approaches. Finally, possible implications of these results with respect to certain
questions in astrophysics and in-medium vector meson mass scaling (Brown-Rho
scaling) are also mentioned.

1 Introduction

This symposium on “New Facet of Spin Giant Resonances in Nuclei” deals with
topics which would have been much to the heart and interest of Franz Osterfeld.
His untimely death prevents him to be with us as originally planned. Speaking
about spin-isospin excitations I cannot help thinking of his many important
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contributions to this field and I thus dedicate this talk to the memory of Franz,
a fine physicist and a good friend.

The talk is composed of two parts. Firstly, I will remark - along the lines
of previous talks — on the nature and our present knowledge of the orbital
and spin magnetic dipole response in heavy deformed even and odd mass nu-
clei. Secondly, inelastic electron scattering at 180° is considered and three
particular examples of recent experiments performed at the S-DALINAC! are
outlined: the measurement of an ¢-forbidden magnetic dipole transition in 325,
the determination of the magnetic quadrupole response in *¥Ca and likewise
the one in *®Zr. The new experimental data are discussed in the light of ex-
tensive theoretical model predictions and of sum rules. Considering the wealth
of material presented in the actual talk the rather limited space allowed for
its written version in these proceedings forces me to restrict myself essentially
only to a summary of the various topics I did present and discuss orally. For
the same reason, the list of references given at the end will not be complete
and I thus focus the attention of the reader to the many additional references
given in the articles cited and the articles to appear scon on our new results
from the inelastic electron scattering experiments at 180°.

2 Orbital and spin magnetic dipole response in heavy deformed
nuclei

2.1 Overview

Magnetic dipole excitations in heavy deformed nuclei constitute a field of in-
tensive experimental and theoretical research over the last decade 2~5. The
interest has been triggered by the discovery® of an elementary orbital magnetic
dipole mode at low excitation energies — the so-called scissors mode. Subse-
quently, it was also possible to experimentally pin down the existence of a giant
spin M1 resonance at somewhat higher excitation energies in rare-earth and
actinide nuclei™®. A rather consistent picture of the magnetic dipole response
in heavy deformed nuclei is emerging from the experimental information gath-
ered over the last years. It is presented here by way of example in Fig. 1 for
the case of the nucleus **Sm.

The scissors mode is located at excitation energies between 2 and 4 MeV,
and its strength is typically fragmented into about 10 transitions. Its total
strength is proportional to the square of the ground state deformation® and
saturates ' in well deformed nuclei (with roughly constant deformation) at a
value B(M1)t=~ 3u%,. The almost pure orbital character of the M1 transitions
was demonstrated by the comparison of electron and photon scattering, which
include the coherent contributions of spin and orbital matrix elements, with
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Figure 1: M1 response in a heavy deformed nucleus.

inelastic proton scattering, which is sensitive only to the spin-isospin part of
the nucleon-nucleon interaction . The latter probe, however, revealed the
existence of a giant spin-flip M1 resonance at higher excitation energies "8.
It is located in the energy region E, a~ 5 — 10 MeV and exhibits a char-
acteristic double hump structure whose origin is still subject of controverse
interpretations 3. Its strength is B(M1) ta llpi,, almost constant throughout
the rare-earth region and approximately independent of deformation 3. There
are hints of considerable fine structure of the resonance observed in a high-
resolution photon scattering experiment '? on *5#Sm which also indicates that
destructive interference effects of orbital admixtures to the spin strength might
be present.

2.2 Sum rules for the scissors mode

With the large body of data collected it becomes feasible to study the prop-
erties of the scissors mode systematically in rare-earth nuclei 2. A central
topic is the question whether the characteristic strength variation can be un-
derstood in terms of fundamental quantities such as sumn rules for the magnetic
transition strength !*. Two approaches are discussed here. The first is based
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on a phenomenological expression '* which was derived within the two-rotor
model '® but is valid in a general context of the following sum rule

3
BMM1)T = —— @.c Fuc (g5 — 9n)" - (1)

Here, E,. denotes the energy of the mode, and ©,. represents the mass pa-
rameter very close to the moment of inertia which can be estimated from the
“classical” sum rule for E2 strength derived by Bohr and Mottelson 7. One
arrives at a simple expression

4NZ
B(M1)t ~ {0.0042 7 B A°%8 (g, - gn)z} B (2)

which also contains explicitly the experimentally found dependence of the M1
strength on the square of the g.s. deformation parameter 4.
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Figure 2: Ratio of the experimental B(M1) strength and the phenomenological sum rule 18
prediction for the scissors mode strength plotted as a function of the mass number. The
B(M1) sum rule strength is exhausted by most nuclei.

Figure 2 displays the ratio of experimental B(M1) strength and the pre-
diction of Eq. (1) assuming a constant value of E, of 3 MeV and gyromagnetic
factors gp = 2Z/A and g, = 0. One finds a very satisfactory description of
the strength for most nuclei confirming the deformation dependence. Some
deviations are observed corresponding to transitional regions from vibrators
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to rotors (A ~ 140 — 150) and from rotors to y-soft nuclei (A ~ 180 — 190).
The good quantitative reproduction also indicates that the complete strength
is detected in the experiments.

Recently, also a description within the IBM-2 could be achieved 8. It
starts from a sum-rule derived by Ginocchio 1°

ZB(MI 0t o 1:;')T = %(gw ——g,,)z-JVL_l«)‘Nle) (3)
f

with N being the total number of bosons, and P = Ny N, /(Nr+N,). Equation
(3) relates the scissors mode strength to the average number of quadrupole
bosons in the g.s., Na = (0|N4|0)/N, which can be expressed by a deformation
parameter 3. A relation was derived !® between this IBM-specific quantity and
geometrical definitions of deformation like the Bohr-Mottelson parameter 3;

B = %(Zi])a (4)

Here, Z,, describes the number of protons in the valence shell, and X is a
measure of the exhaustion of the E2 sum rule by the transition to the 2?’
state. Figure 3 compares the resulting predictions of the B(M1) strength to
the experimental findings as a function of the total boson number N. Clearly,
a very satisfactory description of the data over a wide mass range (Nd to W)
is achieved.

Overall, one can conclude that the systematics of the scissors mode strength
in rare-earth nuclei with even mass numbers is well understood now, and the
approaches presented here are likely to provide a description of the actinide
region as well. What remains open are extensions of the models to the regions
of y-soft nuclei (A4 ~ 130 and A ~ 190), where first experimental observations
of the scissors mode were recently reported 2021,

2.3 Dipole strength in odd-mass nuclet

For a number of reasons a search for the scissors mode in odd-mass nuclei is
considerably more complicated. Because of the high level densities fragmenta-
tion of the mode should be enhanced, and experimentally - unlike in the case
of even-mass nuclel — no parity information can be derived from the photon
scattering experiments. It is well known from the investigations in the even-
mass cases that non-negligible E1 strength is found in the energy interval over
which the scissors mode is spread and that it varies considerably for different
nuclei 22,
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Figure 3: Ratio of the experimental B(M1) strength and the IBM-2 sum rule prediction for
the scissors mode strength plotted as a function of the boson number. The IBM-2 sum rule
provides a systemnatic description of all experimental data from Nd to W.

The experimental information gained so far from (v,7') experiments for
odd-mass cases **~27 is summarized in Fig. 4. In the upper part, the dipole
strength distributions are shown. (Note that the strength is given by the quan-
tity gP'i*d = '/ E3 proportional to B(E1) and B(M1) because of the experi-
mental indistinguishability.) Dramatic variations are observed for the number
of transitions, the average dipole strength and the distribution over the energy
interval which are impossible to understand by simple coupling pictures of the
unpaired nucleon. The problems are further aggravated when considering the
total strength of the mode seen in the experiments. Assuming as an extreme
upper limit that all observed g.s. transitions have M1 character, the summed
B(M1) values are depicted in the lower part of Fig. 4. Reduction factors of
2 — 3 compared to the average value of about 3 u3; in well deformed nuclei
are found in clear contradiction to all theoretical predictions (see Refs. 2%2° as
examples).

A solution of this puzzling situation has been presented very recently 3°.
Because of the high level densities in the investigated nuclei the strength is
very fragmented and furthermore even the high resolution of Ge detectors is
no longer sufficient to resolve the individual transitions. However, the part of
the dipole strength hidden in the background of the spectra can be extracted
by means of a fluctuation analysis based on a statistical treatment, i.e. assum-
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Figure 4: The comparison of the dipole strength in the odd-mass nuclei show large differences
in total strength, fragmentation and the number of detected ground state transitions.

ing Wigner-type level spacing and Porter-Thomas intensity strength distribu-
tions3!. Such an analysis was performed for the high-quality data measured for
165Ho and !'°Tm at the S-DALINAC with a EUROBALL cluster module 27
providing evidence for significant contributions in the background. If these
are included the strong reduction of the total B(M1) strengths disappears and
values comparable to the even-mass neighbours are found. Subsequently, these
findings have been confirmed using a set of data on the nuclens *”Gd measured
under completely different experimental conditions 32.

It can be shown *° that the statistical assumptions underlying the fluctu-
ation analysis approach are also capable to explain the large variations of the
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measured dipole distributions in Fig. 4. Monte-Carlo distributions have been
generated taking into account the properties of M1 and E1 distributions in the
even-mass neighbors and allowing for the energy dependence of the experimen-
tal sensitivity limits. The results are compared to the experiments in Fig. 5
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Figure 5: Reproduction of the experimental dipole strength and the number of ground state
transitions {Exp) by Monte Carlo methods (MC).

for the summed dipole strength ZgI‘B‘d visible above the detection thresholds
and for the total number of observed levels. Overall, the large variations of
both quantites for the investigated nuclei can be simultaneously reproduced
in a very satisfactory manner. Thus, one can conclude that the scissors mode
strength is also present in odd-mass nuclei, but non-negligible (and varying)
parts of it might escape direct detection in the photon scattering experiments.

3 Inelastic electron scattering at 180°

3.1 Ezperimental matters

Recently, a new system for high-resolution electron scattering at 180° has been
installed 32 at the S-DALINAC. It is a particulary attractive experimental tool
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for the study of magnetic transitions. At 180° the longitudinal part of the
cross section essentially disappears while the transverse contribution remains
finite. Magnetic transitions — which are of purely transverse character — are
thus strongly enhanced at 180° where furthermore the elastic radiative tail is
largely suppressed.

The present device shows a number of exceptional features3* compared to
previous 180° systems, firstly because of the coupling of the system to a large-
aperture, large-momentum-acceptance QCLAM magnetic spectrometer 3* and
secondly because of the fact that due to the suppression of instrumental back-
ground and an improved event reconstruction 3° very clean electron spectra
can be obtained. In nuclear physics experiments at the S-DALINAC, for the
first time the 10 MHz pulsed beam developed for using the linac as a driver
for a Free Electron Laser > has been employed to single out the scattered elec-
trons from the target, i.e. the true events from electrons resulting from slit or
backscattering ending up in the focal plane detectors of the QCLAM spectrom-
eter. The time of flight differences of the detected electrons allow a distinction
between the true and false events and finally the signal to background ratio in
the spectra could be increased by almost an order of magnitude.

The main properties of the 180° scattering system at the S-DALINAC can
be summarized as follows:

— maximum central momentum 95 MeV/c

— momentum acceptance —6% to +8%

— horizontal and vertical opening angles +40 mrad
- solid angle 6.4 msr

- intrinsic momentum resolution 2 x 10~*%

For comparison typical values of older 180° systems for horizontal accep-
tances and solid angles were 15 mrad and 1 msr, respectively. The central
momentum range of our system 1s sufficient for the observation of M1, M2 and
M3 transitions and the maximum value of 95 MeV/c roughly corresponds to
the first maximum of a M3 form factor.

In a first experiment the magnetic dipole and magnetic quadrupole re-
sponse of 28Si up to an excitation energy of E, ~ 19 MeV has been investi-
gated 3773° with the particular emphasis on determining the enhancement of
isovector M1 strength due to meson exchange currents by comparing B(M1)
and Gamow-Teller strength distributions in self-conjugate nuclei *°. Rather
than repeating the salient features of the experimental results and their the-
oretical interpretation which can be found in the references cited, I will next
discuss three new and unpublished experiments bearing on certain aspects of
the physics of spin-isospin excitations.



3.2 First example: an £-forbidden magnetic dipole transition in 325

The magnetic dipole response serves as a unique testing area for the role of
non-nuclear degrees of freedom in the nuclear dynamics. It is well established
that the phenomenon of quenching of the B(M1) strength is partly due to the
contributions by mesonic exchange currents (MEC) and A-hole excitations,
although their quantitative role is still a subject of considerable debate.

The sd-shell mass region is a favorable ground for such investigations be-
cause of the possibility to perform full 0%w shell-model calculations 4!. The
experimentally observed quenching has been successfully described for sd-shell
nuclei by the introduction of an effective operator and the necessary renormal-
ization factors were determined either empirically *? or analytically #34%. While
the analytical results generally agree quite well with each other and also with
the empirical results for the spin and orbital parts, a considerable discrepancy
is found for the isovector tensor correction *2. The investigation of f-forbidden
M1 transitions (which are of 1d3;; > 2sy/; type in sd-shell nuclei) provides
maybe the most promising approach to this problem because of the strong
suppression of the usually dominating spin matrix element. The higher-order
corrections to the £-forbidden transitions are expected to be dominated by A
admixtures into the nuclear wave functions **** and it is a unique observable
in this respect. When scaled to the free-nucleon strength, the A correction
is expected to be essentially the same for the isovector M1 and GT opera-
tors 2. However, an analysis of the ¢-forbidden 1d3;; — 25,2 “single-hole”
transitions in A = 39 nuclei gives an M1 strength relative to the GT strength
which is about an order of magnitude larger than expected (see Ref.*® and
references therein). Indeed, this is one of the major problems remaining in our
understanding of electromagnetic and (8-decay observables in light nuclei.

One possibility of explaining this discrepancy is that the A = 39 transi-
tions are not well described by pure 1d3;; and 2s;/; single-hole states, and that
low-lying core excitations from the sd-shell across the fp-shell could introduce
some allowed strength in a way which is not well understood. Therefore it is
important to examine a case away from the end of the sd-shell, where such
low-lying core excitations should be less important, in order to see if the dis-
crepancy persists. The very weak M1 transition at £, = 7.003 MeV in 32§
and the analog g.s. GT decays in 32Cl and 3?P are perhaps the best example
available for a study of £-forbidden strength towards the middle of the sd-shell.
Here, we present for the first time a B(M1) value for the extremely weak -
forbidden transition in 32S derived from electron scattering. This information
is of particular interest for a combined analysis with the GT strengths to test
the sd-shell wave functions and the effects of higher-order corrections.
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The 32S(e,e’) reaction has been measured at the S-DALINAC with the
180° system described above. Additional unpublished data were available from
previous experiments at the high-resolution energy-loss spectrometer. In total,
a momentum transfer range g.¢s ~ 0.3—0.9 fm~? was covered. The transverse
form factor of the transition to the 1% level at 7.003 MeV is depicted in Fig. 6.
The comparison to a typical 1ds;; — 1dsz/; spin-flip form factor (dashed line)
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7.003 MeV in 32S. The extracted B(M1) strength of 0.0035 u.i, is obtained by extrapolation
of the form factor to the photon point and constitutes the smallest ever measured with
electron scattering.

Figure 6: Form factor of the {-forbidden M1 transition to the J" = 1t state at E; =

reveals an anomalous dependence on the momentum transfer. However, this
can be satisfactorily described by a shell-model calculation with the unified sd-
shell (USD) interaction*!, but the calculation is based on free nucleon g-factors,
because the ¢ dependence of the higher-order corrections is not known. Thus,
the absolute value must be scaled down by a factor of about four to describe
the data. Nevertheless, the good description of the g dependence allows an
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extrapolation to the photon point in order to extract the B(M1) strength.
One finds an extremely small number, B(M1)%= 0.0035(4) p%,, which, to the
best of our knowledge, 1s the smallest value ever reported for an M1 transition
in electron scattering experiments.
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Figure 7: Comparison of the experimentally extracted M1 strength in 325 with the prediction
within the USD model by Brown and Wildenthal with effective g-factors. The one body
transition density is highest for the {-forbidden M1 transition to the J™ = 1% state at
E; = 7.003 McV.

The reliability of the shell-model description was tested by comparison to
the complete B(M1) distribution in 32S extracted from the experiments de-
scribed above and the inclusion of previous data *647. As visible in Fig. 7, a
very good reproduction of the experimental strength distribution is achieved,
even on a level-to-level basis. The only exception are the two prominent tran-
sitions between 11 and 12 MeV. However, their sharing of the g.s. B(M1)
strength is extremely sensitive to the energy difference and the total strength
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is again described well. The lowest row of Fig. 7 displays the one-body tran-
sition density contributions of the ¢-forbidden M1 transition to the J™ = 1%
states. It confirms the dominant ¢-forbidden character of the weak transition
to the 7.003 MeV level.

In a more detailed analysis?® it will be shown that shell-model calculations
using empirical effective g-factors *> permit a simultaneous description of the
{-forbidden and its analog GT transitions, if isospin mixing is taken into ac-
count *°. On the other hand, such an agreement cannot be obtained with the
correction factors predicted from the analytical calculations %344, Thus, the
present result on 32S reinforce the problem encountered in the A = 39 nuclei
which still seek a solution.

3.9 Second ezample: the magnetic quadrupole response in 48 Ca

A central goal of our work at the new 180° system are systematic investigations
of the magnetic quadrupole response from light to heavy nuclei. Experimental
information is rather scarce at present except for the lightest nuclei. The
available data indicate a quenching which might be even more severe than
for the M1 strength 3®. Besides the fundamental questions raised by such a
result the amount of quenching and the M2 strength distributions of selected
nuclei in the sd- and fp-shell are key ingredients for a detailed modeling of
the late stages of heavy stars before a supernova collapse 325! and for the v-
nucleosynthesis process °2. Furthermore, the spin part of the M2 strength is
directly related to the J™ = 2~ component of spin-dipole excitations 33 and
might thus help to decompose the different angular momentum components.

We have chosen to study *®Ca as a first example of a medium-mass nucleus
for a number of reasons. The development of second-RPA (SRPA) theories 5*
promises for the first time a realistic description of the properties of the M2
strength distributions in medium-mass and heavy nuclei. However, at present
calculations can only be performed for closed-shell nuclei. A complementary
48Ca(p, p) experiment searching for the spin-dipole response is planned with
the new focal-plane polarimeter at the KVI magnetic spectrometer within the
EUROSUPERNOVA collaboration.

Figure 8 presents a typical *3Ca(e,e’) spectrum taken at 180°. Above
8 MeV the spectrum is dominated by transitions to 2~ states indicating a
considerable fragmentation of the M2 strength. The spin information and
reduced transition probabilities were derived from fits of RPA form factors
to the experimental data. An example is shown in Fig. 9 for the prominent
transition at 10.01 MeV, where data from previous measurements exist 3°.
These are in good agreement with the new 180° results.
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Figure 8: Inelastic electron scattering spectrum taken at # = 180° and Ep = 66.4 MeV in
48Ca. The spins and parities of most states can be determined from form factor measure-
ments at different momentum transfers g. The dotted line results from electrons elastically
scattered off 'H contaminating the *8Ca target.

Similar to the example of dipole strength in heavy deformed odd-mass
nuclei discussed in Sect. 2.3, the 2~ level density in *8Ca above 11 MeV is so
high that a fluctuation analysis must be applied to extract the complete B(M2)
strength. The combined M2 strength distribution from the analysis of single
transitions below 11 MeV and the fluctuation analysis in the region 11—15 MeV
is summarized in Fig. 10. It is compared to RPA and SRPA calculations using
a M3Y interaction®® and effective spin g-factors g¢ff = 0.75g/7¢ suggested by
the systematics of GT strength in medium-heavy and heavy nuclei®”. The RPA
results predict a compact resonance at about 12 MeV in contrast to the strong
fragmentation visible in the experimental results. However, if the coupling
to 2p — 2h excitations is taken into account in the SRPA calculation, the
description is dramatically improved. Even details of the experimental strength
distribution with clustering around 10, 12 and 15 MeV are reproduced within
a few hundred keV. Also the resulting average strengths of single transitions
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Figure 9: Form factor of the M2 transition to the J™ = 27 state at E; = 10.01 MeV in
48Ca measured in inelastic electron scattering at the DALINAC and the S-DALINAC. The
curve represents the best fit of an RPA form factor prediction.

(or transitions into energy bins at higher E.)} are quite realistic. As already
indicated by our first results with the 180° system in the lighter nucleus ?8Si
the M2 giant resonance is spread out over a much larger energy interval than
suggested by RPA calculations and this must be considered when comparing
the data to sum rule predictions (see Sect. 3.6).

3.4 In-medium vector meson scaling and electron scattering form factors

The modification of nucleons and mesons by embedding them into the nuclear
medium constitutes a central problem of nuclear physics which is experimen-
tally addressed e.g. in high-energy heavy-ion reactions and electron scatter-
ing 5852 An important prediction has been made by Brown and Rho ® that
the effective masses should follow an approximate scaling corresponding to the
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Figure 10: Comparison of the M2 strength distribution in **Ca with results of RPA and
SRPA calculations. Since the RPA includes only 1p — 1h excitations the fragmentation of
the strength is not described sufficiently well. Only the consideration of 2p — 2h excitations
in the SRPA leads to a satisfactory agrecement with the experimental results.

reduction of the pion coupling constant. This behaviour can be understood
from a restauration of chiral symmetry at high baryon densities taking into
account the scaling properties of QCD ©?.

Although it seems at first sight remote, electron scattering at low energies
and momentum transfers provides alternative access to this problem. As an
example such effects have been investigated by Lallena®? for transitions to low-
lying unnatural parity states in *®Ca using RPA and a modified form of the
Jiilich-Stony Brook interaction 3. The calculations allow for a simultaneous
variation of the p-meson mass and the pion coupling constant expressed by a
parameter € = (mp/m;)z, where m} denotes the effective mass. Thus € > 1

16



leads to a simultaneous enhancement of the spin-isospin interaction and a
reduction of the isovector tensor terms. The necessity of such modifications
has been put forward by many authors (see e.g. Ref.®* and references therein).

-4
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Figure 11: Form factors of the M4 and M2 transitions to the low lying J™ =4~ and J™ = 2~
states at E; = 6.11 MeV and 6.89 McV in **Ca measured in inelastic electron scattering at
the S-DALINAC and MIT-Bates. The curves represent calculations 82 for different values of
the parametere.

Strong effects are visible in Fig. 11 for the M4 transition to the E, =
6.11 MeV and the M2 transition to the £, = 6.89 MeV levels due to variations
of ¢ = 1 (solid line), 1.2 (dashed line) and 1.6 (dotted line). These transitions
have already been studied at MIT-Bates® for ¢ > 1 fm~! indicating the need
for € > 1. The new data gained on *¥Ca by our 180° experiments described
in the previous section clearly provide an upper constraint of € ~ 1.2 by the
behaviour of the M2 transition around the first maximum of the form factor.

A word of caution is necessary, however, because the calcuations are based
on rather severe approximations (e.g., no density dependence is included).
Before one could draw quantitative conclusions on the effective p-meson mass,
one should reinvestigate 8 the form factors with the very successful SRPA
description discussed above (excluding any variations of meson masses) to get
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some insight on the significance of the predictions of Ref. %%, It should also
be noted that a recent (P, p’) experiment seems to question the need for any

introduction of effective meson masses 67,

3.5 Third ezample: the magnetic quadrupole response in °°Zr

With the experimental background improvements highlighted in Sect. 3.1 it
has become possible to extend the 180° measurements to heavy nuclei also. As
a first example, the semi-magic nurieus °°Zr was studied. In previous high-
resolution (e,e’) experiments a compact M2 resonance was detected around
9 MeV, but the measurements were restricted to a limited energy interval
68,69 The new findings on the M2 strength in *¥Ca raise the question whether
significant parts of the M2 resonance are missed at higher excitation energies.

50 1 M N T T T i T 1§ T T i i ' M T T T T I
9Zr(e,e’) )
40 | .
T E, = 66.4 MeV
E 8 = 180°
Q 30 - ]
@ L 4
E
. 20 F -
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(8] 10k Z g;H — O.7g;ru é i
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0 12 14
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Figure 12: Inelastic electron scattering spectrum taken at § = 180° and Ey = 66.4 MeV in
90Zr. For comparison the spectrum of M2 transitions calculated in SRPA is shown. The
latter spectrum has been computed for the same kinematic conditions and folded with the
experimental resolution.

Data in %°Zr were taken up to energies of about 15 MeV. A typical spec-
trum obtained at Ey = 66.4 MeV is plotted in Fig. 12. Below the spectrum
the result of a SRPA calculation is shown as hatched area. The quenching is
assumed to be the same as for the M1 strength and the resulting M2 distribu-
tion is folded with the experimental resolution and converted to cross sections
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directly comparable to the data. The agreement with the prominent bump
visible around 9 MeV, but also with structures around 11 and 12 MeV is re-
markable. If one takes into account the radiative tail which already at low
excitation energies (contrary to scattering at smaller angles) rises with E, the
description is also satisfactory on a quantitative level.
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Figure 13: Cumulative sum of the M2 strength in °Zr exctracted with a statistical fluctu-
ation analysis of the (e,e’)-spectra taken at # = 180° at the S-DALINAC. For comparison
the result of an SRPA calculation with g5ff = 0.75¢77°% is shown.

In order to see to what extent the present results exhaust the theoretical
M2 strength it is instructive to plot the running sum as a function of excita-
tion energy (Fig. 13). The hatched area indicates the experimental uncertainty
which is dominated by the assumptions about the level density in the fluctu-
ation analysis. The B(M2) strength could be extracted up to E; ~ 12 MeV,
at higher energies one probably enters the regime of Ericson fluctuations (i.e.,
overlapping levels) which precludes an application of the fluctuation analysis
technique®! used here. The dashed line represents the SRPA results assuming
the effective spin g-factor as used for the *®Ca results in Sect. 3.3. The rise
with excitation energy is very satisfactorily accounted for, although a slightly
larger quenching factor is suggested (see Sect. 3.6). However, there is no sign of
saturation and an extension of the SRPA results up to 20 MeV indicates addi-
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tional non-negligible contributions at higher energies which must be considered
in the comparison to sum rules.

3.6 Sum rules for magnetic quadrupole strength

Finally, some remarks on the summed magnetic quadrupole strength in *3Ca
and °°Zr are in order. In the respective excitation energy ranges E; = 4 —
15 MeV and E, = 7 — 12 MeV the observed non-energy weighted and energy
weighted summed strengths are listed in Tab. 1.

Table 1: Non-energy weighted and energy weighted magnetic quadrupole strengths in *4Ca
and °°Zr extracted in the experiment in the respective excitation energy ranges Ex = 4 —

15 MeV and E; = 7 - 12 MeV.

48Ca 907
3 B(M2)t (13;fm?) 12607359 24401530

T E-B(M2)t (pdfm®MeV) 1570073390 23800713500

Both the RPA and SRPA calculations with free g-factors overestimate
the experimental strength substantially. Under the assumption that the M2
strength is almost entirely due to spin excitations — that this is indeed the case
can be seen from an inspection of the SRPA amplitudes — an effective g-factor
for the spin of g¢f/ ~ 0.67¢/™*® can be derived by comparing the measured
summed strengths with those calculated in the same excitation energy ranges.
This quenching factor for M2 transitions is thus the same as observed in M1
and Gamow-Teller transitions.

The very good agreement between the experimentally determined fine
structure and the one predicted by the SRPA calculations as discussed above
in Sects. 3.3 and 3.5 allows furthermore an estimate of the M2 strength located
still at excitation energies above the measured one. If the cumulative SRPA
strength is normalized to the corresponding one from experiment the following
non-energy weighted and energy weighted M2 strengths in *8Ca and °°Zr, re-
spectively, are obtained: Y B(M2)t= 17807320 1% fm? and 4550%350 42 fm?,
and ¥ E. B(M2)t= 2500073300 14 fm?MeV and 5310017500 u3fm?MeV. The
respective model spaces in **Ca and °°Zr in the SRPA calculations were thereby
truncated at 70 MeV and 50 MeV for the 1p — 1h states and at 27 MeV and
20 MeV for the 2p — 2h states.

Those “quasi-experimental” summed strengths can be compared to sum
rules. Firstly, a comparison with a non-energy weighted sum rule (NEWSR)
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by Kurath © within an oscillator shell model shows that the data exhaust
only about one third of the predicted strength. Hence an effective g-factor
g¢ff ~ 0.58¢17°® is obtained which is not too different from the one derived
independently from a comparison of the data with the SRPA prediction. Sec-
ondly, an energy weighted sum rule (EWSR) for spin-isospin magnetic multi-
pole strength exists which Traini’! has found through a generalization of Ku-
rath’s sum rule for magnetic dipole transitions in self-conjugate nuclei 7. Fig-
ure 14 (which is an update of a similar figure in Ref.38) summarizes the result-
ing EWSR predictions compared to the world’s data on M2 strengths. Except
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Figure 14: Energy weighted sum rule values of all available M2 strength distributions as a
function of mass number. The dashed line is an empirical fit to the data. The dashed-dotted
and solid lines represent EWSR predictions’! using two different effective Skyrme forces.

for the lightest nuclei, all experimental results are from Darmstadt 38:6873,74
A common trend is observed. With respect to the model predictions (with two
different Skyrme forces 7!) a strong suppression of M2 strength is found. For
#8Ca and %Zr the measured and extrapolated EWSR strengths again (as it
was the case for the NEWSR strength) exhaust only about one third of the
sum rule prediction, which again results in a quenching factor of 0.58 for the
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spin g-factor. It should also be noted that from what we have learned from
the present experiments on *®Ca and %°Zr the two points for 1*°Ce and 2°8Pb
in Fig. 14 are below the extrapolated line since most likely not all M2 strength
has been detected in the latter experiments. A further comparison of our data
with a sum rule for spin-dependent excitations derived by Suzuki ™ model
independently is presently underway.

4 Conclusions and outlook

In the first part of the talk I have discussed some salient features of the orbital
and spin magnetic dipole response which still is not fully understood. The
weakly collective orbital strength, which is — qualitatively speaking — made up
from small angle vibrations of neutrons vs. protons in a scissors-like motion,
shows a dependence upon the quadrupole deformation of the nuclear ground
state and hence points to a particular feature of the quadrupole-quadrupole
force driving the nucleus to deformation. From sum rule considerations we can
argue that experimentally all orbital M1 strength is found in heavy deformed
nuclei. The spin strength — as is demonstrated beautifully by the example
in Fig. 1 - is removed from the orbital strength by the repulsive spin-isospin
force up to higher excitation energy. It is independent of deformation, strongly
collective and shows the phenomenon of quenching, which is still with us since
about two decades and basically unexplained theoretically.

In the second part of the talk I have first explained the powerful 180°-
scattering facility at the S-DALINAC for the study of magnetic transitions
and then discussed mainly the magnetic quadrupole response in *®Ca and
907r, i.e. the J™ = 27 part of the so called spin-dipole resonance consisting of
J™ = 07,1 and 2~ pieces®®7®. As has been pointed out by a comparison with
SRPA as well as with NEWSR and EWSR predictions the magnetic quadrupole
strength is quenched by the same amount as the magnetic dipole strength. In
future experiments we will extend our measurements to still higher excitation
energies in order to pick up possible remaining M2 strength as well as (for
the first time) the transverse El strength into the J” = 1~ member of the
spin-dipole resonance which is expected to lie several MeV above the center of
the M2 strength 7778

As has been emphazised in Ref. 3® the experimentally precisely determined
low-energy nuclear structure information on the magnetic dipole and quadru-
pole response may also give insight into astrophysical problems like the dynam-
ics of stellar collapse and nucleosynthesis during the shock wave of a supernova.
I have had no time to discuss this topic here but should finally remark, that the
future experimental program at the 180° system at the S-DALINAC forms part
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of an international effort by the so called EUROSUPERNOVA collaboration in-
cluding research groups from U Bari, TU Darmstadt, U Gent, KVI Groningen,
U Madrid, U Milano and U Miinster which aims at an experimental determi-
nation of magnetic properties of nuclei relevant to astrophysical problems by
combining high-resolution medium energy polarized proton scattering at small
angles with 180° electron scattering.
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