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The nuclei*®Ca and®Zr were investigated inl80° high-resolution inelastic electron scattering
for momentum transferg = 0.35-0.8 fm~!. The completeM?2 strength could be extracted in both
nuclei up to excitation energies of about 15 MeV. Second-random-phase approximation calculations
successfully describe the strong fragmentation of the experimental strength distributions. Contrary to
previous experimental findings, suggesting a severe reduction, the deduced quenatithgpifi matrix
elements is comparable to té1 case. A quantitative reproduction of the data requires the presence
of appreciable orbital strength which can be interpreted as a torsional elastic vibration (“twist mode”).
[S0031-9007(99)08470-7]

PACS numbers: 25.30.Dh, 21.60.Jz, 23.20.Js, 27.40.+z

Magnetic spin and convection currents of the nucleus, There is, furthermore, a fundamental interest in verify-
because of their elementary nature, are subjects of contining the possible existence of an orbifdl2 resonance in
ous experimental and theoretical interest. Magnetic dipolspherical nuclei. Such an excitation, predicted within a
(M1) transitions have been studied intensively with em-fluid-dynamic approach for finite Fermi systems [19] and
phasis on the problem of “quenching” (i.e., a reduction ofnamed “twist mode,” can be viewed as a rotation of dif-
the transition strength with respect to the most advancetkrent layers of fluid against each other with a rotational
model predictions) of the spin part. It is now commonly angle proportional to the distance along the axis of rota-
accepted that the quenching results from a combination dfon. Having no restoring force in an ideal fluid, its ex-
coupling to configurations outside the model spaces via thperimental observation would be direct proof of the zero
nuclear tensor force and admixtures of thésobar. The sound character of giant resonances in nuclei which can be
latter are small (see [1,2] for some recent work). interpreted as vibrations of an elastic medium, in contrast

Much less is known about magnetic quadrupa2]  to the hydrodynamical picture [20]. Backward electron
excitations whose spin part should also be modified bycattering presents the most promising tool to search for
the mechanisms discussed above. The few available dasaich a mode [21-23].

[3—6] indicate a quenching even stronger than forXhe The present work aims at a solution of some of these
strength [7]. The spin part of theg2 strength is directly re- open questions. We have chosen to sttifya and”zr
lated to the/™ = 2~ component of spin-dipole excitations as first examples of a systematic investigation of M2
[8,9] observed in hadron scattering experiments whose spispin quenching as well as to search for experimental indi-
decomposition is a central goal of recent experimental efeations of the orbital twist mode. Modern developments
forts [10]. The amount of quenching and the-strength  of second-RPA (SRPA) theories [24] provide a promising
distributions insd- and fp-shell nuclei are also key in- tool for a realistic description of th&2 strength distribu-
gredients for a detailed modeling of the late stages ofions in medium-mass and heavy nuclei.

heavy stars before a supernova collapse [11,12] and for the Electron scattering dt80° is particularly suited because
v-nucleosynthesis process [13]. Calculations of Mi2  of the strong suppression of longitudinal excitations in-
response in nuclei have been performed in various microceluding the radiative tail dominated by elastic scattering
scopic approaches [14—-18]. Although the centroid of thg25]. Thus, it serves as a filter for transverse excitations.
observedM?2 strength distribution is roughly reproduced Exceptional features compared to similar previous devices
on the random-phase approximation (RPA) level takingcan be achieved [26] at the S-DALINAC by the coupling
into account one particle—one holep(1#) excitations, the of the 180° system to a large solid angle, large momentum
strong fragmentation of the mode can only be describedcceptance spectrometer [27]. For the firsttime, a 10 MHz
by coupling to the large number of two particle—two holepulsed beam originally developed for a free electron laser
(2p2h) states. [28] was employed to distinguish the electrons scattered
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off the target from those of background sources (e.g., thénes is no longer possible. Parts of th& strength might
Faraday cup or slit systems) by the time-of-flight differ- thus be hidden in the background of the spectra. This
ences of the detected electrons. With this technique thproblem is even more pronounced in the spectrurtY of
signal-to-background ratio in the measured spectra couldisplayed in the lower part of Fig. 1. The strong rise of
be increased by up to an order of magnitude. Comparethe radiative tail (dashed line) sets in at lower excitation
to the limited information from previouse(e’) experi-  energies, but a prominent resonancelike structure around
ments [3—-6], these experimental developments permit a@ MeV is clearly visible, which has been identified to be
extraction of theentire M2 response ovelarge excita- mostly of anM?2 nature [4,6].
tion energy regions essential for an answer to the problems A solution to this problem is provided by a fluctuation
raised above. analysis technique based upon a statistical treatment, i.e.,
For the measurements isotopically enricheed7%) assuming Wigner-type level spacings and Porter-Thomas
metallic foils ¥Ca and®°Zr with target thicknesses of intensity distributions (for details, see [31]). To extract
10.2 mg/cm ? and19.8 mg/cn?, respectively, were used. the total B(M2)f strength in the excitation energy region
Spectra were taken at electron enerdigs= 42.4, 66.4, covered by the experiment, an analysis similar to the
and 82.2 MeV corresponding to momentum transferone in Ref. [32] was performed in the intervals =
g = 0.38, 0.62, and 0.78 fm!. Typical beam currents 11-15 MeV (¥Ca) and7-12 MeV (°°Zr). At higher
were 1-3 uA. The energy resolution, dominated by energies ifZr one probably enters the regime of Ericson
the target thickness, ranged from 50 to 70 keV. Thefluctuations [33], which precludes application of the above
spectrometer settings covered an excitation energy rangeethod. The combinet/2-strength distribution fof®Ca
E. = 4-15 MeV. The upper part of Fig. 1 presents is summarized in the top part of Fig. 2.
a typical “*Cayfe, ¢/) spectrum taken aE, = 66.4 MeV. Attempts to describe the complé%2-strength distribu-
Above 8 MeV it is dominated by transitions fo states. tions by RPA calculations fail (independent of details of
The spin information and reduced transition probabilitiesthe residual interaction). One has to invoke the SRPA,
were derived from fits of RPA form factors to the which extends the model space to inclu@le2h excita-
experimental data including, where available, results frontions on the correlated ground state. Since both mean-
previous ¢, ') experiments [29,30]. field and collisional damping are included, the SRPA is
At energiesE, > 11 MeV the level density of2™  well suited for a description of the fine structure of nu-
states irf*Ca becomes very high leading to a considerableclear modes [20,34]. When evaluated in a basis of RPA
fragmentation of the transition strength. Thus, the unfoldstateg») the strength function takes the form [24]
ing procedure of the spectra as a superposition of discrete 1 . R
SP(E) = =—Im 3 (O 19)G,u(E) (#'IFI0). (1)
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FIG. 1. Upper part: Inelastic electron scattering spectrum of UNiz oL
“Ca taken atf® = 180° and E, = 66.4 MeV. The spins ~ 6 8 0 12 14 1B

and parities of most states are determined from form factor Excitation Energy (MeV)

measurements. The dotted line shows electrons elastically

scattered off a'H contamination. Lower part: Spectrum FIG. 2. Comparison of théf2 strength distribution irf®Ca

of 9Zr at E, = 42.2 MeV. The dashed line indicates the with results of RPA and SRPA calculations described in
background due to the radiative tail. the text.
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operator In order to see to what extent the present results ex-
A haust the theoreticalf2 strengths, it is instructive to plot
4 e . (k \Wai : . _
jr) = Z L [lg§ ){V,g(r ) the energy-weighted running sums as a function of ex
= 2my citation energy (Fig. 3). The hatched areas indicate the
n gﬁ")(V X $)8(r — )] @) experimental uncertainties dominated by the assumptions

on the level densities in the fluctuation analysis. The ex-

whereg!" andg'"’ are the orbital and spig factors of the ~Perimental results exhaust 3098Ca) and 21%%'Zr), re-

kth nucleon, respectively. Taking into account distortionsSPECtively, of the RPA energy-weighted sum rule (EWSR)
values given in the caption of Fig. 3. Note that exchange

of the electron in the static Coulomb field of the nucleus, DUt he EWSR I d. Their inclusi
F is then evaluated by convoluting the current (2) with theGoniributions to the SR are neglected. €ir Inclusion

distorted waves of the incoming and outgoing electron'Vould lead to corrections of the order 10% for the M3Y
The Green’s function in Eq. (1) is given by interaction. The dashed lines represent the SRPA results
' using an effective spig factor g = 0.64g{¢, adjusted

( (k)

G, (E)=[E —E, — 3,,(E) + in]"! to reproduce thé/1 data in**Ca [37]. The good agree-
e ment with the data shown in Fig. 3 demonstrates that (as-
- [E + E, + EVV/(—E) - l')']] s (3) eff free

sumingg; = g; ) the spin quenching o1 and M2
strengths is very similar.

Finally, we address the possible evidence for an or-
bital M2 mode. At present, arguments can be based only
on a decomposition in the SRPA predictions. Figure 4
compares th&Zr results with the calculated tot&i(M2)

) 1 o distribution and its separation into spin and orbital con-

2,m(E) = Z<V|”|2> E—E+in Qlo[v). (4 tibutions. One indeed finds significant orbital strength.
2 The interference pattern leads to a suppression of the total
To account for finite energy resolution in the experimentstrength at low excitation energies and an enhancement
7 in EQ. (4) is taken to be finite (typically 20 keV). above approximately 7 MeV. Because of the comparable

In the calculations presented below, single-particle enmagnitudes of spin and orbital strengths, the constructive
ergies were taken from experiment when available. Othinterference reaches maximum values in the main bump
erwise, they (as well as the single-particle wave functionspf the M2 resonance around 9 MeV. Thus, the agreement
were obtained from a static Woods-Saxon potential withof the SRPA calculations (which would be completely
parameters to optimally reproduce the ground-state propspoiled in the absence of the orbital strength) provides a
erties [35]. All 2p2h states up to 28 MeV*{Ca) and  strong argument for the presence of the twist mode. The
21 MeV (°zr) were included. As residual interaction properties of the twist mode can be characterized by its
we choose the “M3Y” interaction of Ref. [36] which is a
finite-range parametrization of th@ matrix. As is well
known the real partA,,. of the RPA self-energy is at- ___ 20
tractive at low excitation energies, mainly because of the’
dressing of particle and hole lines [20,34]. Since the+
single-particle energies are obtained from a Woods-Saxor‘\fiz 10
potential or from experiment, such effects are largely takens,
into account. Among various possibilities for correcting 2 -
this “double-counting” problem [24], a very satisfactory w»
prescription is to subtract from,,, a smooth part\,
which is obtained using a larger energy averaging parame: L
ter,n (200 keV). As aresult, the subtractad,, fluctuates
around zero, preserving the correct pole structure for th
damping of the RPA modes intp2h states.

The RPA results (middle part of Fig. 2) predict a o~
compact resonance at about 12 MeV in contrast to thé~ o L
strong fragmentation visible in the experimental results. 6 8 10 12 14
However, if the coupling t@p2h excitations is taken into Excitation Energy (MeV)
account in the SRPA calculation, the description is greatly . .
improved (bottom part of Fig. 2). The main structures!G. 3. Running sums_of the energy-weighted(/2)

: AT : . _strengths in**Ca and *°Zr. The RPA-EWSR values are
of the experimental strength distribution with clusterlngsz'4 X 10° 42 MeVim? (%Ca) and112.3 X 10°3 MeV fm?

around 10, 12, and 15 MeV can be well reproduced sz respectively. The dashed lines are SRPA calculations
although the experimental strength is still somewhat morgyith ‘an effective sping factor ¢ = 0.64g"™ which was

spread out. The situation is similar ¥zr. adjusted to reproduce the1 strength in*3Ca.

where E,, are the RPA eigenenergies. The coupling to
2p2h excitations results in a complex self-energy, =
A,, — 50,,. After diagonalization of the residual in-
teraction,?, in the2p2h subspace it takes the form

™10

B(V12)
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