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The nucleus Mo was investigated using a powerful combination of
a photon scattering experiment, an off-beam -y coincidence study following
the Bt decay of ?™Tc, and the fusion-evaporation reaction %! Zr(a, n)**Mo.
We identified the one-phonon 2% Mixed-Symmetry (MS) state and two-
phonon MS states in the nucleus **Mo from the measurement of abso-
lute M1 and E2 transition strengths. These strengths were determined
from photon scattering cross sections, Doppler shifts, branching ratios, and
E2/M1 mixing ratios. The experimental results are in reasonable agree-
ment with the interacting boson model.

PACS numbers: 21.10.Re, 21.10.Tg, 23.20.Js, 27.60.+]

In most low-lying collective states in heavy nuclei protons and neutrons
move in phase. However, the proton—neutron version of the Interacting
Boson Model (IBM-2) predicts [1] a class of low-lying states, which contain
antisymmetric parts with respect to the proton—neutron degree of freedom.
These states are called Mixed-Symmetry (MS) states. From the TBM-2
we expect the following signatures of MS states, which are accessible to
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v spectroscopy: low excitation energy, weakly collective E2 transitions to
the symmetric states, and strong M1 transitions to symmetric states with
matrix elements of the order |<JSJ;,m | M1 || Jig)| = 1un. Since the low-lying
symmetric states decay predominantly by collective E2 transitions, large M1
matrix elements are the key signatures for MS states. One example is the
1" MS state, which is called scissors mode due to its geometrical picture in
deformed nuclei [2]|. It was investigated extensively during the last 15 years
in electron scattering [3] and in systematic photon scattering experiments
mostly in the rare earth region [4]. This enabled systematic studies of the
scissors mode [5-7| including data for weakly deformed nuclei.

The lowest 2 MS state is interpreted as the MS one-phonon excitation,
which results from an antisymmetric coupling of a proton and a neutron
quadrupole excitation. It is orthogonal to the symmetric 2;“ state. There are
few data about this fundamental 21'\515 state: In some weakly deformed nuclei
J™ = 27 MS states were identified from lifetime measurements [8-10]. Other
MS states are basically unknown. In a vibrator like nucleus we expect the
existance of a quintuplet of MS states with the structure (21" ®21'\F/IS)(O+""’4+),
if the boson space is large enough. The scissors mode is the 17 member of
this multiplet. The present work deals with the identification of the one-
phonon 2"1\;18 state and two two-phonon MS states in “*Mo. The 3% MS state
was observed for the first time.

In order to investigate MS states in “*Mo we performed a new powerful
combination of classical vy spectroscopic techniques. From a photon scat-
tering experiment at the DYNAMITRON accelerator in Stuttgart done with
bremsstrahlung we got photon scattering cross sections. A ~+y coincidence
study at the Cologne OSIRIS cube coincidence spectrometer following the
Bt decay of the J™ = (2)T isomer of #Tc yielded multipole-mixing ratios
and exact values for branching ratios because of the very clean off-beam
spectroscopy. From a combination with the results of the photon scatter-
ing experiment we obtained lifetimes of some dipole and quadrupole excited
states. In 7 coincidence experiments with the fusion-evaporation reaction
N7Zr(a,n)*Mo at two different beam energies of E, = 12MeV and 15MeV
we determined lifetimes of excited states using the Doppler shift attenuation
method (DSAM) [11]. Moreover the level scheme of %Mo was expanded and
we got multipolarities of transitions from the measurement of angular cor-
relations. At 2067.4keV we observed the 23 state. Our data [12] yielded
detailed information about the decay properties of this state: It has a weakly
collective E2 transition to the ground state with a decay transition strength
of 1.8(2) W.u. The E2/M1 multipole mixing ratio § = 0.15(4) gives evi-



Identification of Mized-Symmetry States in ** Mo 779

dence that the 2;“ — 2;“ transition has predominantly M1 character. The
27 — 2 M1 transition matrix element amounts to 1.5(1)ux. Our data [12]
show that the 2;’ state is the only of the observed 2% states, which decays
via an enhanced M1 transition to the 2] state. The enhanced 23 — 2] M1
transition and the weakly collective 2;’ — 0] transition agree with the MS
interpretation of this state [12].

The 17 state was observed at 3128.6keV. The decay transition strengths
of this state give clear evidence for the interpretation of this state as the
1t MS two-phonon state, the scissors mode: We obtained a strong M1
transition to the symmetric two-phonon 2; state with a transition matrix
element of [(25 || M1 || 17)| = 1.14(7)un as expected from the IBM-2 for a
two-phonon MS state. A weakly collective E2 transition to the 2 with an
E2 transition strength of B(E2;1{ — 2]) = 1.2(4) W.u. comparable to the
21\+/[S — 0] transition strength was determined. We got a strong 1] — Qf\r/[s
transition of B(E2;17 — 2f) = 24.4(28) W.u., if pure E2 character is
assumed. This value is in the same order of magnitude as the strength of
the 2] — 0 decay [12]. The decay transitions of the 17 state are shown in
Fig. 1 to visualize the two-phonon character. At 2965.4keV the 37 state was
observed. Fig. 1 represents the decay transitions of this state. All decays
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Fig. 1. Partial level scheme of **Mo (from [13]). The numbers denote B(E2) values
in Weisskopf units. For B(M1) values see Table I.



780 C. FRANSEN ET AL.

are consistent with the interpretation of this state as a two-phonon MS
state: Our data yield strong M1 transitions to the symmetric two-phonon
states with M1 matrix elements of the order of one nuclear magneton giving
evidence for the MS interpretation: [(4] || M1 || 35)| = 0.72¥519 ux and
(25 || M1 || 35)| = 1.30703% ux. The E2 transition to the 2] state may
be weakly collective with a transition strength of about one Weisskopf unit.
The 35 — Qf\r/[s transition is consistent with a collective E2 strength with
tens of Weisskopf units. The uncertainties of the mixing ratios in both cases
prevent definite numbers. Table I shows a comparison of the measured M1

TABLE 1

Comparison of analytical IBM-2 predictions using the core 1°°Sn with N, = 4
for M1 strengths (in p3;) of MS states with experimental data on °*Mo. Orbital
values, g = 1 uny and g, = 0 un, are used for the boson g-factors.

Observable U(5) O(6) Experimental Ref.
BML1fs—0f) 0 0.6 0.16(1) [12]
BM1;1s —24) 033 0.36 0.43(5) [12]
B(M1;2fs —27) 023 0.30 0.48(6) [12]
B(M1;33s = 25) 016 018  0.247042 [13]
B(M1;3c = 47) 012 013 0.07475%%  [13]

transition strengths of MS states in *Mo with the results of theoretical
calculations in the U(5) and O(6) limit of the IBM-2. The good agreement
gives clear evidence for the MS interpretation of the corresponding states.
Due to the 1{L — O{L strength U(5) symmetry has at least to be broken.
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