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Parity quantum numbers for dipole-excited states of the nuclei92Zr and 96Mo have been determined from
azimuthal asymmetries of nuclear resonance fluorescence intensities induced with the linearly polarized photon
beam of the HIgS facility at Duke University. This parity information is crucial for an interpretation of the
investigatedJ=1 states as two-phonon excitations originating from inhomogeneous phonon coupling.
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I. INTRODUCTION

Multiphonon excitations of atomic nuclei are interesting
collective structures of the nuclear many-body system. Their
existence enables us to judge the capability of the corre-
sponding phonon modes for acting as building blocks of
nuclear structure. Possible deviations from harmonic phonon
coupling occur due to the microscopic structure of the under-
lying phonon modes and can serve as a sensitive source of
information on the formation of collectivity in the nuclear
many-body system.

Of particular interest are multiphonon excitations origi-
nating from inhomogeneous phonon coupling—i.e., states
formed from the coupling of different phonon modes. The
classic example for inhomogeneous phonon coupling is the
2+ ^ 3− quadrupole-octupole coupled(QOC) quintuplet of
states with spin and parity quantum numbersJp=1−,… ,5−

in even-even nuclei[1,2]. In heavy vibrational nuclei this
multiplet lies close to the sum energy of the constituent one-
phonon modes[3], typically at energies between 2 and 5
MeV. The 1− member of this multiplet has been investigated
in detail with various probes and its multiphonon character
was identified in vibratorlike nuclei in the region of theN
=82 neutron shell closure on the basis of absolute transition
strengths(see, e.g.,[4–7]). The QOC 1− state decays pre-
dominantly to the 0+ ground state withE1 transition rates of
the order of 10−3 W.u. (Weisskopf units) and shows a col-
lective E2 decay to the 3− octupole vibration withE2
strengths in excess of 10 W.u. The QOC character of these 1−

states is also seen in the apparent correlation of theE1 tran-
sition rate of the two-phonon 1− state to the ground state with
theE1 transition rate between the 3− and 21

+ constituent one-

phonon states[8]. Data on QOC states are still rather sparse
in the A<90 mass region. Near theN=50 shell closure the
QOCE1 strength is comparatively weak and anharmonicities
can be large[9]. Therefore, structure assignments cannot be
based on transition rates and decay behavior alone. Reliable
parity information is crucial for an interpretation of dipole
excitations in this mass region[9].

Another example of inhomogeneous phonon coupling in
the valence space of heavy nuclei are two-phonon states with
positive parity, resulting from the coupling of the isoscalar
quadrupole excitation and the proton-neutron mixed-
symmetry(MS) quadrupole excitation, the 21,ms

+ state, of the
valence shell. MS states are not fully symmetric with respect
to the proton-neutronspnd degree of freedom and are pre-
dicted in the pn version of the interacting boson model
(IBM-2) [10–14]. The recent observation of multiphonon
structures with predominantly mixed symmetry in nuclei of
theA<90 mass region[15–22] has demonstrated the funda-
mental role of the one-phonon 21,ms

+ excitation as a building
block of nuclear structure. Experimental signatures for MS
states are strongM1 transitions to excited states with a
higher proton-neutron symmetry. For example, the two-
phonon 1+ MS state with the structures21

+
^ 21,ms

+ d1+
decays

by relatively strongM1 transitions topn symmetric two-
phonon states and to the 0+ ground state. The strength of the
latter transition depends on the presence of ground-state cor-
relations [23]. Microscopic models have recently been ap-
plied to the description of MS multiphonon states[19,24,25].
These calculations allowed sensitive tests of the model in-
puts and, more importantly, provided a microscopic under-
standing of the collective multiphonon structures. Systematic
information on multiphonon states is desirable for the further
development of our microscopic understanding of the forma-
tion of nuclear collectivity.

Recent investigations of low-spin structures in92Zr
[19,22] and96Mo [26] yielded information on several dipole
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excitations of those nuclei from scattering of unpolarized
bremstrahlung and inelastic neutron scattering. In92Zr, a to-
tal of five dipole excitations was observed in the energy
range from 3.1 to 3.7 MeV. For some of these states, parities
were tentatively assigned from an earlier91Zrsd,pd92Zr ex-
periment[27] or from the decay pattern observed withg-ray
spectroscopy in inelastic neutron scattering[22]. In the
nucleus96Mo five strong dipole excitations were detected in
the energy range between 2.7 and 3.9 MeV in a photon scat-
tering experiment with bremsstrahlung performed at Stut-
tgart [26]; however, no parity information was available for
these states. The lack of parity assignments hampers a reli-
able interpretation of the observedJ=1 states because two-
phonon dipole excitations with both parities are expected to
occur in these nuclei at energies around 3.5 MeV. Therefore,
definite parity assignments are crucial.

The high flux of quasimonochromatic polarized photons
produced[28–31] through the Compton backscattering of in-
tracavity photons of a storage-ring-driven free electron laser
can be used to determine parity quantum numbers of dipole-
excited states with a new degree of accuracy[30–33]. The
azimuthal asymmetry ofg rays resulting from nuclear reso-
nance fluorescence(NRF) about the axis of the polarized
photon beam is sensitive to the radiation character of the
induced dipole transitions. In order to make unambiguous
parity assignments to dipole excitations we have studied azi-
muthal asymmetries of NRFg rays in the nuclides92Zr and
96Mo using a completely polarized, quasimonochromatic
photon beam.

II. EXPERIMENTS

A. Method

The measurements were performed at the High Intensity
g-ray SourcesHIgSd of the Duke Free Electron Laser Labo-
ratory (DFELL). Here we give only a brief sketch of the
photon beam production; details can be found in Ref.[30].
The HIgS facility produces a nearly monoenergetic, 100%
linearly polarized photon beam from the backscattering of
photons in the optical cavity of the storage-ring-driven free
electron laser on the relativistic electrons in the storage ring
with energies in the GeV range. The Compton scattering pro-
cess boosts the free electron laser photons from the eV en-
ergy range by six orders of magnitude to the MeV range in
the laboratory system. Relativistic kinematics provides for a
narrow forward cone of the Compton radiation. A selection
of backscattering processes close to 180°, and thus an energy
selection, is done with a primary collimator on the photon
beam axis located 60 m behind the photon-electron collision
point. We have used a collimator with an inner diameter of
25.4 mm, resulting in a typical energy resolution of about
3%. Pure 180° backscattering preserves the polarization of
the initial laser photons. After on-axis collimation, the result-
ing photon beam is completely polarized with a degree of
polarization in excess of 99%[34].

A large high-purity germanium(HPGe) g-ray detector
with an efficiency of 123% relative to a 7.6 cm37.6 cm NaI
detector was used to monitor the energy profile of the beam
during the beam-tuning procedure. This beam monitor was

positioned along the beam axis, 6 m behind the target posi-
tion. The intensity of the photon beam was tuned to less than
5000 photons per second in order to be counted by the HPGe
detector. During the experiments, the typical intensity of the
beam on target was of the order of 106 photons per second.
Details about the free electron laser and the production of the
polarized photon beam can be found elsewhere, e.g., in Ref.
[30].

Parities of dipole excited states are determined from the
azimuthal asymmetry of the corresponding NRF intensity.
The angular distribution of a polarized photon beam reso-
nantly scattered from a nuclear state can be written in terms
of an angular correlation functionWsu ,fd [35], wheref is
the azimuthal angle between the polarization plane of the
beam and the direction of the scatteredg ray andu is the
polar scattering angle. The azimuthal scattering asymmetry
(analyzing power) perpendicular to the beam axis—i.e.,u
=90°—is given by

Ss90 ° d =
Ws90 ° ,0 °d − Ws90 ° ,90 °d
Ws90 ° ,0 °d + Ws90 ° ,90 °d

. s1d

The angular correlation function for a 0+→1p→0+ photon
scattering reaction on an even-even nucleus with a totally
linearly polarized photon beam is given by[32,35]

Wsu,fd = 1 +
1

2
FP2scosud +

1

2
p coss2fdP2

s2dscosudG .

s2d

P2
s2d is the unnormalized associated Legendre polynomial of

second order andp is the parity quantum number of the
dipole excited state. In this situation the analyzing power is
maximum with values ofSs90°d equal to +1 for aJp=1+

state and −1 for aJp=1− state. Measurement of the sign of
the azimuthal scattering asymmetry is sufficient for making
unambiguous parity assignments.

Relative NRF intensities were measured with an array of
high-resolution HPGeg-ray detectors. The target was sur-
rounded by four detectors with relative efficiencies of 60% at
mean scattering angles ofkul=90° andkfl=0°, 90°, 180°,
and 270°, respectively. The detectors were located about 10
cm from the beam axis. Further details of this setup are pre-
sented in Refs.[32,33].

The experimental relative photon scattering intensities in
the (horizontal) polarization plane of the photon beam,I i

= Iskfl=0°d+ Iskfl=180°d, and perpendicular to it,I'

= Iskfl=90°d+ Iskfl=270°d, were determined by fitting
peak areas, subtracting the local background in the summed
spectra of the corresponding two detectors, and correcting
for the relative detector efficiencies. A56Co radioactive
source, mounted at the position of the target, was used to
determine these efficiencies.

The experimental asymmetries

e =
I i − I'

I i + I'

s3d

are proportional to the analyzing powers
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e = qS, s4d

whereq denotes the polarization sensitivity of the setup. As a
result of the finite size of the detectors and target, each de-
tector is sensitive to a finite range of angles around the mean
observation angleskul andkfl. Consequently, the sensitivity
q of the setup is less than 100%. A numerical simulation
yielded a sensitivity ofq=0.76s1d, which is consistent with
our previous measurements[32,33] within the experimental
uncertainties. For the specific purpose of making parity as-
signments to dipole excitations, additional corrections for
these finite-size effects are unnecessary.

B. Data

1. 92Zr

Incident photon beam energies of 3.47 and 3.64 MeV
were used on a92Zr target. The target was a 41.1415-g me-
tallic Zr cylinder, with a diameter of 2 cm and a length of 2
cm, which was enriched in92Zr to 95.16%. Dominant dipole
excitations of92Zr at 3472 and 3638 keV were recently iden-
tified in photon scattering experiments with unpolarized
bremsstrahlung[19] and inelastic neutron scattering[22];
however, unambiguous parity assignments were not avail-
able. Figure 1 shows portions of the photon scattering spec-
tra of the detectors parallel to the(horizontal) polarization
plane of the HIgS photon beamsid and perpendicular to it
s'd with the two different incident photon energies. Clear
signals of the dipole excitations under investigation are vis-
ible in only one of the two spectra. The radiation character of
each of the corresponding dipole transitions is obvious. Ex-
perimental asymmetries and parity assignments are given in
Table I.

2. 96Mo

The dipole excitation strength distribution in96Mo has
recently been studied with unpolarized bremsstrahlung up to
4 MeV at Stuttgart[26]. Dominant dipole excitations have
been observed at 2795, 3300, 3425, 3600, and 3895 keV.
Since parity information was unavailable in this earlier work,
a reliable interpretation of the observations was impossible.
For parity assignments to the dominant dipole excitations of
96Mo, we used photon beam energies of 2.80, 3.30, 3.43,
3.60, and 3.90 MeV on a96Mo target. The Mo target con-
sisted of 40.0545 g of Mo powder, enriched in96Mo to
96.69%, contained in a thin-walled plastic cylinder, 5.2 cm
long with a 26 mm inner diameter, with its axis oriented
along the beam direction.

Clear signals have been obtained for all five dipole exci-
tations under investigation. Figure 2 shows parts of the pho-
ton scattering spectra of the detectors parallel to the polar-
ization plane of the HIgS photon beamsid and perpendicular
to it s'd at incident photon energies of 3.43 and 3.90 MeV,

FIG. 1. Summed photon scat-
tering spectra from92Zr for detec-
tors parallel to the polarization
plane of the incident polarized
photon beam from the Duke Free
Electron Lasersid and vertical to
it s'd for beam energies of 3.47
(left part) and 3.64 MeV (right
part). The 3472-keV transition
was clearly identified as anM1
transition; the 3638-keV decay is
an E1 transition.

TABLE I. Measured asymmetriese and parity quantum number
assignments forJ=1 states in92Zr and96Mo. The asymmetries are
not corrected for the finite size of the detectors or attenuation
effects.

ExskeVd e Jp

92Zr 3471.9 0.94(3) 1+

3638.1 −0.87s3d 1−

96Mo 2794.5 0.68(15) 1+

3300.1 0.93(3) 1+

3424.8 0.76(4) 1+

3599.7 −0.81s6d 1−

3895.3 −0.91s3d 1−
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respectively. Unambiguous parity assignments were possible
in all cases.

Table I summarizes the experimental asymmetries and
parity quantum number assignments forJ=1 states of92Zr
and96Mo. These results are consistent withSs90°d= ±1, re-
spectively, when finite geometry and background uncertain-
ties are taken into account.

III. DISCUSSION

A. 92Zr

Positive parity was assigned to theJ=1 state at 3472 keV
in the nucleus92Zr, whereas theJ=1 state at 3638 keV was
clearly identified as having negative parity. The unambigu-
ousJp=1+ assignment for the level at 3472 keV confirms the
recent interpretation[19] of that state as the dominant frag-
ment of the low-energyM1 excitation strength distribution.
That discussion was based on an earlier, tentative parity as-
signment from a transfer reaction[27] and on the result of a
shell-model calculation. TheJp=1+ assignment is now un-
ambiguous for the 3472-keV state.

The significance of our parity assignments is obvious
from Fig. 3. Since the strong dipole excitations at 3472 and
3638 keV have almost identical reduced dipole decay widths
to the ground state, a misinterpretation due to erroneous par-
ity assignment for one of these states would have resulted in
an error of about 100% in the total dipole strength of a given
radiation character. Our negative-parity assignment for the
level at 3638 keV proves that this state does not contribute to
theM1 excitation strength distribution and, consequently, the
previous comparison[19] of the calculatedM1 strength dis-
tribution in the shell model for92Zr with the data has been
justified. Some of the present authors[19] previously inter-
preted the 11

+ state at 3472 keV as being the main fragment of
a two-phonon state with predominantly mixed-symmetry

character, an interpretation which was recently supported by
microscopic calculatons[36] in terms of the quasiparticle
phonon model(QPM). Figure 3 also illustrates that besides
the two dipole excitations at 3472 and 3638 keV and the
weakJp=1s−d state at 3371 keV discussed below, no further

FIG. 2. Summed photon scat-
tering spectra from96Mo (see Fig.
1) for beam energies of 3.43(left)
and 3.90 keV(right) proving that
the 3425-keV transition hasM1
character and the 3895-keV decay
hasE1 character.

FIG. 3. Dipole excitation strength distribution in92Zr. The upper
panel depicts theE1 excitation strengths of the 1− states, the lower
panel theM1 strengths of the 1+ states. These values were calcu-
lated using the data from the neutron scattering experiment[22] and
the parity quantum numbers from this work for theJ=1 states at
3472 and 3638 keV. Parity quantum numbers have not been as-
signed to theJ=1 levels at 3125, 3371, and 3697 keV, which have
been included as dashed lines in both theE1 andM1 strength dis-
tributions, in order to demonstrate their small contribution to the
dipole excitation strength distribution of either character. For easier
comparison, theE1 and M1 strengths are displayed in the same
scale(11.058310−3e2 fm2 correspond to 1mN

2 in Gauss units).
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strong dipole excitations were observed in92Zr below 4
MeV. Furthermore, an identification of the 1− level at 3638
keV with the spin-strength-dominated 12,theo

+ state of the
QPM (see Table IV of Ref.[36]) is invalid because of the
discrepancy in parities.

The unambiguous negative-parity assignment for the level
at 3638 keV is even more interesting for the characterization
of the electric dipole excitation strength distribution in92Zr.
An interpretation of this level as a fragment of a QOC two-
phonon state with the structures21

+
^ 31

−d is improbable. Its
excitation energy exceeds the sum energy of the 21

+ and 31
−

states ofEs21
++31

−d=3274 keV by about 400 keV. The corre-
sponding energy anharmonicity

e;
Es1−d − fEs21

+d + Es31
−dg

Es21
+d + Es31

−d
= + 0.111 s5d

exceeds by a factor of 3 even the atypical positive anharmo-
nicity e= +0.038 observed recently for the nucleus88Sr in
this mass region[9]. Collective one-phonon annihilating de-
cay transitions to the 21

+ and 31
− states, which would uniquely

identify a QOC 1− state, were not observed. However, such
relatively low-energy transitions have considerably smaller
intensity than the competingE1 transition to the ground state
and are thus not easy to detect. The sensitivity of the recent
sn,n8gd measurement allows us to determine an upper limit
of BsE2;13638

− →31
−d,20 W.u.[22] which still does not rule

out the collective two-phonon interpretation.
In the following, we will shortly discuss the dipole exci-

tation known[37] at 3371 keV. However, as a result of its
weak excitation strength from the ground state, it was not
investigated in our experiments. SpinJ=1 was confirmed by
recent experiments([19,22], and references therein). Nega-
tive parity was assigned to this state only tentatively[37],

If we assume this state to have positive parity, we see
from Fig. 3 that it provides only a minor contribution to the
total M1 strength in92Zr. Alternatively, the dipole excitation
at 3371.4 keV could have negative parity. In this case it
represents a candidate for the QOC 1− state. Its excitation
energy is rather close to the sum energy of the 21

+ and 31
−

states(3274 keV,e= +0.030) and the decay transition to the
21

+ state was observed with anE1 branching ratio ofRexpt
=2.66s3d [22]. From systematics[8], the 1QOC

− →01
+E1 tran-

sition is expected to be about as strong as the 31
−→21

+E1
transition. This was shown for several vibrational nuclei[8]
and is a consequence of the fact that whereas the former
transition results from the annihilation of both the quadru-
pole and octupole phonons, the latter one results from the
annihilation of the octupole phonon and the creation of the
quadrupole phonon. This simple scheme neglects, of course,
the microscopic structure of the states involved. TheE1
strengths from QOC 1− states to the ground state and be-
tween the 31

− states and 21
+ states were found to differ by less

than a factor of 2 for several vibrational nuclei[8]. For the
3371-keV 1s−d state of 92Zr, however, anE1 ground-state
decay strength ofBsE1;1s−d→01

+d=0.10−0.01
+0.01310−3e2 fm2

and a 31
−→21

+ transition strength of BsE1;31
−→21

+d
=0.39−0.04

+0.05310−3e2 fm2 were measured[22]. These transition
strengths differ by a factor of 4, in disagreement with the

typical behavior of QOC states. In addition, a strongE1 tran-
sition from the 1s−d state at 3371 keV to the 02

+ state was
detected with a transition strength ofBsE1;1−→02

+d
=1.10−0.12

+0.14310−3e2 fm2—i.e., more than an order of magni-
tude stronger than the ground-state transition strength. In a
pure phonon coupling scheme this transition would corre-
spond to the annihilation of the octupole phonon in the 1QOC

−

wave function and the creation of a quadrupole phonon in
the two-phonon 02

+ wave function. This scheme would be
identical to the 31

−→21
+ transition if the two-phonon descrip-

tion of the 02
+ state were valid. Indeed, a microscopic analysis

in the QPM framework[36] assigns pure QOC two-phonon
character to the 1s−d state at 3371 keV. Unfortunately, the
structure of the dominant low-energyE1 excitation at 3638
keV has not been addressed in that publication because it
was misinterpreted as anM1 excitation. The description of
the octupole collectivity in Zr isotopes in terms of the shell
model [38] may suggest strong single-particle effects on
QOC structures in these nuclei.

A further J=1 excitation at 3697 keV with tentative posi-
tive parity [22] was not investigated in this work, too, due to
its small dipole excitation strength(see Fig. 3).

B. 96Mo

In 96Mo, we expect collective characteristics comparable
to those in the neighboring94Mo, where clear evidence for
both the one-phonon 21,ms

+ state and members of the expected
two-phonon multiplet of MS states has been previously
found [15–17,21]. A total of threeJp=1+ states were identi-
fied in 96Mo. Information on radiative widths and decay
branching ratios is available for these states from a brems-
strahlung photon scattering experiment[26]. This, along with
the parity assignments of the present work, makes it possible
to estimate the absolute transition strengths for the ground-
state decays. The lowestJp=1+ state1 at an excitation energy
of 2795 keV was reported[26] to have an elastic resonant
photon scattering cross section ofIs,0=7.5s9d eV b corre-
sponding to an effective ground-state decay width ofG0

2/G
=5.1s6d meV. A decay branch to the 21

+ state with a branch-
ing ratio of G1/G0=0.18s5d has been observed. Other
branches with lower transition energies were not observed.
However, one should keep in mind that low-energy decay
branches with intensities lower than the ground-state decay
might escape observation because of the increasing back-
ground toward low energy. Under the assumption of no fur-
ther decays—i.e.,G=G0+G1=G0s1+G1/G0d=1.18G0—we
deduce a ground-state transition width ofG0=6.0s8d meV
which corresponds to anM1 excitation strength of
BsM1;01

+→1+d=0.071s10dmN
2. The photon scattering cross

sections for the 1+ states at 3300 and 3425 keV amount to
Is,0=15.1s6d and 35.8s13d eV b corresponding to values of
G0

2/G=14.3s6d and 36.4(13) meV, respectively. This converts
together with the observed[26] decay branches ofG1/G0

1This state was misinterpreted as a 1− state in a recent compilation
of QOC 1− structures[4] based on strength and energy arguments
[26].
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=0.47s6d and 0.038(7) into ground-state decay widths of
G0=21.0s12d and 37.8(14) meV or values for theM1 excita-
tion strengths of BsM1;01

+→12
+d=0.152s9dmN

2 and
BsM1;01

+→13
+d=0.243s9dmN

2. The M1 excitation strength
distribution is shown in the middle panel of Fig. 4.

The summedM1 excitation strength of the three observed
1+ states isSBsM1;01

+→11,2,3
+ d=0.47s2dmN

2 and is compa-
rable to the summedM1 excitation strength in the nucleus
94Mo of SBsM1;01

+→1+d=0.67s7dmN
2 in the energy range

around 3.2 MeV[15,21]. TheseM1 excitations in94Mo ex-
hibit characteristics of the two-phonon 1+ MS state resulting
from the coupling of the one-phonon symmetric and mixed-
symmetry quadrupole excitations of the ground state[15,21].
Since the measured values for the totalM1 excitation
strengths are similar for94Mo and 96Mo, we interpret the
observed 1+ excitations in96Mo as fragments of the 1+ mem-
ber of the mixed-symmetry two-phonon multiplet of that
nucleus. The center of gravity of the observedM1 excitation
strength distribution of96Mo lies at 3.29 MeV, very close to
the value(3.2 MeV [21]) observed in94Mo.

The observation of a collectiveE2 transition to the one-
phonon 21,ms

+ state from the annihilation of the symmetric
quadrupole excitation, a weakly collectiveE2 transition to
the 21

+ state from the annihilation of the mixed-symmetry
quadrupole phonon from the 1+ states, and strongM1 tran-
sitions to symmetric two-phonon states would allow a con-
sistent assignment of the two-phonon MS character to the 1+

states, as pointed out, e.g., in[22] and references therein.
These branchings are expected to have intensities far below
the sensitivity of the photon scattering experiments with
bremsstrahlung. The search for these transitions and the de-
termination of the corresponding transition strengths are thus
of great interest. Besides the ground-state transitions, only
decay transitions from the 1+ states to the 21

+ state were ob-
served in those photon scattering experiments[26]. If no
further decays and, in addition, pureE2 radiation for these
transitions are assumed, we determine for theE2 transition
strengths the valuesBsE2;11

+→21
+d=1.5s6d W.u., BsE2;12

+

→21
+d=4.6s8d W.u., and BsE2;13

+→21
+d=0.53s11d W.u.,

respectively. These upper limits agree with a weakly collec-
tive E2 transition to the 21

+ state as expected for a two-
phonon MS state.

1− states were identified at excitation energies of 3600 and
3895 keV. The summed energy of the 21

+ and 31
− states is

Es21
++31

−d=3012 keV. In addition, no decay transitions to the
31

− state from either of these 1− states were observed. But
these transitions are expected for the decay of a QOC state.
Thus, these states cannot be interpreted as harmonic QOC
two-phonon 1− states. This situation is very similar to the
case of92Zr, discussed above, where the 1− state that domi-
nates the low-energyE1 strength distributionis not the QOC
two-phonon state.

Besides theJ=1 states discussed above with parity quan-
tum numbers determined in this work, no further strong di-
pole excitations were observed in96Mo [26], as is shown in
Fig. 4. The lower panel gives the excitation strength distri-
bution of J=1 states where parity information is missing.
These states are weakly excited from the ground state and do
not contribute much to the totalE1 andM1 strength, respec-
tively.

It is surprising that in the investigated nuclei,92Zr and
96Mo, the properties of QOC two-phonon 1− states differ so
much from the typical behavior observed in other mass re-
gions with vibrational nuclei. The previous misinterpretation
of the 1+ state of96Mo at 2795 keV as the QOC 1− state of
this nucleus[4,26] demonstrates the necessity of our inves-
tigations. The low-energyE1 strength distributions in nuclei
of the A<90 mass region differ considerably from the sys-
tematic data forE1 excitations in vibratorlike nuclei close to
the N=82 neutron shell closure[4,7]. Further microscopic
investigations of the structure of the dipole excitations and
QOC structures in these nuclei are of high interest.

IV. CONCLUSION

Parities of seven dipole excitations in92Zr and96Mo were
determined unambiguously with the linearly polarized pho-
ton beams produced by the HIgS facility at the Duke Free
Electron Laser Laboratory. It should be stressed that we were
able to clearly assign parities to the essential fraction of the
observed dipole excitations in these nuclei. In92Zr, a 1+ state
and a 1− state were clearly identified. The decay transition
strengths from the 1+ state at 3472 keV are consistent with
recent microscopic calculations[19,36]. In 96Mo, positive
parity was assigned to threeJ=1 states and negative parity to
two dipole excitations. By comparison to results for the

FIG. 4. Dipole excitation strength distribution for the observed
J=1 states in96Mo. The upper panel shows theE1 excitation
strengths of the 1− states, the middle one theM1 strengths of the 1+

states, and the lower panel the dipole excitation strengths for the
states with unknown parity both inmN

2 and 10−3e2 fm2. The parity
quantum numbers are from this work; the transition strengths were
determined with data from[19]. Similar to Fig. 3 theE1 andM1
strengths are displayed in the same scale.
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neighboring nucleus94Mo, the 1+ states in96Mo represent
good candidates for fragments of the 1+ member of a multi-
plet of two-phonon mixed-symmetric excitations.

In contrast to the vast majority of heavy vibratorlike nu-
clei, those near theN=50 shell closure in theA<90 mass
region apparently exhibit low-energyE1 strength distribu-
tions that are not dominated by the quadrupole-octupole
coupled 1− state. The dominant low-energyE1 excitations
have excitation energies more than 10%higher than the sum
energy of the 21

+ and 31
− states. Microscopic calculations in

the quasiparticle phonon model for92Zr assign two-phonon
quadrupole-octupole coupled character to a much weakerE1
excitation close to the sum energy.
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