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Comprehensive studies of low-spin collective excitations in94Mo
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Excited low-spin states in94Mo have been studied extensively with a combination ofg-ray spectroscopic
techniques. We have performed photon scattering experiments,gg coincidence measurements following the
b1 decay of 94Tcm, in-beamgg coincidence studies with the reaction91Zr(a,n)94Mo, and 94Mo(n,n8g)
measurements. These experiments yielded detailed information about the low-spin level scheme of94Mo.
From measured lifetimes, branching ratios, and multipole mixing ratios, many absolute transition strengths
were determined. These data permitted the interpretation of several low-spin states in terms of collective
excitations, that are not fully symmetric with respect to the proton-neutron degree of freedom, the so-called
mixed-symmetry~MS! states: The one-phonon 21 MS state and three members of an expected multiplet of
two-phonon MS states were identified from absoluteM1 andE2 transition strengths. The data also enable us
to identify several proton-neutron-symmetric multiphonon states.

DOI: 10.1103/PhysRevC.67.024307 PACS number~s!: 21.10.Re, 21.10.Tg, 25.20.Dc, 27.60.1j
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I. INTRODUCTION

The nuclide 94Mo is formed by Z542 protons andN
552 neutrons. With the small number of only two valen
neutrons outside theN550 neutron shell closure, thi
nucleus is expected to exhibit the properties of a quan
vibrator. This fact makes94Mo a good subject of a detaile
search for low-lying collective vibrational excitations.

94Mo has very recently attracted a great deal of attent
because some of its low-spin off-yrast states were identifi
from a comprehensive data set on electromagnetic trans
strengths, as forming a quadrupole-collective multiphon
structure with mixed proton-neutron symmetry@1–3#. These
findings have initiated theoretical investigations@4–7# of the
low-spin structure of94Mo and an experimental research e
fort on N552 isotones@8,9#. In this paper, we offer a com
prehensive presentation of our data on94Mo.

The phonon scheme is a simple but useful concep
nuclear structure physics@10#. The lowest collectiveJp

521 and 32 states in nearly spherical nuclei can be cons
ered as quadrupole and octupole vibrations, which repre
the most important vibrational degrees of freedom at l
energies. Multiphonon states can result from the coupling
collective excitations. For example, multi-quadrupo
phonon states and double-octupole states have been stud
lot ~see, e.g.,@11,12#!. Interesting is the case of inhomog
neous phonon coupling@13# where different vibrational
quanta may couple. Particularly pure multiphonon states
be expected for this case because anharmonicities due t
effects of the Pauli principle in the formation of the mu
tiphonon wave functions must be expected to be small.
best studied example for inhomogeneous phonon couplin

*Present address: NSCL, Michigan State University, East L
sing, Michigan 48824-1321.
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the quadrupole-octupole coupling@14#. A Jp512 two-
phonon state with the structure (21

^ 32)12 has been stud-
ied systematically in heavy nuclei; see, e.g.,@15,16# and ref-
erences therein.

Another important class of nuclear excitations, which a
fundamental for the understanding of nuclear structure
represented by collective states that are not symmetric w
respect to the proton-neutron (pn) degree of freedom. Thes
states were predicted in thepn version of the interacting
boson model~IBM-2! @17–20#, and their properties were
summarized in Ref.@21#. These pn nonsymmetric states d
cay by strongM1 transitions and act in the IBM as buildin
blocks of nuclear structures even capable of forming m
tiphonon excitations in vibrational nuclei. Similar mu
tiphonon states built on an isovector quadrupole excitat
were predicted for vibrators in the 1960s@22#, but at much
higher excitation energies than later observed.

In the IBM-2, states can be classified using theF-spin
quantum number@17,19#, which is for elementary proton an
neutron bosons the analogue of the isospin quantum num
for nucleons. The IBM-2 wave functions withF5Fmax
5N/2 represent symmetric states, as they are symmetric
der the pairwise exchange of proton and neutron labels.NB
5Np1Nn here denotes the total number of proton and n
tron bosons. Excited states withF,Fmax, on the other hand
contain at least one pair of proton and neutron bosons wh
is antisymmetric under the exchange of nucleon labels; t
these states are called mixed-symmetry~MS! states. In this
paper we will restrict our discussion to MS states with
F-spin quantum numberF5Fmax21. The next family is ex-
pected at much higher excitation energies.

The IBM-2 predicts distinct signatures for MS stat
which are accessible tog-ray spectroscopy: a low excitatio
energy, weakly collective,F-vector E2 transitions to sym-
metric states, and strongM1 transitions to~some! symmetric
states with matrix elements of about
-
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z^Jsym
f iM1iJms

i & z'1mN . ~1!

In the recently proposedQ-phonon scheme@23–26#,
which is an approximate scheme in the IBM, the lowest sy
metric and MS states@27# can be approximated by simpl
expressions with the proton and neutron boson quadru
operators (Qp , Qn) coupled to the symmetricQ phonon,
Qs5Qp1Qn , and the MS Q phonon, Qm5Qp /Np

2Qn /Nn @1#;

u21
1&}Qsu01

1&, ~2!

uJs
1&}~QsQs!

(J)u01
1& with J50,2,4, ~3!

u21,ms
1 &}Qmu01

1&, ~4!

uLs
1&}~QsQm!(L)u01

1& with L50,1,2,3,4. ~5!

As one can see from Eq.~4! the one-Q-phonon 21 MS
state is the fundamental MS excitation and is orthogona
the symmetric 21

1 state. Moreover, we expect the existen
of a full multiplet of two-Q-phonon MS states resulting from
the coupling ofQs andQm, with spin quantum numbers 0, 1
2, 3, and 4, if the Hamiltonian describes a pure vibrator, a
if NB.2.

From the measurement of absolute transition streng
21,ms

1 states have been identified in several weakly deform
nuclei @28–32#. Recently, the 21,ms

1 state was identified in the
N552 nucleus96Ru at an excitation energy of 2283.8 ke
@8,9#.

The 11 member of the two-Q-phonon multiplet of MS
states (1ms

1 ) is frequently called the ‘‘scissors mode’’ due
its geometrical picture in rotational nuclei. It was predict
by Lo Iudice and Palumbo@33# in the two-rotor model. The
scissors mode was discovered by Richter in electron sca
ing experiments in the early 1980s@34#. Since that time, this
excitation has been systematically investigated in heavy
clei in (e,e8) @35# and photon scattering studies@36#. Sys-
tematic studies of theM1 excitation strength@37,38# and the
excitation energy of the scissors mode@26,39# have yielded
considerable knowledge about this excitation, mostly in
rare earth region.

Less is known about the other MS states. After their
cent discovery in94Mo, candidates for 21 and 31 two-
Q-phonon MS states were found in theN552 isotone96Ru
from E2/M1 mixing ratios, branching ratios, and upper lif
time limits @9#. In experiments on142Ce and 144Nd with
inelastic neutron scattering@40,41#, 31 states, which may
represent fragments of a two-Q-phonon 31 MS excitation,
were strongly suggested, but no clear identification was p
sible. From experiments on nuclei in theA5100 mass re-
gion, MS character was tentatively assigned to states w
J.2 from the measurement ofE2/M1 mixing ratios~see,
e.g., @42#!, but because no lifetimes were obtained in the
experiments, no transition strengths were determined,
venting a clear identification of the MS character.

Special attention was paid to the identification of m
tiphonon structures, in particular those with MS charac
i.e., the one-Q-phonon 21,ms

1 state and the two-Q-phonon
02430
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multiplet of MS states. The most important results, nam
the identification of the fundamental 21,ms

1 state and the
11, 21, and 31 members of the two-Q-phonon MS multip-
let in 94Mo have been published recently@1–3#.

We performed experiments on94Mo at the Cologne
TANDEM accelerator using theb1 decay of 94Tcm to 94Mo,
whereas 94Tcm was produced with the reactio
94Mo(p,n)94Tcm, and the fusion-evaporation reactio
91Zr(a,n)94Mo in combination with photon scattering ex
periments at the StuttgartDYNAMITRON accelerator and neu
tron scattering experiments at the electrostatic accelerato
the University of Kentucky. These experiments yielded d
tailed data about the low-spin level scheme of this nucle
The goals of the new neutron scattering measurements w
to verify the lifetimes from the earlier experiments, to me
sure additional lifetimes, and to search for 01 states because
there exists only sparse data about 01 states in94Mo.

In Sec. II we describe the experimental methods used
study highly excited low-spin states in94Mo. In Sec. III we
present our experimental results. In Sec. IV we discuss
identification of MS states from our measurements of ab
lute transition strengths, and in Sec. V we discuss the pr
erties of additional collective excitations.

II. EXPERIMENTAL METHODS AND DATA EVALUATION

Each of the methods employed in this study offers p
ticular advantages. The spectroscopy of resonant scatt
photons provides integrated photon scattering cross sec
and information about the spin quantum numbers of dip
and quadrupole excitations. The very clean off-beam m
surement ofgg coincidences of transitions following theb1

decay of 94Tcm to 94Mo enabled us to observe smallg
branches and determine the multipolarities of decay tra
tions. In the fusion-evaporation reaction91Zr(a,n)94Mo, all
medium spin states in a certain spin range up to spinJ58
and excitation energy window up to about 4 MeV well abo
the yrast line are populated. From this experiment we
tained multipolarities and branching ratios of decay tran
tions and spin quantum numbers and some lifetimes of
cited states, using the Doppler shift attenuation meth
~DSAM! @43#. But, because of theQ value of the91Zr(a,n)
reaction of –5.13 MeV, the maximum excitation energy f
94Mo is Emax59.87 MeV for ana beam energy ofEa515
MeV. Therefore, unobserved feeding from higher states ta
place and we measured only effective lifetimes in this e
periment. To establish more absolute lifetimes and to ob
additional information about the low-spin level scheme
94Mo, further experiments were performed using the re
tion 94Mo(n,n8g) at the electrostatic accelerator of the Un
versity of Kentucky.

A. Photon scattering experiments

The photon scattering experiments were performed at
DYNAMITRON accelerator at the Institut fu¨r Strahlenphysik of
the University of Stuttgart@36#. This accelerator produces
monoenergetic electron beam which is stopped in a gold
diator target to produce a continuous bremsstrahlung s
7-2
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COMPREHENSIVE STUDIES OF LOW-SPIN . . . PHYSICAL REVIEW C67, 024307 ~2003!
trum with the incident electron beam energy as the end p
energy. Two experiments were performed with the pho
scattering technique. A first experiment with an energy of
electron beam of 4.0 MeV served to investigate excited st
in the energy region above 3 MeV. In a second experimen
lower beam energy of 3.3 MeV was used to increase
sensitivity in the energy range around 2 MeV. The tar
consisted of 0.9997 g of metallic Mo with an enrichment
93.77 % in 94Mo and 0.4874 g with an enrichment o
77.90 %. In total, the target thickness was 0.840 g/cm2. For
photon flux calibration purposes the target also contai
0.2540 g27Al, corresponding to a thickness of 0.144 g/cm2.
The scatteredg rays were detected with three high-purity G
~HPGe! detectors, each with an efficiency of 100 % relati
to a 3in.33in. NaI detector. The detectors were mounted
angles of 90°, 127°, and 150° relative to the beam axis
get information about the spin quantum numbers of exc
states by measuring the angular distribution of the scatte
g rays. Figure 1 shows the photon scattering spectrum
94Mo taken at incident photon energies ofEg,3.3 MeV. A
11 state at 3128.3 keV and a 21 state at 2067 keV were
strongly excited.

FIG. 1. g-ray spectra of94Mo in the energy range from 1.8 to
3.4 MeV. The upper part shows the photon scattering spectrum
94Mo, the middle part the off-beamg-ray spectrum following the
b1-decay of 94Tcm, and the lower part theg-ray spectrum of the
94Mo(n,n8g) reaction. Ground state transitions are marked with
spins of the corresponding states. At 2067 and 3129 keV we
served ground state transitions of strongly excited 21 and 11 states,
respectively. The lines marked with ‘‘27Al’’ in the photon scattering
spectrum arise from the photon flux calibration standard27Al,
which was irradiated simultaneously for calibration purposes.
02430
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We measured the photon scattering cross sections

I s, f5gp2|2
G0G f

G
, ~6!

relative to the well-known cross sections of27Al @44#, which
was irradiated simultaneously.g5(2J11)/(2J011) is a
statistical factor,J0 and J are the ground state spin and th
spin of the excited state, and|5\c/Eg is the reduced wave
length.G andG0 (G f) are the total level width and the partia
decay width to the ground~final! state, respectively. A de
tailed description of the photon scattering technique, incl
ing the procedure of lifetime determination from the me
sured photon scattering cross sections, can be found, e.g
Ref. @36#.

B. b-decay experiment

The b-decay experiment was performed at theTANDEM

accelerator in Cologne. We produced94Tcm nuclei in the
center of the CologneOSIRIS cube coincidence spectromet
using the reaction94Mo(p,n)94Tcm at a beam energy ofEp
513 MeV. The beam was periodically switched on for 5 s
produce 94Tcm nuclei and switched off for 5 s to observe
g-ray singles spectra andgg coincidences of transitions fol
lowing the b1 decay to 94Mo. 94Tcm is the (2)1 low-spin
isomer of the nuclide94Tc with a half-life of 52 min and a
71 ground state with a half-life of 293 min@45#. The low
angular momentum transfer in the94Mo(p,n)94Tc reaction
with a beam energy ofEp513 MeV of about 6\ favored the
population of the (2)1 isomer 94Tcm, which decays mainly
to low-spin states in94Mo. The middle part of Fig. 1 depicts
the off-beamg-ray singles spectrum of this experiment.

The high counting rate, the low background in this o
beam measurement, and the isotropy of theg radiation after
the b decay enabled us to precisely determine the inten
ratiosG f /G. From thegg angular correlations we obtaine
information about the level scheme, multipolarities of tran
tions, and spins of excited states.

TheOSIRIScube coincidence spectrometer in Cologne w
equipped with eight HPGe detectors in this experiment.
of them were equipped with Compton suppression shie
Two detectors were mounted at a forward angle of 45° re
tive to the beam axis and two detectors were at a backw
angle of 135°. Four detectors were placed in a ring perp
dicular to the beam axis. With this setup we obtained th
angular correlation groups defined by the angles between
axis of the corresponding detectors of 90°, 180°, and 54
which are sufficient to obtain angular correlation paramet
A0 , A2, andA4 uniquely. A fit of the experimentally deter
mined relative intensities in the three angular correlat
groups with different hypotheses for the spin quantum nu
bers of the excited states and the multipolarities of the de
transitions allows the assignment of these observables. A
example, Fig. 2 shows the determination of theE2/M1 mix-
ing ratio of the 23

1→21
1 transition by comparing the mea

sured intensity ratios in the angular correlation groups to
theoretical angular correlation ratios plotted as a function
the arcus tangent of theE2/M1 mixing ratiod.
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C. 91Zr „a,n…94Mo experiment

Experiments using the ‘‘complete’’ cold fusion
evaporation reaction91Zr(a,n)94Mo at the Coulomb barrier
were also performed at the CologneOSIRIScube coincidence
spectrometer. We performed these measurements in ord
populate medium-spin states about one to two MeV ab
the yrast line in94Mo. We used two different beam energie
of Ea515 MeV and 12 MeV. The4He beam was supplied
by the Cologne FNTANDEM accelerator. In the first experi
ment with 15 MeVa-particle beam energy and a beam cu
rent of about 3 pnA we used an 11-mg/cm2 zirconium target,
which was enriched in91Zr to 64% with a 60-mg/cm2 Bi
backing. The beam energy was optimized to the reac
cross section. Calculations using the program codeCASCADE

@46# show a nearly maximum cross section for the~a,n! re-
action channel at this beam energy of more than 500
whereas the (a,2n) channel opens at about 15 MeV. Th
OSIRIS spectrometer was equipped with ten HPGe detec
in this experiment, six with Compton suppression shiel
The 91Zr(a,n)94Mo reaction atEa515 MeV leads to a
maximum excitation energy ofEx

max59.2 MeV for the reac-
tion product 94Mo and a grazing angular momentum
Lgraz510\.

The second experiment with a 12 MeVa beam was per-
formed with a beam current of 40 pnA due to the low
reaction cross section of about 140 mb@46#. For this experi-
ment a zirconium target with a higher enrichment
91Zr, 89%, and a thickness of 130 mg/cm2 was available.
The beam energy was optimized for the population of lo
spin states because the aim of these experiments was
investigation of low-spin MS states. In this experiment t

FIG. 2. Determination of multipole mixing ratios from angul
correlations in theb-decay experiment. Shown are the theoreti
intensity ratios of the 180° and 90° angular correlation grou
W(180°)/W(90°) ~solid curve! and the intensity ratios of the 54.7
and 90° groupsW(55°)/W(90°) ~dashed curve! as a function of the
arctangent of the multipole mixing ratiod for a 21→21→01 cas-
cade. The straight lines give the experimental results for these r
from the 23

1→21
1→01

1 cascade. It is clear from the diagram th
for only one M1/E2 mixing ratio of d50.15(4) both intercept
points for the two different angular correlation ratios agree wit
the errorbars allowing a unique determination of the mixing rat
02430
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spectrometer was equipped with five detectors with BG
Compton suppression shields and oneEUROBALL CLUSTER

detector@47#, which has high efficiency due to its high crys
tal volume and use of the addback mode. Gamma-sin
spectra were incremented on hard disc, andgg-coincidence
events were recorded on magnetic tape with an average
incidence event rate of about 4000 events per second in
first experiment and 6000 events per second in the seco

Spin quantum numbers of excited states and multip
mixing ratios of transitions were determined fromgg angu-
lar correlation measurements, but the situation is differ
from that in theb-decay experiment. In in-beam measur
ments the beam defines a quantization axis. For that rea
we obtained five angular correlation groups defined by th
angles: the anglesu1,2 of the two detector axis relative to th
beam axis, and the anglef between the planes spread out
the beam axis and emission directions of theg rays. Figure 3
shows the relative intensities of the decay transition of a s
at an excitation energy of 2805.0-keV to the 41

1 state in
coincidence to the 41

1→21
1 transition. The experimental de

termined intensities were fitted with angular correlation fun
tions using different spin hypothesesJ52,3. TheJ2805.0 keV

p

→41
1 multipole-mixing ratiod and the Gaussian widths of

the m-substate distribution were treated as free paramet
The hypothesisJ52 for the 2805.0-keV level cannot ac
count for the observation for anyM3/E2 mixing ratio of the
41

1→21
1 transition whereas the hypothesisJ53 with a pure

41
1→21

1E2 transition describes the data well. We obtain
the best agreement for a largeE2/M1 mixing ratio of
d(32805.0 keV

1 →41
1)57.623.0

14.7, i.e., this transition has mainly
E2 character.

Lifetimes were extracted in the91Zr(a,n)94Mo experi-
ment using the DSAM@43#: The effective lifetimes of sev-
eral short-lived states were extracted from the line shape
their decay transitions, observed at a forward angle of
and a backward angle of 135° relative to the beam a

l
s

os

FIG. 3. Data used for the determination of the spin quant
numberJ53 for the level at 2805.0 keV in the91Zr(a,n)94Mo
experiment. The solid squares show the measured relative inte
ties of the 1231–703-keVgg coincidence from theJ2805 keV

p →41
1

→21
1 gg cascade for five geometrically independent coinciden

groups. The coincidence groups are labeled by three integers, w
denote in units ofp/4 the angles between the observation direct
and the beam and between the planes defined by the beam a
theg-ray direction. The lines represent the least-squares fits for
spin hypothesesJ53 and 2. The Gaussian widths of the
m-substate distribution and theJ2805 keV

p →41
1 multipole mixing ra-

tio d were treated as free parameters.
7-4
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Because of the large number ofg-ray lines in the singles
spectra, it was not possible to determine lifetimes from th
spectra. Thus we analyzed the Doppler-shiftedg rays in co-
incidence with depopulating transitions.

The energies ofg rays emitted during the stopping pro
cess of the recoil nucleus are dependent on the angleu of the
detector relative to the actual direction of motion of t
nucleus and the velocityv(t) at the emission timet:

Eg~ t !5Eg
0S 11

v~ t !

c
cosu D . ~7!

Eg
0 is the unshiftedg-ray energy andc the speed of light. The

velocity v(t) is time dependent due to the stopping proc
in the target and includes averaging over recoil angles
program based on the codeDESASTOP @48# ~also see@43#!
was used to simulate the stopping process of the reco
94Mo nuclei in the target.

The mean recoil velocity of the94Mo nuclei for Ea515
MeV was v50.38% c. The average stopping time in th
Bi-backed 91Zr target is about 700 fs in this case. We us
the parameters@43# f n50.7 for the nuclear stopping andf e
51.03(0.81) anda50.579(0.611) for the electronic stop
ping in 91Zr(209Bi), where f e anda were fitted to the semi-
empirical stopping powers from Ref.@49# with slight modi-
fications as described in detail in@43#.

As an example, the analysis of the nearly complet
Doppler-shifted transition of the 31 state at 2965.3 keV to
the 22

1 state yielded an effective lifetime ofteff5200(30) fs.
The effective lifetime represents an upper limit for the lif
time of the 31 state at 2965.3 keV because of an unkno
sidefeeding. The measured Doppler shifts of the 23

1→21
1

transition show that the assumption of a prompt sidefeed
cannot be correct. From the low-energy photon scatte
experiment and the (n,n8g) experiment with a neutron en
ergy of 2.4 MeV, where sidefeeding of the 23

1 state can be
excluded, a lifetime of the 23

1 state oft550.8(43) fs was
determined, whereas the lineshape analysis of the spe
from the (a,n) measurement yielded an effective lifetime
teff5170(30) fs. Thus the only way to determine absolu
lifetimes from this experiment is to employ the assumpt
of an equal sidefeeding time for all low-spin states in t
energy range around 2–3 MeV. Using this assumption wit
sidefeeding time oftSF580(20) fs determined from the dat
for the 23

1 state, for the 31 state at 2965 keV we obtain
short lifetime oft580(30) fs@2#. The uncertainty is the sta
tistical error. Not considered here is the uncertainty in
stopping power which we assume to be about 10%. T
uncertainty in the determination of absolute lifetimes was
most significant motivation for the additional experimen
performed on94Mo using inelastic neutron scattering, whic
are described in Sec. II D.

D. 94Mo„n,n8g… experiments

Experiments on94Mo with the (n,n8g) reaction were per-
formed in the 1970s@50#, but no lifetimes were determine
and only sparse information about spins of excited sta
above 2.5 MeV was available from these experiments.
02430
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addition, McEllistremet al. performed (n,n8g) and (n,n8)
experiments to discover and assign excited 01 states in Mo
isotopes@51#. In that work the 02

1 state in 94Mo was inves-
tigated, but no higher-lying 01 states were identified.

The 94Mo(n,n8g) measurements presented here w
performed at the 7-MV electrostatic accelerator of the U
versity of Kentucky. As a neutron source we used t
3H(p,n)3He reaction. The protons passed through a mol
denum foil into a gas cell 30 mm in length and 6.5 mm
diameter containing3H at a pressure of nearly 1 atm. Th
beam current of the proton beam was 2mA and the energy
spread of the neutrons was about 60 keV. The proton be
was pulsed at 2 MHz with a beam pulse width of 10 ns, th
bunched to a 1-ns pulse width.

The cylindrical sample contained 36.617 g of metallic M
powder, isotopically enriched in94Mo to 91.59 % and
packed into a polyethylene container with a diameter of
mm and a height of 52 mm. It was suspended in the neu
flux at a distance of 65 mm from the end of the gas cell.

Gamma rays were detected with a Compton-suppres
HPGe detector with an efficiency of 55 % relative to a 3
33in. NaI detector. The HPGe-detector and the BGO an
lus detector were shielded against the neutron beam
background radiation with boron-loaded polyethylene, co
per, and tungsten. The distance of the HPGe detector f
the center of the sample was 1176 mm. To monitor the n
tron flux incident on the94Mo sample, we placed a Hansen
McKibben long counter at 90° relative to the axis of th
incident beam at 3.8 m from the sample.

Time-of-flight techniques were used to discriminate b
tween the promptg rays from the (n,n8g) reaction in the
sample and backgroundg rays. Further details about the ne
tron scattering facility, the time-of-flight measurements, ne
tron monitoring for normalization, and data reduction tec
niques have been described in Ref.@52#.

In total, we performed four (n,n8g) measurements on
94Mo. Angular distribution experiments with neutron ene
gies of 2.4, 3.3, and 3.6 MeV were performed in which theg
rays emitted from the target were detected at 13 differ
angles from 40° to 155° relative to the beam axis. The
experiments served to permit the measurement of lifetim
of low-lying excited states from analyzing Doppler shif
using the DSAM. Theg-ray peaks have centroids with th
angular dependence

Eg~u!5Eg
0S 11F~t!

vcm

c D cosu ~8!

with Eg
0 the unshiftedg-ray energy,u the emission angle

relative to the incident beam,Eg(u) the centroid energy of a
g-ray peak at the angleu, andF(t) the Doppler shift attenu-
ation factor. The theoreticalF(t) values were calculated us
ing the theory of Winterbon@53#, with slight modifications as
described in @54#. The recoil velocity wasvcm58.863
31024c in the experiment with a neutron energy ofEn
53.3 MeV andvcm59.25731024c in the experiment with
En53.6 MeV. The measurements were performed at
above mentioned neutron beam energies to exclude sidef
ing of the states of interest from higher lying states.
7-5
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FIG. 4. Determination of lifetimes from Doppler shifts in the (n,n8g) angular distribution measurement. The diagram shows the Dop
shifts of the 3128.5-keV ground state transition and the decay of the 2870.0 keV level to the 22

1 state as a function of the cosine of theg-ray
emission angleu relative to the direction of the incident neutrons. The experimental value of the Doppler shift attenuation factorF(t) is
determined from the slope of the best-fit line. Note the Doppler shift of the 3128.5-keV transition of about 4 keV.
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As an energy standard we measured the unshiftedg rays
of a 137Cs source@661.660~3! kev and a 24Na source
@1368.675~6! and 2754.028 keV@55## simultaneously.

As an example of the lifetime determinations from Do
pler shifts, Fig. 4 shows the Doppler shift data for the grou
state decay of the 3128.6-keV level and for the decay tr
sition from the 2870.0-keV level to the 22

1 state in 94Mo.
The clearly observable Doppler shifts of many decay tran
tions of short-lived states allowed determinations of lifetim
in the range from a few femtoseconds up to about one
The errors of the lifetimes given in Table I result from bo
the statistical errors and the uncertainty in the stopp
power. We assume this uncertainty to be about 10%.

Multipolarities of decay transitions and spins of excit
states were also determined from the angular distribution
the g rays emitted from the94Mo sample. The angular dis
tributions were fit to even-order Legendre polynomial exp
sions and compared to theoretical calculations with the c
CINDY @56#.

Figure 5 shows data from which the spin assignment
the 2965.3-keV level and the multipole mixing ratio of th
02430
d
n-

i-
s
s.

g

of

-
e

r

decay transition to the 22
1 state were determined. The le

portion of Fig. 5 depicts the normalized experimentalg-ray
intensities of the decay transition to the 22

1 state versus the
emission angle relative to the incident beam axis and the
to even-order Legendre polynomials with the paramet
A0 , A2, andA4. The right side showsx2 for this fit versus
the E2/M1 mixing ratiod. A fit with the spin hypothesisJ
53 for the 2965-keV level and a smallE2/M1 mixing ratio
gives the best fit.

An excitation function measurement was performed
incident neutron energies from 2.4 to 3.9 MeV. The neutr
energy was increased in 100-keV steps, and each energy
measured for 12 hours. The purpose of this experiment
to placeg rays from the decay of excited states in94Mo in
the level scheme and to assist in spin assignments of ne
identified states. The program codeCINDY @56# was used to
calculate theoretical neutron scattering cross sections of
cited states in94Mo, which are dependent on the energy
the incident neutrons and the spin quantum numbers. Th
comparison with the experimentally determined neutr
scattering cross sections gives information about the spin
FIG. 5. Determination of the spin of the 2965.3-keV level and the multipolarity of the decay transition to the 22
1 state from the (n,n8g)

angular distribution measurement. The left panel shows the angular distribution of the 1101.1-keV transition to the 22
1 state, including the

best fit to an even-order Legendre polynomial with the parametersA0 , A2, andA4. The right panel depictsx2 for this fit vs theE2/M1
mixing ratio d for initial spin states ofJ52,3. The experimental uncertainty is obtained from acceptingd values that yieldx2<xmin

2 11.
7-6
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COMPREHENSIVE STUDIES OF LOW-SPIN . . . PHYSICAL REVIEW C67, 024307 ~2003!
TABLE I. Levels and transitions in94Mo. The table contains the level and transition energies, the s
of the corresponding states, relative intensitiesI g , multipole mixing ratiosd, and lifetimest of the excited
states. Those lifetimes, which are marked with ‘‘eff,’’ were only determined in the (a,n) experiment and are
effective lifetimes because of an unknown sidefeeding. Uncertainties are given in the last digits. T
column gives the experiments in which the excited states were observed. ‘‘A’’ refers to the photon sca
experiment, ‘‘B’’ to the b-decay measurement, ‘‘C’’ to the91Zr(a,n)94Mo reaction, and ‘‘D’’ to the
94Mo(n,n8g) experiment. The excitation energies of newly identified states and transition energies of
observed transitions are marked with ‘‘n.’’ If two values for the multipole mixing ratiod are given, the
determination was ambiguous.

Ex Ji
p Jf

p Eg I g d(Ji
p→Jf

p) t Expt.
~keV! ~keV! (%) ~fs!

871.09~10! 21
1 01

1 871.09~10! 100.0 0 4150~60!a B C D
1573.72~14! 41

1 21
1 702.63~10! 100.0 0.00~4! 7210~1000!a B C D

1864.3~1! 22
1 01

1 1864.3~2! 10.3~10! 0 402275
186 B C D

21
1 993.1~1! 100.0~10! 22.0(10)

2067.4~1! 23
1 01

1 2067.4~1! 15.1~7! 0 50.8~43! A B C D
21

1 1196.2~1! 100.0~7! 0.15~4!

2294.7~2! 42
1 21

1 1423.7~3! 13.3~2! 0.08~8! 109~16! B C D
41

1 721.0~2! 100.0~2! 0.03~4!

2393.1~1! 24
1 01

1 2393.1~1! 11.11~22! 0 120215
117 A B C D

21
1 1521.8~1! 100.0~20! 20.12(3)

22
1 528.7~3! 0.719~33! -

23
1 325.7~3! 0.61~14! -

2423.4~2! 61
1 41

1 849.7~1! 100.0 20.04(5) .450 B C D
2533.8~3! 31

2 21
1 1662.7~3! 100.0~22! 0.03~7! 7502110

1130 B C D
41

1 960.1~3! 81.3~31! 0.00~2!

22
1 669.6~2! 31.9~13! 20.03(13)

23
1 466.4~3! 57.3~10! 0.00~3!

2564.9~3! 43
1 21

1 n 1693.9~7! 11.8~8! 20.01(10) 226249
170 C D

41
1 991.2~2! 100.0~8! 0.1020.17

10.25

2610.5~2! 51
2 41

1 1036.8~2! 100.0 0.00~4! 6402110
1160 B C D

2739.9~1! 11
1 01

1 2739.9~1! 65.4~13! 0 77~7! A B D
21

1 1868.8~1! 100.0~20! 20.12(2)
02

1 998.2~2! 4.44~10! 0
22

1 875.5~2! 24.4~5! 20.10(2)
23

1 672.0~7! 3.02~48! -
2768.2~2! 44

1 21
1 1896.5~2! 100.0~38! 0.02~3! 155~17! C D

41
1 n 1193.8~5! 71.2~38! -

n 2780.5~2! 03
1 22

1 n 916.2~2! 100.0 0 480290
1120 D

2805.0~3! 31
1 21

1 1933.9~4! 75.7~30! 20.66(14) 508263
176 C D

21.720.5
10.4

41
1 1231.2~3! 100.0~53! 7.623.0

14.7

22
1 940.7~4! 62.9~39! 2.320.5

10.7

2834.8~5! (41
2) 41

1 1261.1~5! 100.0 0.06~7! .1000 C D
31

2 n 301.1~3! 13.1~12! 0.12~10!

51
2 n 224.2~5! 7.2~10! 3.321.9

11.0

0.18~12!

2870.0~2! 25
1 01

1 2870.0~2! 17.3~5! 0 131~14! B C D
21

1 1998.9~2! 13.1~6! 1.320.4
11.4

22
1 1005.5~1! 100.0~36! 20.05(4)

23
1 802.6~2! 26.2~15! -

2872.4~2! 62
1 61

1 449.0~1! 100.0 0.14~6! .1000eff B C D
2955.5~3! (81

1) 61
1 532.1~1! 100.0 20.03(5) 141~3! nsa B C

2965.3~2! 32
1 21

1 2094.3~1! 36.9~14! 1.120.4
11.0 79~8! B C D

41
1 1391.6~1! 63.0~24! 20.08(6)
024307-7
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TABLE I. ~Continued!.

Ex Ji
p Jf

p Eg I g d(Ji
p→Jf

p) t Expt.
~keV! ~keV! (%) ~fs!

22
1 1101.1~1! 100.0~23! 20.09(6)

23
1 898.1~1! 23.0~12! 2.020.6

11.2

0.39~25!

2993.1~3! 26
1 01

1 n 2993.0~10! 6.76~88! 0 218225
127 C D

21
1 2122.0~3! 63.7~15! 22.620.7

10.6

22
1 1128.6~5! 100.0~38! 23.420.9

10.7

23
1 n 925.8~3! 45.0~26! 20.0720.06

10.07

3011.5~2! 32
2 21

1 2140.4~2! 100.0~23! 0.03~5! 320260
190 C D

41
1 1437.6~5! 36.7~27! 0.04~6!

22
1 1147.3~5! 11.5~15! 0.01~6!

23
1 n 944.3~6! 11.9~16! -

31
2 477.5~5! 50.9~17! 20.10(19)

n 3026.8~4! ~3! 31
2 n 493.0~2! 60.1~36! - .780 D

51
2 n 416.4~3! 100.0~36! -

n 3072.4~3! (2,31) 21
1 n 2201.3~3! 37.3~22! - 510280

1100 D
22

1 n 1208.1~2! 100.0~52! -
31

2 n 538.5~7! 11.5~23! -
3082.4~3! (33

1) 21
1 2211.3~3! 100.0~21! 20.01(6) 9802240

1400 C D
22

1 1218.2~4! 14.2~21! 0.09~5!

3128.6~2! 12
1 01

1 3128.5~2! 100.0~3! 0 9.4~6! A B D
21

1 2257.6~1! 4.29~10! 0.7420.17
10.21

22
1 1264.3~1! 18.27~37! 20.08(3)

23
1 1061.1~5! 1.16~11! 27.0220.0

13.0

20.57(16)
3163.3~3! (34

1) 21
1 2292.2~2! 100.0~13! 0.17~4! 91~10! B C D

31
1 n358.0~5! 16.7~13! 20.35(12)

3165.8~2! 63
1 41

1 1592.0~1! 100.0~35! 20.01(6) 465~50! eff B C
61

1 742.2~2! 29.4~11! 0.15~7!

62
1 293.4~1! 79.4~25! 0.18~5!

3201.0~3! (4) 42
1 906.3~2! 100.0~22! 0.00~6! 6327

18 C D
41

1 n 1627.4~5! 29.4~22! 0.2~2!

n 3243.1~5! (51
1) 41

1 n 1669.4~5! 100.0 0.71~14! 133221
123 C D

3260.8~5! 11
2 01

1 3260.7~5! 100.0 0 57~6! A D
3307.1~4! 27

1 21
1 2436.0~4! 100.0 24.022.4

11.1 5802130
1200 C D

0.03~8!

3320.7~5! ~9! (81
1) 365.2~3! 100.0 2.2~3! .1000eff C

n 3331.7~3! (31) 21
1 n 2460.8~8! 7.4~11! - 75~9! B C D

41
1 n 1758.0~2! 100.0~55! 20.10(3)

22
1 n 1467.3~3! 47.9~29! 0.320.2

12.9

3339.6~3! 64
1 61

1 916.2~1! 100.0 0.02~7! 182~30! eff B C
n 3366.4~7! (31,4) 42

1 n 1071.6~5! 100.0~35! - 880~100! eff C
32

1 n 401.1~5! 23.7~35! -
3366.9~10! (5,72) 51

2 756.5~7! 100.0 - .1000eff C
n 3371.1~5! ~2,3,4! 41

1 n 1797.4~5! 100.0~73! - 200260
1100 D

23
1 n 1303.7~7! 26.1~42! -

43
1 n 806.1~5! 93.2~76! -

32
1 n 405.8~5! 82.6~66! -

3389.5~7! 52
(2) 42

1 n 1094.6~5! 100.0 20.01(3) 700~180! eff C
n 3398.2~4! ~3,4! 41

1 n 1824.5~4! 100.0 - 5129
110 C D

n 3400.8~2! - 21
1 n 2529.7~3! 100.0~8! - 33~4! D
024307-8
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TABLE I. ~Continued!.

Ex Ji
p Jf

p Eg I g d(Ji
p→Jf

p) t Expt.
~keV! ~keV! (%) ~fs!

22
1 n 1536.5~2! 4.2~8! -

3429.1~9! - 21
1 2558.0~8! 100.0 - - D

3447.6~5! ~2! 01
1 3447.5~10! 5.1~3! 0 5126

17 B C D
21

1 2576.5~5! 100.0~3! 21.920.6
10.5

20.08(10)
n 3448.2~5! (52

1) 41
1 n 1874.6~5! 100.0~66! 20.75(25) 650~200! eff C

62
1 n 576.7~5! 33.1~66! 0.03~5!

3511.7~2! 13
(1) 01

1 3511.6~2! 100.0~11! 0 1324
18 A B D

21
1 2640.7~3! 51.6~13! -

02
1 1770.4~2! 48.6~92! 0

n 3532.3~7! ~1,2! 01
1 n 3532.0~10! 19.8~25! - - D

21
1 n 2660.1~10! 100.0~79! -

02
1 n 1789.8~5! 78.2~54! -

3534.3~2! 28
1 01

1 3534.0~4! 5.09~55! 0 150~40! eff B C
21

1 2663.2~2! 100.0~23! 20.3~2!

22
1 1670.0~1! 56.1~20! 0.15~19!

n 3588.3~7! - 51
2 n 978.0~5! 100.0 - - D

n 3693.1~11! ~3,4! 21
1 n 2822.1~15! 95~22! - 150~50! eff C

44
1 n 925.8~5! 100~22! -

3792.8~3! 29
1 01

1 3792.3~10! 77.8~20! 0 - B
22

1 1928.5~2! 100.0~40! -
24

1 1399.9~2! 54.9~30! -
3805.1~6! ~8,10! ~9! 484.4~5! 100.0 - .1000eff C
3847.3~10! ~2,3,4! 42

1 1552.5~7! 100.0 - 190~40! eff C
3866.8~4! ~9! (81

1) 911.3~4! 100.0 6.621.6
13.3 .1000eff C

3892.2~2! (21) 01
1 3891.6~10! 17.4~9! - - B

21
1 3021.0~1! 100.0~24! -

22
1 n 2027.9~2! 22.3~10! -

23
1 n 1824.9~3! 25.8~10! -

24
1 n 1499.1~1! 79.4~22! -

n 3897.9~10! (31,51) 42
1 n 1602.7~10! 100.0 - 113~40! eff C

n 3932.4~7! (71
1) 61

1 n 1508.9~7! 100.0 2.45~28! 182~30! eff C
0.38~4!

n 4105.5~11! - 42
1 n 1810.7~10! 100.0 - 130~40! eff C

n 4237.5~15! - 42
1 n 1942.7~12! 100.0 - 90~40! eff C

aLifetimes taken from Ref.@57#.
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excited states. Figure 6 displays the data and calculation
the 2739.9 and 2780.5-keV levels.

III. LEVEL DISCUSSION

Experimental information for all the observed levels
provided in Table I; those states which are of special inte
are discussed in detail below.

23
1 state at 2067.4 keV.Spin and parity of this state wer

known previously@57#. The spin assignment was confirme
in all experiments, and the positive parity is clear becaus
a fast quadrupole transition to the ground-state. From
photon scattering experiment and the neutron scattering
periment withEn52.6 MeV, we obtain a mean value for th
lifetime of t(23

1)550.8(43) fs. Theb1 decay experiment
02430
or

st

of
e
x-

the (a,n) experiment, and the neutron scattering measu
ment yielded a consistent value for the multipole mixi
ratio of the 23

1→21
1 transition, resulting in predominantly

M1 character. This result shows that a previo
94Mo(p,p8g) measurement@57,58# was in error.

42
1 state at 2294.7 keV.This state was known from previ

ous experiments@57#. In addition to the known decay trans
tion to the 41

1 state, a fast transition to the 21
1 state was

observed and supports the spin and parity assignment f
@57#. The spin assignmentJ54 was confirmed in our angu
lar correlation measurements and positive parity is assig
because a fastM2 decay to the 21

1 state can be excluded
This state decays predominantly by a strongM1 transition to
the 41

1 state.
43

1 state at 2564.9 keV.The 43
1 state was previously
7-9
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placed at 2566.8 keV@57#, however, the only recently iden
tified decay transition is that to the 41

1 state with a transition
energy of 993.1~8! keV. Thus this peak should form a dou
blet with the strong 22

1→21
1 transition of the same energy

In the g-ray spectra of the91Zr(a,n)94Mo and (n,n8g) re-
actions, a peak at 991.2~2! keV at the side of the 993.1 keV
22

1→21
1 line was observed. From thegg coincidence data

we can interprete this peak as arising from the decay o
excited state at 2564.9~3! keV to the 41

1 state. From the
(n,n8g) data, we established a smallE2/M1 mixing ratio for
the transition to the 41

1 state for the spin assignmentJ54. In
addition, we observed a decay transition to the 21

1 state with
about 12 % the intensity of the transition to the 41

1 state. The
best fit for a small mixing ratio consistent with zero for th
spin hypothesisJ54 confirms the spin and parity assig
ment 41. Thus we identify the excited state at 2564.9~3! keV
with the 43

1 state.
11

1 state at 2739.9 keV.This state was known before as
Jp5(1,2)1 state@57#. In our recent publication@1# spin and
parity Jp521 was assigned to this state from the analysis
the angular distribution data in the photon scattering exp
ment, whereas theg-ray line from the ground state deca
from which the spin was determined, was a doublet with
2734.9-keVg ray of the calibration standard27Al in that
measurement and very weak in intensity. Thus this state
interpreted as the 25

1 state in @1#. The data from the
94Mo(n,n8g) experiment yielded clearly spinJ51. Positive
parity is strongly favored due to the strong population of t
state in theb decay experiment with a logft value of
log f t55.1 for theb decay from the (21) isomer of 94Tc.
Therefore, we reassign the state at 2739.9 keV as the1

1

state.
44

1 state at 2768.2 keV.This state was observed in agre

FIG. 6. Excitation function of two excited states in94Mo popu-
lated by the (n,n8g) reaction. Shown are comparisons of the e
perimentally determined neutron scattering cross sections to th
sults of a calculation using the codeCINDY @56#. For the 2739.9-keV
level, the neutron scattering cross sections are calculated bot
the spin hypothesesJ51,2 for the 2780.5 keV level for the spi
hypothesisJ50. The excited state at 2739.9 keV was clearly ide
tified as aJ51 state, while the 2780.5-keV level represents aJ
50 state. The angular distribution analysis supports these spin
signments.
02430
n

f
i-

e

as

s

ment with the data from Ref.@57#. The spin assignment wa
confirmed from our data. For the first time, a decay transit
to the 41

1 state was observed. Since this transitions form
doublet with the strong 23

1→21
1 transition at 1196.2 keV, we

were not able to evaluate theE2/M1 mixing ratio.
03

1 state at 2780.5 keV.A new state was identified at a
excitation energy of 2780.5~2! keV from its lone decay tran-
sition to the 22

1 state. Thegg angular correlation measure
ments allow the spin assignmentsJ50,1,2, but from the
(n,n8g) excitation function measurement we assign
clearly spinJ50 ~see Fig. 6!. Because of the rather stron
decay transition to the 22

1 state we assume positive parit
thus this newly observed state is the 03

1 state in 94Mo.
31

1 state at 2805.0 keV.A state with spin and parityJ
521,31 had been identified at this energy@57#. The positive
parity assignment stems from an95Mo(d,t)94Mo experi-
ment, where anl 50 angular momentum transfer was me
sured for this level@59#, thusJp531 was suggested. From
the angular correlations of the decay transitions to
21

1 , 41
1 , and 22

1 states, we assigned spinJ53 unambigu-
ously.

25
1 state at 2870.0 keV.In an (p,p8) experiment@60# an

excited state with spin and parityJp521 was placed at
2868~5! keV. In a previous94Mo(n,n8g) experiment@50#, a
Jp5(21) state at an energy of 2870.7~9! keV was observed.
The observation of an excited state at 2870.0~2! keV with
spin J52 in theb-decay experiment, in the91Zr(a,n)94Mo
reaction, and in the (n,n8g) study provides evidence tha
this state is the same state which was observed in the (p,p8)
measurement at 2868 keV and in the previous (n,n8g) ex-
periment at 2870.7 keV. Positive parity can be confirm
because a fast ground state transition was observed.

32
1 state at 2965.3 keV.The spin and parity assignmen

was done in@2#. The 31→41
1,22

1 transitions have almos
pureM1 character, whereas the 31→21

1,23
1 transitions may

have considerableE2 admixtures~see detailed discussion i
Sec. IV!. A lifetime of t579(8) fs was determined in th
(n,n8g) experiment in agreement with the value from t
91Zr(a,n)94Mo experiment corrected for unobserved sid
feeding oft (a,n)(32

1)580(30) fs@2#.
32

2 state at 3011.5 keV.The data from the (a,n) and
94Mo(n,n8g) experiments confirm the spin assignmentJ
53 from @57#. Our data allow negative parity due to sma
multipole mixing ratios of the transitions to the 21

1 , 22
1 , and

41
1 states which are consistent with zero, thus allowing p

E1 transitions. The negative parity was determined from
92Mo(p,t)94Mo experiment, where an angular momentu
transfer ofL53 was measured for a state at 3014~12! keV
@61#, which can be identified with the excited state at 301
keV.

12
1 state at 3128.6 keV.In the photon scattering exper

ment a strong dipole excitation at 3128.3~5! keV was ob-
served. Positive parity was already known for this state fr
previous (p,p8) and (d,d8) experiments@62#, but spin J
52 was assigned in those measurements. The angular d
butions of the g rays in the photon scattering and th
(n,n8g) experiments give clear evidence for a dipole excit

re-

for

-
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state. Theb-decay experiment yielded the branching rat
shown in Table I for the four observed decay transitions
the 12

1 state and the corresponding multipole mixing ratio
The decay to the 22

1 state represents a nearly pureM1 tran-
sition. The decay to the 21

1 state has a higherE2 admixture
associated with a largerE2/M1 mixing ratio. No clear value
for the E2/M1 mixing ratio of the 12

1→23
1 transition was

established, the data yielded two different values pointing
someE2 admixture. In the91Zr(a,n)94Mo reaction no decay
transitions of the 12

1 state were clearly identified.
11

2 state at 3260.8 keV.An excited state with spin and
parity Jp512 was found previously at 3263.8~17! keV @57#.
In the photon scattering experiment with an endpoint ene
of the bremsstrahlung spectrum of 4.0 MeV, we observe
state with spinJ51 at 3260.8~5! keV. The fact that this state
was not observed in theb-decay experiment gives an ind
cation of negative parity, because negative parity states w
populated very weakly compared to positive parity stat
Also in the (n,n8g) experiment a ground state transition of
J51 state at the same energy was observed. Since no
for another dipole excitation was found in this energy reg
we identify the 3260.8 keV state with the 11

2 state.
13

(1) state at 3511.7 keV.A state with spinJ51 was ob-
served in photon scattering, in theb-decay experiment, and
in the excitation function measurement with the (n,n8g) re-
action. The state was not populated in the (n,n8g) angular
distribution measurements, because it lies too close to
highest used neutron energy of 3.6 MeV. No informati
about the multipolarity of the transition to the 21

1 state was
determined. We identify this state with theJp5(1,21) state
at 3512.7~11! keV from @57#; thus we assume a probab
positive parity.

IV. MIXED-SYMMETRY STATES

In the following we discuss the identification of the on
Q-phonon 21,ms

1 state and the 11,21, and 31 two-Q-phonon
MS states in94Mo with the structure (21

1
^ 21,ms

1 ) from the
measurement of absolute transition strengths. A compar
of our data to theoretical predictions in the framework of t
IBM-2 will be given. Some discussion about the identific
tion of MS states in94Mo was recently published by ou
group@1–3#. Later, we will briefly show an interpretation o
the observed MS states in the spherical shell model@4# and
in the quasiparticle phonon model~QPM! @5,6# from recent
work.

A. One-Q-phonon 21,ms
¿ state

Figure 7 displays measuredE2 and M1 transition
strengths which are relevant for the identification of the o
Q-phonon 21,ms

1 state. For the 21
1 state theE2 excitation

strength has been taken from@57#, all other data are from this
work.

The top half of Fig. 7 depicts theM1 transition strengths
of the lowest seven observed nonyrast 21 states to the 21

1

state. Only the 23
1 state decays via an enhancedM1 transi-

tion to the 21
1 state with a transition matrix element o
02430
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z^21
1iM1i23

1& z51.7(1)mN , which agrees with the predic
tions of the IBM-2 for a one-Q-phonon MS state. Therefore
we interprete the 23

1 state as the one-Q-phonon 21,ms
1 state.

Because no other 21 state shows a comparable strongM1
decay to the 21

1 state, the 21,ms
1 state in 94Mo is nearly un-

fragmented.
The E2 excitation strength distribution, shown in th

lower half of Fig. 7~remark the logarithmic scale!, is domi-
nated by the 21

1 state, thepn symmetric one-Q-phonon ex-
citation. The excitation strength of the 23

1 , the 21,ms
1 state

amounts to about 10% of the 01
1→21

1 strength, but, on the
other hand, it is about one order of magnitude larger than
E2 excitation strength to the 22

1 state, which has the charac
teristics of a symmetric two-Q-phonon state. This gives evi
dence that the 23

1 state represents a one-Q-phonon state.
None of the other observed 21 states above the 21

1 state
shows a comparably strongE2 excitation strength.

B. Identification of the two-Q-phonon 1ms
¿ state

Three 11 states have been identified in94Mo. The total
M1 strength from the ground state to the 11 states at 2739.9
3128.6, and 3511.7 keV is(B(M1)↑50.67(7) mN

2 ,
whereas the 12

1 state at 3128.6 keV represents the strong
fragment. Figure 8 shows theM1 excitation strength distri-
bution in 94Mo. The weighted average energy lies at 3
MeV. These data fit well into the systematics of the 11 scis-
sors mode observed so far. From the empirical formu
@26,37,39# extracted from data for the 1ms

1 state in the rare
earth region, we expect the 1ms

1 scissors mode in94Mo at an
excitation energy of 3.2–3.5 MeV with a total excitatio
strength ofB(M1)↑'0.55mN

2 . This agrees with our obser
vations within two standard deviations.

Moreover, the 12
1 state shows clear signatures of a two-Q

phonon MS state as predicted in the IBM-2: According to t

FIG. 7. MeasuredE2 andM1 strengths relevant for the ident
fication of the 21,ms

1 state in 94Mo. Panel~a! shows theB(M1;21

→21
1) values for the seven lowest identified nonyrast 21 states,

and panel~b! shows theE2 excitation strengths for all clearly iden
tified 21 states. The error bars are displayed as boxes.
7-11
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Q-phonon scheme@see Eqs.~2!–~5!# the MSQ phononQm

is annihilated both in the 21,ms
1 →01

1 and in the 1ms
1 →21

1

transition, respectively. Therefore, the 1ms
1 →21

1 decay
should be a weakly collectiveE2 transition. In fact, we get a
transition strength ofB(E2;12

1→21
1)50.7220.24

10.27 W.u., and
only a smallM1 admixture in agreement with theQ-phonon
scheme. The 1ms

1 →21,ms
1 decay results in theQ-phonon

scheme from the annihilation of the symmetricQ-phonon
Qs. Thus we expect this decay to be a collectiveE2 transi-
tion. The 94Mo(n,n8g) experiments yielded two differen
E2/M1 mixing ratios. One is consistent with nearly pureE2
radiation. Under the assumption of pureE2 radiation, we
determine anE2 transition strength comparable to th
strength of the collective 21

1→01
1 decay. The latterE2/M1

mixing ratio yields an E2 strength of B(E2;12
1→23

1)
55.922.8

13.3 W.u. Therefore, in any case, theE2 transition
strength of the 12

1→23
1 decay is larger than 3 W.u., givin

evidence for the expected collectivity of this decay.
For g soft nuclei,M1 transitions obey selection rules@63#

with respect to thed-parity quantum numberpd5(21)nQ,
i.e., the number ofQ-phononsnQ modulo 2 does not change
According to Eqs.~2!–~5! the M1 transitions from the 1ms

1

state to the 21
1 and 21,ms

1 state, respectively, ared parity for-
bidden, whereas the 1ms

1 →22
1 transition is allowed. The 12

1

state possesses the strongest 11→22
1 M1 decay of the ob-

served 11 states, characteristic for a two-Q-phonon 1ms
1 state

~see the upper part of Fig. 9!. The measured ratio of theM1
strengths of the 12

1→21
1 and 12

1→22
1 transitions amounts to

0.03, well confirming thed-parity selection rule on a few
percent level. Due to the ambiguousE2/M1 mixing ratio of
the 12

1→23
1 transition a similar confirmation for thed-parity

selection rule forM1 transitions is not possible for this de
cay. To conclude, we identify the 12

1 state as the main frag
ment of the two-Q-phonon 1ms

1 state in 94Mo @1#.

C. Two-Q-phonon 22,ms
¿ state

At an excitation energy of 2870.0 keV the 25
1 state was

observed. In our recent publication@3#, this state was desig
nated as the 26

1 state due to the erroneous interpretation
the 2739.9-keV level as the 25

1 state discussed above. B

FIG. 8. MeasuredM1 excitation strengths of all observed 11

states relevant for the identification of the 1ms
1 state in 94Mo. The

12
1 state dominates theM1 strength distribution. The boxes give th

error bars.
02430
f

the data from the recently performed94Mo(n,n8g) experi-
ments clearly show that the 2739.9-keV level represent
J51 state.

The 25
1 state at 2870 keV is identified as the tw

Q-phonon 22,ms
1 state, because it is the only observed 21

state fulfilling the signatures from the IBM-2 for this state:
decays with a strongM1 transition to the symmetric 22

1 state
with a transition matrix element of z^22

1iM1i25
1& z

51.16(6) mN .
In our measurements on94Mo we were able to observe

total of ten 21 states. For seven of these, we obtained li
time information. The lifetime of the 21

1 state was previously
known. The highest observed 21 states, the 29

1 state at
3792.8 keV, and the (210

1 ) state at 3892.2 keV, were onl
observed in theb-decay experiment; therefore, we have
lifetime information for these states. From the lifetimes, t
measured branching ratios, andE2/M1 multipole mixing ra-
tios, we deduced theM1 transition strengths for the 2x

1

→22
1 transitions. We determined the 25

1 state as clearly hav
ing the largestM1 transition strength to the 22

1 state~see the
middle part of Fig. 9!. In addition, for a two-Q-phonon 21

MS state, we expect a weakly collectiveE2 decay to the 21
1

state from the annihilation of the MSQ phononQm. In fact,
we determined a weakly collective 25

1→21
1 E2 transition

strength. Due to the large errorbars of theE2/M1 mixing
ratio of the 25

1→23
1 transition, we cannot give a definit

FIG. 9. M1 transition strengths from the 22
1 state to 11 states

~upper panel!, 21 states~middle panel!, and 31 states~lower panel!
in 94Mo. The bars give the transition strengths, and the open bo
show the experimental uncertainties. No transitions from
13

1 , 23
1 , 27

1 , and (34
1) states to the 22

1 state were observed. Fo
the 24

1 state at 2393 keV, only an upper limit for theM1 transition
strength was determined. The 12

1 , 25
1 , and the 32

1 states can be
clearly identified as two-Q-phonon MS states.
7-12
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value for theE2 strength of this decay. We determined
upper limit of B(E2;25

1→23
1),140 W.u. This agrees with

the collectiveE2 transition expected for the 22,ms
1 →21,ms

1

transition.
These observations lead to the conclusion, that the5

1

state has the properties of a two-Q-phonon 22,ms
1 state@3#. It

should be stressed that this is the first identification of a tw
Q-phonon 22,ms

1 state from absoluteM1 and E2 transition
strengths.

D. Two-Q-phonon 3ms
¿ state

The 32
1 state at 2965.3 keV can be clearly identified as

31 two-Q-phonon MS state from its decay properties@2#
~see Fig. 10!. StrongM1 decays with matrix elements of th
order of about 1mN were observed for the decay transitio
to the symmetric two-Q-phonon states. Using the lifetime
the branching ratios, and theE2/M1 mixing ratios, we de-
termine that both the decay transitions to the 22

1 state and to
the 41

1 state represent strongM1 transitions with transition
matrix elements of z^22

1iM1i32
1& z51.30(8) mN and

z^41
1iM1i32

1& z50.72(5) mN , respectively. These large ma
trix elements are signatures for MS character~see Fig. 10!. In
addition, the bottom part of Fig. 9 depicting the 22

1

→31 M1 transition strengths of all observed 31→22
1 tran-

sitions shows that the 32
1 state is the only level exhibiting

this clear characteristics of a 3ms
1 state.

The 32
1→21

1 E2 transition is weakly collective with a
transition strength of about one Weisskopf unit. Such a va
is actually expected for a transition from a two-Q-phonon
MS state to the 21

1 state due to the annihilation ofQm. The
32

1→23
1 transition is consistent with a collectiveE2 strength

with tens of Weisskopf units as expected for a transit
resulting from the annihilation ofQs. The uncertainty of the
multipole mixing ratio is, however, large. As can be se

FIG. 10. Decay transitions of the 32
1 state including the transi

tion strengths relevant for the clear identification of this state a
two-Q-phonon MS state. The solid arrows stand for transitions h
ing predominantlyE2 character; the dashed arrows represent th
with M1 character.E2 strengths are given in Weisskopf units;M1
strengths are inmN

2 .
02430
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from Fig. 10, all decays are consistent with a MS tw
Q-phonon interpretation of the 32

1 state, to which we, there
fore, assign MS character.

E. Possible 4¿ and 0¿ MS states?

Both the 42
1 and the 43

1 states show strongM1 decays to
the 41

1 state. For the 42
1→41

1 transition, we determined a
large M1 strength ofB(M1;42

1→41
1)51.23(20)mN

2 . This
transition is the strongestM1 decay found in94Mo. The
42

1→21
1 E2 strength amounts toB(E2;42

1→21
1)55.920.8

11.0

W.u., pointing to a rather collective transition. The combin
tion of a strong 42

1→41
1 M1 transition and a collective 42

1

→21
1 E2 transition falls out of thesd-IBM-2 scheme. Prob-

ably it is related to the excitation ofg bosons in terms of the
IBM. Indeed, recent calculations by Lisetskiyet al. @4# re-
produce the 42

1→41
1 M1 transition strength in the spherica

shell model with dominant components of seniorityn52 in
the 42

1 state’s wave function pointing atg-boson character
This is discussed in Sec. IV G 2.

The 43
1 state at 2564.9 keV decays to the 41

1 state with a
transition matrix element ofz^41

1iM1i43
1& z51.44(22)mN .

We can, furthermore, give an upper limit for theE2 strength
of B(E2;43

1→41
1),14.6 W.u. Therefore, it is possible tha

the wave function of the 43
1 state contains components of

symmetric three-Q-phonon state with the structure (21
1

^ 21
1

^ 21
1)41

. However, a transition to the dominantly sym
metric two-phonon 22

1 state was not observed. This contr
dicts a symmetric three-phonon interpretation. Instead,
43

1→21
1 decay represents a weakly collectiveE2 transition

with B(E2;43
1→21

1)51.1(3) W.u. Thus the 43
1 state is a

candidate for a two-Q-phonon 41 MS state. But a decay to
the 23

1 state, the 21,ms
1 state, was not identified. This may b

a result of the low transition energy for an expected3
1

→23
1 decay. From the neutron scattering data, an upper l

for the 43
1→23

1 E2 strength of about 50 W.u. can be es
mated, which leaves a collective 43

1→23
1 transition possible.

For another short-lived 41 state, the 44
1 state, the inter-

pretation is unclear. Assuming a pureM1 decay, we deter-
mine an M1 transition strength of B(M1;44

1→41
1)

50.090(11)mN
2 , for pure E2 radiation anE2 strength of

B(E2;44
1→41

1)53624
15 W.u. The decay to the 21

1 state has
an E2 strength ofB(E2;44

1→21
1)54.920.5

10.7 W.u.
Besides the 03

1 state at 2780.5 keV, which will be dis
cussed later in the context of symmetric three-Q-phonon ex-
citations, no further 01 state was identified. Therefore, w
have no information on the existence of a 01 MS state in
94Mo.

F. Conclusion for two-Q-phonon MS states

As a conclusion, Fig. 9 shows the observedM1 transition
strengths from the 22

1 state to the 11, 21, and 31 states in
94Mo plotted versus the final level energy. Remark the nea
identical M1 transition strengths from the 22

1 state to the
12

1 , 25
1 , and 32

1 states and the closeness in excitation e
ergy of these three states. No further excited states exh

a
-
e
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C. FRANSENet al. PHYSICAL REVIEW C 67, 024307 ~2003!
the clear signatures of two-Q-phonon MS states, as dicusse
before. Thus the 12

1 , 25
1 , and 32

1 states represent membe
of the two-Q-phonon multiplet of MS states with a mode
ately harmonic coupling because their excitation energies
close to the sum energy of the 21

1 and 21,ms
1 states of about

2940 keV.

G. Model calculations for MS states

1. IBM-2 predictions

It is natural to compare the data to the analytical pred
tions of the dynamical symmetry limits of the IBM. For th
description of 94Mo we consider the doubly closed-she
nucleus100Sn as the core and useNp54 proton bosons and
a single neutron boson. Due to the small number of vale
neutrons, 94Mo should be at most only weakly deforme
excluding the SU~3! symmetry limit for reasonable compar
son. The unusual low excitation energy of the 41

1 state with
an R4/2 value of only 1.81 indicates noncollective comp
nents in the 41

1 state. ThisR4/2 value is somewhat below
those expected for the U~5! limit ( R4/2

U(5)52.0) and the O~6!
limit ( R4/2

O(6)52.5). A good destinction between the U~5! and
O~6! limits is given by theK4 value@64#, which yields 1.0 in
O~6! and 1.32 in U~5!. The experimental value for94Mo is
K4

approx.51.1420.14
10.18 which is inconclusive on the symmetr

character due to the large uncertainty. Therefore, we com
the data on electromagnetic transition strengths to both
U~5! and O~6! predictions.

We reduced the number of parameters in theM1 andE2
transition operators by restricting them to the proton pa
alone:

T~M1!5A3/4p•gpLp ~9!

T~E2!5epQp . ~10!

Lp and Qp are the standard proton angular momentum
erator and the proton quadrupole operator in the vibratio
limit ( xp50), respectively. We accept the orbital valuegp

51 mN for the proton bosong factor, leaving the effective
quadrupole boson chargeep59 efm2 as the only adjustable
parameter.

Table II compares some measured largeM1 strengths to

TABLE II. Comparison of analytical IBM-2 predictions in th
U~5! limit and in the O~6! limit with the core 100Sn for M1
strengths of MS states with experimental data on94Mo. Orbital
values,gp51 mN andgn50 mN , are used for the bosong factors.
All M1 strengths are given inmN

2 .

Observable U~5! O~6! Expt.

B(M1;1ms
1 →01

1) 0 0.16 0.16020.010
10.011

B(M1;1ms
1 →22

1) 0.33 0.36 0.44~3!

B(M1;21,ms
1 →21

1) 0.23 0.30 0.56~5!

B(M1;22,ms
1 →22

1) 0.09 0.10 0.27~3!

B(M1;3ms
1 →41

1) 0.12 0.13 0.075~10!

B(M1;3ms
1 →22

1) 0.16 0.18 0.24~3!
02430
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the IBM-2 predictions@65# in the U~5! and O~6! dynamical
symmetry limits. The good agreement of most of the d
with the predictions, both in the U~5! and O~6! dynamical
symmetry limits, shows that these observables are not
ticulary sensitive to the symmetry character along the U~5!–
O~6! transition. However, the 1ms

1 →01
1 transition found to be

large experimentally cannot be described in the U~5! limit
while it is well accounted for in the O~6! limit. In fact, by
using the Ginocchio sum rule for theM1 strength@66# and
the totalM1 strength ofB(M1)↑50.67(7) mN

2 observed be-
low 4 MeV in 94Mo one gets a ratio of 46(5)% d-bosons in
the IBM-2 ground-state wave function. This larged-boson
contribution to the ground-state wave function exclud
94Mo as a pure U~5! nucleus, whereas the ground-sta
should contain 33%d-bosons in the O~6! limit. An analysis
of thed-boson ratio of the ground state and the 22

1 state in a
recent publication of Smirnovaet al. @7# indicates 94Mo to
be a transitional nucleus between the O~6! and U~5! limits,
but closer to the O~6! limit. The predictions from@65# are
widely independent of Hamiltonian parameters and
simple analytical expressions, which involve the boson nu
bers and the parameters of the transition operators only.

The possible absence of a 01 two-Q-phonon MS state as
stated above further supports the O~6! interpretation of
94Mo, for which such a 0ms

1 state is predicted to be missin
from the two-Q-phonon multiplet@65#. On the other hand, a
02

1 state exists in94Mo at nearly exactly twice the excitatio
energy of the 21

1 state. This is not expected in the O~6! limit.
But since there is no lifetime information for the 02

1 state
because the only decay transition to the 21

1 state forms a
doublet with the 21

1→01
1 transition, the structure of the 02

1

state is unclear, it could also be an intruder state outsid
the sd-IBM-2 space.

Table III summarizes the experimental determinedM1
andE2 transition strengths relevant for the identification
one- and two-Q-phonon MS states in94Mo in comparison to
the predictions in the O~6! limit of the IBM-2 ~third column!.
The qualitative agreement gives evidence for the MS in
pretation of the 23

1 , 12
1 , 25

1 , and 32
1 states.

2. Calculations in the spherical shell model and in the QPM

In recent publications the identified MS states in94Mo
were studied microscopically within the spherical sh
model@4# and in the quasiparticle-phonon model@5,6#. Both
calculations are consistent with our experimental data
confirm the MS interpretation of these states from t
IBM-2. The results of these calculations will be present
and we will compare them to our results.

Calculations in the spherical shell model@4# were done
with the HamiltonianH5H01V, whereasH0 represents the
mean field Hamiltonian andV the residual surface delta in
teraction~SDI! @67#. 88Sr was chosen as an inert core, co
sidering four proton particles in the proton shellspg9/2 and
pp1/2. Because of the Pauli principle, this problem
equivalent to the consideration of the doubly closed sh
nucleus100Sn as an inert core with eight proton holes in t
same shells.
7-14
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The shell model calculations were performed using
code RITSSCHIL @68#. Both level energies andM1 and E2
transition strengths have been calculated, and reproduce
experimental data in most cases very well. For a compar
of the level energies, see@4#. The fourth column of Table III
shows the shell model results of theM1 andE2 transition
strengths for the observed MS states and the 21

1 state. The
shell model calculations agree well with the IBM-2, wi
only a few exemptions. It should be mentioned that, fo
good reproduction of the measuredM1 strengths, pure is
ovectorM1 transitions were used. Only for the 32

1 state do
the transition strengths from the shell model disagree w
the experimental data and the IBM-2. In fact, in the sh
model calculation with the SDI and the88Sr core, the MS

TABLE III. Comparison of measuredM1 and E2 transition
strengths of the 23

1 , 25
1 , 32

1 , and 12
1 states to predictions in the

O~6! limit of the IBM-2 ~third column! for the 21,ms
1 , 22,ms

1 , 3ms
1 ,

and 1ms
1 states. Many transition strengths are reproduced on an

solute scale using a single free parameter,ep59 efm2, only. M1
strengths are given inmN

2 and E2 strengths in W.u. In addition
columns 4 and 5 give the results of microscopic calculations
these states in the spherical shell model~SM! ~from @4#! and in the
QPM ~from @5#!. For E2 transitions the correlation between Wei
skopf units ande2 fm4 is given by 1 W.u.525.39e2 fm4 for A
594. If two values for the transition strengths are given, the m
tipole mixing ratio was ambiguous.

Observable Expt. IBM-2 SM QPM

B(M1;23
1→21

1) 0.56~5! 0.30 0.51 0.20
B(M1;12

1→01
1) 0.16020.010

10.011 0.16 0.26 0.08
B(M1;12

1→21
1) 0.012~3! 0 0.002 0.003

B(M1;12
1→22

1) 0.44~3! 0.36 0.46 0.42
B(M1;12

1→23
1) ,0.05 0 0.08 0.003

B(M1;25
1→21

1) 0.001720.0012
10.0010 0 0.004 0.008

B(M1;25
1→22

1) 0.27~3! 0.100 0.17 0.56
B(M1;25

1→23
1) ,0.16 0 0.06

B(M1;32
1→21

1) 0.00620.004
10.003 0 0.10 0.004

B(M1;32
1→41

1) 0.075~10! 0.13 0.058 0.12
B(M1;32

1→22
1) 0.24~3! 0.18 0.09 0.17

B(M1;32
1→23

1) 0.02120.012
10.016 0 0.001 0.006

0.09~2!

B(E2;01
1→21

1) 80~1! 91.9 82.7 81.4
B(E2;01

1→23
1) 11.0~10! 5.9 8.27 3.94

B(E2;01
1→25

1) 0.7020.08
10.09 0 1.45 1.69

B(E2;23
1→21

1) 4.922.3
13.0 0 0.001 0.039

B(E2;12
1→21

1) 0.7220.24
10.27 1.9 0.51 2.99

B(E2;12
1→22

1) 0.9920.62
10.92 0 0.055 0.35

B(E2;12
1→23

1) ,27 21.9 8.98 29.1
B(E2;25

1→21
1) 0.4020.14

10.19 0.626 1.8 3.31
B(E2;25

1→22
1) 0.420.4

10.9 0 1.2
B(E2;25

1→23
1) ,140 16.9 5.5 22.5

B(E2;32
1→21

1) 0.920.4
10.5 1.90 1.70 2.76

B(E2;32
1→41

1) 0.1420.13
10.30 0 0.91 0.007

B(E2;32
1→22

1) 0.920.8
11.6 0 6.70 0.35

B(E2;32
1→23

1) 58~14! 14.6 7.81 25.4
9.528.3

112.5
02430
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strength of the 3ms
1 state turned out to be spread over the fi

three 31 states, which is an indication of the limit of thi
approach for states close in energy.

Finally, we want to stress that the strongestM1 transition
observed in94Mo, the 42

1→41
1 M1 decay, cannot be de

scribed in thesd-IBM-2. A possible explanation for the 42
1

state is the interpretation as a one-phonon MS state resu
from a g-boson excitation, which then would be the fir
observation of a MS state in theg-boson sector, but furthe
theoretical investigation in the IBM-2 is needed for a cle
identification of this state in the IBM-2. On the other han
the 42

1→41
1 M1 transition was reproduced in the she

model. The shell model result ofBSM(M1;42
1→41

1)
51.79mN

2 @4# is in good agreement with the experiment
value.

The QPM calculations@5,6# were able to reproduce th
MS character of the 23

1 , 12
1 , and 32

1 states. In the more
recent publication@6#, the agreement with the experiment
data is even better than in the first one@5#. Lo Iudice and
Stoyanov were able to reproduce both the excitation ener
and the transition strengths for several low-lying states
94Mo in their microscopic calculations~for a comparison of
the transition strengths, see Table III!. The 23

1 state was pre-
dicted to have 95% of the structure of an isovector or M
one-phonon state. The calculated energy of 1940 k
matches rather well with the experimentally determined
ergy of 2067.4 keV. The 12

1 and 32
1 states were calculated t

contain large two-phonon MS components of 90% and 87
respectively, and good agreement of the excitation ener
was achieved.

In addition, in the first publication@5#, the wave function
of the 25

1 state was predicted to contain 75% of the mixe
symmetry two-phonon 21 state, even before our recent pu
lication identifying this state from measuredM1 and E2
strengths@3#. The more recent calculation@6# predicted two
21 states at 2730 and 3014 keV with 27% and 59% M
two-phonon structures, respectively; i.e., in this case the
two-phonon strength is predicted to be fragmented, whic
not the case experimentally~see Fig. 9!.

V. OTHER MULTIPHONON STATES

A. Symmetric two-quadrupole phonon states

Both the 22
1 and the 41

1 states show strongE2 decays to
the 21

1 state. Using the lifetime from@57# for the 41
1 state,

we get a collective transition strength ofB(E2;41
1→21

1)
526.023.2

14.2 W.u., giving evidence that the 41
1 state contains

large components of the symmetric two-Q-phonon 41 con-
figuration. For the 22

1→21
1 transition we determine anE2

transition strength ofB(E2;22
1→21

1)560231
124 W.u., which is

in agreement with the interpretation of this state as a sy
metric two-Q-phonon state.

It should be noted that the calculations in the QPM@5,6#
reproduce the mainly symmetric two-phonon character of
22

1 and 41
1 states. In the first publication@5# the 22

1 state is
predicted to contain 77% of a symmetric two-phonon sta
and the 41

1 state to contain 68%. The more recent calcu

b-

r

l-
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tions @6# predict even higher symmetric two-phonon chara
ter for these states of 82% for both the 22

1 and the 41
1 state.

The decay transition strengths of the 22
1 and 41

1 states were
reproduced in the IBM-2, in the QPM@5,6#, and in the
spherical shell model@4# ~see Table IV! supporting the
mainly symmetric two-Q-phonon character. However, su
stantial components with seniorityn52 in the wave function
of the 41

1 state calculated in the shell model indicate a m
complicated structure.

Since the excitation energy of the 02
1 state is nearly ex-

actly twice the energy of the 21
1 state and the onlyg-ray

decay is that to the 21
1 state, we did not get any informatio

for this state from our data. No lifetime information is ava
able for the 02

1 state from earlier measurements. The imp
tant question whether this state is ap(p1/2) configuration or
a collective two-phonon state cannot be answered by
data.

B. Symmetric three-quadrupole phonon states

Signatures for an expected quintuplet of symmetric thr
Q-phonon excitations with the structure (21

1
^ 21

1

^ 21
1)01,21,31,41,61

are collectiveE2 transitions to the sym
metric two-Q-phonon states. The centroid of the thre
Q-phonon multiplet should be at about three timesE(21

1) or
2.6 MeV. We now discuss candidates for members of
quintuplet identified from our data.

01 state.At 2780.5 keV the 03
1 state was identified. The

transition strength of the only observed decay to the 22
1 state

is B(E2;03
1→22

1)5104221
124 W.u. Its excitation energy and

the high collectivity of this decay gives evidence for th
state being a symmetric three-Q-phonon 01 state. No further
01 states were identified in our measurements.

21 state.Besides the 23
1 and 25

1 states, identified as MS
states, two additional 21 states below 3 MeV, the 24

1 state at
2393.1 keV and the 26

1 state at 2993.1 keV, were found. Th
24

1 state shows a strong decay to the 21
1 state, but only a

very weak decay to the 22
1 state, and thus is not a candida

for a symmetric three-Q-phonon state. The 26
1 state decays

strongly to the 22
1 state with anE2 transition strength of

B(E2;26
1→22

1)534.424.9
15.5 W.u. A decay to the 21

1 state with
dominant E2 character, but a transition strength of on
B(E2;26

1→21
1)50.88(14) W.u. and a weak ground sta

decay were also observed. These observations indicate

TABLE IV. Comparison of experimentally determined transitio
strengths of the 41

1 and the 22
1 states to the results of calculation

with the IBM-2 in the dynamical O~6! symmetry, the spherical she
model~SM! @4#, and the QPM@5,6#. E2 strengths are given in W.u
andM1 strengths inmN

2 .

Observable Expt. IBM-2 SM QPM@5# QPM @6#

B(E2;41
1→21

1) 26.023.2
14.2 23.3 17.5 28.6 26.0

B(E2;22
1→21

1) 60230
120 23.3 19.0 24.3 26.5

B(M1;22
1→21

1) 0.02620.016
10.041 0 0.094 0.016 0.004

B(E2;01
1→22

1) 1.65~55! 0 2.17 0.83 1.38
02430
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the 26
1 state carries most of the symmetric three-Q-phonon

strength. In addition, a rather strong 26
1→23

1 M1 decay was
observed with a transition strength ofB(M1;26

1→23
1)

50.06820.009
10.011 mN

2 . This even supports the interpretation
the 26

1 state as a symmetric three-phonon state due to
d-parity selection rules@63#. These rules signify thatM1
transitions are only allowed between states with the samd
parity, i.e., M1 transitions do not change the number
quadrupole phonons,nQ , modulo 2. Therefore, anM1 tran-
sition is to be expected for the decay transition from a thr
Q-phonon state with the structure (QsQsQs)

21
u01

1& and thus
negatived parity to the one-Q-phonon 21,ms

1 state with the
structureQmu01

1& and negatived parity. We want to stress
that this is the first time thed-parity selection rules were
confirmed in a decay transition from a symmetric mu
tiphonon stateto a MS state.

31 state.The 31
1 state at 2805.0 keV decays strongly

the 22
1 and 41

1 states with transition strengths ofB(E2;31
1

→22
1)519.0(39) W.u. andB(E2;31

1→41
1)59.2(15) W.u.

A weak 31
1→21

1 decay with anE2 transition strength of
B(E2;31

1→21
1)50.74(11) W.u. under the assumption

pureE2 radiation was observed. From its decay characte
tics, the 31

1 state can be identified as a clear candidate fo
symmetric three-Q-phonon state.

41 state.Two 41 states around 2.6 MeV were observe
but, because of the uncertainties of theE2/M1 mixing ratio
of the 43

1→41
1 decay and the unknownE2/M1 mixing ratio

of the 44
1→41

1 decay, no clear identification of these stat
as symmetric three-Q-phonon states was possible~see Sec.
IV E!. Transitions from neither of these states to the 22

1 state
were observed.

61 state.The 61
1 state, a candidate for a symmetric thre

phonon 61 state, was observed at 2423.4 keV. Only a low
limit for the lifetime of t(61

1).450 fs was measured, whic
gives an upper limit for the 61

1→41
1 E2 transition strength

of B(E2;61
1→41

1),160 W.u. Due to the possible collectiv
ity of the 61

1→41
1 decay and the fact that the 62

1 state at
2872.4 keV decays only to the 61

1 state and can therefore b
excluded as a three-Q-phonon state, we interprete the 61

1

state as a candidate for the symmetric three-Q-phonon 61

state.

C. Quadrupole-octupole coupled structures

The coupling between the symmetric quadrupole phon
Qs and the octupole phononO produces a quintuplet o
quadrupole-octupole coupled~QOC! states with the spin
quantum numbers 12 –52 and the structure (21

1
^ 31

2) @14#.
In a simple vibrational model with harmonic coupling th
multiplet should lie at the sum energy of the 21

1 and 31
2

states. In addition, for the 12 member of the multiplet a
rather strongE1 transition strength of the 12→01

1 transition
of the order of a milli Weisskopf unit is to be expected due
the collectivity. ThisE1 decay can be considerably strong
than other low-lyingE1 transitions resulting, e.g., from
single-particle transitions and should correlate to the1

2

→21
1 E1 strength.
7-16
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From the discussion above we have concluded that94Mo
has a structure closer to the O~6! dynamical symmetry limit
of the IBM rather than a pure vibrator. Weak coupling b
tween the quadrupole and octupole degree of freedom le
similarly to a QOC two-phonon multiplet at the sum ener
in O~6! @70#. Evidence for breaking of this weak coupling
g-soft nuclei due to a residual quadrupole-quadrupole in
action comes from the study of octupole fragmentation@71#.
Such a perturbation would lead to some anharmonicities
the QOC two-phonon multiplet.

A 12 state was identified at 3260.8 keV in94Mo rather
close to the sum energy of the 21

1 and the 31
2 states of

E(21
1)1E(31

2)'3400 keV. TheE1 transition strength to
the ground state is B(E1;12→01

1)50.3224
16

31023 e2 fm2. As was discussed in detail in@69#, we expect
from the naive phonon picture anE1 strength ratio of 7/3 for
the 12→01

1 and the 31
2→21

1 transitions. From our measure
ments we obtained anE1 strength of B(E1;31

2→21
1)

50.06720.010
10.01231023 e2 fm2, which is about a factor of 5

weaker than the 12→01
1 transition. This disagreement ma

result from admixtures in the wave functions of these sta
e.g., mixing of the 31

2 and the 32
2 states.

The 32
2 state at 3011.5 keV represents a candidate for

QOC 32 state. It lies about 400 keV below the sum ener
of the 21

1 and 31
2 state, but no additional 32 states were

identified. The decay transitions of the 32
2 state give hints for

this state having QOC character. For a QOC 32 state, we
expect the decay transitions to the symmetric two-Q-phonon
22

1 and 41
1 states to be about as strong as the 31

2→21
1 and

the 11
2→01

1 decays, because the first two transitions sho
stem from the annihilation of a octupole phonon and
creation of a quadrupole phonon, the latter from the ann
lation of both. E1 strengths of B(E1;32

2→22
1)

50.07120.018
10.01931023 e2 fm2 and B(E1;32

2→41
1)

50.11520.027
10.02831023 e2 fm2, respectively, were determine

in our measurements. These values are comparable to
31

2→21
1 E1 strength. The 32

2→31
2 decay should be a col

lectiveE2 transition with a transition strength comparable
the 21

1→01
1 decay because both decays stem from the a

hilation of the symmetricQ-phononQs, if the 32
2 is a QOC

state. In fact, an upper limit for theE2 strength of
B(E2;32

2→31
2),35 W.u. was determined. On the oth

hand, the 32
2→31

2 transition has a rather largeM1 compo-
ss
a,

it

a
B

on

02430
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nent of B(M1;32
2→31

2)50.39(7)mN
2 , which could be a

hint for MS components in the wave function of the 32
2 state

resulting from a MSf-boson excitation@70#.
The 51

2 state lies at 2610.5 keV. The 51
2→41

1 decay tran-
sition strength amounts toB(E1;51

2→41
1)50.88(18)

31023 e2 fm2 which is one order of magnitude strong
than theE1 strength of the decay from the 31

2 state to the 21
1

state. This and the low excitation energy about 800 k
lower than the sum energy of the 21

1 and 31
2 states prevent

this state from being interpreted as a clear candidate fo
QOC state.

No candidates for the 22 and 42 members of the QOC
quintuplet were found. Only aJ5(42) state at 2834.8 keV
was identified, but the low excitation energy and the lo
lifetime of t.1000 fs are not in keeping with this state b
ing a candidate for a QOC state.

VI. SUMMARY

Low-spin states in94Mo were investigated extensively us
ing a combination of photon scattering experiments,
b-decay experiment,gg coincidence studies with the reac
tion 91Zr(a,n)94Mo, and neutron scattering experimen
From our detailed data we were able to clearly identify t
one-Q-phonon 21,ms

1 state and the 11, 21, and 31 members
of the MS two-Q-phonon multiplet with the structure (21

1

^ 21,ms
1 ) from the measurement of absoluteM1 andE2 tran-

sition strengths. Our interpretation of these states in
framework of the IBM-2 was supported by microscopic c
culations in the spherical shell model@4# and the QPM@5,6#.
Moreover, candidates for quadrupole-octupole coupled st
and symmetric three-phonon states with the struct
(21

1
^ 21

1
^ 21

1) were found.
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