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Excited low-spin states if*Mo have been studied extensively with a combinationyefly spectroscopic
techniques. We have performed photon scattering experimgptgoincidence measurements following the
B decay of *“Tc™, in-beamyy coincidence studies with the reactid®Zr(«,n)®Mo, and **Mo(n,n’y)
measurements. These experiments yielded detailed information about the low-spin level sch¥Me. of
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’ 2ViS state and three members of an expected multiplet of
two-phonon MS states were identified from absolMt2 andE2 transition strengths. The data also enable us
to identify several proton-neutron-symmetric multiphonon states.
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[. INTRODUCTION the quadrupole-octupole couplingl4]. A J7=1" two-
phonon state with the structure (2 37)1~ has been stud-

The nuclide ®*Mo is formed byZ=42 protons andN ied systematically in heavy nuclei; see, e[d5,16 and ref-
=52 neutrons. With the small number of only two valenceerences therein.
neutrons outside theN=50 neutron shell closure, this Another important class of nuclear excitations, which are
nucleus is expected to exhibit the properties of a quanturfiundamental for the understanding of nuclear structure, is
vibrator. This fact make§“Mo a good subject of a detailed represented by collective states that are not symmetric with
search for low-lying collective vibrational excitations. respect to the proton-neutropif) degree of freedom. These

%Mo has very recently attracted a great deal of attentiorstates were predicted in then version of the interacting
because some of its low-spin off-yrast states were identifiedgoson model(IBM-2) [17-20, and their properties were
from a comprehensive data set on electromagnetic transitiocsummarized in Refl21]. These pn nonsymmetric states de-
strengths, as forming a quadrupole-collective multiphonorcay by strongM 1 transitions and act in the IBM as building
structure with mixed proton-neutron symmefdy-3]. These blocks of nuclear structures even capable of forming mul-
findings have initiated theoretical investigatidds-7] of the  tiphonon excitations in vibrational nuclei. Similar mul-
low-spin structure o?*Mo and an experimental research ef- tiphonon states built on an isovector quadrupole excitation
fort on N=52 isotoneg8,9]. In this paper, we offer a com- were predicted for vibrators in the 196[&2], but at much
prehensive presentation of our data ¥Mo. higher excitation energies than later observed.

The phonon scheme is a simple but useful concept in In the IBM-2, states can be classified using fepin
nuclear structure physicgl0]. The lowest collectiveJ”  quantum numbefrl7,19, which is for elementary proton and
=2" and 3~ states in nearly spherical nuclei can be consid-neutron bosons the analogue of the isospin quantum number
ered as quadrupole and octupole vibrations, which represef@r nucleons. The IBM-2 wave functions witk=F
the most important vibrational degrees of freedom at low= N/2 represent symmetric states, as they are symmetric un-
energies. Multiphonon states can result from the coupling ofler the pairwise exchange of proton and neutron labéis.
collective excitations. For example, multi-quadrupole-=N_+N, here denotes the total number of proton and neu-
phonon states and double-octupole states have been studiett@n bosons. Excited states with<F 5., on the other hand,
lot (see, e.g.[11,17)). Interesting is the case of inhomoge- contain at least one pair of proton and neutron bosons which
neous phonon coupling13] where different vibrational is antisymmetric under the exchange of nucleon labels; thus
guanta may couple. Particularly pure multiphonon states cathese states are called mixed-symmetis) states. In this
be expected for this case because anharmonicities due to thaper we will restrict our discussion to MS states with an
effects of the Pauli principle in the formation of the mul- F-spin quantum numbé¥=F,,— 1. The next family is ex-
tiphonon wave functions must be expected to be small. Theected at much higher excitation energies.
best studied example for inhomogeneous phonon coupling is The IBM-2 predicts distinct signatures for MS states

which are accessible tg-ray spectroscopy: a low excitation
energy, weakly collectivel--vector E2 transitions to sym-
*Present address: NSCL, Michigan State University, East Lanmetric states, and strorig 1 transitions tqsome symmetric
sing, Michigan 48824-1321. states with matrix elements of about
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|<\];yn“|\/|1|‘\]ims>|m1MN_ (1)  multiplet of MS states. The most important results, namely
the identification of the fundamental; 2 state and the

In the recently proposed)-phonon schemg23-26, 1%, 2% and 3" members of the tw&-phonon MS multip-
which is an approximate scheme in the IBM, the lowest sym{et in %Mo have been published recenfly—3].
metric and MS statef27] can be approximated by simple  We performed experiments of*Mo at the Cologne
expressions with the proton and neutron boson quadrupoleanpem accelerator using thg™ decay of °“Tc™ to ®“Mo,
operators Q,, Q,) coupled to the symmetriQ phonon, whereas %Tc™ was produced with the reaction
Qs=Q,+Q,, and the MS Q phonon, Q,=Q./N.  %Mo(p,n)°*Tc™, and the fusion-evaporation reaction
-Q,/N, [1]; 917r(a,n)*Mo in combination with photon scattering ex-

. . periments at the StuttgablyNAMITRON accelerator and neu-
20)Q401), @ tron scattering experiments at the electrostatic accelerator of
4 D+ i _ the University of Kentucky. These experiments yielded de-
95)%(QQ9™[0)  with  J=0,2,4, (3 tailed data about the low-spin level scheme of this nucleus.
N N The goals of the new neutron scattering measurements were
121,m9 % Qml01 ), 4 to verify the lifetimes from the earlier experiments, to mea-
. WIn+ . _ sure additional lifetimes, and to search fof 6tates because
Ls)<(QQm™[0;) with L=01234. (5 there exists only sparse data abolit §tates in®Mo.

In Sec. Il we describe the experimental methods used to
0study highly excited low-spin states i#Mo. In Sec. lll we
present our experimental results. In Sec. IV we discuss the
identification of MS states from our measurements of abso-
lute transition strengths, and in Sec. V we discuss the prop-
éarties of additional collective excitations.

As one can see from E@4) the oneQ-phonon 2° MS
state is the fundamental MS excitation and is orthogonal t
the symmetric 2 state. Moreover, we expect the existence
of a full multiplet of two-Q-phonon MS states resulting from
the coupling 0fQ; andQ,,, with spin quantum numbers 0, 1,
2, 3, and 4, if the Hamiltonian describes a pure vibrator, an
if Ng>2.

From the measurement of absolute transition strengthd]. EXPERIMENTAL METHODS AND DATA EVALUATION
2] s States have been identified in several weakly deformed
nuclei[28—37. Recently, the ststate was identified in the
N=52 nucleus®®Ru at an excitation energy of 2283.8 keV

Each of the methods employed in this study offers par-
ticular advantages. The spectroscopy of resonant scattered
photons provides integrated photon scattering cross sections
[8.9]. N ) and information about the spin quantum numbers of dipole

The 1" member of the twd@-phonon multiplet of MS 44 gquadrupole excitations. The very clean off-beam mea-
states (% is frequently called the “scissors mode” due t0 syrement ofyy coincidences of transitions following th@"
its geometrical picture in rotational nuclei. It was predicteddecay of %Tc™ to %Mo enabled us to observe smajl
by Lo ludice and PalumbfB3] in the two-rotor model. The pranches and determine the multipolarities of decay transi-
scissors mode was discovered by Richter in electron scattefiyns. In the fusion-evaporation reactidfzr(a,n)%Mo, all
ing experiments in the early 198084]. Since that time, this  edium spin states in a certain spin range up to Spi8
excitation has been systematically investigated in heavy nusqg excitation energy window up to about 4 MeV well above
clei in (e,e”) [35] and photon scattering studig36]. Sys-  the yrast line are populated. From this experiment we ob-
tematic studies of th#1 excitation strength37,38 and the  (ained multipolarities and branching ratios of decay transi-
excitation energy of the scissors mod$,39 have yielded {jons and spin quantum numbers and some lifetimes of ex-
considerable I_mowledge about this excitation, mostly in thesjted states, using the Doppler shift attenuation method
rare earth region. ~ (DSAM) [43]. But, because of th® value of the®Zr(«a,n)

Less is known about the other MS states. After their reyeaction of —5.13 MeV, the maximum excitation energy for
cent discovery in%Mo, candidates for 2 and 3" two- 940 is E,..=9.87 MeV for ana beam energy oF =15
Q-phonon MS states were found in the=52 isotone®Ru  Me\. Therefore, unobserved feeding from higher states takes
from E2/M1 mixing ratios, branching ratios, and upper life- pjace and we measured only effective lifetimes in this ex-
time limits [9]. In experiments on'*“Ce and **Nd with  periment. To establish more absolute lifetimes and to obtain
inelastic neutron scatteringt0,41, 3" states, which may additional information about the low-spin level scheme of
represent fragments of a tw@-phonon 3" MS excitation,  %4\o, further experiments were performed using the reac-

were strongly suggested, but no clear identification was posijon %Mo(n,n’ y) at the electrostatic accelerator of the Uni-
sible. From experiments on nuclei in tife=100 mass re- yersity of Kentucky.

gion, MS character was tentatively assigned to states with
J>2 from the measurement &2/M1 mixing ratios(see,
e.g.,[42]), but because no lifetimes were obtained in these
experiments, no transition strengths were determined, pre- The photon scattering experiments were performed at the
venting a clear identification of the MS character. DYNAMITRON accelerator at the Institut fistrahlenphysik of
Special attention was paid to the identification of mul-the University of Stuttgarf36]. This accelerator produces a
tiphonon structures, in particular those with MS charactermonoenergetic electron beam which is stopped in a gold ra-
i.e., the onelQ-phonon 2£ms state and the tw@-phonon diator target to produce a continuous bremsstrahlung spec-

A. Photon scattering experiments
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b 9Mo(v,y')
E, < 3.3 MeV 4 Il

90 h Isvf=gw2}(2T, (6)

We measured the photon scattering cross sections

1} 3
iy | ] relative to the well-known cross sections ORI [44], which

was irradiated simultaneouslg=(2J+1)/(2J,+1) is a
statistical factorJ, andJ are the ground state spin and the
spin of the excited state, and=7c/E,, is the reduced wave-
length.I" andTl"y (I';) are the total level width and the partial
decay width to the groundfinal) state, respectively. A de-
tailed description of the photon scattering technique, includ-
ing the procedure of lifetime determination from the mea-
sured photon scattering cross sections, can be found, e.g., in
Ref.[36].
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B. B-decay experiment

The B-decay experiment was performed at threN\DEM
accelerator in Cologne. We producédTc™ nuclei in the
center of the Colognesiris cube coincidence spectrometer
using the reactior?*Mo(p,n)®Tc™ at a beam energy d,

, =13 MeV. The beam was periodically switched on for 5 s to
5000 2400 2800 3200 produce ®*Tc™ nuclei and switched off fo5 s to observe
vy-ray singles spectra angy coincidences of transitions fol-
Energy (keV) lowing the 8" decay to®Mo. %Tc™ is the (2)" low-spin
isomer of the nuclide®*Tc with a half-life of 52 min and a
g* ground state with a half-life of 293 mif@5]. The low
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FIG. 1. y-ray spectra of“Mo in the energy range from 1.8 to

3.4 MeV. The upper part shows the photon scattering spectrum o . .
%Mo, the middle part the off-beamy-ray spectrum following the angular momentum transfer in ttféMo(p,n)*'Tc reaction

B*+-decay of %Tc™, and the lower part the-ray spectrum of the with a beam energy dE,=13 '\ngmOf about & favored the
%Mo(n,n’ y) reaction. Ground state transitions are marked with thepol:’u"’:‘t'o_n of the (_ZZ Isomer T_C , Which de‘?ays malnly
spins of the corresponding states. At 2067 and 3129 keV we oblO lOW-spin states 'r?_ Mo. The middle part of Fig. 1 depicts
served ground state transitions of strongly excitécadd 1" states,  the off-beamy-ray singles spectrum of this experiment.
respectively. The lines marked witl?*Al” in the photon scattering The high counting rate, the low background in this off-
spectrum arise from the photon flux calibration standafall, beam measurement, and the isotropy of theadiation after
which was irradiated simultaneously for calibration purposes. the B decay enabled us to precisely determine the intensity
ratiosI'¢/I". From theyy angular correlations we obtained
trum with the incident electron beam energy as the end poinnformation about the level scheme, multipolarities of transi-
energy. Two experiments were performed with the photoriions, and spins of excited states.
scattering technique. A first experiment with an energy of the TheosIRiscube coincidence spectrometer in Cologne was
electron beam of 4.0 MeV served to investigate excited statesquipped with eight HPGe detectors in this experiment. Six
in the energy region above 3 MeV. In a second experiment, af them were equipped with Compton suppression shields.
lower beam energy of 3.3 MeV was used to increase thdwo detectors were mounted at a forward angle of 45° rela-
sensitivity in the energy range around 2 MeV. The targetive to the beam axis and two detectors were at a backward
consisted of 0.9997 g of metallic Mo with an enrichment ofangle of 135°. Four detectors were placed in a ring perpen-
93.77 % in **Mo and 0.4874 g with an enrichment of dicular to the beam axis. With this setup we obtained three
77.90 %. In total, the target thickness was 0.840 g/cRor  angular correlation groups defined by the angles between the
photon flux calibration purposes the target also containedxis of the corresponding detectors of 90°, 180°, and 54.7°,
0.2540 g?’Al, corresponding to a thickness of 0.144 gfcm which are sufficient to obtain angular correlation parameters
The scattered rays were detected with three high-purity Ge Ag, A,, andA, uniquely. A fit of the experimentally deter-
(HPGe detectors, each with an efficiency of 100 % relativemined relative intensities in the three angular correlation
to a 3inx 3in. Nal detector. The detectors were mounted agroups with different hypotheses for the spin quantum num-
angles of 90°, 127°, and 150° relative to the beam axis tders of the excited states and the multipolarities of the decay
get information about the spin quantum numbers of excitedransitions allows the assignment of these observables. As an
states by measuring the angular distribution of the scatteregxample, Fig. 2 shows the determination of E®M 1 mix-
y rays. Figure 1 shows the photon scattering spectrum aig ratio of the 2 —2; transition by comparing the mea-
%Mo taken at incident photon energies Bf<3.3 MeV. A sured intensity ratios in the angular correlation groups to the
1" state at 3128.3 keV and a"2state at 2067 keV were theoretical angular correlation ratios plotted as a function of
strongly excited. the arcus tangent of tHe2/M 1 mixing ratio 6.
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; e FIG. 3. Data used for the determination of the spin quantum
P . numberJ=3 for the level at 2805.0 keV in th&Zr(a,n)*Mo
00=" . ! ‘ =~ experiment. The solid squares show the measured relative intensi-
-1 0 1 ties of the 1231-703-ke\yy coincidence from theJgos yov— 41
atan & —27 yvy cascade for five geometrically independent coincidence

groups. The coincidence groups are labeled by three integers, which
FIG. 2. Determination of multipole mixing ratios from angular denote in units ofr/4 the angles between the observation direction
correlations in the3-decay experiment. Shown are the theoreticaland the beam and between the planes defined by the beam and by
intensity ratios of the 180° and 90° angular correlation groupsthe y-ray direction. The lines represent the least-squares fits for the
W(180°)MW(90°) (solid curve and the intensity ratios of the 54.7° spin hypotheses]=3 and 2. The Gaussian widtlr of the
and 90° group¥V(55°)/W(90°) (dashed curveas a function of the  m-substate distribution and thEg.s ,.v—4; multipole mixing ra-
arctangent of the multipole mixing ratidfor a 2t —2*—0" cas-  tio & were treated as free parameters.
cade. The straight lines give the experimental results for these ratios
from the Z —2; —0; cascade. It is clear from the diagram that spectrometer was equipped with five detectors with BGO
for only one M1/E2 mixing ratio of §=0.15(4) both intercept Compton suppression shields and GREROBALL CLUSTER
points for the two different angular correlation ratios agree withingetectof{47], which has high efficiency due to its high crys-
the errorbars allowing a unique determination of the mixing ratio. 5| volume and use of the addback mode. Gamma-singles
spectra were incremented on hard disc, andcoincidence
C. %Zr (a,n)*Mo experiment events were recorded on magnetic tape with an average co-
incidence event rate of about 4000 events per second in the

: . . first experiment and 6000 events per second in the second.
1 94
evaporation reactio'Zr(«,n)*Mo at the Coulomb barrier Spin quantum numbers of excited states and multipole

were also performed at the Cologasiriscube comcujence mixing ratios of transitions were determined fropy angu-
spectrometer. We performed these measurements in order Ité)

populate medium-spin states about one to two MeV abov? r correlation measurements, but the situation is different
the yrast line in%Mo. We used two different beam energies o that in the-decay experiment. In in-beam measure-

= . ments the beam defines a quantization axis. For that reason
gf Ifﬁe_ Cltilg/li\é iﬁAtiE%eZéggjggrbﬁgTh;V%fsf%?(p“;ﬂ we obtained five angular correlation groups defined by three
myent with 13 MeVa-particle beam enérgy and a bearg cur angles: the angleg, , of the two detector axis relative to the
§ . . ) i h he pl
rent of about 3 pnA we used an 11-mg/crirconium target, beam axis, and the angiebetween the planes spread out by

which was enriched iP1Zr to 64% with a 60-mg/ch B the beam axis and emission directions of $heays. Figure 3

. . ._shows the relative intensities of the decay transition of a state
backing. The beam energy was optimized to the reaction y

cross section. Calculations using the program cosieCADE at_an_ excitation energy+of 28(_)5.0-kev to thé. state in
[46] show a nearly maximum cross section for {laen) re- coincidence to the #—2; transition. The experimental de-
action channel at this beam energy of more than 500 mygermined intensities were fitted with angular correlation func-
whereas the ¢,2n) channel opens at about 15 MeV. The tions using different spin hypothesés-2,3. TheJzgs o kev

OSIRIS spectrometer was equipped with ten HPGe detectors®41 multipole-mixing ratios and the Gaussian widi of
in this experiment, six with Compton suppression shieldsthe m-substate distribution were treated as free parameters.

The %Zr(a,n)*Mo reaction atE,=15 MeV leads to a The hypothesis]=2 for the 2805.0-keV level cannot ac-
maximum excitation energy d"=9.2 MeV for the reac- CcOunt for the observation for arii 3/E2 mixing ratio of the
tion product Mo and a grazing angular momentum of 41 —2; transition whereas the hypothesis 3 with a pure

L graz= 10%. 47 -2 E2 transition describes the data well. We obtained

The second experiment with a 12 Mevbeam was per- the best agreement for a larggé2/M1 mixing ratio of
formed with a beam current of 40 pnA due to the lower 8(33g05.0 kev—41)="7.6"3¢, i.€., this transition has mainly
reaction cross section of about 140 fd®]. For this experi- E2 character.
ment a zirconium target with a higher enrichment in Lifetimes were extracted in th&'Zr(a,n)%Mo experi-
917r, 89%, and a thickness of 130 mg/€mwas available. ment using the DSAM43]: The effective lifetimes of sev-
The beam energy was optimized for the population of low-eral short-lived states were extracted from the line shapes of
spin states because the aim of these experiments was theeir decay transitions, observed at a forward angle of 45°

investigation of low-spin MS states. In this experiment theand a backward angle of 135° relative to the beam axis.

Experiments using the “complete” cold fusion-
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Because of the large number ¢fray lines in the singles addition, McEllistremet al. performed ,n’y) and (h,n")
spectra, it was not possible to determine lifetimes from thesexperiments to discover and assign excitéddates in Mo
spectra. Thus we analyzed the Doppler-shiffethys in co-  isotopeq51]. In that work the § state in Mo was inves-
incidence with depopulating transitions. tigated, but no higher-lying 0 states were identified.

The energies ofy rays emitted during the stopping pro-  The %Mo(n,n’y) measurements presented here were
cess of the recoil nucleus are dependent on the ahgfehe  performed at the 7-MV electrostatic accelerator of the Uni-
detector relative to the actual direction of motion of theversity of Kentucky. As a neutron source we used the

nucleus and the velocity(t) at the emission tim& 3H(p,n)3He reaction. The protons passed through a molyb-
denum foil into a gas cell 30 mm in length and 6.5 mm in
Ey(t):EO 1+ v(t)cosﬁ). @) diameter containing’H at a pressure of nearly 1 atm. The
Y c beam current of the proton beam wa2 and the energy

0. _ ) spread of the neutrons was about 60 keV. The proton beam
E, is the unshiftedy-ray energy and the speed of light. The a5 pulsed at 2 MHz with a beam pulse width of 10 ns, then
velocity v(t) is time dependent due to the stopping processgunched to a 1-ns pulse width.
in the target and includes averaging over recoil angles. A The cylindrical sample contained 36.617 g of metallic Mo
program based on the codesAsToP[48] (also seg43])  powder, isotopically enriched ir*Mo to 91.59 % and
was used to simulate the stopping process of the recoilingacked into a polyethylene container with a diameter of 26
%Mo nuclei in the target. mm and a height of 52 mm. It was suspended in the neutron

The mean recoil velocity of thé'Mo nuclei forE,=15  flux at a distance of 65 mm from the end of the gas cell.
MeV was v=0.38%c. The average stopping time in the  Gamma rays were detected with a Compton-suppressed
Bi-backed °'Zr target is about 700 fs in this case. We usedHPGe detector with an efficiency of 55 % relative to a 3in.
the parameterp43] f,=0.7 for the nuclear stopping arffd  x 3in. Nal detector. The HPGe-detector and the BGO annu-
=1.03(0.81) anda=0.579(0.611) for the electronic stop- |us detector were shielded against the neutron beam and
ping in #'Zr(**Bi), wheref, anda were fitted to the semi- background radiation with boron-loaded polyethylene, cop-
empirical stopping powers from Re#9] with slight modi-  per, and tungsten. The distance of the HPGe detector from
fications as described in detail [43]. the center of the sample was 1176 mm. To monitor the neu-

As an example, the analysis of the nearly completelytron flux incident on the*Mo sample, we placed a Hansen-
Doppler-shifted transition of the *3 state at 2965.3 keV to  McKibben long counter at 90° relative to the axis of the
the 2, state yielded an effective lifetime afz=200(30) fs. incident beam at 3.8 m from the sample.

The effective lifetime represents an upper limit for the life-  Time-of-flight techniques were used to discriminate be-
time of the 3" state at 2965.3 keV because of an unknowntween the prompty rays from the ,n’y) reaction in the
sidefeeding. The measured Doppler shifts of the-22; sample and backgroundrays. Further details about the neu-
transition show that the assumption of a prompt sidefeedingron scattering facility, the time-of-flight measurements, neu-
cannot be correct. From the low-energy photon scatteringron monitoring for normalization, and data reduction tech-
experiment and then(n’y) experiment with a neutron en- niques have been described in R&?2].

ergy of 2.4 MeV, where sidefeeding of thg Xtate can be In total, we performed fourr(,n’y) measurements on
excluded, a lifetime of the P state of7=50.8(43) fs was 9Mo. Angular distribution experiments with neutron ener-
determined, whereas the lineshape analysis of the spectgfes of 2.4, 3.3, and 3.6 MeV were performed in which the
from the (@,n) measurement yielded an effective lifetime of rays emitted from the target were detected at 13 different
Te=170(30) fs. Thus the only way to determine absoluteangles from 40° to 155° relative to the beam axis. These
lifetimes from this experiment is to employ the assumptioneXperiments served to permit the measurement of lifetimes
of an equal sidefeeding time for all low-spin states in theof low-lying excited states from analyzing Doppler shifts
energy range around 2—3 MeV. Using this assumption with &sing the DSAM. They-ray peaks have centroids with the
sidefeeding time ofsz=80(20) fs determined from the data angular dependence
for the 2 state, for the 3 state at 2965 keV we obtain a

short lifetime of7=80(30) fs[2]. The uncertainty is the sta- E.(6)=E°
tistical error. Not considered here is the uncertainty in the 7 7
stopping power which we assume to be about 10%. The .

0 . _ . .
uncertainty in the determination of absolute lifetimes was thé’vIth E, the unshiftedy-ray energy,0 the emission angle

most significant motivation for the additional experimenterIaﬁVe to the incident beart,,(6) the centroid energy of a

performed on®Mo using inelastic neutron scattering, which y-ray peak at the angle, _andF(r) the Doppler shift attenu-
are described in Sec. Il D. ation factor. The theoretic®l(7) values were calculated us-

ing the theory of Winterbof53], with slight modifications as

described in[54]. The recoil velocity wasv.,=8.863

X 10 “%c in the experiment with a neutron energy Bf,
Experiments or?*Mo with the (n,n’ y) reaction were per- =3.3 MeV andv¢,=9.257< 10 “c in the experiment with

formed in the 1970$50], but no lifetimes were determined E,=3.6 MeV. The measurements were performed at the

and only sparse information about spins of excited stateabove mentioned neutron beam energies to exclude sidefeed-

above 2.5 MeV was available from these experiments. Iring of the states of interest from higher lying states.

1+E(7) U%") cosd ®

D. ¥Mo(n,n’y) experiments
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| E,=1005.5 keV
L F(1)=0.186(6)
1=131(14) fs

E,=3128.5 keV
~ F(1)=0.805(8)
1=9.4(6) fs
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FIG. 4. Determination of lifetimes from Doppler shifts in the (' y) angular distribution measurement. The diagram shows the Doppler
shifts of the 3128.5-keV ground state transition and the decay of the 2870.0 keV level t @t as a function of the cosine of theay
emission angled relative to the direction of the incident neutrons. The experimental value of the Doppler shift attenuatiort {agte
determined from the slope of the best-fit line. Note the Doppler shift of the 3128.5-keV transition of about 4 keV.

As an energy standard we measured the unshiftealys  decay transition to the ;2 state were determined. The left
of a ¥'Cs source[661.6603) kev and a ?’Na source portion of Fig. 5 depicts the normalized experimengalay
[1368.67%6) and 2754.028 keV55]] simultaneously. intensities of the decay transition to thg 3tate versus the

As an example of the lifetime determinations from Dop-emission angle relative to the incident beam axis and the fit
pler shifts, Fig. 4 shows the Doppler shift data for the grouncto even-order Legendre polynomials with the parameters
state decay of the 3128.6-keV level and for the decay tranA,, A,, andA,. The right side showg? for this fit versus
sition from the 2870.0-keV level to the,2state in **Mo. the E2/M1 mixing ratio 8. A fit with the spin hypothesig
The clearly observable Doppler shifts of many decay transi=3 for the 2965-keV level and a sm&R/M 1 mixing ratio
tions of short-lived states allowed determinations of lifetimesgives the best fit.
in the range from a few femtoseconds up to about one ps. An excitation function measurement was performed for
The errors of the lifetimes given in Table | result from both incident neutron energies from 2.4 to 3.9 MeV. The neutron
the statistical errors and the uncertainty in the stoppingnergy was increased in 100-keV steps, and each energy was
power. We assume this uncertainty to be about 10%. measured for 12 hours. The purpose of this experiment was

Multipolarities of decay transitions and spins of excitedto placey rays from the decay of excited states %Mo in
states were also determined from the angular distributions cthe level scheme and to assist in spin assignments of newly
the y rays emitted from thé“Mo sample. The angular dis- identified states. The program codauy [56] was used to
tributions were fit to even-order Legendre polynomial expan-calculate theoretical neutron scattering cross sections of ex-
sions and compared to theoretical calculations with the codeited states in’Mo, which are dependent on the energy of
CINDY [56]. the incident neutrons and the spin quantum numbers. Thus a

Figure 5 shows data from which the spin assignment focomparison with the experimentally determined neutron
the 2965.3-keV level and the multipole mixing ratio of the scattering cross sections gives information about the spins of

100
®l2r t .
E
. 10
£ %
E o0t ]
£ 1k 3
w)
=
g
: e - + ::
=08t Transition 2965.3 2, ] o1 L H ]
1 1 1 1 1 1 . M | L L
-05-025 0 025 05 0.75 -1000 -1.0 0 1.0 1000
sgn(0-90°) cos2(0) multipole mixing ratio &

FIG. 5. Determination of the spin of the 2965.3-keV level and the multipolarity of the decay transition t§ stat from theif,n’ y)
angular distribution measurement. The left panel shows the angular distribution of the 1101.1-keV transition;ttite, Ancluding the
best fit to an even-order Legendre polynomial with the paramétgrs,, andA,. The right panel depictg? for this fit vs theE2/M 1
mixing ratio § for initial spin states ofl=2,3. The experimental uncertainty is obtained from accepfinmglues that yieldyzsxzmerl.
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TABLE I. Levels and transitions it*Mo. The table contains the level and transition energies, the spins

of the corresponding states, relative intensitigs multipole mixing ratioss, and lifetimesr of the excited

states. Those lifetimes, which are marked with “eff,” were only determined in the) experiment and are
effective lifetimes because of an unknown sidefeeding. Uncertainties are given in the last digits. The last
column gives the experiments in which the excited states were observed. “A’ refers to the photon scattering
experiment, “B” to the B-decay measurement, “C” to th@Zr(a,n)%Mo reaction, and “D” to the
9Mo(n,n’ y) experiment. The excitation energies of newly identified states and transition energies of newly
observed transitions are marked with “n.” If two values for the multipole mixing ratiare given, the

determination was ambiguous.

Ey J7 J7 E, l, 8(I7—3I7) T Expt.
(keV) (keV) (%) (fs)
871.0910) 27 07  871.0910 100.0 0 415080) BCD
1573.7214) 4 2§ 7026310 100.0 0.004) 72101000° B CD
1864.31) 25 0y 1864.32) 10.310) 0 402" % BCD
27 993.1(1) 100.910) —2.0(10)
2067.41) 2; 07 2067.41) 15.17) 0 50.843) ABCD
27 1196.21) 100.97) 0.154)
2294.72) 45 27 1423.13) 13.32) 0.088) 109(16) BCD
a7 721.02) 100.02) 0.034)
2393.11) 25 0y 2393.11)  11.1122 0 120" 12 ABCD
25 1521.81)  100.0200  —0.12(3)
25 528.13) 0.71933) -
25 325.13) 0.61(14) -
2423.42) 6; 4, 849.11) 100.0 —0.04(5) >450 BCD
2533.83) 37 27 1662.713)  100.022 0.037) 750 139 BCD
a7 960.13) 81.331) 0.002)
25 669.62) 31.913  —0.03(13)
23 466.43) 57.310) 0.003)
2564.93) a; 27 n1693.97) 11.98) —0.01(10) 22673 CD
4 991.22) 100.08) 0.107323
2610.52) 5, af 1036.82) 100.0 0.004) 640" 150 BCD
2739.91) 17 of 273991 65.413) 0 777) ABD
27 1868.81)  100.0200  —0.12(2)
05 998.22) 4.4410) 0
25 875.52) 24.45) -0.10(2)
25 672.7) 3.0248) -
2768.22) a4y 2f 1896.2)  100.039) 0.023) 15517) CD
47 n1193.85) 71.239 -
n 2780.52) 05 2, n916.22) 100.0 0 480" 3%° D
2805.43) 37 27 1933.94) 7571300  —0.66(14) 508" %3 CD
-17%%
4 1231.23)  100.053 7.6°35
25 940.74) 62.939) 23701
2834.85) (47) 4 1261.15) 100.0 0.067) >1000 CD
3; n30L13)  13.112 0.1210)
5,  n224.25) 7.2(10) 3.3°1%
0.1812)
2870.42) 25 07 2870.42 17.35) 0 131(14) BCD
27 1998.92) 13.1(6) 1.3'54
25 1005.81)  100.036)  —0.05(4)
235 802.62) 26.215) -
2872.42) 6, 6, 449.Q1) 100.0 0.146) >100¢" BCD
2955.53) (87) 65 532.11) 100.0 —0.03(5) 1413) nd BC
2965.32) 3, 27 2094.31) 36.914) 1.1°39 798) BCD
a7 1391.61) 63.024) —0.08(6)
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TABLE I. (Continued.

E, Jr Jr E, I, 8(3IF—J7) T Expt.
(keV) (keV) (%) (fs)
2 1101.12) 100.023  —0.09(6)
25 898.11) 23.012) 2.0°52
0.3925)
2993.13) 2¢ 0y n 2993.010)  6.7688) 0 218'3; CD
27 2122.a3) 63.715) -2.6'95
25 1128.65) 100.038) —-3.45¢
23 n 925.83) 45.026)  —0.07°9%%
3011.52) 3, 27 2140.42) 100.023) 0.035) 320°39 CD
a7 1437.65) 36.727) 0.046)
25 1147.35) 11.515) 0.016)
23 n 944.36) 11.916) -
3; 477.55) 50.917)  —0.10(19)
n 3026.84) ) 3; n 493.42) 60.136) - >780 D
5, n 416.43) 100.036) -
n3072.43) (2,3") 27 n 2201.33) 37.322 - 510" 35° D
2 n1208.12)  100.052 -
3; n 538.57) 11.523) -
3082.43) (33) 27 2211.33) 100.021)  —0.01(6) 980" 399 CD
2; 1218.24) 14.221) 0.095)
3128.62) 1 0; 3128.52) 100.43) 0 9.46) ABD
27 2257.61) 4.2910) 0.74°3%
25 1264.31) 182137  —0.08(3)
25 1061.15) 1.1611) -7.03%,
—0.57(16)
3163.33) (31) 27 2292.22) 100.013) 0.174) 91(10) BCD
3; n358.45) 16.113  —0.35(12)
3165.82) 65 a7 1592.G1) 100.035)  —0.01(6) 46%50) ©f BC
6; 742.22) 29.411) 0.157)
6, 293.41) 79.425) 0.185)
3201.43) (4) 45 906.32) 100.022) 0.006) 632 CD
a4y n 1627.45) 29.422) 0.22)
n3243.15)  (57) af n 1669.45) 100.0 0.7114) 13323 CD
3260.85) 1; 0; 3260.75) 100.0 0 576) AD
3307.14) 23 27 2436.04) 100.0 —4.0°33 580" 299 CD
0.038)
3320.75) ©) (89) 365.23) 100.0 2.23) >1000°" C
n 3331.73) (39 27 n 2460.88) 7.4(11) - 75(9) BCD
47 n1758.02)  100.055  —0.10(3)
2 n1467.33)  47.929 0.3°33
3339.63) 6, 6; 916.21) 100.0 0.027) 182(30) °f BC
n3366.47) (37,4 4, n 1071.65)  100.035) - 880100 C
35 n 401.15) 23.735) -
3366.9100  (5,7) 5, 756.57) 100.0 - >1000°" C
n3371.15) (2,3,4 af n1797.45)  100.073) - 200" §° D
23 n 1303.77) 26.1(42) -
43 n 806.15) 93.276) -
3; n 405.85) 82.6066) -
3389.5%7) 567) 4y n 1094.65) 100.0 —0.01(3) 700180 °f C
n 3398.24) (3,9 af n 1824.%4) 100.0 - 51°3° CD
n 3400.82) - 27 n 2529.73) 100.48) - 334) D

024307-8



COMPREHENSIVE STUDIES OF LOW-SPIN . .. PHYSICAL REVIEW €7, 024307 (2003

TABLE I. (Continued.

Ey J7 J7 E, I, 83737 T Expt.
(keV) (keV) (%) (fs)
25 n 1536.52) 4.2(8) -
3429.19) - 2+ 2558.48) 100.0 - - D
3447.85) ) oF 3447.510) 5.1(3) 0 51%¢ BCD
2+ 2576.55) 100.43) -1.952
—0.08(10)
n 3448.25) (55) 4f n 1874.65  100.066) —0.75(25) 650200 °f C
65 n 576.15) 33.1(66) 0.035)
3511.72) 14 0y 3511.62) 100.a12) 0 138 ABD
2 2640.73) 51.613
05 1770.42) 48.692) 0
n 3532.37) (1,2 07 n 3532.0410) 19.825) - - D

27 n2660.1100 100.079 -
05 n 1789.85) 78.254)

3534.32) 24 0y 3534.04) 5.0955) 0 15040) °f BC
27 2663.22) 100.023) -0.32)
25 1670.41) 56.1(20) 0.1519)
n 3588.37) - 5. n 978.05) 100.0 - - D
n 3693.111) (3,9 27 n2822.115 95(22) - 150(50) ©ff C
a; n 925.85) 10022
3792.83) 2 07 3792.310) 77.820) 0 - B
2 1928.52) 100.0/40) -
24 1399.92) 54.930) -
3805.16) (8,10 9 484.45) 100.0 - >1000°" C
3847.310) (2,39 45 1552.57) 100.0 - 19040) 1 C
3866.84) 9 (8)) 911.34) 100.0 6.6°33 >1000° C
3892.22) (2% 0y 3891.610) 17.49) - - B
27 3021.41) 100.024) -

25 n 2027.92) 22.310) -
25 n 1824.93) 25.910) -
2 n 1499.11) 79.422) -

n 3897.910 (3*,5") 45  n1602.710 100.0 - 11340) C

n 3932.47) (7 6, n 1508.97) 100.0 2.4%28) 18230) ©f C
0.394)

n 4105.511) - 45 n1810.710 100.0 - 13040) ©f C

n 4237.515) - 4;  n1942.712 100.0 - 9040) C

9 ifetimes taken from Ref[57].

excited states. Figure 6 displays the data and calculation fadhe (a,n) experiment, and the neutron scattering measure-
the 2739.9 and 2780.5-keV levels. ment yielded a consistent value for the multipole mixing
ratio of the 2 —2; transition, resulting in predominantly
M1 character. This result shows that a previous
9Mo(p,p’y) measuremenft57,58 was in error.

Experimental information for all the observed levels is 4; state at 2294.7 keWhis state was known from previ-
provided in Table I; those states which are of special interespus experimentgs7]. In addition to the known decay transi-
are discussed in detail below. tion to the 4 state, a fast transition to the; 2state was

25 state at 2067.4 ke\Bpin and parity of this state were observed and supports the spin and parity assignment from
known previously{57]. The spin assignment was confirmed [57]. The spin assignmerdt=4 was confirmed in our angu-
in all experiments, and the positive parity is clear because ofr correlation measurements and positive parity is assigned
a fast quadrupole transition to the ground-state. From théecause a fast12 decay to the 2 state can be excluded.
photon scattering experiment and the neutron scattering exthis state decays predominantly by a stréng transition to
periment withE,,= 2.6 MeV, we obtain a mean value for the the 4, state.
lifetime of 7(25)=50.8(43) fs. The8"* decay experiment, 47 state at 2564.9 keVIhe 4; state was previously

Ill. LEVEL DISCUSSION
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FIG. 6. Excitation function of two excited states fMo popu-
lated by the ,n’y) reaction. Shown are comparisons of the ex-

perimentally determined neutron scattering cross sections to the r&afl
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ment with the data from Ref57]. The spin assignment was
confirmed from our data. For the first time, a decay transition
to the 4/ state was observed. Since this transitions forms a
doublet with the strong 2—2; transition at 1196.2 keV, we
were not able to evaluate ti2/M 1 mixing ratio.

05 state at 2780.5 ke\A new state was identified at an
excitation energy of 2780(8) keV from its lone decay tran-
sition to the 2{ state. Theyy angular correlation measure-
ments allow the spin assignmenis=0,1,2, but from the
(n,n"y) excitation function measurement we assigned
clearly spinJ=0 (see Fig. 6. Because of the rather strong
decay transition to the ;2 state we assume positive parity,
thus this newly observed state is thg 8tate in%Mo.

3, state at 2805.0 ke\A state with spin and parity
=2",3" had been identified at this enery7]. The positive
ty assignment stems from a¥?Mo(d,t)**Mo experi-

sults of a calculation using the codespy [56]. For the 2739.9-kev ~ Ment, Wher? an=0 angular Tomimum transfer was mea-
level, the neutron scattering cross sections are calculated both f&ured for this leve[59], thusJ"=3" was suggested. From

the spin hypothese3=1,2 for the 2780.5 keV level for the spin

hypothesis]=0. The excited state at 2739.9 keV was clearly iden-

tified as aJ=1 state, while the 2780.5-keV level representd a

the angular correlations of the decay transitions to the
27, 4], and 2 states, we assigned spin=3 unambigu-
ously.

=0 state. The angular distribution analysis supports these spin as- 2; state at 2870.0 ke\n an (p,p’) experimenf60] an

signments.

placed at 2566.8 keY57], however, the only recently iden-
tified decay transition is that to the4state with a transition
energy of 993.(8) keV. Thus this peak should form a dou-
blet with the strong 2—2; transition of the same energy.
In the y-ray spectra of theZr(«,n)*Mo and (,n’y) re-
actions, a peak at 9912 keV at the side of the 993.1 keV
2, —2; line was observed. From thegy coincidence data

excited state with spin and parity"=2"* was placed at
28645) keV. In a previous™Mo(n,n’y) experimen{50], a
J7=(2") state at an energy of 287097 keV was observed.
The observation of an excited state at 287®.&keV with
spinJ=2 in the B-decay experiment, in th&'Zr(«,n)%Mo
reaction, and in ther(,n’y) study provides evidence that
this state is the same state which was observed ingh#' {
measurement at 2868 keV and in the previonq(y) ex-
periment at 2870.7 keV. Positive parity can be confirmed

we can interprete this peak as arising from the decay of abecause a fast ground state transition was observed.

excited state at 25643 keV to the 4 state. From the
(n,n"y) data, we established a smg/M 1 mixing ratio for
the transition to the # state for the spin assignmeht4. In
addition, we observed a decay transition to thestate with
about 12 % the intensity of the transition to thg dtate. The

3, state at 2965.3 keVThe spin and parity assignment
was done in[2]. The 3" —4,2; transitions have almost
pureM 1 character, whereas the 3-2,2; transitions may
have considerablE2 admixtureqsee detailed discussion in
Sec. V). A lifetime of 7=79(8) fs was determined in the

best fit for a small mixing ratio consistent with zero for the (n,n’y) experiment in agreement with the value from the

spin hypothesis]=4 confirms the spin and parity assign-

ment 4". Thus we identify the excited state at 2568)%keV
with the 4; state.

9Zr(a,n)**Mo experiment corrected for unobserved side-
feeding of 7, (35 )=80(30) fs[2].
3, state at 3011.5 keVrhe data from the 4,n) and

1, state at 2739.9 keVhis state was known before as a 9Mo(n,n’y) experiments confirm the spin assignmeht

J7=(1,2)" state[57]. In our recent publicatiofl] spin and

=3 from [57]. Our data allow negative parity due to small

parity J7=2" was assigned to this state from the analysis ofmultipole mixing ratios of the transitions to thg¢ 2 2 , and
the angular distribution data in the photon scattering experi4; states which are consistent with zero, thus allowing pure

ment, whereas the-ray line from the ground state decay,

E1l transitions. The negative parity was determined from a

from which the spin was determined, was a doublet with the®’Mo(p,t)®**Mo experiment, where an angular momentum

2734.9-keVy ray of the calibration standard’Al in that

transfer ofL=3 was measured for a state at 3012 keV

measurement and very weak in intensity. Thus this state wg%1], which can be identified with the excited state at 3011.5

interpreted as the 2 state in[1]. The data from the
9Mo(n,n’y) experiment yielded clearly spih=1. Positive

keV.
1, state at 3128.6 ke\In the photon scattering experi-

parity is strongly favored due to the strong population of thisment a strong dipole excitation at 312&BkeV was ob-

state in theB decay experiment with a lodt value of
log ft=5.1 for the 8 decay from the (2) isomer of %Tc.

served. Positive parity was already known for this state from
previous f,p’) and d,d’) experiments[62], but spinJ

Therefore, we reassign the state at 2739.9 keV as fhe 1=2 was assigned in those measurements. The angular distri-

state.

butions of they rays in the photon scattering and the

4; state at 2768.2 ke\This state was observed in agree- (n,n’ y) experiments give clear evidence for a dipole excited
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state. TheB-decay experiment yielded the branching ratios 1.0

shown in Table | for the four observed decay transitions of Z 08

the 1, state and the corresponding multipole mixing ratios. ; 2%

The decay to the 2 state represents a nearly pivel tran- Py 0.6

sition. The decay to the 2 state has a highd2 admixture E 0.4 +2$'
associated with a larg&t2/M 1 mixing ratio. No clear value 2 0.2 o | 2% 7 . ]
for the E2/M1 mixing ratio of the § —2; transition was = a) 2l //237 w1

0.0

established, the data yielded two different values pointing to

+
someE2 admixture. In thé”Zr(a,n)*Mo reaction no decay ) 21
transitions of the I state were clearly identified. % 10® R

1, state at 3260.8 ke\An excited state with spin and bt 23 s
parity J”= 1" was found previously at 326387) keV [57]. 8 02 ot | ot Rg 27 Rg
In the photon scattering experiment with an endpoint energy = 2| =4 2;///
of the bremsstrahlung spectrum of 4.0 MeV, we observed a b) 1 I - E2
state with spinJ=1 at 3260.85) keV. The fact that this state 0 2000 4000
was not observed in thg-decay experiment gives an indi- Excitation Energy (keV)

cation of negative parity, because negative parity states were
populated very weakly compared to positive parity states. FIG. 7. Measured2 andM1 strengths relevant for the identi-
Also in the (h,n’ y) experiment a ground state transition of a fication of the 2 ¢ state in®*Mo. Panel(a) shows theB(M1;2"
J=1 state at the same energy was observed. Since no hint27) values for the seven lowest identified nonyrast gtates,
for another dipole excitation was found in this energy regionand panelb) shows theE2 excitation strengths for all clearly iden-
we identify the 3260.8 keV state with the Istate. tified 2* states. The error bars are displayed as boxes.

1§ state at 3511.7 ke state with spinJ=1 was ob-
served in photon scattering, in tiedecay experiment, and
in the excitation function measurement with ther{’ y) re-

[(27]IM1]|23)|=1.7(1)uy, Which agrees with the predic-
tions of the IBM-2 for a oné&Q-phonon MS state. Therefore,
action. The state was not populated in tier(y) angular W interprete the 2 state as the on@-phonon 2 state.
distribution measurements, because it lies too close to thB€cause no other2state shows a comparable strokigl
highest used neutron energy of 3.6 MeV. No informationdecay to the 2 state, the 2, state in®Mo is nearly un-
about the multipolarity of the transition to the Xtate was ~fragmented.

determined. We identify this state with tH6=(1,2") state The E2 excitation strength distribution, shown in the
at 3512.711) keV from [57]; thus we assume a probable lower half of Fig. 7(remark the logarithmic scaleis domi-
positive parity. nated by the 2 state, thepn symmetric oneQ-phonon ex-

citation. The excitation strength of the; 2 the 2, state
amounts to about 10% of the 0-2; strength, but, on the
other hand, it is about one order of magnitude larger than the
In the following we discuss the identification of the one- E2 excitation strength to the;2state, which has the charac-
Q-phonon mes state and the 1,2, and 3" two-Q-phonon teristics of a symmetric tw®-phonon state. This gives evi-
MS states in®Mo with the structure (2©2; 9 from the  dence that the 2 state represents a of@phonon state.
measurement of absolute transition strengths. A comparisoNone of the other observed*2states above the ;2 state
of our data to theoretical predictions in the framework of theshows a comparably strorR excitation strength.
IBM-2 will be given. Some discussion about the identifica-
tion of MS states in®*Mo was recently published by our B. Identification of the two-Q-phonon 1, state
group[1-3]. Later, we will briefly show an interpretation of
the observed MS states in the spherical shell mgdeand
in the quasiparticle phonon modé&PM) [5,6] from recent
work.

IV. MIXED-SYMMETRY STATES

Three 1" states have been identified #iMo. The total
M1 strength from the ground state to thé dtates at 2739.9,
3128.6, and 3511.7 keV isEB(M1)]=0.67(7)ud,
whereas the 1 state at 3128.6 keV represents the strongest
fragment. Figure 8 shows tHd1 excitation strength distri-
bution in ®*Mo. The weighted average energy lies at 3.2

Figure 7 displays measure&2 and M1 transition MeV. These data fit well into the systematics of the dcis-
strengths which are relevant for the identification of the onesors mode observed so far. From the empirical formulas
Q-phonon {ms state. For the 2 state theE2 excitation [26,37,39 extracted from data for the 1 state in the rare
strength has been taken frdsi], all other data are from this earth region, we expect the! 1scissors mode i*“Mo at an
work. excitation energy of 3.2-3.5 MeV with a total excitation

The top half of Fig. 7 depicts thel 1 transition strengths  strength of8(M1)1~0.55 12. This agrees with our obser-
of the lowest seven observed nonyrast &tates to the 2 vations within two standard deviations.
state. Only the 2 state decays via an enhanded. transi- Moreover, the § state shows clear signatures of a t@o-
tion to the 2 state with a transition matrix element of phonon MS state as predicted in the IBM-2: According to the

A. One-Q-phonon 2 ¢ state
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FIG. 8. MeasuredM 1 excitation strengths of all observed 1
states relevant for the identification of thélstate in®Mo. The
15 state dominates thid 1 strength distribution. The boxes give the
error bars.

Q-phonon schemgsee Eqgs(2)—(5)] the MSQ phononQ,,
is annihilated both in the 2,05 and in the 27
transition, respectively. Therefore, the,d-2; decay
should be a weakly collectivE2 transition. In fact, we get a
transition strength oB(E2;1; —2;)=0.72"33 W.u., and
only a smallM1 admixture in agreement with tlig-phonon
scheme. The J1—2; . decay results in theQ-phonon
scheme from the annihilation of the symmetephonon
Qs. Thus we expect this decay to be a collectiz2 transi-
tion. The ®Mo(n,n’y) experiments yielded two different
E2/M 1 mixing ratios. One is consistent with nearly p&2
radiation. Under the assumption of puE® radiation, we
determine anE2 transition strength comparable to the
strength of the collective 2—0, decay. The latteE2/M 1
mixing ratio yields anE2 strength of B(E2;1; —23)
=5.9"33 W.u. Therefore, in any case, thg2 transition
strength of the £ —23 decay is larger than 3 W.u., giving
evidence for the expected collectivity of this decay.

For v soft nuclei,M 1 transitions obey selection rulg&3]
with respect to thel-parity quantum numbetry=(—1)"e,
i.e., the number o®-phononsng modulo 2 does not change.
According to Egs(2)—(5) the M1 transitions from the I
state to the 2 and 2 ¢ state, respectively, amparity for-
bidden, whereas the 12, transition is allowed. The ;.
state possesses the strongest-42; M1 decay of the ob-
served I states, characteristic for a tw@-phonon 1. state
(see the upper part of Fig).9The measured ratio of thd 1
strengths of the 1 —2; and 1, —2; transitions amounts to
0.03, well confirming thed-parity selection rule on a few
percent level. Due to the ambiguoE2/M 1 mixing ratio of
the 1; — 23 transition a similar confirmation for theparity
selection rule foiM 1 transitions is not possible for this de-
cay. To conclude, we identify the,1state as the main frag-
ment of the twoQ-phonon T state in®*Mo [1].

C. Two-Q-phonon 23 state

At an excitation energy of 2870.0 keV the Xtate was
observed. In our recent publicati}8], this state was desig-
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FIG. 9. M1 transition strengths from the;2state to I~ states
(upper pang| 2* stategmiddle pane), and 3" stateglower panel
in ®Mo. The bars give the transition strengths, and the open boxes
show the experimental uncertainties. No transitions from the
135, 23,25, and (3) states to the 2 state were observed. For
the 2; state at 2393 keV, only an upper limit for thél transition
strength was determined. Thg 127, and the 3 states can be
clearly identified as tw@-phonon MS states.

the data from the recently performédMo(n,n’y) experi-
ments clearly show that the 2739.9-keV level represents a
J=1 state.

The 2 state at 2870 keV is identified as the two-
Q-phonon 2, state, because it is the only observet! 2
state fulfilling the signatures from the IBM-2 for this state: It
decays with a stroniyl1 transition to the symmetric;2state
with a transiton matrix element of|(2;[M1]22)]
=1.16(6) uy -

In our measurements otfMo we were able to observe a
total of ten 2" states. For seven of these, we obtained life-
time information. The lifetime of the 2 state was previously
known. The highest observed®2states, the @ state at
3792.8 keV, and the () state at 3892.2 keV, were only
observed in the3-decay experiment; therefore, we have no
lifetime information for these states. From the lifetimes, the
measured branching ratios, aB&/M 1 multipole mixing ra-
tios, we deduced thé1 transition strengths for the;2
— 2, transitions. We determined the tate as clearly hav-
ing the largesM 1 transition strength to the;2state(see the
middle part of Fig. 9. In addition, for a twoQ-phonon 2
MS state, we expect a weakly collectiz? decay to the 2
state from the annihilation of the MQ phononQ,,. In fact,
we determined a weakly collective;2+2; E2 transition

nated as the @ state due to the erroneous interpretation ofstrength. Due to the large errorbars of tB&/M1 mixing

the 2739.9-keV level as thel2state discussed above. But

ratio of the Z —23 transition, we cannot give a definite
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FIG. 10. Decay transitions of the;3state including the transi-
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from Fig. 10, all decays are consistent with a MS two-
Q-phonon interpretation of the,3state, to which we, there-
fore, assign MS character.

E. Possible 4 and 0t MS states?

Both the 4, and the 4 states show stronil1 decays to
the 4 state. For the 4—4] transition, we determined a
large M1 strength ofB(M1;4; —4;)=1.23(20) u2 . This
transition is the stronges¥i1l decay found in®*Mo. The
47 —27 E2 strength amounts t8(E2;4;, —2;)=5.9"%9
W.u., pointing to a rather collective transition. The combina-
tion of a strong 4 —4; M1 transition and a collective 4
—27 E2 transition falls out of thed-IBM-2 scheme. Prob-
ably it is related to the excitation @fbosons in terms of the
IBM. Indeed, recent calculations by Lisetskgy al. [4] re-
produce the 4 —4; M1 transition strength in the spherical

tion strengths relevant for the clear identification of this state as $hell model with dominant components of seniority 2 in
two-Q-phonon MS state. The solid arrows stand for transitions havthe 4, state’s wave function pointing a-boson character.
ing predominanthE2 character; the dashed arrows represent thosé his is discussed in Sec. IV G 2.

with M1 characterE2 strengths are given in Weisskopf unitg;1
strengths are in.

value for theE2 strength of this decay. We determined an

upper limit of B(E2;24 —23)<140 W.u. This agrees with
the collectiveE2 transition expected for the;2.—27 s
transition.

The 4; state at 2564.9 keV decays to thg gtate with a
transition matrix element of(4; [M1]|43)|=1.44(22)uy.
We can, furthermore, give an upper limit for tB@ strength
of B(E2;4; —4,)<14.6 W.u. Therefore, it is possible that
the wave function of the # state contains components of a
symmetric threeQ-phonon state with the structure (2

+ s .
These observations lead to the conclusion, that the 2 ©2; ®27)* . However, a transition to the dominantly sym-

state has the properties of a t@phonon g ms State[3]. It

metric two-phonon 2 state was not observed. This contra-

should be stressed that this is the first identification of a twodiCts & symmetric three-phonon interpretation. Instead, the

Q-phonon 2, state from absoluté1 andE2 transition
strengths.

D. Two-Q-phonon 3% state

The 3; state at 2965.3 keV can be clearly identified as th

3% two-Q-phonon MS state from its decay propertied
(see Fig. 10 StrongM 1 decays with matrix elements of the

order of about 1uy were observed for the decay transitions

to the symmetric twa@-phonon states. Using the lifetime,
the branching ratios, and tHe2/M1 mixing ratios, we de-
termine that both the decay transitions to the ate and to
the 4, state represent strorig 1 transitions with transition
matrix elements of [(2,[M1]3;)|=1.30(8) uy and
[(47IM1]35)|=0.72(5) uy, respectively. These large ma-
trix elements are signatures for MS charac¢sere Fig. 1D In
addition, the bottom part of Fig. 9 depicting the; 2
—3" M1 transition strengths of all observed 3:2, tran-
sitions shows that the33 state is the only level exhibiting
this clear characteristics of g,3state.

The 3; —2; E2 transition is weakly collective with a

transition strength of about one Weisskopf unit. Such a value

is actually expected for a transition from a t@phonon
MS state to the 2 state due to the annihilation ,,. The
3, — 25 transition is consistent with a collecti&? strength

45 —2] decay represents a weakly collecti&€ transition

with B(E2;4; —2,)=1.1(3) W.u. Thus the # state is a

candidate for a tw&-phonon 4" MS state. But a decay to
the 2; state, the 2, state, was not identified. This may be
a result of the low transition energy for an expecte{l 4

e—>2§ decay. From the neutron scattering data, an upper limit

for the 4, —25 E2 strength of about 50 W.u. can be esti-
mated, which leaves a collectivg 4-2; transition possible.

For another short-lived 4 state, the 4 state, the inter-
pretation is unclear. Assuming a pukél decay, we deter-
mine an M1 transition strength of B(M1;4; —4;)
=0.090(11),uﬁ,, for pure E2 radiation anE2 strength of
B(E2;4; —4;)=36"3 W.u. The decay to the 2 state has
anE2 strength ofB(E2;4; —2;)=4.9"3I w.u.

Besides the § state at 2780.5 keV, which will be dis-
cussed later in the context of symmetric th@ghonon ex-
citations, no further 0 state was identified. Therefore, we
g?ve no information on the existence of & BS state in

Mo.

F. Conclusion for two-Q-phonon MS states

As a conclusion, Fig. 9 shows the obsenid transition
strengths from the 2 state to the 1, 2*, and 3' states in
%Mo plotted versus the final level energy. Remark the nearly

with tens of Weisskopf units as expected for a transitionidentical M1 transition strengths from the,2state to the

resulting from the annihilation dDs. The uncertainty of the 15, 24, and 3 states and the closeness in excitation en-
multipole mixing ratio is, however, large. As can be seenergy of these three states. No further excited states exhibit

024307-13



C. FRANSENEet al. PHYSICAL REVIEW C 67, 024307 (2003

TABLE Il. Comparison of analytical IBM-2 predictions in the the IBM-2 predictiong65] in the U5) and Q6) dynamical
U(5) limit and in the @6) limit with the core *°°Sn for M1 symmetry limits. The good agreement of most of the data
strengths of MS states with experimental data ®¥io. Orbital with the predictions, both in the (8) and Q6) dynamical
Vfﬁ'”es’ngl “ﬁ andg,=0 uy, are used for the bosapfactors.  gymmetry limits, shows that these observables are not par-
All M1 strengths are given ipy . ticulary sensitive to the symmetry character along ttig)Y

Observable ®) 0(6) Expt. 0O(6) transitipn. However, the 1.0 trgnsitiqn found .to.be
large experimentally cannot be described in th@)Uimit
B(M1;1}—07) 0 0.16 0.160° 9912 while it is well accounted for in the ®) limit. In fact, by
B(M1;1,2;) 0.33 0.36 0.4®) using the Ginocchio sum rule for tHd 1 strength[66] and
B(M1;2],s+21) 0.23 0.30 0.56) the totalM 1 strength oB(M 1)1 =0.67(7) u3 observed be-
B(M1;2;,5-2;) 0.09 0.10 0.2®) low 4 MeV in **Mo one gets a ratio of 46)% d-bosons in
B(M1;3147) 0.12 0.13 0.078.0) the IBM-2 ground-state wave function. This largeboson
B(M1;3,s25) 0.16 0.18 0.28) contribution to the ground-state wave function excludes

%Mo as a pure (B) nucleus, whereas the ground-state
should contain 33%g-bosons in the ) limit. An analysis
the clear signatures of twQ@-phonon MS states, as dicussed of the d-boson ratio of the ground state and thg &tate in a
before. Thus the JL, 25, and 3 states represent members recent publication of Smirnovat al. [7] indicates *Mo to
of the two-Q-phonon multiplet of MS states with a moder- pe a transitional nucleus between thé0and U5) limits,
ately harmonic coupling because their excitation energies arngut closer to the @) limit. The predictions from{65] are
close to the sum energy of thg 2and 2 ¢ states of about widely independent of Hamiltonian parameters and are
2940 keV. simple analytical expressions, which involve the boson num-
bers and the parameters of the transition operators only.

G. Model calculations for MS states The possible absence of & @wo-Q-phonon MS state as
stated above further supports the6D interpretation of
%Mo, for which such a (i state is predicted to be missing

It is natural to compare the data to the analytical predicfrom the twoQ-phonon multiple{65]. On the other hand, a
tions of the dynamical symmetry limits of the IBM. For the o] state exists i?“Mo at nearly exactly twice the excitation
description of %Mo we consider the doubly closed-shell gnergy of the 2 state. This is not expected in thé@limit.
nucleus °Sn as the core and usé, =4 proton bosons and gyt since there is no lifetime information for the) Cstate
a single nge4utron boson. Due to the small number of ValenCBecause the only decay transition to thg &tate forms a
gigfﬁg?ns’ th'\goszjrgl)oglc:ngqeet?t Irrr]n?tsf‘ only weal;l?/ deforme:fj doublet with the 2 —0; transition, the structure of the;0

9 y Y or reasonable compart- .0 g unclear, it could also be an intruder state outside of
son. The unusual low excitation energy of thg dtate with the scHBM-2 space
an R,, value of only 1.81 indicates noncollective compo- Table Il summa.rizes the experimental determirdd

nents in the 4 state. ThisRy vaLu(g:) is somewhat below  ,hqE5 transition strengths relevant for the identification of
those eéfﬁ?ded for the(B) limit (R;;"=2.0) and the @)  gne- and two@-phonon MS states if*Mo in comparison to
limit (R, =2.5). A good destinction between thédJand  the predictions in the ®) limit of the IBM-2 (third column.

O(6) limits is given by theK, value[64], which yields 1.0 in  The qualitative agreement gives evidence for the MS inter-
0(6) and 1.32 in W5). The experimental value fot*Mo is pretation of the 2, 15, 24 , and 3 states.

K3PPro*= 1147318 which is inconclusive on the symmetry
character due to the large uncertainty. Therefore, we compare
the data on electromagnetic transition strengths to both the
U(5) and Q6) predictions. In recent publications the identified MS states %Mo
We reduced the number of parameters inkth& andE2  were studied microscopically within the spherical shell
transition operators by restricting them to the proton partsnodel[4] and in the quasiparticle-phonon mod8|6]. Both

1. IBM-2 predictions

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

alone: calculations are consistent with our experimental data and
confirm the MS interpretation of these states from the
T(M1)=3/4m-g,L, (99  IBM-2. The results of these calculations will be presented
and we will compare them to our results.
T(E2)=e,Q,. (10 Calculations in the spherical shell moddl] were done

with the HamiltoniarH =H,+V, wheread, represents the
L. andQ, are the standard proton angular momentum opimean field Hamiltonian an¥ the residual surface delta in-
erator and the proton quadrupole operator in the vibrationaleraction(SDI) [67]. ®8Sr was chosen as an inert core, con-
limit ( x,=0), respectively. We accept the orbital valge  sidering four proton particles in the proton shettgg, and
=1 uy for the proton bosowy factor, leaving the effective wp,,. Because of the Pauli principle, this problem is
quadrupole boson chargeg =9 efm? as the only adjustable equivalent to the consideration of the doubly closed shell
parameter. nucleus'®Sn as an inert core with eight proton holes in the

Table Il compares some measured lakgé strengths to same shells.
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TABLE lll. Comparison of measured1 and E2 transition  strength of the 3, state turned out to be spread over the first

strengths of the 2, 25, 3, , and 1 states to predictions in the  three 3" states, which is an indication of the limit of this
O(6) limit of the IBM-2 (third column) for the 2 s, 25 s, 3 approach for states close in energy.

and 17 states. Many tr.ansition strengths are reprozduced on an ab- Finally, we want to stress that the strongbkt transition
solute scale using a single free parametgr=9 efm=, only. M1 observed in%Mo, the 4/ —4! M1 decay, cannot be de-

strengths are given ir/u,%, and E2 strengths in W.u. In addition, . ) . ) N
columns 4 and 5 give the results of microscopic calculations 1‘0|SCrlbecj in thesd-IBM-2. A possible explanation for the;4

these states in the spherical shell mo@W) (from [4]) and in the ~ State is the interpretation as a one-phonon MS state resulting

QPM (from [5]). For E2 transitions the correlation between Weis- from a g-boson excitation, which then would be the first
skopf units ande? fm? is given by 1 W.u=25.39e? fm* for A observation of a MS state in tlggboson sector, but further

=94. If two values for the transition strengths are given, the mul-theoretical investigation in the IBM-2 is needed for a clear

tipole mixing ratio was ambiguous. identification of this state in the IBM-2. On the other hand,
the 4, —4, M1 transition was reproduced in the shell
Observable Expt. IBM-2 ~ SM  QPM  model. The shell model result oBgy(M1;4; —4])
B(M1:2¢ —27) 0.565) 0.30 051 0.20 \Tallﬁzgﬂﬁ [4] is in good agreement with the experimental
1+ + +0.011 .
B(leliﬁoi) 0160-00r0 016 026 0.08 The QPM calculation$5,6] were able to reproduce the
B(M1;1;, —27) 0.0123) 0 0.002  0.003 i
B(M1;1; —23) 0.443) 0.36 046 042 MS character of the 2,1, and 3 states. In the more
s recent publicatiorj6], the agreement with the experimental
B(M1;1, —23) <0.05 0 0.08 0.003 . - . .
B(M1-2: -27) 0.0017" 00010 0 0004  0.008 data is even better than in the first ofg. Lo I_ud!ce and _
st 0.0012 Stoyanov were able to reproduce both the excitation energies
B(M1,23—>22+) 0.273) 0.100 0.17 0.56 and the transition strengths for several low-lying states in
B(M1;25+—>23+) <O'+106003 0 0.06 %Mo in their microscopic calculationdor a comparison of
B(le’i%z}#) 0.006- 004 0 010 = 0.004  the transition strengths, see Table.IThe 2! state was pre-
B(M1;3; —4;) 0.07810) 0.13 0.058  0.12 dicted to have 95% of the structure of an isovector or MS
B(M1;3; ~2;) 0.243) 018 009 017  one-phonon state. The calculated energy of 1940 keV
B(M1;3;, —23) 0.021°5075 0 0.001  0.006  matches rather well with the experimentally determined en-
0.092) ergy of 2067.4 keV. The L and 3, states were calculated to
B(E2;0; —2;) 80(1) 91.9 82.7 814  contain large two-phonon MS components of 90% and 87%,
B(E2;0; —23) 11.010 5.9 827 394  respectively, and good agreement of the excitation energies
B(E2;0; —27) 0.70°3%8 0 145 169  was achieved.
B(E2;25 —27) 4.9739 0 0.001  0.039 In addition, in the first publicatiof5], the wave function
B(E2;1; —27) 0.72+52% 1.9 051 299 of the 2 state was predicted to contain 75% of the mixed-
B(E2;1; —25) 0.99" 522 0 0.055 0.35  symmetry two-phonon 2 state, even before our recent pub-
B(E2;1; —23) <27 21.9 8.98 29.1 lication identifying this state from measurdd1 and E2
B(E2;2¢ —27) 0.40" 513 0.626 1.8 3.31  strengthg3]. The more recent calculatidi6] predicted two
B(E2;24 —23) 04153 0 1.2 2" states at 2730 and 3014 keV with 27% and 59% MS
B(E2;2; —27) <140 16.9 55 225 two-phonon structures, respectively; i.e., in this case the MS
B(E2;3; —27) 0.9%0% 1.90 1.70 2.76 two-phonon strengt'h is predicteq to be fragmented, which is
B(E2;3; —4/) 0.147930 0 0.91 0.007 not the case experimental(gee Fig. 9.
B(E2;3; —2;) 0.9°53 0 670 035
B(E2;3; —25) 58(+1142)5 146 781 254 V. OTHER MULTIPHONON STATES
9.5g3

A. Symmetric two-quadrupole phonon states

Th . . Both the 2 and the 4 states show strong2 decays to

e shell model calculations were performed using the o . L o
codeRITSSCHIL [68]. Both level energies anM1 andE2 e Z state. Using the lifetime frorfi57] for the ‘1} state,
transition strengths have been calculated, and reproduce & 9€t 8 collective transition strength B(E2;4; —2;)
experimental data in most cases very well. For a comparisort 26-0°32 W.u., giving evidence that the;4state contains

of the level energies, séé]. The fourth column of Table Ill large components of the symmetric t@phonon 4" con-
shows the shell model results of thé1 andE2 transition figuration. For the 2—2; transition we determine a2
strengths for the observed MS states and tfiestate. The transition strength oB(E2;25 —2{)=60"5] W.u., which is
shell model calculations agree well with the IBM-2, with in agreement with the interpretation of this state as a sym-
only a few exemptions. It should be mentioned that, for ametric two-Q-phonon state.

good reproduction of the measurddil strengths, pure is- It should be noted that the calculations in the QF3vb]
ovectorM1 transitions were used. Only for thg 3tate do ~ reproduce the mainly symmetric two-phonon character of the
the transition strengths from the shell model disagree witt2; and 4 states. In the first publicatiof] the 2, state is
the experimental data and the IBM-2. In fact, in the shellpredicted to contain 77% of a symmetric two-phonon state,
model calculation with the SDI and th®Sr core, the MS and the 4 state to contain 68%. The more recent calcula-
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TABLE IV. Comparison of experimentally determined transition the 2:; state carries most of the symmetric th@ghonon
strengths of the # and the 2 states to the results of calculations strength. In addition, a rather strong 2:2; M1 decay was

with the IBM-2 in the dynamical @) symmetry, the spherical shell ,carved with a transition strength &(M1;2¢ —23)

?noddal(lsgse[:é‘tsg?&hf QPMS5 6]. E2 strengths are given in W.u. =0.068f838$$ ,uﬁ This even supports the interpretation of
N -

the 2. state as a symmetric three-phonon state due to the
Observable Expt. IBM2 SM QPNs] QPMm[6]  d-parity selection ruleg63]. These rules signify thab1
transitions are only allowed between states with the sdme
B(E2;4, —2;) 26.0'22 233 175 286 26.0  parity, i.e., M1 transitions do not change the number of
B(E2;2;—2;) 60°% 233 190 243 26.5  quadrupole phononsi,, modulo 2. Therefore, am1 tran-
B(M1;2; —2{) 0.026'55{%; 0 0.094 0.016 0.004 sition is to be expected for the decay transition from a three-
B(E2;0; —2;) 16555 0 217 0.83 138 Q-phonon state with the structur®{Q.QJ?2 |0;) and thus
negatived parity to the oneQ-phonon 2{ ms State with the
structureQ,,|0; ) and negatived parity. We want to stress
tions [6] predict even higher symmetric two-phonon charac-that this is the first time thel-parity selection rules were
ter for these states of 82% for both th§ and the 4— state. confirmed in a decay transition from a Symmetric mul-
The decay transition strengths of the 2nd 4 states were tiphonon statdo a MS state.

reproduced in the IBM-2, in the QPNI5,6], and in the 3" state.The 3/ state at 2805.0 keV decays strongly to
spherical shell mode[4] (see Table IV supporting the the 2 and 4 states with transition strengths B{E2;3;
mainly symmetric twoQ-phonon character. However, sub- —25)=19.0(39) W.u. and3(E2;3; —4;)=9.2(15) W.u.
stantial +components with s_eniorityzz in the wave function A \yveak 3" -2} decay with anE2 transition strength of

of the 4; state calculated in the shell model indicate a MOreg(E2:3/ 21)=0.74(11) W.u. under the assumption of

complicated structure. pureE2 radiation was observed. From its decay characteris-

. . . + .
Smcg the excitation energy of the (state is nearly ex- tics, the 3 state can be identified as a clear candidate for a
actly twice the energy of the ;2 state and the onlyy-ray symmetric three€@-phonon state.

decay is that to the 22 state, we did not get any information 4% state.Two 4" states around 2.6 MeV were observed
for this state from our data. No lifetime information is avail- pt, pecause of the uncertainties of 82/M 1 mixing ratio
able for the § state from earlier measurements. The impor-of the 4f — 4 decay and the unknowB2/M 1 mixing ratio
tant question whether this state ismdp, ;) configuration or  of the 47— 4} decay, no clear identification of these states
a collective two-phonon state cannot be answered by ougg symmetric thre@-phonon states was possihigee Sec.
data. IV E). Transitions from neither of these states to tjes?ate
were observed.

6" state.The 6 state, a candidate for a symmetric three-

Signatures for an expected quintuplet of symmetric threephonon 6" state, was observed at 2423.4 keV. Only a lower
Q-phonon  excitations  with the structure J(®2;  limit for the lifetime of 7(6, ) >450 fs was measured, which

©27)072" 347 6" gre collectiveE?2 transitions to the sym- gives an upper limit for the —4; E2 transition strength

metric two-Q-phonon states. The centroid of the three-of B(E2;6; —4,)<160 W.u. Due to the possible collectiv-

Q-phonon multiplet should be at about three tinkg®,) or ity of the 6] —4; decay and the fact that the; 6state at

2.6 MeV. We now discuss candidates for members of thi2872.4 keV decays only to the/ 6state and can therefore be

quintuplet identified from our data. excluded as a thre®-phonon state, we interprete thg 6
07 state.At 2780.5 keV the § state was identified. The state as a candidate for the symmetric th@ephonon 6

transition strength of the only observed decay to thestate ~ state.

is B(E2;0; —2,)=104"37 W.u. Its excitation energy and

the high collectivity of this decay gives evidence for this C. Quadrupole-octupole coupled structures

state being a symmetric thr&g-phonon 0" state. No further

v . e
0" states were identified in our measurements. Q. and the octupole phono® produces a quintuplet of

2* state.Besides the 2 and 2 states, identified as MS quadrupole-octupole coupletQOC) states with the spin
states, two additional 2 states below 3 MeV, the 2state at quantum numbers 15~ and the structure (2237) [14].

2393.1 keV and the 2 state at 2993.1 keV, were found. The |n 4 simple vibrational model with harmonic coupling this

2, state shows a strong decay to thg &tate, but only a multiplet should lie at the sum energy of thg Zind 3
very weak decay to the,2state, and thus is not a candidate states. In addition, for the 1 member of the multiplet a
for a symmetric thre®-phonon state. Theg2 state decays rather stronde1 transition strength of the 1—0; transition
strongly to the 2 state with anE2 transition strength of of the order of a milli Weisskopf unit is to be expected due to
B(E2;2; —2;)=34.4"33W.u. Adecay to the 2 state with  the collectivity. ThisE1 decay can be considerably stronger
dominant E2 character, but a transition strength of only than other low-lyingE1 transitions resulting, e.g., from
B(E2;2¢ —2,)=0.88(14) W.u. and a weak ground state single-particle transitions and should correlate to the 3
decay were also observed. These observations indicate that2; E1 strength.

B. Symmetric three-quadrupole phonon states

The coupling between the symmetric quadrupole phonon
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From the discussion above we have concluded ¥db  nent of B(M1;3, —3;)=0.39(7)uZ, which could be a
has a structure closer to the(@ dynamical symmetry limit  hint for MS components in the wave function of thg State
of the IBM rather than a pure vibrator. Weak coupling be-resulting from a MS-boson excitatioff 70].
tween the quadrupole and octupole degree of freedom leads The 5 state lies at 2610.5 keV. The 5-4; decay tran-
similarly to a QOC two-phonon multiplet at the sum energygijiion strength amounts toB(E1;5; —4;)=0.88(18)
in O(6) [70]. Evidence for breaking of this weak coupling in x 1073 e? fm? which is one order of magnitude stronger

y-s_oft nuclei dfue tor? resigualfquadrUﬁJolf-quadrupole imerfhan theE1 strength of the decay from the 3state to the 2
action comes from the study of octupole fragmentafilj. state. This and the low excitation energy about 800 keV

Such a perturbation would lead to some anharmonicities fofower than the sum energy of thg 2and 3 states prevent

the QOC two-phonon multiplet. : o ;
A 1~ state was identified at 3260.8 keV #iMo rather ggc:st;t;;rom being interpreted as a clear candidate for a

cIosE 1o the, sum energy of the; 2and t_h_e § states of No candidates for the 2and 4 members of the QOC
E(21)+E(3,)~3400 keV. TheEl tr§n§|t|0n+strength6to quintuplet were found. Only d=(4") state at 2834.8 keV
the ground state is B(E1;1"—0;)=0.32;  \yas identified, but the low excitation energy and the long

x10"° e? fm?. As was discussed in detail [69], we expect jitetime of 71000 fs are not in keeping with this state be-
from the naive phonon picture &l strength ratio of 7/3 for  jng a candidate for a QOC state.

the 1-—0; and the 3 — 2] transitions. From our measure-

ments we obtained arEl strength of B(E1;3; —2;) VI. SUMMARY

=0.067"3312x 1072 €2 fm?, which is about a factor of 5 _ o4 _ _ _

weaker than the 107 transition. This disagreement may  LOW-Spin states i?"Mo were investigated extensively us-

result from admixtures in the wave functions of these statedd @ combination of photon scattering experiments, a

e.g., mixing of the 3 and the 3 states. Z_s’—deczl:ly experlgnentyy coincidence studle_s with theT reac-
The 3, state at 3011.5 keV represents a candidate for th jon * Zr(a,n)? Mo, and neutron scattering experiments.

— . rom our detailed data we were able to clearly identify the
QOC 3 state. It lies about 400 keV below the sum energyoneQ_ honon 2, state and the 1, 2*, and 3" members
of the 2] and 3 state, but no additional 3 states were P ms .

identified. The decay transitions of thg 3tate give hints for gzttle I\;IS tV\;cr)]Q-phonon multt|plfet l\;wﬂ:u:;le str(;JI(E:tzurte (2
this state having QOC character. For a QOCT &ate, we 1,mg from the measurement of abso an ran-

expect the decay transitions to the symmetric @«phonon ?rlgr%r:angringfﬂ:ﬁe %‘:\;_'Zn\t;;grgta“o;neoé tt)heri?crztséisiéncatte
2, and 4 states to be about as strong as the-82; and P y P

— 4 ! e ulations in the spherical shell moddl] and the QPM5,6].
the 1, —0, decays,. b_ec_ause the first two transitions shoul oreover, candidates for quadrupole-octupole coupled states
stem from the annihilation of a octupole phonon and the

. - -and symmetric three-phonon states with the structure
creation of a quadrupole phonon, the latter from the annlhl—(2+®2+®2+) were found
laton of both. E1 strengths of B(E1;3, —2;) SR '
=0.071 5515< 1073 €? fm? and B(E1;3, —4;)
=0.11533%8< 1072 e? fm?, respectively, were determined ACKNOWLEDGMENTS
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