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Parity assignments to strong dipole excitations of?Zr and %Mo
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Parity quantum numbers for dipole-excited states of the n§é&kiand *®Mo have been determined from
azimuthal asymmetries of nuclear resonance fluorescence intensities induced with the linearly polarized photon
beam of the HYS facility at Duke University. This parity information is crucial for an interpretation of the
investigatedJ=1 states as two-phonon excitations originating from inhomogeneous phonon coupling.
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[. INTRODUCTION phonon state§8]. Data on QOC states are still rather sparse
) . ) _ ) . in the A=90 mass region. Near tH¢=50 shell closure the
Multiphonon excitations of atomic nuclei are interesting QOCET1 strength is comparatively weak and anharmonicities
collective structures of the nuclear many-body system. Theigan pe largg9]. Therefore, structure assignments cannot be
existence enables us to judge the capability of the correpased on transition rates and decay behavior alone. Reliable
sponding phonon modes for acting as building blocks ofparity information is crucial for an interpretation of dipole
nuclear structure. Possible deviations from harmonic phonoexcitations in this mass regid®).
coupling occur due to the microscopic structure of the under-  Another example of inhomogeneous phonon coupling in
lying phonon modes and can serve as a sensitive source gfe valence space of heavy nuclei are two-phonon states with
information on the formation of collectivity in the nuclear positive parity, resulting from the coupling of the isoscalar
many-body system. guadrupole excitation and the proton-neutron mixed-
Of particular interest are multiphonon excitations origi- symmetry(MS) quadrupole excitation, the; 2, state, of the
nating from inhomogeneous phonon coupling—i.e., stategalence shell. MS states are not fully symmetric with respect
formed from the coupling of different phonon modes. Theto the proton-neutroripn) degree of freedom and are pre-
classic example for inhomogeneous phonon coupling is th@icted in the pn version of the interacting boson model
2"'®3" quadrupole-octupole couple@@OC) quintuplet of  (1BM-2) [10-14. The recent observation of multiphonon
states with spin and parity quantum numbéfs17,...,5 structures with predominantly mixed symmetry in nuclei of
in even-even nuclef1,2]. In heavy vibrational nuclei this the A~90 mass regiofil5—22 has demonstrated the funda-
multiplet lies close to the sum energy of the constituent onemental role of the one-phonor 2. excitation as a building
phonon modeg3], typically at energies between 2 and 5 plock of nuclear structure. Experimental signatures for MS
MeV. The I member of this multiplet has been investigatedstates are strong/l transitions to excited states with a
in detail with various prObeS and its multiphonon Characterhigher proton-neutron Symmetry_ For examp|e' the two-

\ivgg identified r|]n”v|l?rat0rllke nECIEI in th$ rggul)n of tmda_ _ Ehonon T MS state with the Structur€2‘1‘®2;ms)1* decays
=82 neutron shell closure on the basis of absolute transitio y relatively strongM1 transitions topn symmetric two-

strengths(see, e.g.[4-7]). The QOC 1 state decays pre- phonon states and to thé @round state. The strength of the

dominantly to the Ogroundl state W'th?l transition rates of latter transition depends on the presence of ground-state cor-
the 'order of 10° W..u. (Weisskopf units gnd 'shows' a col- relations[23]. Microscopic models have recently been ap-
lective EZ_ decay to the 3 octupole vibration with E% lied to the description of MS multiphonon sta{é9,24,25.
strengt_hs IN EXCESS .Of 10 W.u. The QOC chgracter of these hese calculations allowed sensitive tests of the model in-
states Is also seen in the ap_parent correlation oEtheran-. puts and, more importantly, provided a microscopic under-
sition rate Of. t_he two-phonon ]stat_e to the ground state with standing of the collective multiphonon structures. Systematic
the E1 transition rate between the and Z constituent one- information on multiphonon states is desirable for the further
development of our microscopic understanding of the forma-
tion of nuclear collectivity.
*Present address: Brookhaven National Laboratory, Upton, NY Recent investigations of low-spin structures TRzZr
11973-5000, USA. [19,22 and®*Mo [26] yielded information on several dipole

0556-2813/2004/7@)/0443178)/$22.50 70044317-1 ©2004 The American Physical Society



FRANSENet al. PHYSICAL REVIEW C 70, 044317(2004)

excitations of those nuclei from scattering of unpolarizedpositioned along the beam ax®& m behind the target posi-
bremstrahlung and inelastic neutron scattering’’fit, a to-  tion. The intensity of the photon beam was tuned to less than
tal of five dipole excitations was observed in the energy5000 photons per second in order to be counted by the HPGe
range from 3.1 to 3.7 MeV. For some of these states, paritiedetector. During the experiments, the typical intensity of the
were tentatively assigned from an earlféZr(d,p)%?Zr ex-  beam on target was of the order ofS4ghotons per second.
periment[27] or from the decay pattern observed wiglray ~ Details about the free electron laser and the production of the
spectroscopy in inelastic neutron scatterif@?]. In the polarized photon beam can be found elsewhere, e.g., in Ref.
nucleus®®Mo five strong dipole excitations were detected in [30].
the energy range between 2.7 and 3.9 MeV in a photon scat- Parities of dipole excited states are determined from the
tering experiment with bremsstrahlung performed at Stutazimuthal asymmetry of the corresponding NRF intensity.
tgart [26]; however, no parity information was available for The angular distribution of a polarized photon beam reso-
these states. The lack of parity assignments hampers a refiantly scattered from a nuclear state can be written in terms
able interpretation of the observda 1 states because two- of an angular correlation functiow(6, ¢) [35], where ¢ is
phonon dipole excitations with both parities are expected tdéhe azimuthal angle between the polarization plane of the
occur in these nuclei at energies around 3.5 MeV. Therefordgeam and the direction of the scattergday andé is the
definite parity assignments are crucial. polar scattering angle. The azimuthal scattering asymmetry
The high flux of quasimonochromatic polarized photons(analyzing power perpendicular to the beam axis—i.&.,
produced 28-3] through the Compton backscattering of in- =90°—is given by
tracavity photons of a storage-ring-driven free electron laser
can be used to determine parity quantum numbers of dipole- $(90°) = W(90°,0°) —W(90°,90 °) 0
excited states with a new degree of accurf®9—33. The W(90°,0°)+W(90°,90°)°
azimuthal asymmetry of rays resulting from nuclear reso- . ]
nance fluorescenceNRF) about the axis of the polarized The angular correlation function for & @-17— 0" photon
photon beam is sensitive to the radiation character of th&cattering reaction on an even-even nucleus with a totally
induced dipole transitions. In order to make unambiguoudin€arly polarized photon beam is given [§2,39
parity assignments to dipole excitations we have studied azi-

muthal asymmetries of NRF rays in the nuclides?Zr and W(6,¢) =1 +l P,(cosd) + Ewcog(z(ﬁ)p(;)(cosg) _
%Mo using a completely polarized, quasimonochromatic 2 2
photon beam. (2)
Il. EXPERIMENTS P(ZZ) is the unnormalized associated Legendre polynomial of
second order andr is the parity quantum number of the
A. Method dipole excited state. In this situation the analyzing power is

The measurements were performed at the High Intensitynaximum with values o2(90°) equal to +1 for aJ"=1"
v-ray Source(HIyS) of the Duke Free Electron Laser Labo- state and -1 for @”"=1" state. Measurement of the sign of
ratory (DFELL). Here we give only a brief sketch of the the azimuthal scattering asymmetry is sufficient for making
photon beam production; details can be found in R&f].  unambiguous parity assignments.

The HIyS facility produces a nearly monoenergetic, 100% Relative NRF intensities were measured with an array of
linearly polarized photon beam from the backscattering ohigh-resolution HPGey-ray detectors. The target was sur-
photons in the optical cavity of the storage-ring-driven freerounded by four detectors with relative efficiencies of 60% at
electron laser on the relativistic electrons in the storage ringnean scattering angles 6f)=90° and(¢)=0°, 90°, 180°,
with energies in the GeV range. The Compton scattering proand 270°, respectively. The detectors were located about 10
cess boosts the free electron laser photons from the eV emm from the beam axis. Further details of this setup are pre-
ergy range by six orders of magnitude to the MeV range irsented in Refs[32,33.

the laboratory system. Relativistic kinematics provides for a The experimental relative photon scattering intensities in
narrow forward cone of the Compton radiation. A selectionthe (horizonta) polarization plane of the photon beary,

of backscattering processes close to 180°, and thus an energy({(¢)=0°)+1({¢)=180°), and perpendicular to it
selection, is done with a primary collimator on the photon=1({¢)=90°)+1((¢)=270°), were determined by fitting
beam axis located 60 m behind the photon-electron collisiopeak areas, subtracting the local background in the summed
point. We have used a collimator with an inner diameter ofspectra of the corresponding two detectors, and correcting
25.4 mm, resulting in a typical energy resolution of aboutfor the relative detector efficiencies. 2Co radioactive
3%. Pure 180° backscattering preserves the polarization @fource, mounted at the position of the target, was used to
the initial laser photons. After on-axis collimation, the result-determine these efficiencies.

ing photon beam is completely polarized with a degree of The experimental asymmetries

polarization in excess of 99%34].

A large high-purity germanium(HPGe vy-ray detector =1y
with an efficiency of 123% relative to a 7.6 ¢cxv7.6 cm Nal €= I +1, )
detector was used to monitor the energy profile of the beam
during the beam-tuning procedure. This beam monitor wasre proportional to the analyzing powers
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The dipole excitation strength distribution #iMo has

whereq denotes the polarization sensitivity of the setup. As arecently been studied with unpolarized bremsstrahlung up to

result of the finite size of the detectors and target, each deg e'\e/lr? \f)t? ; e?\'glét(tjgg{t[gs]g.SD%rg(;%an; 4(220|§6%>éc't:23n§8g2\/§ eV
tector is sensitive to a finite range of angles around the me ' ! ' ' '

. L ince parity information was unavailable in this earlier work,
observation anglef) and({¢). Consequently, the sensitivity " o0 interpretation of the observations was impossible.
g of the setup is less than 100%.

. 1S A numerical simulationgg ity assignments to the dominant dipole excitations of
yielded a sensitivity ofj=0.761), which is consistent with %Mo, we used photon beam energies of 2.80, 3.30, 3.43

our previous measuremerit32,33 within the experimental 3 55 and 3.90 MeV on Mo target. The Mo target con-
uncertainties. For the specific purpose of making parity as'siste7d of 40.0545 g of Mo powder, enriched $fMo to
signments to dipole excitations, additional corrections forgg 6904 contained in a thin-walled p,)lastic cylinder, 5.2 cm

these finite-size effects are unnecessary. long with a 26 mm inner diameter, with its axis oriented
along the beam direction.
Clear signals have been obtained for all five dipole exci-
tations under investigation. Figure 2 shows parts of the pho-
1. %%z¢ ton scattering spectra of the detectors parallel to the polar-
ization plane of the H}S photon bean(ll) and perpendicular
Incident photon beam energies of 3.47 and 3.64 MeMo it (1) at incident photon energies of 3.43 and 3.90 MeV,
were used on &°Zr target. The target was a 41.1415-g me-
tallic Zr cylinder, with a diameter of 2 cm and a length of 2  TABLE I. Measured asymmetriesand parity quantum number
cm, which was enriched I?IZZI' to 95.16%. Dominant dlpOle assignments fod=1 states ir?ZZr and96|\/|o_ The asymmetries are
excitations of’?Zr at 3472 and 3638 keV were recently iden- not corrected for the finite size of the detectors or attenuation
tified in photon scattering experiments with unpolarizedeffects.
bremsstrahlungd19] and inelastic neutron scatterif@2];
however, unambiguous parity assignments were not avail- E,(keV) € Jm
able. Figure 1 shows portions of the photon scattering spec-

B. Data

tra of the detectors parallel to th@orizonta) polarization zr 3471.9 0.943) r
plane of the HyS photon beantll) and perpendicular to it 3638.1 -0.8B3) 1
(1) with the two different incident photon energies. Clear *Mo 2794.5 0.6815) 1
signals of the dipole excitations under investigation are vis- 3300.1 0.983) 1*
ible in only one of the two spectra. The radiation character of 3424.8 0.764) 1*
each of the corresponding dipole transitions is obvious. Ex- 3599.7 -0.816) 1
perimental asymmetries and parity assignments are given in 3895.3 ~0.93) 1-

Table I.
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respectively. Unambiguous parity assignments were possibleharacter, an interpretation which was recently supported by
in all cases. microscopic calculaton$36] in terms of the quasiparticle
Table | summarizes the experimental asymmetries anghonon mode(QPM). Figure 3 also illustrates that besides
parity quantum number assignments flsr1 states of?zr the two dipole excitations at 3472 and 3638 keV and the
and%Mo. These results are consistent wik90°)=+1, re- WeakJ™=1") state at 3371 keV discussed below, no further

spectively, when finite geometry and background uncertain- : : : .
[ 9%7¢ El

ties are taken into account.

& 30} 1
Ill. DISCUSSION (?o 20l
A. 9zr =S 0
Positive parity was assigned to the 1 state at 3472 keV @ 1'0_
in the nucleus’?Zr, whereas thd=1 state at 3638 keV was a o |
clearly identified as having negative parity. The unambigu- I
ousJ™=1* assignment for the level at 3472 keV confirms the 0.30p 1
recent interpretatiofil9] of that state as the dominant frag- ff ML
ment of the low-energy1 excitation strength distribution. = 0.20f .
That discussion was based on an earlier, tentative parity as- =) .
signment from a transfer reacti¢@7] and on the result of a § o.10l
shell-model calculation. Thd"=1" assignment is now un- i
ambiguous for the 3472-keV state. 0 , oql i
The significance of our parity assignments is obvious 2500 3000 3500 4000
from Fig. 3. Since the strong dipole excitations at 3472 and E (keV)

3638 keV have almost identical reduced dipole decay widths . i o
to the ground state, a misinterpretation due to erroneous par- FIG. 3'.D'p°|e excitation strength d'smbu"c_m ifizr. The upper
ity assignment for one of these states would have resulted | anel depicts th&1 excitation strengths of the ktates, the lower
Ity anel theM1 strengths of the "Lstates. These values were calcu-

an error of about 100% in the tqtal d'pF"e strgngth of a give ated using the data from the neutron scattering experifié2htand
radiation character. Our negative-parity assignment for thg,. parity quantum numbers from this work for the1 states at
level at 3638 keV proves that this state does not contribute 1947, ang 3638 keV. Parity quantum numbers have not been as-
theM1 excitation strength distribution and, consequently, theigned to thel=1 levels at 3125, 3371, and 3697 keV, which have
previous comparisofil9] of the calculatedM1 strength dis-  peen included as dashed lines in both BieandM1 strength dis-
tribution in the shell model foP?Zr with the data has been tibutions, in order to demonstrate their small contribution to the
justified. Some of the present authgf®] previously inter-  dipole excitation strength distribution of either character. For easier
preted the 1 state at 3472 keV as being the main fragment ofcomparison, the1l and M1 strengths are displayed in the same
a two-phonon state with predominantly mixed-symmetryscale(11.058x 103¢? fm? correspond to A2 in Gauss unitg
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strong dipole excitations were observed %Zr below 4  typical behavior of QOC states. In addition, a strdigtran-
MeV. Furthermore, an identification of the level at 3638  sition from the 17 state at 3371 keV to thejOstate was
keV with the spin-strength-dominated; ., state of the detected with a transition strength oB(E1;1 —0})
QPM (see Table IV of Ref[36]) is invalid because of the =1.10915x 107%? fm>—i.e., more than an order of magni-
discrepancy in parities. tude stronger than the ground-state transition strength. In a
The unambiguous negative-parity assignment for the levgbure phonon coupling scheme this transition would corre-
at 3638 keV is even more interesting for the characterizatiospond to the annihilation of the octupole phonon in thgd
of the electric dipole excitation strength distribution®iZr.  wave function and the creation of a quadrupole phonon in
An interpretation of this level as a fragment of a QOC two-the two-phonon P wave function. This scheme would be
phonon state with the structuf@; ® 3;) is improbable. Its identical to the 3— 2] transition if the two-phonon descrip-
excitation energy exceeds the sum energy of thard 3 tion of the G state were valid. Indeed, a microscopic analysis
states ofE(2;] +3])=3274 keV by about 400 keV. The corre- in the QPM framework36] assigns pure QOC two-phonon

sponding energy anharmonicity character to the @ state at 3371 keV. Unfortunately, the
~ . ~ structure of the dominant low-enerdsl excitation at 3638
o= E(17) -[E(2y) +EBy] _ +0.111 (5) keV has not been addressed in that publication because it
== + _ - . .. . . . .
E(2]) + E(3)) was misinterpreted as av1 excitation. The description of

) - the octupole collectivity in Zr isotopes in terms of the shell

nicity e=+0.038 observed recently for the nucletisr in QOC structures in these nuclei.
this mass regiofi9]. Collective one-phonon annihilating de- A further J=1 excitation at 3697 keV with tentative posi-

cay transitions to the;2and 3 states, which would uniquely e parity [22] was not investigated in this work, too, due to
identify a QOC I state, were not observed. However, suchits small dipole excitation strengiisee Fig. 3.

relatively low-energy transitions have considerably smaller
intensity than the competingl transition to the ground state

and are thus not easy to detect. The sensitivity of the recent B. Mo
(n,n’y) measurement allows us to determine an upper limit

. . In Mo, we expect collective characteristics comparable
of B(E2; 1;3556— 37) <20 W.u.[22] which still does not rule e exp Y ot ’

h Hosti h , . to those in the neighboringMo, where clear evidence for
out the collective two-phonon interpretation. both the one-phonon; 2, state and members of the expected

In the following, we will shortly discuss the dipole exci- two ot :
\ ; -phonon multiplet of MS states has been previously
tation known[37] at 3371 keV. However, as a result of its found [15-17,21. A total of threeJ™=1* states were identi-

weak excitation strength from the ground state, it was Nokad in %Mo. Information on radiative widths and decay
investigated in our experiments. Spir1 was confirmed by - ohing ratios is available for these states from a brems-

rgcent gxperlmentq19,23, anq references ther@rNega- strahlung photon scattering experim@®]. This, along with
tive parity was assigned to this state only tentatiyély], the parity assignments of the present work, makes it possible
If we assume this state to have_ positive parity, We S€g, agiimate the absolute transition strengths for the ground-
from Fig. 3 that it provides only a minor contribution to the state decays. The lowe3t=1* statd at an excitation energy
total M1 strength irP?Zr. Alternatively, the dipole excitation ¢ 5795 eV was reportef6] to have an elastic resonant
at 3371.4 keV could have negative parity. In this case itphoton scattering cross section bfy=7.59) eV b corre-
represents a candidate for the QOCT slate. Its excitation sponding to an effective ground—stéte decay widtﬂ"gxﬂ“
energy is rather close to the sum energy of theadd 3 =5.1(6) meV. A decay branch to the| Ztate with a branch-
stateg(3274 keV,e=+0.030 and the decay transition to the ing ratio of I'y/Ty=0.185) has been observed. Other

+ . : )
512 s6tg(t3e) \['g? ?:Egﬁqrvsedst‘gr';gtfé]bﬁgch'ng_r)agioEf ﬁgﬁ‘ branches with lower transition energies were not observed.
siti;)n i ox écted toybe about a,s strojr?ocas tl o 2'E1 However, one should keep in mind that low-energy decay

P 9 he-3, branches with intensities lower than the ground-state decay

transition. This was shown for several vibrational nu¢&i might escape observation because of the increasing back-

and is a consequence of the fact that whereas the form : )
transition results from the annihilation of both the quadru—i_‘dr’]rg:j nget((:);;asrd iloewreflgr%yl; Linrd(?;ir}e /alissitinlmpltgp ofvr\}g fur
—l.€,l =1oTl1=10o 1/lo)=1. o

pole_ ?”d octupole phonons, the latter one resultg from thgeduce a ground-state transition width 1§=6.0(8) meV
annihilation of the octupole phonon and the creation of the " L
hich corresponds to anM1 excitation strength of

guadrupole phonon. This simple scheme neglects, of cours (M1;0] —1")=0.07410)u2. The photon scattering cross

the microscopic structure of the states involved. THik ;
sections for the 1 states at 3300 and 3425 keV amount to

strengths from QOC “1states to the ground state and be->="" .
tween the 3 states and 2states were found to differ by less l50=15.16) and 35.§13) eVb corresponding to values of

2 — . .
than a factor of 2 for several vibrational nuc[@. For the 1o/I'=14.36) and 36.413) meV, respectively. This converts
3371-keV 17 state of%?zr, however, anEl ground-state together with the observefP6] decay branches of /I’y
decay strength ofB(E1;1”—0;)=0.10331x 1073 fm?
and a 3—2; transition strength of B(E1;3;—2) IThis state was misinterpreted asastate in a recent compilation

=0.39999% 107%? fm? were measurefR2]. These transition of QOC I structures/4] based on strength and energy arguments
strengths differ by a factor of 4, in disagreement with the[26].
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states, as pointed out, e.g., [B2] and references therein.

:é 30l %Mo El | These branchings are expected to have intensities far below
® the sensitivity of the photon scattering experiments with
g 20 bremsstrahlung. The search for these transitions and the de-
= 7 termination of the corresponding transition strengths are thus
) 1'0: | of great interest. Besides the ground-state transitions, only
= 0 ‘ . decay transitions from the*Istates to the 2state were ob-

030: | served in those photon scattering experimei28]. If no
& Ml | further decays and, in addition, puE® radiation for these
= transitions are assumed, we determine for H2etransition
E\ strengths the valueB(E2;1; —27)=1.56) W.u., B(E2;1}
[22]

respectively. These upper limits agree with a weakly collec-

0.0/ | —27)=4.608) W.u., and B(E2;1;—2])=0.5311) W.u.,
| tive E2 transition to the 2 state as expected for a two-

030l % phonon MS state.
& wl PO & 1" states were identified at excitation energies of 3600 and
= 020 :20 T 3895 keV. The summed energy of thg @nd 3 states is
= |- E(2]+37)=3012 keV. In addition, no decay transitions to the
& 010f 10 9 3] state from either of these™ Istates were observed. But
1 5 these transitions are expected for the decay of a QOC state.
o o0 S0 a0t 0 Thus, these states cannot be interpreted as harmonic QOC
E (keV) two-phonon I states. This situation is very similar to the

case of*?Zr, discussed above, where the state that domi-
nates the low-energlf1l strength distributioms notthe QOC
two-phonon state.

Besides thel=1 states discussed above with parity quan-
fum numbers determined in this work, no further strong di-
Eole excitations were observed 9fMo [26], as is shown in

ig. 4. The lower panel gives the excitation strength distri-
bution of J=1 states where parity information is missing.
These states are weakly excited from the ground state and do

=0.476) and 0.0387) into ground-state decay widths of QSQI;?nmbUIe much to the tot&il andM1 strength, respec-

I';=21.012) and 37.814) meV or values for thé1 excita- It is surprising that in the investigated nucléfzr and

tion sEreng+ths of B(¥1;01H15)20-1_519)“ﬁ and  9%\)5 the properties of QOC two-phonon tates differ so
B(M1;0;—15)=0.2439) . The M1 excitation strength mych from the typical behavior observed in other mass re-
distribution is shown in the middle panel of Fig. 4. gions with vibrational nuclei. The previous misinterpretation
The summedV1 excitation strength of the three observed gf the 1" state of°®Mo at 2795 keV as the QOC Istate of
1* states isSB(M1;0; — 13 , 9=0.472)ug and is compa-  this nucleus(4,26] demonstrates the necessity of our inves-
rable to the summed11 excitation strength in the nucleus tigations. The low-energf1 strength distributions in nuclei
Mo of SB(M1;0;—1")=0.6717)u in the energy range of the A~90 mass region differ considerably from the sys-
around 3.2 Me\[15,21]. TheseM1 excitations in**Mo ex-  tematic data foE1 excitations in vibratorlike nuclei close to
hibit characteristics of the two-phonori MS state resulting the N=82 neutron shell closur4,7]. Further microscopic
from the coupling of the one-phonon symmetric and mixed-investigations of the structure of the dipole excitations and
symmetry quadrupole excitations of the ground sfaf21.  QOC structures in these nuclei are of high interest.
Since the measured values for the totdll excitation
strengths are similar fo?*Mo and ®*Mo, we interpret the
observed 1 excitations in"®Mo as fragments of the*Imem-
ber of the mixed-symmetry two-phonon multiplet of that Parities of seven dipole excitations$fzr and®®Mo were
nucleus. The center of gravity of the obsenid excitation  determined unambiguously with the linearly polarized pho-
strength distribution of®Mo lies at 3.29 MeV, very close to ton beams produced by the +8 facility at the Duke Free
the value(3.2 MeV [21]) observed ir“Mo. Electron Laser Laboratory. It should be stressed that we were
The observation of a collectivE2 transition to the one- able to clearly assign parities to the essential fraction of the
phonon Z ., state from the annihilation of the symmetric observed dipole excitations in these nuclei?dzr, a 1* state
guadrupole excitation, a weakly collecti¥® transition to and a I state were clearly identified. The decay transition
the 2 state from the annihilation of the mixed-symmetry strengths from the *1state at 3472 keV are consistent with
quadrupole phonon from the* ktates, and stroniyl1 tran-  recent microscopic calculationd9,36. In Mo, positive
sitions to symmetric two-phonon states would allow a con-parity was assigned to thrde 1 states and negative parity to
sistent assignment of the two-phonon MS character to the ltwo dipole excitations. By comparison to results for the

FIG. 4. Dipole excitation strength distribution for the observed
J=1 states in®*™o. The upper panel shows thEl excitation
strengths of the T1states, the middle one tié1 strengths of the™l
states, and the lower panel the dipole excitation strengths for th
states with unknown parity both inZ and 10%? fm2 The parity
quantum numbers are from this work; the transition strengths wer
determined with data fromil9]. Similar to Fig. 3 theEl andM1
strengths are displayed in the same scale.

IV. CONCLUSION
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neighboring nucleu§*Mo, the 1* states in®*Mo represent ACKNOWLEDGMENTS
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excitation close to the sum energy.
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