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The one-phonon mixed-symmetr){jgs state and two-phonon mixed-symmetr}zn% and ngs states have
been identified in®®Ru based on intensity branching rati@&2/M 1 multipole mixing ratios, upper lifetime
limits, and a comparison with the experimental data¥o. The observables were obtained from Doppler-
shift attenuation measurements apg angular correlation analyses following tf@o(He, 2n)%Ru reaction
and theB™ decay ofRh. Shell-model calculations performed f§Ru give clear support for the interacting
boson model 2 mixed-symmetry assignments of the one-phogost&e at 2283.8 keV as well as of the
two-phonon Z state at 2739.8 keV and;3state at 2897.7 keV.

DOI: 10.1103/PhysRevC.65.044315 PACS nunier21.10.Re, 21.10.Tg, 23.20.Gq, 27.60.

. INTRODUCTION tional coupling scheme (222].), in states with J”
=0",1",2,3" 4. ’
Protons and neutrons are different species of fermions  gjgnatures of the one-phonon MS 2tate, accessible to

building a strongly interacting many-body quantum system.,, snectroscopy, are relatively low excitation energy around

the atomic nucleus. Thus, it is one of the fundamental aspects_, 4 p1ev a weakly collectiv&?2 transition to the ground

of nuclear structure physics to-understand the proton-neutror&j‘te and a strondl 1 transition to the symmetric;2 state
(pn) symmetry of nuclear eigenstates. The nuclear shell”, . n +
model represents the theoretical tool to attack this problem¥ith reduced matrix elements of aboy¢2; [M1]2y]
but the description of collective excitations needs a large™1xn- For two-phonon MS states we expect excitation en-
configurational space. To truncate the shell-model space rad®/gies around 3 MeV, strong2 transitions to the first MS
cally, the interacting boson modéBM) was suggestefiL]. 2" state, and stronyl 1 transitions to the symmetric states.
A new class of low-lying collective nuclear states hasFour different MS states have been identified so far from
been predicted by the proton-neutron version of the interactabsolute M1 transition strengths: the fundamental one-
ing boson modellBM-2) [2—-6]. An analysis of the wave phonon .J’T=21+mS state as well as the two-phonod™

functions and decay patterns of these states in the framewokek 17 . State, theJ™=3] . state, and the 2, state. The
of the IBM-2 is given in[7]. They are collective excitations 1+ ' state was the first MS state discovered experimentally
in the valence space, which are not fully symmetric Wlthin 156Gd in 1984[10]. Since that time the 1. was investi-
. ms

respect to Fhe proton-neutron degree .Of freedom. In th ated systematically in the rare-earth regldi—13. This
1960s, muitiphonon states based on an isovector quadrupo state is called “scissors mode” in well-deformed nuclei
surface excitation were suggested for vibrational nu@gi 1ms e . )

éi_ue to the geometrical interpretation, e.g., in the two rotor

However, the excitation energies of these states were pr . .
dicted too high. According to the algebraic approach, thdnodel[14]. The 2 msState is the building block of MS struc-

proton-neutron degree of freedom of an IBM-2 wave func-tures ip negr-sphericgl nuclei gnd was first discoveretsll.in
tion is quantified by theF-spin quantum numbei3—5]. F =82 w_branonal_nuclel_by Hamllto_mat al. [1_5] on the basis
spin is the bosonic analog on to isospin for the elementarf Multipole mixing ratios suggesting dominatl charac-
proton and neutron bosons. Wave functions containing af€r for the 2.s—2; transition. The 2 state in vibrational-
least one pair of proton and neutron bosons, which is antitransitional nuclei can be excited from the ground state by a
symmetric under exchange of nucleon labels, correspond téeakly collectiveE2 transition with a strength of 0.2-4
excited states witlF-spin quantum numbeB<F . These ~W.u.[16-18.

states are called mixed-symmefiyiS) states. The study and  Besides the I, state, theJ"=2",3" members of the
identification of these states is currently of great interest ifMS two-phonon multiplet were recently identified #Mo
nuclear structure physics. Their properties and spreadintpr the first time based on the measurement of absdiute
widths provide benchmarks for microscopic calculatigps and E2 transition strength§19,2Q. The one-phonon gns
and help to better understand the proton-neutron degree state of ®“Mo was observed earlier at an energy of 2.067
freedom in heavy nuclei. The low-lying two-phonon MS MeV [21]. Besides the description in the IBM-2, calculations
states involve the MS quadrupole phonon as a buildingerformed for®Mo in the shell-mode[22] and in the qua-
block. Thus, these states present complementary informaticsiparticle phonon mode]23] clearly support the mixed-
to other multiphonon states as, e.g., isoscalar quadrupokymmetry assignment for the discussed low-lying states of
multiphonon states or double-gamma phonon excitations. £*Mo. The results obtained fot"Mo motivated a search for
coupling of the isoscalar quadrupole phonon and the isovecstates with well pronounced mixed-symmetry properties in
tor quadrupole phonon}gns state results in a purely vibra- the neighboring even-evel=52 isotone®®Ru.
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This paper reports on the identification of the one-phonon 400 600 800 10001200 1400 1600 1800
i .
%%Ymsand the twojphonqn;?msand 3 msStates in the nucleus — x] &8 ) Brto(*He.2nRu
Ru. We have investigated the low-spin structure of this gle & -spectrum coincident with 2-=-0,
nucleus usingyy-coincidence techniques for states popu- Slg

lated following aB decay and by the®®Mo(®He,n)*°Ru
cold fusion reaction. We determined branching ratios, multi-
pole mixing ratios, and effective lifetimes for several of the
low-lying states. We have performed also a shell model cal-
culation using the same interaction as f¥Mo [22]. The
comparison of the experimental and theoretical results for
%Ru with the ones foP*Mo was found to be very useful for
the identification of the mixed-symmetry states®fiRu. We
show in this paper that the existence of multiphonon MS
states seems to be a rather common feature in the nucle: 10
mass region around=100.
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II. EXPERIMENTS AND RESULTS 0 T T T T T T T
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In order to populate low-spin states #Ru well above Energy (keV)
the yrast line, we used thg* decay of the 3 and 6
low-spin isomers in®Rh and the IHe,hy) cold fusion FIG. 1. y spectra observed in th&Ru(p,n)*Rh(8", )*Ru

reaction on®*Mo at a projectile energy around the Coulomb "eaction(bottom and thf%'\"o(s_"_'e'z““y)%R“ reaction(top) gated
barrier. For the95M0(3He,2fl) reaction, the 13.5-Me\BPHe on thg 833 keV 2H01 transition. The corrgspondmg matrices
beam was supplied by the Cologne FN Tandem Van D&ONtain 680 10° and 1. 10° events, respectively.

Graaff accelerator. A beam current of about 1 nA was used

on a 9.5-mg/crh Mo target, enriched ir"°Mo to 95.5% and  selective population of states in tfedecay. Directyy an-
rolled on a 100-mg/ck 2°Bi backing. The spin and parity gular correlation analysis and Doppler-shift attenuation mea-
quantum numberd™=5/2" of the **Mo target nucleus fa- surement§DSAM) have been performed. From the analysis
vored the population of low-spin states in the of coincidence spectra, 14 new transitions were added to the
%Mo(®*He,n)*Ru reaction. The choice of beam energy level scheme, establishing two new levels. Furthermore, we
leads to a maximum excitation energy Bf'*=10.7 MeV  were able to assign spin values to nine levels by the analysis
for ®Ru and a grazing angular momentumlLof,,=5%. We  of angular correlations together with the spin and parity se-
used the OSIRIS cube spectromef@4]| equipped with lection rules. We have determined 20 ngvdecay branching
seven HPGey detectors with efficiencies from 20% to 60% ratios and have improved the results of two multipole mixing
and one EUROBALL cluster detectf®5]. Three detectors ratios. y-branching ratios from the analysis ofHe,2n) and

and the EUROBALL cluster detector were mounted perpen;3-decay experiments are identical within the errors. Finally
dicular to the beam axis, two detectors were positioned aive were able to determine effective lifetimes of eight levels
45° and two at 135° with respect to the beam. Within 110 husing DSAM. The new spin assignments as well as previ-
of measurement, 1.2 billiopy-coincidence events following ously known spin values, lifetimes, branching and multipole
the B8 decay were gathere@Fig. 1). mixing ratios for ®*Ru are summarized in Table I.

The B* decaying ®°Rh isomers were produced using a The spin and parity assignment of the 2284-keV state is
pulsed proton beam at 15 MeV on a target with a diameter ofaken from Ref[26]. In Ref.[26] this state was observed at
1.5 mm and 34.67 mg of highly>99%) enriched®®Ru.  an energy of 2284(3) keV, which was slightly too high and
With the OSIRIS cube spectrometet4] equipped with ten  could be corrected to 228338 keV from our data. This state
detectors with efficiencies of 20% to 60% relative to 'a 3 decays to the P state as well as to the;0ground state.

X 3" Nal detector and the Cologne data aquisition system, it We performed ayy angular correlation analysis using the
was possible to measunerays from the®®Ru(p,p’ v)®®Ru  sign convention given i128,29. A detailed description of
reaction during the activation period as well as fromthe procedure for the discussed experimental setup is given
%Ru(p,n)*®Rh(B" y)*®Ru during the off-beam period. in [27]. For the in-beam experiment we used the
Within 200 h of measurement, 680.0° of yy-coincidence EUROBALL cluster detector with full add-back technique
events were gatherdéFig. 1). resulting in a very highy efficiency. In general, the branch-

In all experiments, both they-singles spectra and ing ratios and the correlation results obtained from the
y7y-coincidence events were recorded. These data were calB-decay experiment are much more accurate than the results
brated for energy and efficiency using?®Ra source. For of the fusion-evaporation reaction measurement.
the 8-decay data also 3Co source was used to cover higher ~ From ayy angular correlation analysis we found that the
energies. The spectra resulting from the populatiop ide-  state at 2650 keV has likely=3 (x?>=1) instead of)=2
cay are much cleaner and have less background than ti{g?=5). In the literature[26], this state was assigned as
spectra from the fusion reaction. This is a consequence of th#"=(2",37). The occurrence of the 3state in *Mo ap-
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TABLE I. All known states of%Ru up to an energy of 3.3 MeV. Values marked with an astefigkhve
been observed for the first time in these measurements. Values having a minus kiigrtije status column
have not been observed by us but were known before from different experif@2&htd\Ve give the level
energyE, ..o, the half-life Ty, and spin and parity of the initial levd[", spin and parity of the final level
Jf corresponding to the decay enery and its branching ratid, as well as its multipole mixing rati@.

ELevel Tuo Jr Jr E, I, 8(J7—J7)  Status
(keV) ((s5] (f) (h) (keV) (%)
832.61) 2.81(11) 27" 0" 832.641) B,°He
1518.11) 6.99) 4" 2% 685.51) B,°He
1931.11) 0.376) 27" 0" 1930.9(2) 6(1)* B
2" 1098.51) —1.1(1) B.%He
2148.81) 0.46'%3 o* o* 1316.21) B,%He
2149.87) 26(2) 6" 4" 631.711) B.°He
2283.82) <0.14 2" 2% 1451.22) 100(3) +0.12(3F  B.°He
o* 2283.64) 7.5(10) B.%He
2462.11) 0.10°3 4% 4+ 944.11) B,°He
2524.62) <0.4* (37,4%) 2+ 593.82) 7.1(24) B,°He
4+ 1006.72) 10.624) B.%He
2" 1692.22) 1002) B.%He
2528.41) a+,29) 2" 1695.91) 100(4) -
o* 2528.43) 30(4) 3He
2576.12) 2t 2" 1743.41) 1004) B,3He
0" 2576.23) 43(4) B.°He
2579.43) 2" 647.92) 59(6) +2.0°8 -
2% 1746.52) 100(8) -
2588.42) >2.8 5" 4" 1070.41) —0.01(4) B.°He
2650.042) 37* 2% 366.3(4) 5.5(5) B,°He
2" 718.52) 4(1)* B,3He
4" 1131.92) 20(2) B.%He
2" 1817.51) 100(10) B.%He
2700.12) (47,5) 4 237.72) B,°He
4+ 1181.83) SHe
2739.82) <0.4* 2" 2% 455.9(2) 3.5(2) B.°He
0" 591.1(2) 0.25(5Y B
2" 808.43) 100(8) B.%He
2" 1907.53) 40(2) B.%He
2760.21) <0.12 (47,5) 4+ 1242.11) B.%He
2793.82) (5,6)* 6" 644.21) 1003) B.%He
2% 863.55) 2.809) -
4" 1275.81) 67(2) B.2He
2851.42) 0.14"%° (2+,3) 2" 567.0(2) 8(2)* B.°He
2" 920.65) 9(3)* B.%He
4% 1332.83) 13.3(5) B,3He
2" 2018.82) 100(15) B.°He
2891.62) <0.20 6" 6" 741.91) B.2He
2897.713) <0.4* 3t 4 435.3(3) 3(1)* B
2" 613.8(3) 20(2)* B.°He
2" 966.82) 100(12) B.%He
4+ 1379.53) 63(12) B.%He
2" 2064.73) 20(2) B.%He
2950.42) 20(2) 8" 6" 800.71) B,°He
2987.83) 2155.23) -
2996.42) (2,34%  (3",4%) 471.45) 15(5) B
4 533.7(3) 3.1(5) B
4+ 1479.45) 17(6) B
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TABLE I. (Continued.

ElLevel T N J7 E, I, 8(I7—J7) Status
(keV) (ps) (%) () (keV) (%)
2" 2163.82) 100(11) B,3He
3060.52) (1,9 2% 776.83) 25(7) SHe
2" 1129.12) 100(7) 3He
2" 2228.33) 20(7) 3He
3072.2(3) 5 483.8(2) 3He
3075.92) 3 (27,37) 425.85) 18(2) B
5- 487.05) 32(9) -
4% 614.9(2) 8(1)* B
27 1144.92) 55(3)* B
4+ 1557.43) 100(35) B,3He
2% 2244.0(5¥ 2.2(5) B
3076.52) 4" 1559.05) -
3090.22) <0.13 2" 2257.62) 100(6) B.2He
0" 3090.25) 6.4(21) B
3166.72) 4+ 1648.72) B.%He
3210.13) 4" 1692.G3) 100(15) B.°He
2" 2377.63) 64(25) B.%He
3232.15) 1301.15) -
3261.42) 2* 2" 1330.510) B,3He
47" 1743.15) 100(15) B
2" 2428.32) 32(7) B.°He
0" 3261.55) 9(2) B
3281.3(3) 5 692.9(3) SHe
3291.43) 7 (5,6) 497.4(4¥ %He
5- 703.12) B.°He
3291.62) <0.4 4t* 6" 400.04) 36(8) B,°He
(4%,5) 531.2(3¥ 8(2)* B.%He
(37,4 766.85) 56(11) B,3He
4+ 1773.45) 44(14) B,%He
2" 2459.15) 100(14) B.%He

proximately at the same enerd?.534 Me\} with decay  multipole mixing ratios for these interesting decays.
properties very similar to the state at 2650 keVPfRu is in Furthermore, we extracted an upper limit for the lifetime
agreement with the spin assignment and parity assumptioof the 2; state from a line shape analysis of thg-22;
J=3". Further we could assign spil=4 to the levels at transition. Figure 3 shows the Doppler shift of this 1451-keV
2462 keV and 3292 keV as well as spie-3 to the level at  transition observed at forward (45°) and backward (135°)
2898 keV. The angular correlation pattern leading to the latangles as well as the unshifted peak detected perpendicular
ter assignment is shown in Fig. 2. Implied by the decay fromto the beam axis, always using a gate on the-2; tran-
the J7=(2",3") state at 2740 keV to the,Ostate at 2149 sition. The mean velocity of the’®Ru recoil nuclei is
keV, J7=3" has to be excluded. Furthermore, since therev/c=0.3%. The average stopping time in tAMo target is
are weak Doppler shifts at different angles relative to theabout 300 fs. We use the parameters of R&f] for the
beam axis, we conclude that the effective lifetimes of theseuclear stopping andf.=0.334 (0.587 and p=1.693
states must be shorter than the maximum stopping time a.647 for the electronic stopping iff°Mo (in the backing
the recoil nuclei in the target and backing material, i.e., wematerial 2°Bi), where f,,p are the dimensionless param-
can determine an upper limit for the lifetimes. In Table Il we eters of the Lindhard-Scharff-Sttieheory[31] modified by
compare excitation energies, lifetimes, and branching ratio€urrie[32], fitted to the semiempirical stopping powers from
of interesting states if®Ru and®*Mo. It is important to note  Ref. [33] with slight modifications as described in detail in
that we have observed for the first time the detailed decayref.[30]. The line shape analysis of thg 2:2; transition
patterns of these states comprising transitions to mand yields a short effective lifetime of.z=200(50) fs. This ef-
2, states. As we will see in the following sections, thesefective lifetime represents an upper limit for the lifetime of
transitions are very useful for the investigation of the naturethe 23 state, whiler(2;) and . would coincide in the limit

of these states. Unfortunately, it was impossible to determinef prompt feeding from the continuum. A comparison of the
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450 - - - - almost pureM 1 character we expect a laryel strength for
Experiment: | the transition in®®Ru, respectively, and therefore a lifetime
. 7(25)<<200 fs. Indeed, a recent Coulomb excitation experi-
ment on%Ru performed by Pietrallat al. resulted in a life-
time of 7=22(7) fs for the discussed;2state of “®Ru [34].
That experiment solidifies considerably the conclusions
about MS structures done below.

400 |

350

300 -

Counts in Group

Ill. THEORY
250 -

In order to identify mixed-symmetry states in the level
scheme of®®Ru and for the microscopic interpretation of the

200 I I I I

1 2 3 4 data, we performed calculations in the framework of the
Correlation Group No. IBM-2 and the shell model.
FIG. 2. yy angular correlation patterns of the 2898-keV state. o
The experimental data on the coincident transitions of the4?3) A. IBM-2 predictions
state at 2898 keV decay to thg it 1931 keV and to the 2 state We intend to use the IBM-2 results as a simple guideline

at 833 keV observed in thg-decay experiment are shown. The o the structural interpretation of the shell-model calcula-
comparison of the theoretical correlation patterns of 82-2  ionq helow. Therefore, we will restrict ourselves to a discus-
cascadedashed-dotted line 3—2—2 cascadésolid line), and 4 sion in the dynamical symmetries of the IBM-2 for providing

—2—2 cascadddashed ling supports the 8 assumption for the . .
2898-keV state. The correlation group numbers 1,2,3,4 correspon S with quantum numbers and selection rules that help to

to angles of 90°, 180°, 55°, 70° between detector pairs. clarify the subsequ_ent d'S(.:USS'On' Wh'.le the(SLtynami-
cal symmetry limit is certainly not applicable to the case of

. o 9%Ru we might consider the (8) or the 46) dynamical sym-
corresponding states {tfMo [19] and **Ru indicates already metries. A convenient way to distinguish which of these lim-
that this assumption cannot hold: Thg 8tates in”*Mo and  ts would be more justified is to look at the shape invariant
%*Ru show a very similar decay pattern. Therefore we expeck , [35]. The numerical value df, [1.4 in the U5) limit and
similar strengths for the 2—2; and 2; —0; transitions in 1.0 for O6)] is well approximated36] by the expression
these nuclei. Since thB(M1;2; —2;) value is large in  K3P"<7/10B(E2;4; —2;)/B(E2;2; —0;) for which
%Mo and since indeed thej2- 2] transition in®®Ru is of  we have experimental informatidof. Table Il). The experi-

TABLE II. Transition energie€,,, intensity branching ratiok,, E2/M1 mixing ratios and lifetimes for
one-phonon and two-phonon states’®#u and®*Mo nuclei. The one-phonon MS statg 2 is the 2 state
and the two-phonon MS statg 3is the second 3 state in both nuclei while the two-phonon MS stafg,2
is the 2,, State of*®Ru and the ¢ state of**Mo. The lifetimes of the 2,47 ,2] states of*®Ru are taken
from Refs.[34,41].

94M0 QGRU

Jr Jr E, I, ) 7(JI7) E, I, 5 7(I7)

(keV) (%) (ps) (keV) (%) (ps)
27 0; 87111 100 4.1%6) 832.41) 100 4.3213)
a7 25 703.41) 100 7.210) 685.51) 100 9.27)
25 0f 1864.32) 9.709 0.19'3° 1930.92)  6(1) 0.539)
25 2] 93341 1001 —2.0(10) 1098.681) 1003) —1.1(1)
2/ ms 0f 2067.41) 15.1(7) 0.061) 2283.64) 7.510) 0.0227)
2 ms 27 1196.21) 10005) 0.154) 1451.22) 1003) 0.123)
23, 01 2870.G2) 17.35) 0.102) 2739.8 <05
25 ms 21 1998.92) 13.16) 1907.53) 402
2 ms 25 1005.51) 100(4) —0.05(4) 808.43) 1008
25ms 2ms 802.82)  26(2) -0.3'93 455.92) 3.52)
3. 2] 2094.31) 3702 0.5°93 0.083) 2064.713) 202 <05
35 47 1391.61) 632 —0.08(6) 1379.8) 63(12
3. 25 1101.11) 10002 —0.09(6) 966.82) 10012
35 24 898.11) 231 2(1) or0.4(3) 613.83)  20(10)
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gate ongazkev | mental value foK5"""*is 0.817), which is close to the ®)

45 value and rules out the (8) limit. For the further identifica-
tion of excited MS structures ifi°Ru it is useful to look at
#] i the M1 excitation strength distribution predicted by the

IBM-2. Recently theM1 strength distribution to the ;0
ground state, the 2 and the 2 state has been investigated
157 3 in the Q6) dynamical symmetry in the framework of a sum
14 3 rule ansat37]. The completéM 1 excitation spectrum from

] ] these states was observed. The followkg,—Fnax—1 M1
o i excitationsJ(7,0)— J;(7,,7,) are obtained in the @) dy-
138 namical symmetry limit:

19 ] 90 E

10 73 Counts

2 L

0, (0,0—1; {11,

F—m——

T T T T T T T T T
1435 1440 1445 1450 1455 1460 1465 1470 1475

Energy (keV)

21(1,0—2{nd1.0, 13 ms 23 ms 32md 2D, (D)
FIG. 3. Doppler shift of the 1451-keV ;227 transition ob-

served in coincidence with th@inshifted 833-keV 2 — 07 tran-

sition at the angles of 45° and 135° compared to the unshifted 2;(2,0)—>2;m5(2,0),
transition detected at 90°. Calculated line shapes yield an effective N N ' . N N
lifetime of Teﬁ(2+) =200 fs. 11’m3!31’m5(111)|13,msl24,msv3(3,4),m£311)1

whereJ,J; denote the initial and final spins ane(7,) are
the corresponding B) quantum numbers in the IBM-2.

TABLE 1ll. C i f i talExpt, d shell . o .
omparison of experimentalExpt) and she Since not allB(M1) values for the @) limit are given

model (SM) electromagnetic transition strengths apdranching . . . .
ratios for ®Ru and ®**Mo. If information on absolute transition analytically in the literature we have performed a numerical

strengths is available we compare Bi&alues, otherwise we com- IBM-2 calculation in t.he (w)o“m't using the computer code
pare normalized transition intensities. Experimental values%u ~ NPBOS[38]. We considered®’Sn as the core and uséd,
were deduced from the data shown in Table II. BfWlo, the ex- =3 proton bosons anl,=1 neutron boson. For the effec-
perimental results and shell-model predictions are taken frontiveé bosong factors we used the bare orbital valugs=1
[19,20 and[22], respectivelyB(M1) values are given in units of andg,=0. The allowedM1 transition matrix elements are
w?, B(E2) values are given in Weisskopf units (1 W.u. of the order of Juy. The predictedV 1 excitation strengths
=25.42% fm* for mass numbeA=94 and 26.&? fm* for A=96).  are shown in Fig. 4.

To obtain branching ratios from the shell model, experimental en-

ergies have been used. Theoretically overpredicted transitions are

marked by *(for details see text B. Shell-model calculations

The nucleus®Ru has two protons more thatiMo, for

Observable Expt. SM which shell-model calculations were performed recently
%Mo 9RY %Mo 9RU [22], adopting®®Sr as inert core. In this calculation two neu-
trons were distributed among the five single particle orbitals:
B(E2;2; —0;) 16.06) 18.15) 16.5 211 2ds)5, 3812, 19752, 2d3, and Ihyy,. For protons the two
B(E2;4; —27) 26(4)  22.617) 175 22.2 orbitals 1ge, and 2y, were included in the configurational

£ h tron configurational space is identical
B(M1;2; -2 0062 00348 0094 0036  SPace. FOPRu the neu 9 pacel
( 2—21) 42 48) to the one for**Mo while the number of protons is increased

Lo+ +
gggf;i:éi; gi(:(% gi((g 0123 ;922 from four to six in the same proton orbitals. In the present
2 : ' ' ' calculations for ®®Ru we use the single particle energies
B(M1;2;—27) 0.446) 0.7423) 0.51 0.63 served for the calculations offMo without any changes.
B(E2;2:—27) 4%3 >0.3 0.001 1.4 Also the same set of two-body matrix elements of the re-
B(E2;2;—07) 1.82) 1.603) 1.7 292 sidual interacti_on Was_taken, which was modeled_by u_sing a
surface delta interactiofsee for detaild22]). Within this
1(23ms—21) 13.66) 40(2) 76 435" configurational space we can reproduce many of the excited
1(25ms—25) 1004) 100(8) 100 100 positive parity states in the spectrum $Ru. This is shown
1(22,ms2m9) 26(2) 3.52) 20 0.26 in Fig. 5.
1(31—27) 3702) 20(2) 667 135 Moreover,M1 andE2 transition strengths have been cal-
1(3/:—47) 63(2) 63(12) 107 104 culated for°®Ru in the shell model. FoM 1 transitions we
1(34-23) 100(2) 100(12) 100 100 consider a nuclear magnetic dipole operator, which is the
1(31c—25) 23(1) 20(10) 53 0.7 sum of proton and neutron one-body terms for orbital and

spin contributions
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FIG. 4. Comparison oB(M1) values of the IBM-2 in the &) FIG. 6. Comparison oB(Ml:ZrHZIQ) strength from shell-

limit for the transitions fromJ™=27 states withc={F=F model calculation.
—1501,00)=(3,1);(71,7,)} to the symmetric 2 and 2 states
with  a={F=F ya(01,00)=(4,0;(71,7)=(1,0)} and b={F  =5.58, andg> "= —3.82. Sinceg, andgj, are of opposite
=Fmax(01,02)=(4,0); (71, 72) = (2,0)}. The correspondin@(M1)  sign and comparable in strength, the isoscalar nondiagonal
values are labeled by the(§) quantum numberst(,7,). The en-  part of theM 1 matrix element is usually very small. It van-
ergies were calculateq gsing the IBM-2 Hamiltonian for th&)O  jshes exactly for a quenching fac}wq:0.57_ Similar to the
dynamical symmetry limit. case of“Mo, we used for the calculations iffRu free or-
5 N bital g factors and effective spig factors with the quenching

/3 Py s L. s factor a«,=0.57 resulting in pure isovector character for the

TMD) =7~ ;1 [9pli +9p5lp]+§1 [9nl'+0rs'] [ #ns M1 transition operator. ThE2 transition operator is the sum
2) of proton and neutron parts

whereg), andg$ are the orbital and spig factors and?, T(E2)=e,T(E2)+e,Th(E2), ©)
are the single particle orbital angular momentum operator
and spin operators with=p for protons ancgp=n for neu-

trons. The freey factors areg;"™°=1.0, g;;"**=0.0, g3"*°

Where e, and e, are the proton and the neutron effective
quadrupole charges and

5
Ty(E2)=e 73 (1?Yo(6f ). @

4 96
PP
—_ - For the calculations we have used the same effective charges
i+ - i . as for *Mo: e,=2.32 ande,=1.0.

-_ The results of the calculations fot'Ru as well as for
— % — %Mo [22] are shown in Table Ill. In Fig. 6 we give the
_ — A calculated B(M1;2" —2;,) absolute transition strengths.
The results will be analyzed in the following discussion.

Energy (MeV)

1t 1 IV. DISCUSSION

2
i A. The one-phonon mixed-symmetry 2 state
of T2 ] It is known from previous experimental data
- [26,34,39,4]that the first excited =2, state of*°Ru de-
Spint cays to the § ground state with a collectiv8(E2)]

FIG. 5. Comparison of calculated and experimental spectra oftrength of 15 W.u.
theJ™=0"—-6" states in®®Ru. The states with MS assignments are
plotted with thick lines. The observed states without spin and parity
assignments in the plotted region are not included. The quenching factos, defined byg[f:aqgf;free.
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Energy (MeV)

FIG. 7. Comparison between the decay of
corresponding states ifRu and *Mo. In the
upper part the decay pattern of thé 3tate at
2898 keV and in the lower part the decay of the
2% state at 2740 keV if®Ru as well as the cor-
responding transitions if“Mo are shown. All
corresponding branching ratios are similar. Only
the ground-state decaigashed ling of the 2*
was not observed if®Ru, maybe due to contami-
nations in the singles spectra.

Energy (MeV)

0_

(see Table Il and thus exhibits the properties of a symmet-state, there are no further low-lying candidates for the one-
ric one-quadrupole phonon excitation. This is supported byhonon mixed-symmetry 1*4“5 state in our comprehensive
the shell-model calculations. The lifetime=0.19"052 ps  dataset. Finally, the sizeabE?2 transition strength to the
for the 2, state and th&E2/M1 multipole mixing ratio for ground state with a value @(Ez;zgﬂof)zlﬁ(g) W.u.

this transition are also know[i26]. In the present experiment carries as much as 10% of the collecti&@ strength from

we have improved the value of tig2/M1 multipole mixing  the 2 state to the ground state. In fact, th§ Btate is the
ratio for the 2 —2; transition[ §=—1.1(1)] and we have  gyrongesE2 excitation above the 2 state known. This spe-
measured for the first time the intensity branching ratio ofgific combination of a largé 1 transition to the ¢ state and

the 2 —2; and 2 —0; transitions in *Ru. Using this _a weakly collectiveE2 transition to the ground state with no
data we have extracted absolute values of correspondingner competing strong decay branches is the unique signa-

electromagnetic transition strengths, which are shown iQure[G] for the 2/, _state in the IBM. Therefore, the!2state
Table Il together with the shell-model results and corre- ¢ 96Ry, is identﬁ‘?éd[34] with the lowest Z state in the
sponding quantities fo”*Mo. In particular, theB(E2;2, ms

—27) value is large and comparable in strength to the  compared to the numerical shell-model results we find
B(E2;2, —0;) value. The B(E2;2,—~0;) and jndeed a pronounced amount of 2:27 M1 strength con-
B(M1;2; —27) values obtained from our measurementScentrated in the 2 state. We conclude the presence of a
are small. These three absolute transition strengths reflegh minant oned-phonon 2 .. configuration in the shell
typical properties of the symmetric two-quadrupole phonon el “to0. This conclusion is supported by the considerably
excitation and they are well reproduced by our shell-modgl-;rge E;(EZ;ZQHOI) value calculated in the shell model to

calculation. We, thus, conclude that thg tate of°Ru is a be the second largeBi(E2: 2" —07) value afterB(E2: 2"
proton-neutron symmetric two-phonon state. 07 T 'l
1 .

TheJ™=2; state is of particular interest. Our data on its
decay propertiescf. Table ) were essential for its recent

identification as the MS one-phonon stf8d]. TheM1 tran- B. Multiphonon mixed-symmetry states

sition from the 2 state to the symmetric one-phono 2 Having identified the one-phononr{,7,)=(1,0) sym-
state is strong quantified BB(M1;2; —2;)=0.78(23)3  metric 2] state at 0.833 MeV and the one-phonan (r,)
[34]. This is more than an order of magnitude larger thdh ~ =(1,0) 21+,ms state at 2.283 MeV, we can now estimate in a

transition strengths between low-lying symmetric statessimple harmonic approximation that the energy of the two-
Moreover, the next observed state with=2" is about 500  phonon (r;+ 7,=2) (21+®21fm5) quintuplet should be
keV higher than the 2 state and shows a strong decay to thearound 3 MeV. Further, the states witAi=1", 2*, and 3

2, state but not to the 2 state. Thus, aside from the;2 belonging to the two-phonon MS multiplet are expected to
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FIG. 8. Comparison between thedecay of the (2,3) state at 2851 keV if®Ru and the 2, state at 2870 keV i?*Mo. The strong
decay of the (2,3) state to the 2 state and weak decay to thg Btate are in contrast to the transitions’fivio. This is considered to be
a reason to reject the (23) state as member of the two-phonon mixed-symmetry multiplet.

be connected with the two-phonon symmet@ 8tate by
strongM1 transition with|(J7J[T(M1)|/2; }|~1uy and by
a strongE2 transition to this 2, state with aB(E2) value
comparable tdB(E2;2; —0;). We found three candidates
for two-phonon, i.e.7; + 7272 mixed-symmetry states with
spin values)™=2" and 3": a 2" state at 2740 keV, a (23)
state at 2851 keV, and a‘3state at 2898 keV. All of them
decay to the 2 and Z states.

Comparing the newy-decay branching ratios for the; 3
state at 2898 keV i®Ru with the ones for the previously
identified 3}, state at 2965 keV if*Mo we find striking

close realization of the;mS, (71,72) =(2,0) structure. At the
bottom, Fig. 7 displays the comparison of the decay intensi-
ties for the previously identified 2, of *Mo [20] (left)

with those for the Z,,,state of%®Ru (right). Also for the 3

state the decay patterns are very similar. Due to the lack of a
populating transition a possible decay to the ground state
cannot be observed in coincidence. A contamination in the
energy region of interest inhibits the identification of the ex-
pected ground-state transition from the singles spectra. Sup-
posing dominanM 1 character of the 2,2, transition

and using an upper limit of the lifetimé.5 p9 we can

similarities. At the top of Fig. 7 we show the comparison of calculate a lower limit for theB(M1) value: B(M1;2;74

the decay intensities for the,3states in the even-eveN
=52 isotones®Mo and *°Ru. For %Mo the B(M1;3;
—25)=0.24"035u? value was measured. For thg 3tate
in °°Ru we have measured an upper limit of the lifetime (
<0.5 ps, see Table )llproving a fast decay of this state.
SupposingV 1 character of the 3qg—2, transition, we es-
timate a large lower limit for the correspondirig(M 1)
value ofB(M1;35505—25)>0.04u2 . This value is close to
the analogous8(M1) value for ®*Mo given above. We note

—25)>0. ZSuN This strength is comparable to the corre-
spondingB(M1) value in **Mo and agrees with the IBM
prediction of B(M1;2; ,s+25)=0. 24,u,\I and qualltatlvely
with the shell-model result8(M1;2; —25)=0.38u3.

Finally, we want to consider the decay properties of the
(2%,3) state at 2851 keV if®Ru, which also could be the
two-phonon ¢+ 7,=2) mixed-symmetry state. The life-
time of this state is knownt=0.20" 535 ps. Supposing pure

M1 character for the transition to the Xtate we can esti-

from the experimental data that there are two more nearbpﬂate an UDper limit of theB(M1) value: B(M1;(2")
lying candidates for the B states at 2851 keV and 2996 keV —2;)<0. OSuN Compared to th&(M1; 22 e 25 ) value
for which we do not have an unambiguous spin assignmenbf 0. 35(11)4,\, measured foP*Mo [20] even the upper limit
However, their decays differ from what is expected for afor the B(M1;(2", 3)_>2 ) value is seven times smaller

31 nsState. Therefore, we conclude that the Sate of *Ru
at 2898 keV is the 3, {71,7,)=(1,1) state.

In the shell-model calculation fof®Ru we obtain a 3
state with largesB(M1;3, —25)=0.25.2 value at 3.336
MeV. The smaller part of the 2—3% M1 strength
(EB(M1;3"—25)=0.084%) is mainly distributed to the
3, and 3; states.

than the one for**Mo. Moreover it is substantially smaller
than theB(M1) value of 0.39¢§ calculated in the shell
model for the 2 —2, transition, though the shell-mode} 2
state shows all properties of the two-phonon MS state. Fur-
thermore, the comparison of the branching ratios for this
state and for the 2,,; of ®Mo shows a large difference for
the decay to the 2 state. Therefore the (23) state at 2851

Similarly we conclude mixed-symmetry character for thekeV can be rejected as a candidate for the two-phongn (
2" state of ®Ru at 2740 keV. We propose this level as a+7,=2) MS 2, state(Fig. 8).
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In order to underline our identification of MS states in pole mixing ratios as well as eight upper limits for lifetimes.
%Ru, Table Il compares the decay properties of relevanfrom the new data, it was possible to estimate B{&2)
states in®*Mo and ®®Ru with shell-model results. We note a andB(M1) values that play a crucial role for the identifica-
close similarity of the structures iffMo and %Ru. In gen-  tion of the mixed-symmetry states.
eral, a quantitative agreement between model predictions and Comparing the new experimental data®$Ru and®Mo,
experimental data could be reached. we were able to identify the one-phonon mixed-symmetry

The only exception is the decay of the two-phonon MSZlfistate and the two-phonon mixed-symmetry staté},sia
states to the 2 state. Here the shell model tends to overpre-and 2 me N *Ru. Shell-model calculations result in a sat-
dict the weak intensities by up to an order of magnitudeisfying agreement with our new experimental data and sup-
[marked by (*) in Table II] that can be caused by even very port the assumption of mixed-symmetry character for the
tiny fragments of stron@1 1 strengths for nearby states. This discussed states.
is an interesting finding: it demonstrates a stronger mixing of
structures in the shell model than actually observed. In the
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