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Proton-neutron mixed-symmetry 2ms
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¿ states in 96Ru
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The one-phonon mixed-symmetry 21,ms
1 state and two-phonon mixed-symmetry 31,ms

1 and 22,ms
1 states have

been identified in96Ru based on intensity branching ratios,E2/M1 multipole mixing ratios, upper lifetime
limits, and a comparison with the experimental data for94Mo. The observables were obtained from Doppler-
shift attenuation measurements andgg angular correlation analyses following the95Mo(3He,2n)96Ru reaction
and theb1 decay of96Rh. Shell-model calculations performed for96Ru give clear support for the interacting
boson model 2 mixed-symmetry assignments of the one-phonon 23

1 state at 2283.8 keV as well as of the
two-phonon 25

1 state at 2739.8 keV and 32
1 state at 2897.7 keV.

DOI: 10.1103/PhysRevC.65.044315 PACS number~s!: 21.10.Re, 21.10.Tg, 23.20.Gq, 27.60.1j
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I. INTRODUCTION

Protons and neutrons are different species of fermi
building a strongly interacting many-body quantum syste
the atomic nucleus. Thus, it is one of the fundamental asp
of nuclear structure physics to understand the proton-neu
(pn) symmetry of nuclear eigenstates. The nuclear s
model represents the theoretical tool to attack this probl
but the description of collective excitations needs a la
configurational space. To truncate the shell-model space r
cally, the interacting boson model~IBM ! was suggested@1#.

A new class of low-lying collective nuclear states h
been predicted by the proton-neutron version of the inter
ing boson model~IBM-2! @2–6#. An analysis of the wave
functions and decay patterns of these states in the framew
of the IBM-2 is given in@7#. They are collective excitation
in the valence space, which are not fully symmetric w
respect to the proton-neutron degree of freedom. In
1960s, multiphonon states based on an isovector quadru
surface excitation were suggested for vibrational nuclei@8#.
However, the excitation energies of these states were
dicted too high. According to the algebraic approach,
proton-neutron degree of freedom of an IBM-2 wave fun
tion is quantified by theF-spin quantum number@3–5#. F
spin is the bosonic analog on to isospin for the elemen
proton and neutron bosons. Wave functions containing
least one pair of proton and neutron bosons, which is a
symmetric under exchange of nucleon labels, correspon
excited states withF-spin quantum numbersF,Fmax. These
states are called mixed-symmetry~MS! states. The study an
identification of these states is currently of great interes
nuclear structure physics. Their properties and spread
widths provide benchmarks for microscopic calculations@9#
and help to better understand the proton-neutron degre
freedom in heavy nuclei. The low-lying two-phonon M
states involve the MS quadrupole phonon as a build
block. Thus, these states present complementary informa
to other multiphonon states as, e.g., isoscalar quadru
multiphonon states or double-gamma phonon excitation
coupling of the isoscalar quadrupole phonon and the isov
tor quadrupole phonon 21,ms

1 state results in a purely vibra
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^ 21,ms
1 )J in states with Jp

501,11,21,31,41.
Signatures of the one-phonon MS 21 state, accessible to

g spectroscopy, are relatively low excitation energy arou
2–2.4 MeV, a weakly collectiveE2 transition to the ground
state and a strongM1 transition to the symmetric 21

1 state
with reduced matrix elements of aboutu^21

1iM1i2ms
1 &u

'1mN . For two-phonon MS states we expect excitation e
ergies around 3 MeV, strongE2 transitions to the first MS
21 state, and strongM1 transitions to the symmetric state
Four different MS states have been identified so far fr
absolute M1 transition strengths: the fundamental on
phonon Jp521,ms

1 state as well as the two-phononJp

511,ms
1 state, theJp531,ms

1 state, and the 22,ms
1 state. The

11,ms
1 state was the first MS state discovered experiment

in 156Gd in 1984@10#. Since that time the 11,ms
1 was investi-

gated systematically in the rare-earth region@11–13#. This
11,ms

1 state is called ‘‘scissors mode’’ in well-deformed nucl
due to the geometrical interpretation, e.g., in the two ro
model@14#. The 21,ms

1 state is the building block of MS struc
tures in near-spherical nuclei and was first discovered inN
582 vibrational nuclei by Hamiltonet al. @15# on the basis
of multipole mixing ratios suggesting dominantM1 charac-
ter for the 2ms

1 →21
1 transition. The 21,ms

1 state in vibrational-
transitional nuclei can be excited from the ground state b
weakly collectiveE2 transition with a strength of 0.2–4
W.u. @16–18#.

Besides the 11,ms
1 state, theJp521,31 members of the

MS two-phonon multiplet were recently identified in94Mo
for the first time based on the measurement of absoluteM1
and E2 transition strengths@19,20#. The one-phonon 21,ms

1

state of 94Mo was observed earlier at an energy of 2.0
MeV @21#. Besides the description in the IBM-2, calculatio
performed for94Mo in the shell-model@22# and in the qua-
siparticle phonon model@23# clearly support the mixed-
symmetry assignment for the discussed low-lying states
94Mo. The results obtained for94Mo motivated a search fo
states with well pronounced mixed-symmetry properties
the neighboring even-evenN552 isotone96Ru.
©2002 The American Physical Society15-1
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H. KLEIN et al. PHYSICAL REVIEW C 65 044315
This paper reports on the identification of the one-phon
21,ms

1 and the two-phonon 22,ms
1 and 31,ms

1 states in the nucleu
96Ru. We have investigated the low-spin structure of t
nucleus usinggg-coincidence techniques for states pop
lated following ab decay and by the95Mo(3He,2n)96Ru
cold fusion reaction. We determined branching ratios, mu
pole mixing ratios, and effective lifetimes for several of t
low-lying states. We have performed also a shell model c
culation using the same interaction as for94Mo @22#. The
comparison of the experimental and theoretical results
96Ru with the ones for94Mo was found to be very useful fo
the identification of the mixed-symmetry states in96Ru. We
show in this paper that the existence of multiphonon M
states seems to be a rather common feature in the nu
mass region aroundA5100.

II. EXPERIMENTS AND RESULTS

In order to populate low-spin states in96Ru well above
the yrast line, we used theb1 decay of the 31 and 61

low-spin isomers in96Rh and the (3He,2ng) cold fusion
reaction on95Mo at a projectile energy around the Coulom
barrier. For the95Mo(3He,2n) reaction, the 13.5-MeV3He
beam was supplied by the Cologne FN Tandem Van
Graaff accelerator. A beam current of about 1 nA was u
on a 9.5-mg/cm2 Mo target, enriched in95Mo to 95.5% and
rolled on a 100-mg/cm2 209Bi backing. The spin and parity
quantum numbersJp55/21 of the 95Mo target nucleus fa-
vored the population of low-spin states in th
95Mo(3He,2n)96Ru reaction. The choice of beam ener
leads to a maximum excitation energy ofEx

max510.7 MeV
for 96Ru and a grazing angular momentum ofLgraz55\. We
used the OSIRIS cube spectrometer@24# equipped with
seven HPGeg detectors with efficiencies from 20% to 60%
and one EUROBALL cluster detector@25#. Three detectors
and the EUROBALL cluster detector were mounted perp
dicular to the beam axis, two detectors were positioned
45° and two at 135° with respect to the beam. Within 11
of measurement, 1.2 billiongg-coincidence events following
the b decay were gathered~Fig. 1!.

The b1 decaying 96Rh isomers were produced using
pulsed proton beam at 15 MeV on a target with a diamete
1.5 mm and 34.67 mg of highly (.99%) enriched96Ru.
With the OSIRIS cube spectrometer@24# equipped with ten
detectors with efficiencies of 20% to 60% relative to a9
339 NaI detector and the Cologne data aquisition system
was possible to measureg rays from the96Ru(p,p8g)96Ru
reaction during the activation period as well as fro
96Ru(p,n)96Rh(b1g)96Ru during the off-beam period
Within 200 h of measurement, 6803106 of gg-coincidence
events were gathered~Fig. 1!.

In all experiments, both theg-singles spectra and
gg-coincidence events were recorded. These data were
brated for energy and efficiency using a226Ra source. For
theb-decay data also a56Co source was used to cover high
energies. The spectra resulting from the population inb de-
cay are much cleaner and have less background than
spectra from the fusion reaction. This is a consequence o
04431
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selective population of states in theb decay. Directgg an-
gular correlation analysis and Doppler-shift attenuation m
surements~DSAM! have been performed. From the analys
of coincidence spectra, 14 new transitions were added to
level scheme, establishing two new levels. Furthermore,
were able to assign spin values to nine levels by the anal
of angular correlations together with the spin and parity
lection rules. We have determined 20 newg-decay branching
ratios and have improved the results of two multipole mixi
ratios.g-branching ratios from the analysis of (3He,2n) and
b-decay experiments are identical within the errors. Fina
we were able to determine effective lifetimes of eight lev
using DSAM. The new spin assignments as well as pre
ously known spin values, lifetimes, branching and multipo
mixing ratios for 96Ru are summarized in Table I.

The spin and parity assignment of the 2284-keV state
taken from Ref.@26#. In Ref. @26# this state was observed a
an energy of 2284.2~3! keV, which was slightly too high and
could be corrected to 2283.8~2! keV from our data. This state
decays to the 21

1 state as well as to the 01
1 ground state.

We performed agg angular correlation analysis using th
sign convention given in@28,29#. A detailed description of
the procedure for the discussed experimental setup is g
in @27#. For the in-beam experiment we used t
EUROBALL cluster detector with full add-back techniqu
resulting in a very highg efficiency. In general, the branch
ing ratios and the correlation results obtained from
b-decay experiment are much more accurate than the re
of the fusion-evaporation reaction measurement.

From agg angular correlation analysis we found that t
state at 2650 keV has likelyJ53 (x251) instead ofJ52
(x255). In the literature@26#, this state was assigned a
Jp5(21,32). The occurrence of the 32 state in 94Mo ap-

FIG. 1. g spectra observed in the96Ru(p,n)96Rh(b1,g)96Ru
reaction~bottom! and the95Mo(3He,2ng)96Ru reaction~top! gated
on the 833 keV 21

1→01
1 transition. The corresponding matrice

contain 6803106 and 1.23109 events, respectively.
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TABLE I. All known states of96Ru up to an energy of 3.3 MeV. Values marked with an asterisk (* ) have
been observed for the first time in these measurements. Values having a minus sign (2) in the status column
have not been observed by us but were known before from different experiments@26#. We give the level
energyELevel , the half-lifeT1/2, and spin and parity of the initial levelJi

p , spin and parity of the final leve
Jf

p corresponding to the decay energyEg and its branching ratioI g as well as its multipole mixing ratiod.

ELevel T1/2 Ji
p Jf

p Eg I g d(Ji
p→Jf

p) Status
~keV! ~ps! (\) (\) ~keV! ~%!

832.6~1! 2.81~11! 21 01 832.6~1! b,3He
1518.1~1! 6.9~9! 41 21 685.5~1! b,3He
1931.1~1! 0.37~6! 21 01 1930.9(2)* 6(1)* b

21 1098.5~1! 21.1(1)* b,3He
2148.8~1! 0.46218

163 01 01 1316.2~1! b,3He
2149.8~7! 26(2) 61 41 631.7~1! b,3He
2283.8~2! ,0.14* 21 21 1451.2~2! 100~3! 10.12(3)* b,3He

01 2283.6~4! 7.5(10)* b,3He
2462.1~1! 0.1023

15 4* 41 944.1~1! b,3He
2524.6~2! ,0.4* (31,41) 21 593.8~2! 7.1~24! b,3He

41 1006.7~2! 10.6~24! b,3He
21 1692.2~2! 100~2! b,3He

2528.4~1! (11,21) 21 1695.9~1! 100~4! 2

01 2528.4~3! 30~4! 3He
2576.1~2! 21* 21 1743.4~1! 100~4! b,3He

01 2576.2~3! 43~4! b,3He
2579.0~3! 21 647.9~2! 59~6! 12.025

16 2

21 1746.5~2! 100~8! 2

2588.4~2! .2.8 52 41 1070.4~1! 20.01(4) b,3He
2650.0~2! 32* 21 366.3(4)* 5.5(5)* b,3He

21 718.5~2! 4(1)* b,3He
41 1131.9~2! 20(2)* b,3He
21 1817.5~1! 100~10! b,3He

2700.1~2! (41,5) 4 237.7~2! b,3He
41 1181.6~3! 3He

2739.8~2! ,0.4* 21 21 455.9(2)* 3.5(2)* b,3He
01 591.1(2)* 0.25(5)* b
21 808.4~3! 100~8! b,3He
21 1907.5~3! 40(2)* b,3He

2760.2~1! ,0.12* (41,5) 41 1242.1~1! b,3He
2793.8~2! (5,6)* 61 644.2~1! 100~3! b,3He

21 863.5~5! 2.8~9! 2

41 1275.8~1! 67~2! b,3He
2851.4~2! 0.1425

110 (21,3) 21 567.0(2)* 8(2)* b,3He
21 920.6~5! 9(3)* b,3He
41 1332.8~3! 13.3(5)* b,3He
21 2018.8~2! 100~15! b,3He

2891.6~2! ,0.20* 61 61 741.9~1! b,3He
2897.7~3! ,0.4* 31* 4 435.3(3)* 3(1)* b

21 613.8(3)* 20(2)* b,3He
21 966.8~2! 100~12! b,3He
41 1379.5~3! 63(12)* b,3He
21 2064.7~3! 20(2)* b,3He

2950.4~2! 20(2) 81 61 800.7~1! b,3He
2987.8~3! 2155.2~3! 2

2996.4~2! (2,3,4)* (31,41) 471.4~5! 15~5! b
4 533.7(3)* 3.1~5! b

41 1479.0~5! 17~6! b
044315-3
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TABLE I. ~Continued!.

ELevel T1/2 Ji
p Jf

p Eg I g d(Ji
p→Jf

p) Status
~keV! ~ps! (\) (\) ~keV! ~%!

21 2163.8~2! 100~11! b,3He
3060.5~2! ~1,4! 21 776.8~3! 25~7! 3He

21 1129.1~2! 100~7! 3He
21 2228.3~3! 20~7! 3He

3072.2(3)* 52 483.8(2)* 3He
3075.9~2! 32 (21,32) 425.8~5! 18(2)* b

52 487.0~5! 32~9! 2

4* 614.9(2)* 8(1)* b
21 1144.9~2! 55(3)* b
41 1557.4~3! 100(35)* b,3He
21 2244.0(5)* 2.2(5)* b

3076.5~2! 41 1559.0~5! 2

3090.2~2! ,0.13* 21 2257.6~2! 100~6! b,3He
01 3090.2~5! 6.4~21! b

3166.7~2! 41 1648.7~2! b,3He
3210.1~3! 41 1692.0~3! 100~15! b,3He

21 2377.6~3! 64~25! b,3He
3232.1~5! 1301.1~5! 2

3261.0~2! 21 21 1330.5~10! b,3He
41 1743.1~5! 100~15! b
21 2428.3~2! 32~7! b,3He
01 3261.5~5! 9~2! b

3281.3(3)* 52 692.9(3)* 3He
3291.0~3! 72 ~5,6! 497.4(4)* 3He

52 703.1~2! b,3He
3291.6~2! ,0.4* 41* 61 400.0~4! 36~8! b,3He

(41,5) 531.2(3)* 8(2)* b,3He
(31,41) 766.8~5! 56~11! b,3He

41 1773.4~5! 44~14! b,3He
21 2459.1~5! 100~14! b,3He
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proximately at the same energy~2.534 MeV! with decay
properties very similar to the state at 2650 keV in96Ru is in
agreement with the spin assignment and parity assump
J532. Further we could assign spinJ54 to the levels at
2462 keV and 3292 keV as well as spinJ53 to the level at
2898 keV. The angular correlation pattern leading to the
ter assignment is shown in Fig. 2. Implied by the decay fr
the Jp5(21,31) state at 2740 keV to the 02

1 state at 2149
keV, Jp531 has to be excluded. Furthermore, since th
are weak Doppler shifts at different angles relative to
beam axis, we conclude that the effective lifetimes of th
states must be shorter than the maximum stopping time
the recoil nuclei in the target and backing material, i.e.,
can determine an upper limit for the lifetimes. In Table II w
compare excitation energies, lifetimes, and branching ra
of interesting states in96Ru and94Mo. It is important to note
that we have observed for the first time the detailed de
patterns of these states comprising transitions to the 21,ms

1 and
22

1 states. As we will see in the following sections, the
transitions are very useful for the investigation of the nat
of these states. Unfortunately, it was impossible to determ
04431
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multipole mixing ratios for these interesting decays.
Furthermore, we extracted an upper limit for the lifetim

of the 23
1 state from a line shape analysis of the 23

1→21
1

transition. Figure 3 shows the Doppler shift of this 1451-k
transition observed at forward (45°) and backward (135
angles as well as the unshifted peak detected perpendic
to the beam axis, always using a gate on the 21

1→01
1 tran-

sition. The mean velocity of the96Ru recoil nuclei is
v/c50.3%. The average stopping time in the95Mo target is
about 300 fs. We use the parameters of Ref.@30# for the
nuclear stopping andf e50.334 ~0.587! and p51.693
~0.647! for the electronic stopping in95Mo ~in the backing
material 209Bi), where f e ,p are the dimensionless param
eters of the Lindhard-Scharff-Scho”tt theory@31# modified by
Currie@32#, fitted to the semiempirical stopping powers fro
Ref. @33# with slight modifications as described in detail
Ref. @30#. The line shape analysis of the 23

1→21
1 transition

yields a short effective lifetime ofteff5200(50) fs. This ef-
fective lifetime represents an upper limit for the lifetime
the 23

1 state, whilet(23
1) andteff would coincide in the limit

of prompt feeding from the continuum. A comparison of t
5-4
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corresponding states in94Mo @19# and 96Ru indicates already
that this assumption cannot hold: The 23

1 states in94Mo and
96Ru show a very similar decay pattern. Therefore we exp
similar strengths for the 23

1→21
1 and 23

1→01
1 transitions in

these nuclei. Since theB(M1;23
1→21

1) value is large in
94Mo and since indeed the 23

1→21
1 transition in 96Ru is of

FIG. 2. gg angular correlation patterns of the 2898-keV sta
The experimental data on the coincident transitions of the (31,41)
state at 2898 keV decay to the 22

1 at 1931 keV and to the 21
1 state

at 833 keV observed in theb-decay experiment are shown. Th
comparison of the theoretical correlation patterns of a 2→2→2
cascade~dashed-dotted line!, 3→2→2 cascade~solid line!, and 4
→2→2 cascade~dashed line! supports the 31 assumption for the
2898-keV state. The correlation group numbers 1,2,3,4 corresp
to angles of 90°, 180°, 55°, 70° between detector pairs.
04431
ct

almost pureM1 character we expect a largeM1 strength for
the transition in96Ru, respectively, and therefore a lifetim
t(23

1)!200 fs. Indeed, a recent Coulomb excitation expe
ment on96Ru performed by Pietrallaet al. resulted in a life-
time of t522(7) fs for the discussed 23

1 state of96Ru @34#.
That experiment solidifies considerably the conclusio
about MS structures done below.

III. THEORY

In order to identify mixed-symmetry states in the lev
scheme of96Ru and for the microscopic interpretation of th
data, we performed calculations in the framework of t
IBM-2 and the shell model.

A. IBM-2 predictions

We intend to use the IBM-2 results as a simple guidel
for the structural interpretation of the shell-model calcu
tions below. Therefore, we will restrict ourselves to a disc
sion in the dynamical symmetries of the IBM-2 for providin
us with quantum numbers and selection rules that help
clarify the subsequent discussion. While the SU~3! dynami-
cal symmetry limit is certainly not applicable to the case
96Ru we might consider the U~5! or the O~6! dynamical sym-
metries. A convenient way to distinguish which of these lim
its would be more justified is to look at the shape invaria
K4 @35#. The numerical value ofK4 @1.4 in the U~5! limit and
1.0 for O~6!# is well approximated@36# by the expression
K4

approx57/10B(E2;41
1→21

1)/B(E2;21
1→01

1) for which
we have experimental information~cf. Table III!. The experi-

.

nd
TABLE II. Transition energiesEg , intensity branching ratiosI g , E2/M1 mixing ratios and lifetimes for
one-phonon and two-phonon states of96Ru and94Mo nuclei. The one-phonon MS state 21,ms

1 is the 23
1 state

and the two-phonon MS state 31,ms
1 is the second 31 state in both nuclei while the two-phonon MS state 22,ms

1

is the 22740
1 state of96Ru and the 26

1 state of94Mo. The lifetimes of the 21
1 ,41

1 ,23
1 states of96Ru are taken

from Refs.@34,41#.

94Mo 96Ru

Ji
p Jf

p Eg I g d t(Ji
p) Eg I g d t(Ji

p)
~keV! ~%! ~ps! ~keV! ~%! ~ps!

21
1 01

1 871.1~1! 100 4.15~6! 832.6~1! 100 4.32~13!

41
1 21

1 703.6~1! 100 7.2~10! 685.5~1! 100 9.2~7!

22
1 01

1 1864.3~2! 9.7~9! 0.1924
110 1930.9~2! 6~1! 0.53~9!

22
1 21

1 933.1~1! 100~1! 22.0(10) 1098.5~1! 100~3! 21.1(1)

21,ms
1 01

1 2067.4~1! 15.1~7! 0.06~1! 2283.6~4! 7.5~10! 0.022~7!

21,ms
1 21

1 1196.2~1! 100~5! 0.15~4! 1451.2~2! 100~3! 0.12~3!

22,ms
1 01

1 2870.0~2! 17.3~5! 0.10~2! 2739.8 ,0.5
22,ms

1 21
1 1998.9~2! 13.1~6! 1907.5~3! 40~2!

22,ms
1 22

1 1005.5~1! 100~4! 20.05(4) 808.4~3! 100~8!

22,ms
1 2ms

1 802.6~2! 26~2! 20.320.3
10.5 455.9~2! 3.5~2!

3ms
1 21

1 2094.3~1! 37~2! 0.520.3
10.5 0.08~3! 2064.7~3! 20~2! ,0.5

3ms
1 41

1 1391.6~1! 63~2! 20.08(6) 1379.5~3! 63~12!

3ms
1 22

1 1101.1~1! 100~2! 20.09(6) 966.8~2! 100~12!

3ms
1 2ms

1 898.1~1! 23~1! 2(1) or 0.4(3) 613.8~3! 20~10!
5-5
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H. KLEIN et al. PHYSICAL REVIEW C 65 044315
TABLE III. Comparison of experimental~Expt.! and shell
model ~SM! electromagnetic transition strengths andg branching
ratios for 96Ru and 94Mo. If information on absolute transition
strengths is available we compare theB values, otherwise we com
pare normalized transition intensities. Experimental values for96Ru
were deduced from the data shown in Table II. For94Mo, the ex-
perimental results and shell-model predictions are taken f
@19,20# and @22#, respectively.B(M1) values are given in units o
mN

2 , B(E2) values are given in Weisskopf units (1 W.
525.4e2 fm4 for mass numberA594 and 26.1e2 fm4 for A596).
To obtain branching ratios from the shell model, experimental
ergies have been used. Theoretically overpredicted transitions
marked by * ~for details see text!.

Observable Expt. SM

94Mo 96Ru 94Mo 96Ru

B(E2;21
1→01

1) 16.0~6! 18.1~5! 16.5 21.1
B(E2;41

1→21
1) 26~4! 22.6~17! 17.5 22.2

B(M1;22
1→21

1) 0.06~2! 0.034~8! 0.094 0.036
B(E2;22

1→21
1) 28~10! 19~4! 19 19.8

B(E2;22
1→01

1) 0.24~8! 0.4~2! 0.43 0.29

B(M1;2ms
1 →21

1) 0.48~6! 0.78~23! 0.51 0.63
B(E2;2ms

1 →21
1) 422

13 .0.3 0.001 1.4
B(E2;2ms

1 →01
1) 1.8~2! 1.6~3! 1.7 2.2

I (22,ms
1 →21

1) 13.6~6! 40~2! 76* 435*
I (22,ms

1 →22
1) 100~4! 100~8! 100 100

I (22,ms
1 →2ms

1 ) 26~2! 3.5~2! 20 0.26
I (3ms

1 →21
1) 37~2! 20~2! 667* 135*

I (3ms
1 →41

1) 63~2! 63~12! 107 104
I (3ms

1 →22
1) 100~2! 100~12! 100 100

I (3ms
1 →2ms

1 ) 23~1! 20~10! 5.3 0.7

FIG. 3. Doppler shift of the 1451-keV 23
1→21

1 transition ob-
served in coincidence with the~unshifted! 833-keV 21

1→01
1 tran-

sition at the angles of 45° and 135° compared to the unshi
transition detected at 90°. Calculated line shapes yield an effec
lifetime of teff(2

1)5200 fs.
04431
mental value forK4
approxis 0.87~7!, which is close to the O~6!

value and rules out the U~5! limit. For the further identifica-
tion of excited MS structures in96Ru it is useful to look at
the M1 excitation strength distribution predicted by th
IBM-2. Recently theM1 strength distribution to the 01

1

ground state, the 21
1 and the 22

1 state has been investigate
in the O~6! dynamical symmetry in the framework of a su
rule ansatz@37#. The completeM1 excitation spectrum from
these states was observed. The followingFmax→Fmax21 M1
excitationsJ(t,0)→Jf(t1 ,t2) are obtained in the O~6! dy-
namical symmetry limit:

01
1~0,0!→11,ms

1 ~1,1!,

21
1~1,0!→21,ms

1 ~1,0!,12,ms
1 ,23,ms

1 ,32,ms
1 ~2,1!, ~1!

22
1~2,0!→22,ms

1 ~2,0!,

11,ms
1 ,31,ms

1 ~1,1!,13,ms
1 ,24,ms

1 ,3(3,4),ms
1 ~3,1!,

whereJ,Jf denote the initial and final spins and (t1 ,t2) are
the corresponding O~5! quantum numbers in the IBM-2.

Since not allB(M1) values for the O~6! limit are given
analytically in the literature we have performed a numeri
IBM-2 calculation in the O~6! limit using the computer code
NPBOS @38#. We considered100Sn as the core and usedNp

53 proton bosons andNn51 neutron boson. For the effec
tive bosong factors we used the bare orbital valuesgp51
and gn50. The allowedM1 transition matrix elements ar
of the order of 1mN . The predictedM1 excitation strengths
are shown in Fig. 4.

B. Shell-model calculations

The nucleus96Ru has two protons more than94Mo, for
which shell-model calculations were performed recen
@22#, adopting88Sr as inert core. In this calculation two neu
trons were distributed among the five single particle orbita
2d5/2, 3s1/2, 1g7/2, 2d3/2, and 1h11/2. For protons the two
orbitals 1g9/2 and 2p1/2 were included in the configurationa
space. For96Ru the neutron configurational space is identic
to the one for94Mo while the number of protons is increase
from four to six in the same proton orbitals. In the prese
calculations for 96Ru we use the single particle energi
served for the calculations on94Mo without any changes
Also the same set of two-body matrix elements of the
sidual interaction was taken, which was modeled by usin
surface delta interaction~see for details@22#!. Within this
configurational space we can reproduce many of the exc
positive parity states in the spectrum of96Ru. This is shown
in Fig. 5.

Moreover,M1 andE2 transition strengths have been ca
culated for 96Ru in the shell model. ForM1 transitions we
consider a nuclear magnetic dipole operator, which is
sum of proton and neutron one-body terms for orbital a
spin contributions

m

-
re

d
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T~M1!5A 3

4pS (
i 51

Z

@gp
l l i

p1gp
ssi

p#1(
i 51

N

@gn
l l i

n1gn
ssi

n# DmN ,

~2!

wheregr
l andgr

s are the orbital and sping factors andl i
r ,si

r

are the single particle orbital angular momentum opera
and spin operators withr5p for protons andr5n for neu-
trons. The freeg factors aregp

l ,free51.0, gn
l ,free50.0, gp

s,free

FIG. 4. Comparison ofB(M1) values of the IBM-2 in the O~6!
limit for the transitions fromJp52c

1 states withc[$F5Fmax

21;̂ s1,s2&5^3,1&;(t1 ,t2)% to the symmetric 2a
1 and 2b

1 states
with a[$F5Fmax,^s1,s2&5^4,0&;(t1 ,t2)5(1,0)% and b[$F
5Fmax,^s1,s2&5^4,0&;(t1 ,t2)5(2,0)%. The correspondingB(M1)
values are labeled by the O~5! quantum numbers (t1 ,t2). The en-
ergies were calculated using the IBM-2 Hamiltonian for the O~6!
dynamical symmetry limit.

FIG. 5. Comparison of calculated and experimental spectra
theJp501 –61 states in96Ru. The states with MS assignments a
plotted with thick lines. The observed states without spin and pa
assignments in the plotted region are not included.
04431
rs

55.58, andgn
s,free523.82. Sincegp

s andgn
s are of opposite

sign and comparable in strength, the isoscalar nondiag
part of theM1 matrix element is usually very small. It van
ishes exactly for a quenching factor1 aq50.57. Similar to the
case of94Mo, we used for the calculations in96Ru free or-
bital g factors and effective sping factors with the quenching
factor aq50.57 resulting in pure isovector character for t
M1 transition operator. TheE2 transition operator is the sum
of proton and neutron parts

T~E2!5epTp~E2!1enTn~E2!, ~3!

where ep and en are the proton and the neutron effectiv
quadrupole charges and

Tr~E2!5eA 5

4p(
i

~r i
r!2Y2~u i

r ,f i
r!. ~4!

For the calculations we have used the same effective cha
as for 94Mo: ep52.32 anden51.0.

The results of the calculations for96Ru as well as for
94Mo @22# are shown in Table III. In Fig. 6 we give th
calculated B(M1;2i

1→21,2
1 ) absolute transition strengths

The results will be analyzed in the following discussion.

IV. DISCUSSION

A. The one-phonon mixed-symmetry 2¿ state

It is known from previous experimental dat
@26,34,39,40# that the first excitedJp521

1 state of96Ru de-
cays to the 01

1 ground state with a collectiveB(E2)↓
strength of 15 W.u.

1The quenching factoraq defined bygr
s5aqgr

s,free.

of

y

FIG. 6. Comparison ofB(M1:2i
1→21,2

1 ) strength from shell-
model calculation.
5-7
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FIG. 7. Comparison between theg decay of
corresponding states in96Ru and 94Mo. In the
upper part the decay pattern of the 31 state at
2898 keV and in the lower part the decay of th
21 state at 2740 keV in96Ru as well as the cor-
responding transitions in94Mo are shown. All
corresponding branching ratios are similar. On
the ground-state decay~dashed line! of the 21

was not observed in96Ru, maybe due to contami
nations in the singles spectra.
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~see Table III! and thus exhibits the properties of a symm
ric one-quadrupole phonon excitation. This is supported
the shell-model calculations. The lifetimet50.1920.04

10.10 ps
for the 22

1 state and theE2/M1 multipole mixing ratio for
this transition are also known@26#. In the present experimen
we have improved the value of theE2/M1 multipole mixing
ratio for the 22

1→21
1 transition@d521.1(1)# and we have

measured for the first time the intensity branching ratio
the 22

1→21
1 and 22

1→01
1 transitions in 96Ru. Using this

data we have extracted absolute values of correspon
electromagnetic transition strengths, which are shown
Table III together with the shell-model results and cor
sponding quantities for94Mo. In particular, theB(E2;22

1

→21
1) value is large and comparable in strength to

B(E2;21
1→01

1) value. The B(E2;22
1→01

1) and
B(M1;22

1→21
1) values obtained from our measuremen

are small. These three absolute transition strengths re
typical properties of the symmetric two-quadrupole phon
excitation and they are well reproduced by our shell-mo
calculation. We, thus, conclude that the 22

1 state of96Ru is a
proton-neutron symmetric two-phonon state.

The Jp523
1 state is of particular interest. Our data on

decay properties~cf. Table I! were essential for its recen
identification as the MS one-phonon state@34#. TheM1 tran-
sition from the 23

1 state to the symmetric one-phonon 21
1

state is strong quantified byB(M1;23
1→21

1)50.78(23)mN
2

@34#. This is more than an order of magnitude larger thanM1
transition strengths between low-lying symmetric stat
Moreover, the next observed state withJp521 is about 500
keV higher than the 23

1 state and shows a strong decay to t
22

1 state but not to the 21
1 state. Thus, aside from the 23

1

04431
-
y

f

ng
in
-

e

ct
n
l

.

state, there are no further low-lying candidates for the o
phonon mixed-symmetry 21,ms

1 state in our comprehensiv
dataset. Finally, the sizeableE2 transition strength to the
ground state with a value ofB(E2;23

1→01
1)51.6(3) W.u.

carries as much as 10% of the collectiveE2 strength from
the 21

1 state to the ground state. In fact, the 23
1 state is the

strongestE2 excitation above the 21
1 state known. This spe

cific combination of a largeM1 transition to the 21
1 state and

a weakly collectiveE2 transition to the ground state with n
other competing strong decay branches is the unique si
ture@6# for the 21,ms

1 state in the IBM. Therefore, the 23
1 state

of 96Ru is identified@34# with the lowest 21,ms
1 state in the

IBM-2.
Compared to the numerical shell-model results we fi

indeed a pronounced amount of 2i
1→21

1 M1 strength con-
centrated in the 23

1 state. We conclude the presence of
dominant one-Q-phonon 21,ms

1 configuration in the shell
model, too. This conclusion is supported by the considera
largeB(E2;23

1→01
1) value calculated in the shell model t

be the second largestB(E2;2i
1→01

1) value afterB(E2;21
1

→01
1).

B. Multiphonon mixed-symmetry states

Having identified the one-phonon (t1 ,t2)5(1,0) sym-
metric 21

1 state at 0.833 MeV and the one-phonon (t1 ,t2)
5(1,0) 21,ms

1 state at 2.283 MeV, we can now estimate in
simple harmonic approximation that the energy of the tw
phonon (t11t252) (21

1
^ 21,ms

1 ) quintuplet should be
around 3 MeV. Further, the states withJp511, 21, and 31

belonging to the two-phonon MS multiplet are expected
5-8
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FIG. 8. Comparison between theg decay of the (21,3) state at 2851 keV in96Ru and the 22,ms
1 state at 2870 keV in94Mo. The strong

decay of the (21,3) state to the 21
1 state and weak decay to the 22

1 state are in contrast to the transitions in94Mo. This is considered to be
a reason to reject the (21,3) state as member of the two-phonon mixed-symmetry multiplet.
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be connected with the two-phonon symmetric 22
1 state by

strongM1 transition withu^Jms
p iT(M1)i22

1&u'1mN and by
a strongE2 transition to this 21,ms

1 state with aB(E2) value
comparable toB(E2;21

1→01
1). We found three candidate

for two-phonon, i.e.,t11t252, mixed-symmetry states with
spin valuesJp521 and 31: a 21 state at 2740 keV, a (21,3)
state at 2851 keV, and a 31 state at 2898 keV. All of them
decay to the 22

1 and 23
1 states.

Comparing the newg-decay branching ratios for the 32
1

state at 2898 keV in96Ru with the ones for the previousl
identified 31,ms

1 state at 2965 keV in94Mo we find striking
similarities. At the top of Fig. 7 we show the comparison
the decay intensities for the 32

1 states in the even-evenN
552 isotones 94Mo and 96Ru. For 94Mo the B(M1;32

1

→22
1)50.2420.07

10.14mN
2 value was measured. For the 32

1 state
in 96Ru we have measured an upper limit of the lifetimet
<0.5 ps, see Table II! proving a fast decay of this state
SupposingM1 character of the 32898

1 →22
1 transition, we es-

timate a large lower limit for the correspondingB(M1)
value ofB(M1;32898

1 →22
1).0.04mN

2 . This value is close to
the analogousB(M1) value for 94Mo given above. We note
from the experimental data that there are two more nea
lying candidates for the 31 states at 2851 keV and 2996 ke
for which we do not have an unambiguous spin assignm
However, their decays differ from what is expected for
31,ms

1 state. Therefore, we conclude that the 31 state of96Ru
at 2898 keV is the 31,ms

1 (t1 ,t2)5(1,1) state.
In the shell-model calculation for96Ru we obtain a 34

1

state with largestB(M1;34
1→22

1)50.25mN
2 value at 3.336

MeV. The smaller part of the 22
1→31 M1 strength

„(B(M1;31→22
1)50.08mN

2
… is mainly distributed to the

32
1 and 33

1 states.
Similarly we conclude mixed-symmetry character for t

21 state of 96Ru at 2740 keV. We propose this level as
04431
f

y

t.

close realization of the 22,ms
1 ,(t1 ,t2)5(2,0) structure. At the

bottom, Fig. 7 displays the comparison of the decay inten
ties for the previously identified 22,ms

1 of 94Mo @20# ~left!
with those for the 22740

1 state of96Ru ~right!. Also for the 32
1

state the decay patterns are very similar. Due to the lack
populating transition a possible decay to the ground s
cannot be observed in coincidence. A contamination in
energy region of interest inhibits the identification of the e
pected ground-state transition from the singles spectra. S
posing dominantM1 character of the 22740

1 →22
1 transition

and using an upper limit of the lifetime~0.5 ps! we can
calculate a lower limit for theB(M1) value: B(M1;22740

1

→22
1).0.25mN

2 . This strength is comparable to the corr
spondingB(M1) value in 94Mo and agrees with the IBM
prediction of B(M1;22,ms

1 →22
1)50.24mN

2 and qualitatively
with the shell-model resultsB(M1;24

1→22
1)50.38mN

2 .
Finally, we want to consider the decay properties of t

(21,3) state at 2851 keV in96Ru, which also could be the
two-phonon (t11t252) mixed-symmetry state. The life
time of this state is known:t50.2020.07

10.14 ps. Supposing pure
M1 character for the transition to the 22

1 state we can esti-
mate an upper limit of theB(M1) value: B„M1;(21)
→22

1
…,0.05mN

2 . Compared to theB(M1;22,ms
1 →22

1) value
of 0.35(11)mN

2 measured for94Mo @20# even the upper limit
for the B„M1;(21,3)→22

1
… value is seven times smalle

than the one for94Mo. Moreover it is substantially smalle
than theB(M1) value of 0.39mN

2 calculated in the shel
model for the 24

1→22
1 transition, though the shell-model 24

1

state shows all properties of the two-phonon MS state. F
thermore, the comparison of the branching ratios for t
state and for the 22,ms

1 of 94Mo shows a large difference fo
the decay to the 21

1 state. Therefore the (21,3) state at 2851
keV can be rejected as a candidate for the two-phonont1

1t252) MS 22,ms
1 state~Fig. 8!.
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In order to underline our identification of MS states
96Ru, Table III compares the decay properties of relev
states in94Mo and 96Ru with shell-model results. We note
close similarity of the structures in94Mo and 96Ru. In gen-
eral, a quantitative agreement between model predictions
experimental data could be reached.

The only exception is the decay of the two-phonon M
states to the 21

1 state. Here the shell model tends to overp
dict the weak intensities by up to an order of magnitu
@marked by (*) in Table III# that can be caused by even ve
tiny fragments of strongM1 strengths for nearby states. Th
is an interesting finding: it demonstrates a stronger mixing
structures in the shell model than actually observed. In
case of the O~6! limit of the IBM-2 these transitions are
forbidden due tod-parity selection rules. In the shell mod
no similar selection rule exists.

V. SUMMARY

Using the powerful combination ofg spectroscopy afte
fusion evaporation reaction at the barrier and followingb
decay ing spectroscopy, we identified 14 new transitio
and determined 20 intensity branching ratios and two mu
e

y

-

s

D
T

04431
t

nd

-
e

f
e

i-

pole mixing ratios as well as eight upper limits for lifetime
From the new data, it was possible to estimate theB(E2)
andB(M1) values that play a crucial role for the identific
tion of the mixed-symmetry states.

Comparing the new experimental data of96Ru and94Mo,
we were able to identify the one-phonon mixed-symme
21,ms

1 state and the two-phonon mixed-symmetry states, 31,ms
1

and 22,ms
1 , in 96Ru. Shell-model calculations result in a sa

isfying agreement with our new experimental data and s
port the assumption of mixed-symmetry character for
discussed states.
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