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We identify theJ™= 27 state of%®Ru as the proton-neutron mixed-symmetgy,tate of this nucleus. This
identification is based on the measurement of the transition strelqitsl,2; —27)=0.78(23) ,u,ﬁ and
B(E2;25 —07)=1.6(3) W.u. These transition strengths were obtained from the Coulomb excitation yield for
the population of the 2 state relative to the yield of the;2state with knownE2 excitation strength. The
Coulomb excitation was done in inverse kinematics using the reat@(?°Ru,°’Ru*) at 280 MeV. This work
demonstrates the accessibility of the isovector quadrupole excitation in the valence shell using experiments
with an accelerated beam of the nuclei of interest.
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The many-body atomic nucleus is one of the classic testthogonal linear combination of the collective proton and the
ing grounds for theories of collective quantum phenomenaneutron quadrupole excitations
The unique feature of nuclear structure physics lies in the
fact that th_e nucleus can bg described as a system built up by |24y~ Nind Q,—aQ,)|07), 2)
many bodies of two species, protons and neutrons, as the
relevant degrees of freedom at low energies. This fact makes At
nuclear structure physics a conceptual bridge between thvt\elhere the parameter ensures the orthogonalit{2nd2; )

investigation of single-component, e.g., electronic, many—zo’ to the symmetric on@-phonon configuration. This

body quantum systems, and multicomponent systems e_afonstruct represents the fundamental mixed-symmetry quad-

hadrons. Therefore, the exploration and thorough unde Upole excitation in the valence shell, which is, in vibrational
standing of the impact of the proton-neutron degree of freeDUCIE" the oneQ-phonon counterpafd] of the symmetric

dom on nuclear structure is one of the fundamental issues gff state. Its experimental identification and investigation are

nuclear structure physics with relevance extending to otheP! OPVious importance. .
fields of quantum physics. The predicted [10] unique signatures for the one-

Isovector excitations are particularly sensitive to theQ-Phonon mixed-symmetry state?;gare a strongM1 tran-
proton-neutron interaction. Extensions to collective modelsition to the symmetric 2 state with a large matrix element
incorporated the isospin degree of freedom and predicte@f about Juy in size and a weakly collective isovectB2
[1,2] collective isovector excitations based on quadrupoledecay to the ground state. Mixed-symmetry states were
deformation, albeit at higher energies than later observed. observed in many deformed nucldil]. Candidates for 2

A microscopic approach to nuclear structure is given bystates were suggested from the analysis of intensity ratios,
the interacting shell model with isospin degrees of freedome.g.,[12]. An unambiguous observation of these signatures
Nuclear shell structure supports the concept of an inert coreequires experimental techniques which are sensitive to the
and a valence shell, which simplifies the understanding ofibsolute size of transition matrix elements.
most low-energetic excitation modes. A truncation of the va- Lifetime measurements have provided evidence for frag-
lence shell provides the framework of the interacting bosorments of the 2, state of heavy nuclei, e.d.13]. Investiga-
model (IBM). Including the proton-neutron degree of free- tions of the nucleus“Mo have recently showfil4—16 that
dom(3], the IBM-2 predicts the existence of low-lying, col- a very pure Z state can exist that is even able to support
lective, at least partly isovector, valence shell excitationstwo-phonon structures. Some of the experimental methods
namely, the mixed-symmetry statp4] with nonmaximum  used for the aforementioned observatigfts instance, pho-
F-spin quantum numbgb]. ton scattering or neutron scatterjingequired the long-term

The relation between symmetric and mixed-symmetryhandling of several hundreds of milligrams of the nuclei un-
states becomes particularly obvious in @ghonon scheme der investigation. In practice, this has restricted the investi-
[6,7]. Nearly all even-even nuclei have)d=2" state as the gation of mixed-symmetry one- and two-phonon states to
lowest-lying excited state. Its wave function can be well ap-g-stable nuclides. However, having a reliable experimental

proximated[8] by the isoscalar quadrupole excitation method to identify mixed-symmetry quadrupole-phonon ex-
. . citations in radioactive nuclides from absolute transition
125 )=N(Q,+Q,)[07), (1) strengths would considerably enhance the study of this fun-

damental class of states. One viable way is the formation of
whereQ, andQ, denote the proton and neutron quadrupolean intense beam of the nuclei of interest in a rare isotope
operators in the valence shell. Obviously, there exists an omaccelerator facility, like that proposed in the U[$7], and to
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block mounted in the target chamber 64 mm downstream
from the carbon foil. Gamma rays were observed with the
efficient new SPEEDY Ge-detector arra%9] which was
equipped with seven EURISYS clover Ge-detectors. The de-
tectors were mounted at observation angles of@fe clo-
ver), 42° (three clovery and 138%= 7—42° (three clovers
with respect to the beam axis. The total photopeak efficiency
of the setup was 2.1% at 1.33 MeV. Singlespectra were
taken fa 2 d with beam on target. The room background was
measured off-beam for 1 d.

Figure 2 shows the relevant parts of thespectra ob-
tained. Below 1 MeV, the in-beam spectrum is dominated by
the 832.6 keV £ —0; transition in**Ru. It contains a large
the even-everN=52 isotones®Mo and %Ru. The 2 state of Dopplgr-shifted compone'nt and a much sma}ller part from
%Mo was recently identifiedi14] as the 7., state of this nucleus. €MISSIONS at rest. The Shlftgg component originates from the
The numbers denote relativeintensities, absoluté11 matrix el-  Population of the 2 state of ®Ru by Coulomb excitation in
ements, and3(E2) values. The transition strengths f8Ru are  the carbon target. The corresponding, Coulomb-scattering
from this work.
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FIG. 1. Comparison of the low-lying low-spin level scheme of

measure the Coulomb excitation yield in inverse kinematics i

[18]. The corresponding cross sections for Coulomb excita- 4t 12¢(%6Ru, %Ru")|

tion, along withy-ray branching ratios and multipole mixing

ratios, would give sufficient information on absolute transi- 2 o LA

tion strengths to identify 2, states. We have carried out such 0 ,0

an experiment at Yale, using a beam of the stable isotope 6|0

%Ru at the ESTU-tandem accelerator. The result of the ex-

periment is the identification of the/2 state of*®Ru and the 4 20

first measurement of an allowed1 transition strength be- 2

tween mixed-symmetry and full-symmetry states in a ruthe- % 0° LA

nium nuclide. =~ 0 5 ' ; ’ T X200
It is the purpose of this Rapid Communication to present f 6 1'

this experiment and to discuss the results in order to first & 4

demonstrate the feasibility of Coulomb excitation in inverse ‘3

kinematics for the investigation of mixed-symmetry states, g 2 10

second to broaden the database gf) fhixed-symmetry O ok

oneQ-phonon excitations, and third to contribute to the dis- l% ALY

cussion about mixed-symmetry states in #he-100 mass —

region. 4r
The nucleus®Ru is particularly interesting with respect )

to the investigation of the 2. state because it is the next 138°

heavier even-eveN =52 isotone after®Mo, for which the O coincidence, Dopplercorrected "+ x 104

hitherto most complete data set on transition strengths from 6

multiphonon mixed-symmetry states has been observed. Fig- Al 42 %2

ure 1 shows a comparison of the lowest parts of the level

schemes of*Mo (left) and °®Ru (right). The excitation en- 2 K‘\

ergy and the decay branching ratios strongly suggest a simi- il i e e U marh

lar character of the 2 states in both nuclei, which if"Mo 00 800 1000 1200 1400 1600 1800

was identified the 2 state[14]. v—Energy (keV)

We studied the"®C(°*Ru,°®*Ru*) Coulomb excitation re-

action at 280 MeV. The beam energy78% of the Coulomb FIG. 2. Photon spectra from the bombardmehadl mg/cn?

barri 4 safe Coulomb ation. A b ; carbon foil with 280 MeV**Ru nuclei observed with the SPEEDY
arrier, ensured sate L.oulomb excitation. €am ol neg array. Panela) displays the raw spectrum observed in-beam with

tively charged_ Ru _nuclei was extracted from a sample Oy ¢jover detector 1= 0°. Panelgb)—(d) show the in-beam spec-
natural ruthenium in the sputter source of the Yale ESTUy, after subtracting the room background for the detectors at

tandem accelerator. After acceleration the beam was massgpe 42° andg=138°, respectively. Panéé) displays the coin-
separated W'tg respect to the isotdf§Bu. A beam current of  cigence spectrum gated with the 832.6 ke/-20; transition in
about 3<10° *Ru nuclei per second was used on a 0.96%Ry. The coincidence sort was done for all detectors in the array
mg/cn? natural carbon foil. The degraded beam, with an exitusing Doppler corrections according to the individual observation
energy of about 220 MeV, was subsequently stopped in a Péngles and a relative velocity of c=6.6%.
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angle integrated and effective beam energy averaged, excita- TABLE I. Measured transition strengths.
tion cross section i€o)(2,)=93(1) mb using the previ-

ously measured E2 matrix element |(2;]|E2[0f)| ~ Observable Unit Ref20] This work
=0.486(7b [20]. B(E2;0{ —27) e’ b? 0.2347) 0.2367) 2
Above the Z —0; v line, the raw in-beam singles spec- Q(27) eb 0.139) 0.139)2
trum is dominated byy rays originating in the room back- g(g2:2/ 4;) e? p? 0.09813) 0.1068)
ground from natural activity, e.g., the 1460.8 keV line from B(E2:0; —27) &2 p? 0.020736)

the decay of’K, and weak contaminations of the experi-
mental hall. This fact demonstrates the extremely low back®Adopted from Ref[20] for normalization.
ground induced by the Coulomb excitation reaction in in-
verse kmemaths wr_nch makes _thls method senS|_t|ve_ even t3>2+) value relative to the knownB(E2:0{ —27)
weak y lines with higher energies than the dominating 2 3 - ] _ 1 1+
— 0 transition. We can obtain clean spectra by simply sub-~ 0'336(7) € b +va|ue fro_rg the intensity ratiod (25
tracting the appropriately scaled room background. —21)/1,(27 =0,)~=3x10"". The numerical calculations
Figures 2b)—(d) show the beam-induced parts of the in- with theGOSl_A code take into acco_unt integrations over Cou-
beam spectra. Except for fluctuationsyaénergies of strong lomb scattering angles and effective beam energy in the tar-

background lines, the resulting subtracted spectra are ve§€t, andy angular distributions. The observed intensities cor-
clean. This fact enables us to easily identify the Doppler/@spond to Coulomb excitation cross sections calculated with

shifted signal of the 1451(8) keV 2;—2; transition the transition strengths shown in Table I. The measured

(marked by the arrows in Fig)2which accounts for 93)% B(E2;2; —4;) value agrees with the literatuf@0]. The

of the decays of the 2 state of ®Ru at an excitation energy €rTor quoted for theB(E2;0; —23) transition strength in-

of 2284.23) keV [23]. For a mean velocity of =0.066& of cludes, be;ides the statistical error, a 17% uncertainty of the
Coulomb excited?®Ru nuclei one expects to measure a mearfross section due to a+ possible variation of the unknown
Doppler-shifted energy of.,=1547.4 keV at 0°, 1522.8 quadrupole momenQ(2;) from zero to the extreme rota-
keV at 42°, and 1380.4 keV at 138°. The observed centers dfonal limit |Q,.(23)|=10/7B(E2)]=0.1&b.

gravity of the Doppler-shiftedand considerably broadened For the B(E2;2; —4;) value this reorientation effect
25 —2; transition lie at 154€l) keV, 15212) keV, and due to the unknowrQ(4;) induces an uncertainty of less
1381(2) keV, respectively. Figure(8) displays the spectrum than 2%. The contribution from Coulomb excitation of the
of Doppler-corrected prompt coincidences with the shifted®®Ru beam on heavy elements present in the setup was de-
part of the 2 —0; transition. In this coincidence spectrum termined to be less than 1% for thg‘ Btate mainly because
we can identify twoy lines above the noise corresponding to of the much higher Coulomb barrier. Deorientation due to
the 4 —2; and 2 —2; transitions in®*Ru with an inten- magnetic dipole interaction is insignificant for thg Ztate

sity ratio (after efficiency correctionof 1.2(2). because of its short lifetime.

The almost equal intensities of the 685.5 keY-42; Table 1l compares the measured properties of te 2
transition with aB(E2) value of 213) W.u. and the 2  states of ®Ru and ®Mo. We note the similarity of the
—2; almost pureM1 transition with a more than 2 times weakly-collectiveB(E2;0; —23) values in**Ru and*Mo
larger transition energy of 1451.6 keV ensure that two-stefghat correspond to about 10% of tB@ excitation strength to
excitation processes are negligible for the excitation yield othe 2] states. These sizabB(E2;0; —2;) values charac-
the 2; state in our reaction. Indeed, usiipe E2/M1 mul-  terize the Z states as one-phonon excitations which ideally
tipole mixing ratio §=0.03(10) for the 2 —2; transition can be studied by Coulomb excitation. We next observe the
[22] and the branching ratid (25 —2;)/I,(24—0;) largeB(M1;2;—2;) value? which is even larger i"°Ru
=0.075(22) [23], numerical calculations with the than inthe neighboP*Mo. This exceptional combination of
Winther—de Boer andosia [24] codes yield a 99.9% domi- large absoluté11 andE?2 transition strengths to the/ 2state
nance of one-step excitation over two-step processes for thend to the ground state is the clear signature fof,as2ate.

25 state. Consequently, theintensity of the 2—2; tran-  Therefore, we conclude thejZtate of**Ru to be the mixed-
sition can be considered to be proportional to B(&2;0; symmetry one-phonon excitation of that nucleus. This con-
—23) value. On the other hand thg 2-0; transition is 3  clusion is supported by the predictions of the IBW0] and
orders of magnitude more intense than all othdines in our ~ agrees with recent microscopic calculatid2$,27| for the
spectra, hence, the intensity of the 2 —0; transition can N=52 isotone®*Mo. The similar decay properties of thg 2
be considered to be proportional to tfB{E2;0; —2;)  states of**Mo and °*Ru with mixed-symmetry character are
value. Therefore, we can reliably extract tiE2;0;  Shown in Fig. 1. The properties of the one-phonop &ate
change little when going from onBl=52 nuclide to the
even-even isotone.

The literature values used here for the branching ratio and the
E2/M 1 multipole mixing ratio agree within the experimental uncer-
tainties with new results obtained recently by the Cologne spectros- °The large error bar in th&Ru case is mainly due to the uncer-
copy group[21]. tainty in thel (23 —07)/1 (23 —2;) branching ratio.
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TABLE Il. Comparison of the measured properties of the isovector quadrupole excitgfidn 2°Ru
and Mo, to the original IBM predictior 10,25, and to recent microscopic calculations f§Mo [26,27).

Observable Unit %Ru %Mo [14,15  IBM [10,25 QPMI[27] SM[26]
B(E2;2:—0;) (W.u.) 1.6(3) 1.82) =3 0.79 1.65
le(25—27) (%) 100(3) 100(5) 100 100 100
lel(2,—07) (%) 7.522)°2 15.1(7) =25 5-18 14
8(25—27) 0.0310)° 0.154) 0 0.01-0.02 0.003
(279 (fs) 22(7) 60(9) 17-170 70-220 a4
B(M1;2;—27) (n2) 0.7823 ¢ 0.486) 0.4 0.20-0.61 0.51
E(2}) (MeV)  2.28423) 2.06741) 1.7-2.7 1.953 2.218

8From Ref.[23].

From Ref.[22].

Using theE2/M 1 mixing ratio §=0.03(10) for the 2 —2; transition from Ref[22] and they-intensity
branching ratio 9®)/7(2) from Ref.[23] which both were recently confirmed by new d@?4.

In the framework of thesd-IBM-2 B(M1) values are much smaller components of mixed-symmetry character than
proportional to the squared difference of the bogdactors,  previously thought. It would be of great importance to mea-
(9,—9,)% From the measured valuB(M1;2;.—~27) sure the absolut8(M1;2; —2%) strength distribution in
=0.78(23) w2, we can conclude a numerical value of,(  %Ru and heavier ruthenium nuclides up to 3 MeV to resolve
—g,)%=1 u for °Ru independent of any model param- this problem.
eters and choices of boson numbers. Moreover, a value of To summarize, we have identified the fundamental mixed-
(9,—9,)?=1 ui reproduces well the extensive set of symmetry oned-phonon excitation 2<in the near-spherical
F-vectorM1 transition strengths measured Mo assum-  nucleus ®Ru based on absolut€2 and M1 transition
ing a y-soft structure[15] and it can account for the total strengths obtained in a Coulomb excitation experiment of
excitation strength of the ;1 mode in deformed rare-earth %Ry nuclei in inverse kinematics. The new data broaden the
nuclei if one allows for breaking of the $8) symmetry. il small data set on transition strengths frofy 2tates and

Previously, mixed-symmetry character has been assigneglq confidence in the concept suggesting the existence of
[28,29 to an extensive set of low-lying nuclear states in thep, e orless fragmented isovector valence shell excitations

f~ 100 rrllasfs hreg(;on that CﬁUId nc_)t %e understood i_n the, all open shell nuclei. This experiment demonstrates that
ramework of thesd-IBM-1. These mixed-symmetry assign- e technique of Coulomb excitation in inverse kinematics is

ments were obtained from comparing excitation energies an . e ; L
o . X . apable of identifying and investigating thé,;gstate. It so-
electromagnetic intensity ratios to systematb|BM-2 cal- lidifies our expectations for many-body quantum research

culafonszlis(;ngsistrgngly quer(;c:wdl opt(ajrator. Avalue gf. with a powerful rare isotope accelerator and it might open up
(97—0,)°=0.054 uy was used to repro PLéE(allaneasure N"new experimental approaches to mixed-symmetry states,
tensity rafios in even-mass ruthenlum AUCKEL, = Ru. Fro”? e.g., the measurement gfactors for mixed-symmetry states
the satisfactory agreement W!th the data, dominant mIXedﬂsing transient field techniques after projectile Coulomb ex-
symmetry character was assigned to many states, becau&?ation [30]. The measured valueB(M1:2" . —27)
large F <F,ax cOmponents in the wave functions were re- _ 2 ims oL
quired to generate sufficiemi 1 strength to account for the 70'73(23) KN shows th_at allowed MS- FS M1 transi-
tions in ruthenium nuclei can reach strengths of the order of

measured intensity ratios. It was concluded in R28] that > ) .
for nuclei in this mass region tH&(M 1) values for allowed :aﬁlli\‘e’r?/\tl)grlil(t 2 orders of magnitude more than concluded in

mixed-symmetry to full-symmetry (MSFS) transitions
would be of the order of 10?7 ,uﬁ. We thank H. Klein for informing us about branching ra-

The value we measured above f6PRu exceeds the tios and multipole mixing ratios if°Ru prior to publication.
former estimate by almost 2 orders of magnitude. This apWe gratefully acknowledge discussions with P. von Bren-
parent contradiction could drastically change our current vitano, D. Cline, C. Fransen, A. Gade, F. lachello, J. Jolie, H.
sion of mixed-symmetry states in this mass region: either th&lein, N. Benczer-Koller, A. Lisetskiy, K.-H. Speidel, A.
strengths of allowed MS- FS transitions changes by 1 to 2 Wolf, C.Y. Wu, and S.W. Yates. This work was supported by
orders of magnitude when going froffiRu to the even-even the U.S. DOE under Contract Nos. DE-FG02-91ER-40609
neighbor °Ru, which would lead to doubts about their col- and DE-FG02-88ER-40417, and by the DFG under Grant
lectivity, or the structures discussed in Rdf38,29 contain  No. Pi 393/1-1.
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