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Observation of the 1* scissors mode in they-soft nucleus *Ba
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A photon scattering experiment was performed on theoft nucleus*Ba with photon energies of
E,<4.1. Around 3 MeV excitation energy a fragmented 4cissors mode as well as the’(@37),- two-
phonon dipole state were identified. The dipole excitation strengths were measured. The excitation strength of
the scissors mode in thig-soft nucleus is well reproduced by an empiridall sum rule that generalizes the
“ 82 law” to nuclei without axial symmetry. The IBM-2 describes the mixed-symmetry statds‘Ba and
their decay pattern. A largé2/M 1 mixing ratio for the I — 2] decay of the scissors mode to th§ gtate is
predicted by the IBM-2. The new result frof#¥Ba together with a similar previous observation %Pt
corroborates the scissors mode as a typical excitation mogesoft nuclei.[S0556-28186)51011-3

PACS numbses): 21.10.Re, 23.26-g, 25.20.Dc, 27.66]

The scissors mode is a fundamental excitation mode o$tudied [30,31. The low-lying positive parity states of
heavy deformed nuclei. Recently it was obseryé&P] in 13433 are well described by the(6) dynamical symmetry of
19pt, This was the first observation of the scissors mode in &he IBM [32]. Hence, we performed a photon scattering ex-
deformed nucleus with a soft triaxiallity. Besides the Pt,Osperiment on'*Ba in order to observe the scissors mode in
region another wide region of-soft triaxiallity is the Xe,Ba the A=130 region and to confirm the scissor as a general
one with mass numbers aroudd= 130. Here we report on €xcitation mode ofy-soft nuclei.
the observation of the scissors mode in theoft nucleus ~ This experiment was carried out at the photon scattering
13484 This observation corroborates the scissors mode asSi€ [4.33 at the 4.3 MeV Dynamitron accelerator in
typical excitation mode of-softly deformed nuclei. Stuttg_art. A photon scattering spectrum is dlspliayed in Fig.

In a simple geometrical model the scissors mode can be: This spectrum was observed at a scattering angle of

= ° Wi 0 ici i
visualized as a scissorslike counter rotating oscillation of thg 127° with a Ge detector of 20% efficiency relative to a
i

deformed proton body against the neutron body. In 1984 th in.X 3 in. standard Nal detector. Sharp resonance scatterllng
o . : : Ines appear above the nonresonant background. These lines
excitation mode was discovered experimentdBy in the

ll-def q leudS6Gd i high luti lect stem from the decays of the resonantly excited states. Some
well-delormed nucleu In a high-resolution €lection ' gate5 were observed that decay both to the ground state and
scattering experiment. Subsequently the scissors mode hgs ey excited states. Decays to the first or seconstates
been investigated intensively in electron and in high reSOIUKNere identified from their transition energies. With respect to

tion photon_ ;cattering experiments in many deformed nuclejg g|astic ground-state decay theienergies are lowered by
[4]. In addition to the ever rare earth nucleisee refer-

ences in[5]) it was found in the actinide§6,7], fp-shell :
nuclei[8], and in oddA rare earth nucl€i9—11]. The exci- 1800
tation strength of the mode is fragmented around excitation ]
energies of 3 MeV. The totaM1 strength in this energy
region correlates to other collective observallgs 2,13,
such as the low-lyinge2 strength, and depends quadratically
on the nuclear quadrupole deformation in axially symmetric
nuclei. This fact is known as the so-called® law” [14—
17]. |
A scissors mode in deformed nuclei has been predicted 3 'AE = E(2)) |
theoretically in various nuclear moddl$8—22. A splitting 1200 Etglointotgpalnas b P
of the scissors mode is predicted for nuclei with rigid triaxi-
allity [23,24]. For y-soft nuclei predictions for the scissors Photon Energy (keV)
mode have been made in th€8Ddynamical symmetry of

the IBM-2 [25-27. Tge recently reportefil] prOPe_rties of FIG. 1. Photon scattering spectrum offBa at a scattering
the scissors mode in*Pt correspond to the predictions of zngie ofg=127°. Above the smooth background, sharfines are

the Q6) dynamical symmetry of the IBM-£28]. Itis thus a yisiple. The strongest lines are ground-state transitions of the dipole
crucial test of models of the scissors mode to investigate alsgxcitations. Some of these states also decay to other excited states
the low-lying dipole excitations in another region pfsoft  as, e.g., the 2 state. The inelastic transition from the" ktate at
nuclei namely in the nuclei arourl=130[29]. We mention 2939 keV to the £ state is emphasized in the left box. Note the
that the mixed-symmetry 2 state in***Ba has already been change of scale in the left part.
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TABLE |. Results of the'®Ba(y,y’) experiment. Tabulated are the excitation energies the spins
J and the paritiesr, the energy integrated elastic photon scattering cross settignthe ground-state decay
widths 1“01+, the relative ground-state decay width rat]b@; /T used for the data analysis, and the dipole

excitation strength8(71;0; —17) in units of u3=11.06<10 % e? fm?.

E, J7 I'so F01+ F01+ T B(71)7

[keV] (%] [eV-b] [meV] [uR]

2311 (1) 3.20.9 1.5-0.4 0.031+0.009
2571 19 5.2+1.1 5.3:0.8 0.56+0.08* 0.081+0.012
2806 (1) 2.80.9 1.9-0.6 0.023-0.007
2824 T 22.2+25 18.0:2.3 0.85:0.07 0.2080.027
2939 1+ 25.2+2.7 30.1+3.6 0.63-0.04 0.307-0.037
3011 (1) 3.5:0.9 2.7:0.7 0.026:0.007
3027 (1) 5.3+1.1 42:08 0.039-0.008
3246 (1) 3.2+0.9 2.9:0.8 0.022+0.006
3327 (1) 5.2+1.1 10.7:2.1 0.46-0.07 0.075:0.015
3343 (1) 2.50.9 2.4:0.8 0.017-0.006
3450 (1) 5.5+1.2 5.6-1.2 0.036:0.008
3560 1 16.32.4 18.0-2.6 0.103-0.015
3589 1 21.22.9 23.7:3.3 0.133:0.018
3617 (1) 6.215 72617 0.039:0.009
3705 1 12223 15,127 0.072:0.014
3783 (1) 8.12.0 10.1-2.4 0.048:0.012
3836 1 15.33.0 19.6-3.8 0.090:0.018
3980 (1) 9.33.4 12.8-4.6 0.053-0.019
3992 (1) 11.13.8 15.3-5.2 0.062-0.021

&The branching ratios to thef; states are taken from Rd838].
PB(E1;0; —2824 keV)=2.3(3)x10 2 e? fm?.

605 keV and 1168 keV corresponding to the excitation ensignments in parentheses. Within the experimental accuracy
ergies of the 22 states. the branching ratios that we obtain from our data agree with
The observed decay intensities yield the rafigs /T',+  the literature[38] with one exception. A str0+ng 1859 keV

of the partial widths for the decays to thg 225tateslémd %he decay branch of the state at 3028 keV to the ate does

. ' . not appear in our data. We believe that the observed intensity
ground state, respec_tlvely._'_l'he angular correlations of th t 1859 keV in the3-decay experimerfB9] comes from the
ground-state decay intensities observed at 90° and 12

I | ited be dinol o | d1859 keV decay of the level at 2464 keV level to thg 2
prove a .strongyexcne states to be |poeex0|tat|9ns €alstate. This interpretation has been suggested by Fazekas
ing to spin assignments=1. Absolute values for the inelas-

s i ' et al. [31] due to their inelastic neutron scattering data.
tlEtPhOtgn ?C?ttefltngtﬁross lfiCt'on[%g thésa statt.es aref Therefore, we us&; /I'o+ =0 for the determination of the
obtained relative to the well-know| cross sections o : . . .
several states if’Al. From the cross sections and the rela- 1%02?erhv level W'dtg'fThi relative .partl?l hdegay IW'dth.S
tive widths, total level widths and thus the lifetimes of the 0 ' hat were used forthe extraction of the dipole exci-
observed dipole states are deduced in a model-independdation strengthsB(wl;Of—&”)=(27/167-r)(hc/EyO)3l“ol+
way. The parities of the dipole excitations were measuredrom the measured photon scattering cross sections are in-
with a Compton polarimetef4,35]. In our experiment we cluded in Table |. The spectral distribution of the dipole
used a sectored single-crystal Ge polarim¢&6] with a  excitation strengths is plotted in Fig. 2 in units of
high coincidence efficienc§7]. For the most intense decay u&=11.06<10 %e? fm?.
transitions at 2824 keV and 2939 keV statistically significant The energy of the 1 dipole state at 2824 keV is close to
coincidence asymmetries in the Compton polarimeter lead tthe sum energy of the 2 and the 3 states,
parity assignments off= — and 7= +, respectively. E(27)+E(31)=2860 keV. This state is thus a good candi-
The results are summarized in Table I. Due to the lowdate for the T member of the 2®3~ two-phonon multip-
cross sections, firm assignments of spins and parities wetet in ***Ba. In the neighboring isotopes®*Ba such states
not possible for many levels. For some states additional inhave been identified previous]¢0—42. The excitation en-
formation comes from other reactiof&8]. Some states were ergies of the two-phonon dipole states in the epeisotopes
known from a previous experimef89] where the8™ decay  134136.1383 closely correlate to the sum energies of the con-
of the 1" ground state of'*_a was studied. Due to the stituent phonons. The occurrence of the strongly dipole ex-
population of these states in both reactions, namely in theited 1~ two-phonon state i**Ba in the energy region of
parity selective@ decay and in the spin selective photon the scissors mode shows the necessity of parity measure-
scattering reaction, they are most probably 4tates. For ments for the correct determination of the scissors mode
cases where we lack other information we quote these astrength.
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FIG. 3. Relative decay widtrELf/F01+ of the main fragments of
FIG. 2. Dipole excitation strength distribution below 4 MeV the scissors mode if®Ba. For the levels at 2571 keV and 3328
(1 n&=11.06<10 2 e? fm?). Open bars are plotted ¥=1 is un-  keV the relative widthgbranching ratios plotted here, are taken
certain. A tentative parity assignmefit) is made if this state is from the adopted values for the decay intensities reported in the
also populated in th@™* decay of the T ground state of*4_a. Nuclear Data Sheet88]. The strongest dipole excitations below
3.5 MeV decay to the ground state and to tri“g 8tates.
In the following we focus on the magnetic dipole excita-
tions. The 1" state at 2939 keV has a relatively larlyel 10.
excitation strength oB(M1;0; —17)=0.31(4)u3 It can B(Ml)sf?B(EZJOI—)ZI) )
be considered as the main fragment of the scissors mode in
'%Ba. The totalM 1 strength summed over all states, wherehas been formulated in Ré6] where the transition strengths
J7=1" is at least tentatively assigned in Table I, amounts taare given in single-particle units. This formula generalizes
the “6% law” to nuclei without axial symmetry, since a
0F 1+ — 2 model dependent extraction of a nuclear deformation param-
Ei B(M1;0; —=17)=0564)uiy- @) eter 5 from the B(E2) value is not necessary. F&¥Ba this
formula predicts theM 1 strength of the scissors mode from

The error was obtained by adding quadratically the errors ofne valueB(E2;0; —2;)=0.680(16)e? b? [45] to be
the individual fragments.

The inclusion of the excitation strengths of those states B(M1)]¢=0.612)u?,
for which spin and parity are assigned d6=(1) would
increase the summed strength between 2.5 MeV and 3B agreement with the experimental value from EL.
MeV from Eq.(1) by 0.0?(l),uﬁ, Above an excitation energy In the OQ6) dynamical symmetry of the IBM-2 the scis-
of 3.5 MeV we observed eight states, four of them with spinsors mode is described by the lowest dtate. For the boson
assignmend=1. In total they have a large dipole excitation numbersN_ =3, N,=2 with N=N_+ N, and barey factors
strength ofB(71)1=0.61(5)x? From a RPA calculation 9.(9,)=1(0)uy, the IBM-2 predicts[28] the excitation
[43] it can be expected that magnetic dipole excitationsstrength of the scissors mode in théDdynamical symme-
above 3.5 MeV have a low orbit-to-spin ratio Bfs~1 or  try to be
less and thus do not belong to the scissors mode. But from )
the systematics of the dipole excitations in the nuclei around B(M1)To=0.72uy ()
N =82 these states most probably have negative parities. We . _
consider other transitional nuclei, namé§fNd and 14ésm, ~ in rough agreement with the experiment.
that have four valence neutron particles as compared to the Besides the ground-state transitions decay branches to
four valence neutron holes 1#*Ba. In these nuclei the stron- |OWer-lying excited states could be observed for the largest
gest dipole excitations above 3.48 MeV d&@é excitations fragments of the scissors mode. Flgure_s s_hows the_lnt_ensny
[15,44. Thus the total strength of the scissors mode inrat|osl“|_f/1“01+ of the strongest magnetic dipole excitations
134Ba presumably does not deviate too much from the valugo the lowest statek;=0;,2;,2; . We stress that the accu-
given in Eq.(1), where we only included states for which we rate width ratios from the Nuclear Data Sheets are converted
have experimental evidence for positive parities. Thereforeinto absolute widths from they,y’) ground-state excitation
we use this number for a comparison to the predictions ofvidth data. The decay intensities to thé 2tates are of the
empirical and theoretica!1 sum rules and to other nuclei same order of magnitude as the ground-state decays although
where the data have also been obtained below a certain cute larger transition energy favors the latter. If converted to
off energy[1,5]. reduced transition strengtt®(M1)|, the strengths of the
The scissors mode strength) in 3“Ba amounts to about decays to the quasi-bandhead exceed the corresponding
1/5 of the strength in a typical rotor nucleus in the rare eartlground-state decay strengths. In rotational nuclei where the
region[5]. This could be expected from the close correlationscissors mode is well studied such a decay behavior of the
of the total low-lyingM 1 strength to the excitation strength scissors mode fragments has never been observed. But a
of the 2 state. An empirical sum rule for the excitation similar decay pattern of the scissors mode was found for the
strength of the scissors mode y-soft nucleus'®®Pt [1]. Systematically the 1—2, decay
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branching strongly increases in the transition from axially 2(N+2)
deformed rotors toy-soft nuclei[46]. B(EZ;OIHZQ—])O(G):(ew_ev)szTrNV' (6)
Actually a strongM1 decay of the 1 state to the 2
state is anticipated in the (6) dynamical symmetry of the
IBM-2. For ***Ba with a boson number dd=5 a branching
ratio of Rg(s) .= B(M 1;17 —23)/B(M1;1] —0;)=2.25is
predicted[47] in the Q6) limit. This number must be com-
pared to the measured valueRe, I‘22+E§0/I“01+E§2

In ¥¥Ba the mixed-symmetry,? state has been identified by

Molnar et al.[30]. Due to their decay behavior the States

at 2029 keV and at 2088 keV are interpreted as the fragments

of the mixed-symmetry 2 state. Their summe&2 excita-

=3.57(12) for the state at 2571 keV afly,=1.51(32)  jon strength[38] SB(E2)1 =0.041(4) & b? is actually re-

for the state at 2939 keV. In both cases we assume purg.,qced within a factor of two by the expressi@) if one

dipole radlatlon' for the inelastic erays. On average thes ses the effective chargés) derived above in the @) limit

values agree with the 1BM-2 p+red|ct|or.1.. of the IBM-2. A slight theoretical overestimate of the
In addition to the I —2, transitions we observe B(E2-0F —2+) value mav be explained by an overestimate

1*—27 transitions for the strongest fragments of the scis- (E2;0, —2py) valu y xpial y verest

sors mode at 2571 keV, 2939 keV, and 3328 keV. In rotor®] € differencee, —e, due to the assumption of pure

nuclei 1" —2; transitions are frequently observed and inter- =2 decay of the scissors mode to th State. An accurate

. . . +
preted advl 1 decay transitions to the ground state band. Thigneas.u.remgniaof th&2/M1 mixing ratio of the $-—2;
interpretation changes fop-soft nuclei. In the pure () transitions in***Ba would thus be a crucial test of the pre-

dynamical symmetry of the IBM-2 aM1 decay of the I dictive power of the @6) dynamical symmetry of the IBM

state, which has mixed-symmetR/=F 1, to the sym- for y-softly deformed nuclei. -

metric 2] state withF=F,,, is forbidden. Due to their The surprising interpretation of the'1-2, decay as an

quantum numbers these two states contain different numbefsVeCtorE2 transition is based on thé 1 selection rules in

of d bosons ( : even number ofl bosons,  : odd num- the Q6) dynamical symmetry of the IBM-2. Better descrip-

ber ofd boson3 [48]. Thus, thed-boson number conserving tions of real nuclei can usually be achieved by a breaking of

M1 operator cannot induce a transition between them. Hovv_t-he dynamical symmetries. Then thg Stmﬂ selection rule

ever, in the IBM-2 a T —2; decay can be explained by an is no longer valid. It is thus of crucial importance to study
’ 1 . .

F-vector E2 transition as suggested [i,2] for the corre- whether a breaking of the (6 dynamical symmetry may

+ g .
sponding data int®®Pt. In the @6) dynamical symmetry the lead to a I'—2; M1 transition that is strong enough to
analytical formula account for the experimentally observed intensities. Outside

of the dynamical symmetries of the IBM there exist no

N+ 4 simple analytical expressions for the excitation energies and
B(E2;1; —2])=(e,—e,)? N_N, (4) transition strengths as a function of the Hamiltonian param-
2N(N+1) eters. The Hamiltonian must be diagonalised numerically

) . and its parameters must be fitted to the observables. Puddu,
has been+ derlyed by Vanlsacketal. [28]. A finitt  gcholten, and Otsuk#49] performed such a fit for the
F-vector 1} -2, transition is obtained if different values xe Ba,Ce isotopic chains. Using their fit parameters for
for the effective quadrupole boson charggdor proton and 13483 theM 1 strength of the {—2; transition amounts to
neutron bosons are useH2 transition strengths between B(M1;1f —2})=0.003%2 This value is about 30 times

symmetric states witk =F,,,, are proportional to the square too small to explain the totally observed 12 decay in-
of Ne,.+N,e, and are not sensitive to tllifferenceof the tensity as purdl 1 transitions

effective chargeg,,—e,. The boson charges can be chosen To summarize, we have performed Bg<4.1 MeV in-

to reproduce the malnIF-st:raIarl?r(EZ;OfHZI) value as  gjastic photon scattering experiment on thesoft nucleus
well as theF-vectorB(E2;1; —2;) strength from Eq(4). 13435 Around 3 MeV excitation energy we observed the
If the observed 1—2] decay transitions are assumed t0 M1 scissors mode and the' ®3~ two-phononE1 excita-
consist of pureE2 radiation then the summed strength from tion. This demonstrates the fact thatsoft nuclei exhibit

the decays of the states at 2571 keV, 2939 keV, and 3328oth the properties of deformed rotors as, e.g., the existence
keV amounts toSB(E2;1"—2,)=0.025(4) éb?>. Com-  of the scissors mode and the properties of vibrators as, e.g.,
bining this with the low-lying E2 excitation strength the two-phonon states. We have measured the dipole excita-
B(E2;0; —2;)=0.680(16)e? b? from Ref.[45] the effec-  tion strength distribution in*>*Ba below 4 MeV excitation

tive boson quadrupole charges energy. The low-lyingM1 excitation strength is well pre-
dicted by an empirical proportionality to the low-lying
e,=0.22e b, e,=0.06eb (5 B(E2) value that generalizes thes? law” to deformed nu-

clei without axial symmetry. A description of the mixed-

can be obtained fot**Ba if the conditione_—e,>0 is re-  symmetry states ift**Ba can be obtained in the IBM-2 that
quired. predicts a larg&E2/M 1 mixing ratio for the § —2; decay

These values can be tested independently by the excitagransition. Together with the recent observation of strongly
tion strength of the mixed-symmetry; 2state that depends magnetic dipole excited 1 states in they-soft nucleus
on the differencee, —e, of the effective charges as well. In 1°%Pt the existence of strong low-lying magnetic dipole ex-
the Q6) dynamical symmetry this excitation strength is citations in!3Ba confirms the scissors mode as a fundamen-
given by[47] tal excitation mode also oj-soft nuclei.
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