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Photon scattering experiments have been performed on the nuti®es with photon energies OF,
<4.1 MeV andE,<2.8 MeV. At 2.1 MeV clear evidence for the2state has been found. From the measured
lifetime we extract signatures for the isovector quadrupole excitation in the valence shell: a weakly collective
E2 decay to the ground state and a strdng decay to the 2 state. As the resonant photon scattering with
bremsstrahlung is a complete reaction, we can conclude that'tistafe at 2129 keV is a rather purgatate
with little fragmentation. This is in contrast to the kcissors state. A comparison with an IBM-2 calculation
is given.[S0556-28188)02908-3

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

I. INTRODUCTION nuclei appears as a scissors mpgle The scissors mode was
discovered 7] in Darmstadt in the early 1980’s and is nowa-
Isospin is a useful concept in nuclear structure physicélays well established in the different regions of deformed
due to its conservation by nuclear forces. Conservation ofuclei (for a recent review on this topic see Rg8)). The
isospin suggests that it is reasonable to decompose the quzM-l excitation strength is usually distributed among several

I ; :
rupole excitations of the protons and the neutrons into isosL _States forming the fragments of the scissors mode. The

calar and isovector excitations. In this paper we will focus ontOtaI M1 strength is proportional to th&2 excitation

the isovector quadrupole excitation in the valence shell of gtrength of the 2 ste_lte, S€€, €.9., Re1[59,10]: In the nuclgl .
. of the rare earth region the scissors mode lies at an excitation
heavy nonmagic nucleusS®Ba.

The description of isovector excitations in the valenceem’jrgy of about 3 Me\[11]. Besides the cases of strongly

hell i ol . | uct del. which t tdeformed nuclei the scissors mode has been observed re-
SNEll S possible using a nuciear structure model, which trea ently both in weakly deforme@l12] and in y-soft nuclei

the valence space of a heavy nucleus separately with regar 14, as well

to protons and neutrons. Such a model is, e.g., the proton- rhe gher known example of a mixed-symmetry state is

neutron versioi1-3] of the interacting boson modéBM- 5 ot _tate. There are observations gf tates in spheri-

2), which we will employ below. Apart from low-lying Sym- 5| iprators andy-soft nuclei in the 10&:A< 150 mass re-

metric states which are multiple isoscalar quadrupoleyion15_17. Only in a few cases could the short lifetime of

excitations, there exist also eigenstates of the IBM-2 Ham|l-the collective 7, state be measured. This was done by Cou-
. .

:Zg'agctv\f[ghﬂ\]’; a(\a/)e(cl;]u;nctlé)r:;, vrv(?tI((J:: :rruej ngjtsr(})/rr?rtry]c?ég%};\mth lomb excitation[18], and by a DSAM analysis of rays
P Y P observed after inelastic neutron scattefihg,20, or after an

e espa ) resclon(z1) Homever, e o reacion mechanis
P P he experimental sensitivities for the detection of all the large

guadrupole excitations. . L .
Formally, the mixed-symmetry states are distinguisheoTragments of the ?'"5 state dgpe_nd on their excnat_lon energies
and/or the total level density in this energy region around 2

from the symmetric ones by tHe spin quantum numbéd#], i
which is for bosons the analog of isospin for nucleons. InveV. It might have happened that even large iragments of

+ : .
most practical applications spin is a rather good quantum 1€ Zms State remained undetected which could change the
number for the low-lying states. For the following discussion!Mt€Pretation of the observations. It is, thus, desirable to ap-
we assume thaE spin is good. While the symmetric states ply a highly sensitive, selective reaction mechanism in order
with F=F=(N_+N,)/2 décay by collective electric © obtain complete information about the large fragments of
max T v .l . . . .
quadrupole transitions, the lowest mixed-symmetry statel'® Zms State. First, we discuss the signatures of the isovector
with F=F,—1 predominantly decay to the symmetric quadrupole excitation in the valence shell, which are ex-
max . .
states by magnetic dipole transitions. The best studie@ected theoretically. Second, we give the results of our pho-

mixed-symmetry state is the*1state which in deformed ton scattering investigation and compare them, third, to a
calculation in the framework of the interacting boson model.

II. SIGNATURES OF THE ISOVECTOR QUADRUPOLE

* . . . .
Present address: Oliver Lodge Laboratory, University of Liver- EXCITATION IN THE VALENCE SHELL

pool, Liverpool L69 7ZE, UK.
Present address: Argonne National Laboratory, Argonne, lllinois In order to find a selective reaction for the population of
60439. the isovector quadrupole excitation in the valence shell we
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consider theQ-phonon schemg22-25 in the IBM-2 [26]. of the isovector quadrupole excitation in the valence shell
By definition, the isoscalar quadrupole excitation in the va-can be studied by the observation of all fragments in a com-
lence shell takes the form plete reaction.

|2§,Va|>:NS(QW+QV)|OI>ENSQS|OI>’ 1)
h I1l. PHOTON SCATTERING INVESTIGATION
where

~ 5 Due to the weakly collectivE2 and the stronf/l 1 decay
Q,=s,d,+d s, +x(d d,)? (2)  transitions from the 2 state to the ground state and to the
, 2] state, respectively, the 2 state decays rapidly and is,
is the IBM-2 quadrupole operator for proton bosonsy, s short lived. A very effective method for the measure-
(p=r) and for neutron bosong € v), respectively, where  ment of short-lived levels which can be populated from the
we have put the conditiog, = x, = x. ' denotes a normal- grqund state by strong dipole and quadrupole transitions is
ization factor. The isovector quadrupole excitation in the vaype photon scattering reacti§®2], frequently called nuclear
lence shell can be generated by a linear combinatioQ of  resonance fluorescen¢dRF). Due to the low momentum
and Q,, which yields, in the limit of good® spin, an or-  ransfer induced by the real photon, the NRF technique is

thogonal configuration to Ed1), i.e.,[26], highly sensitive to dipole and electric quadrupole excitations.
N N This sensitivity and the excellent energy resolution jof

12, VaD:Nm:(_Qw_ =—Q,|107)=NnQmd 07 ). spectroscopy allows for the investigation of strong dipole

’ 2N, 2N, and quadrupole excitations far above the yrast line, where

©) the level density is high. The reaction mechanism is purely

If the ground state is totally symmetric, so that electromagnetic and, thus, well understood. In principle,
+y_ _ ; from the direct observables, the energy and scattering-angle-

F(01) =Fmac=(N;+N,)/2, then the wave vector E(S) has dependent photon scattering intensity and its polarization,

no overla_p with the space spanned by the symmetric state(s)he can determine in a model-independent way excitation
because it haB=F,,—1.

Cepi . . i energies, decay branching ratios, spins, parities, level widths,
. In the F-spin dyna_mlcal symmetries _Of the l_BM 2 Bd) absolute transition strengths, and lifetimes of the resonance
gives the wave function of the;2state withF-spin quantum

. states. By the use of bremsstrahlung as a continuous energy
numberF 5, exactly and Eq(3) gives the one of the lowest 10 source, all dipole and quadrupole excitations of ap-
mixed-symmetry 2. state with F-spin quantum num_ber propriate strength can be detected simultaneously. In the sen-
Fmax—1. Consequently, the lowest members of fi&spin  sijtive energy range a complete survey of dipole and quadru-
multiplet F=F.,—1 can be obtained by the application of pole excitations with excitations strengths above a certain
Qs onto the 2, state and along with appropriate angular experimental sensitivity limit can be obtained. This allows
momentum coupling. For example, in tiephonon scheme  for the investigation of the excitation strength distribution.

of the IBM-2, the I state has the form It was our aim to study the fragmentation of the isovector
. D+ quadrupole excitation in the valence shell and, therefore, to
111)=Nsd QsQmo"'[07 ). (4 obtain for 1**Ba a rather complete set of data for the strong

The 1+ in vib has b . di imil E2 excitations in the energy range of the 2state. The
e 1, state in vibrators has been interpreted in a similar.y,ice of the nucleud®®Ba was due to several reasons. Evi-
way in an RPA framework27].

. . . dence for Z ¢ states has been found for soie- 84 isotones
The properties of the 2. state in the dynamical symmetry [15,18, the neutron number of which differ from the shell

limits of the IBM-2 have been discussed in the literature oo reNn=82 by two units. The neutron number &t%Ba
[3,5,28,29. Itis known that the %5 state decays by a strong (N —g0) differs from the shell closure also by two units and,
magnetic dipole transition to t.he symmetr@ Btate. Mixed-  tarefore, we expect the existence of thg &tate close to 2
symmetry states and sorfiespin changindM 1 andE2 tran- ey excitation energy, as is the case for tie 84 isotones.
sitions outside of the dynamical symmetries are discusseqy aqgition, in the neighboring nucledé®Ba the 2" state is
€.g., In Refs.[30,3]]. Let us, howe\_/er, mention two add". well known from the Budapest-Lexington Collaboratidrr]
tional points also known from the literature, which are eVi-and its total excitation strength has been meas{i6# In
dent in theQ-phonon picture(1) the E2 decay from the 134, the 2. state is fragmented into two'2states between
state to the ground state can be weakly collective, because tO and 2 1SMeV excitation energy. It is of considerable in-

represents the difference of the proton and neutron parts A rest to see whether the: 2state is a pure state or whether
the collectiveE2 transition from the 2 state to the ground it is fragmented as the mixed-symmetry $cissors mode in
state and(2) the E2 decay from the & Stat‘i to th?_ s deformed nuclei. Photon scattering experiments ‘6fBa
should have a strength comparable to tﬁfe—zol_ transition.  have already been carried out earlier by Metd@3]. While

In order to observe the signatures for the isovector quadhe ysed a scattering target of 92.8 g isotopically enriched
rupole excitation in the valence shell, we must measure th@65_1% 136B3(NO,),, we only had 1076 mg:3®BaCO,
following quantities: spin and parity”=2", the ground \yith higher isotopical enrichmeri®8.6%. However, due to
state excitation strengtfB(E2,0; —2%), the M1 decay the low efficiency of the Ge detectors Metzger used in his
strength to the 2 state, which means the branching ratio pioneering work twenty years ago, the old measurements
r(2*—2)/r(2*—0;), theE2/M1 mixing ratio § of the  were sensitive only in narrow energy regions below the end
2% 2] v transition, and the lifetime. The fragmentation points of the bremsstrahlung photon spectiia8,34.
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300 widths in a model-independent way. Parities of the observed
states were already known from the literat{8&,3§.

In Table | we compare our data to those obtained previ-
ously by Metzger. He missed a strong magnetic dipole exci-
tation at 2694 keV. All other values coincide within two
standard deviations. In most cases the experimental error of
the effective elastic resonant scattering wili§iI" could be
reduced by a factor 2—4. Most importantly, in addition to the
2, state at 2129 keV we can exclude the existence of an-
other 2" state between 2 and 4 MeV which decays compa-
rably strong to the 2 state byE2 andM1 transitions to the
ground state and the,2state, respectively.

Thus, the Z state at 2129 keV is the main fragment of
w the 21 state in*®Ba. It has a short lifetime of=67(7) fs.

é)f T Its excitation strength dB(E2;0; —2,)=0.045(5¢? b? is
000 2100 2200 2300 weakly collective. It corresponds to 2.1 single particle units
Energy (keV) and amounts to 11% of the excitation strength of the 2
state. This is a factor of 3 larger than the excitation strength

FIG. 1. Part of the photon scattering spectrum®¥Ba using an  of the 25 state, which in the vibrator nucleds$®Ba is inter-
incident bremsstrahlung beam with enerdigs<2.8 MeV. The an- preted as the 2 member of the isoscalar two-quadrupole
gular distribution of the resonant photon scattering intensity 0bphonon triplet. The short lifetime and the weakly collective
served at 2129 keV clearly indicates the excitation of asate. E2 excitation strength are signatures for thfﬁ‘s atate.

Another signature of the 2 state is the strongyl1 tran-
Our experiments were carried out at the photon scatteringition to the 2 state. From angular correlations pfdecays
site [32] of the Dynamitron accelerator in Stuttgart. Results ster neutron capture it is knowi88] that the Z —2; tran-
on dipole excitations around 3 MeV it?®Ba have been dis- sition has a pureM1 character with a very sma&Z/Ml
cussed elsewhelf@5]. A part of the photon scattering spec- mixing ratio 5= +0.009). From the branching ratio and

! . Sthe lifetime observed in the present,f/') experiment we
measured at two scattering angleés90° and6=127° with deduce a decay strengtB(M1;2}a21+)=0.26(3),uﬁ.

Ge detectors of 100% relative efficiency. Shargines ap- . : PR 2
pear above the nonresonant background. These lines steThIS value is close to th&(M1;1 —0,)<0.5uj values

from decays of the resonantly excited states. Some stat& the Iartglz:;]est frlag[g}elg_s of ﬂ:erSCissorS rfnoge i? gg‘;)m:ﬁ_d
were observed which decay both to the ground state and fgre earth nuciejsj. Liven the errors ot abou 0, tis
other lower-lying excited states value coincides with the totéll 1 decay strength of the frag-
From the ground state decay intensities observed at scatented %s State n t+he ntilghbonng nugleu@“Ba Wwhich
tering angles of 90° and 127°, we could unambiguously dis@MOUNts tB(M1;25 ,—2; ) =0.20(2) uy [19]. With the
tinguish dipole and quadrupole excitations. Absolute value$Pin and parityd™=2", together with the small mixing ratio
for the photon scattering cross sections of #{éBa states ~S2+—2; and with the absolute2 andM1 decay strengths to
are obtained relative to the well-knoW86] cross sections of  the ground and 2 states, we obtain a complete set of sigha-

several states if’Al. Total level widths and, thus, the life- tures for the isovector quadrupole excitation in the valence
times of the observed dipole and quadrupole excitations arghell of 13%Ba.
deduced from the cross sections and the relative decay

200

Counts

100 }

300}

200

Counts

100§

IV. IBM-2 CALCULATION

TABLE I. Measured effective widths for elastic resonance scat-

tering"'3/T in comparison to the data obtained earlier by Metzger.
The parity assignments are taken from the literaf@&38.

In order to prove the mixed-symmetry character of tfje 2
state at 2129 keV, we performed an IBM-2 calculation,
wherein this state can be understood as tfig ate. We
E N ryrea rre used the codeiPBos[39] for the numerical calculation. Ex-
[keV] (%] [meV] [meV] perimental data for th&2 excitation strengths require small
F-spin mixing between the 2 state at 2080 keV and the; 2

2080 z <01 —0.0414 state at 2129 keV. In order to reproduce this feature and to
2129 Zi 1.006) 0.72) explain the structure of the,2 state in simplest way, we
2694 1 25839 generalize the IBM-1 Hamiltonian, by choosing the follow-
3044 L 13.86) 172 ing F-spin scalar IBM-2 Hamiltonian:

3116 2" 3.6(4) 4.1(6)

3370 1 24.913) 30(5) H=e(ng +ng)+a(ng +ng )’+x(Q,+Q,) (Q,+Q,)

3436 1 76.346) 71(10)

3981 1) 22.244) 21(6) +AL-L+M(£1,62,83), 5

aThis work. where forp=(,v) Ny, is thed-boson number operata@,

PReference 33]. is the quadrupole operator defined in EB), L=L_+L, is
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FIG. 2. Low-lying positive parity states df®Ba (left) for which 2* Energy (keV)
unambiguous spin assignments are known from the Nuclear Data
Sheets and from our experiments. Thé $tate at 2.2 MeV is a FIG. 3. Experimentaltop) and calculatedbottom E2 excita-

noncollective 3 ns isomer. Thej4state at 2.05 MeV is presumably  tion strength distribution if*®a. In the IBM-2 transition operator,
the hexadecupole vibration. On the right we give the result of ansffective chargee,=0.1562e b ande,=0 were used.
IBM-2 fit using the simple--scalar Hamiltonian from Ed5). The
mean relative energy deviatihE ¢~ Ejgw|/Eexy amounts to 4%.

tonian(5), leavinge,,=0.1562¢ b as the only adjustable pa-
the total angular momentum operator, dids the Majorana  rameter of the transition operators.
operator[3]. The term @4 +nq )? corresponds to theg While theM 1 properties are satisfactorily describfedth
term used previously in IBM-1 forr compression[40],  the exception of the p—1* fragmentation; this shortcom-
which improves the moment of inertia. With the parametering of thesd-IBM-2 is known), we are particularly interested
values e=0.85 MeV, a=—0.52 MeV, k=—-0.08 MeV, in the distribution of theE2 excitation strength from the
x=-0.25 \=0.018 MeV, §=£§=0.7 MeV, and ground state. The calculat&® excitation strength distribu-
¢,=0.228 MeV we obtain a good fit of the excitation ener-tion is compared to the experimental distribution in Fig. 3
gies of the positive parity states, for which firm spin assign-gng Taple II. TheE2 strengths of the lowest*2states, in-
ments are known from the literatuf87] and from our ex- cluding the 7, state at 2129 keV, are well reproduced. In

periment. Figure 2 shows the quality of the IBM-2 fit. The . n . : i
6, state is a 3.1 ns isomdB7], which is outside of the ?rgtghnfzggg and experiment, the,gstate is essentially un

IBM-2 model space. Furthermore, thg 4tate, to which the
6, state decayE37], cannot be satisfactorily described in the
sd-IBM-2. This 4" state presumably contains the hexadecu-
pole 4" wbrguon, which occurs in the ;ermmagm neighbor- TABLE Il. Comparison of the relevant experimentally known
ing nucleus *Ba at a Comparab_le eXCItatlon_energy of 1'gdata on magnetic dipole and electric quadrupole transitions with the
va- Thf other states—in particular the mixed-symmetry,ogits of the IBM-2 calculation. For the transition operators only
2" and 1" states—are nicely described with a mean relativeyne scaling parameteef=0.1562e b) has been adjusted in order
energy deviation of about 4%. to reproduce thé8(E2;0; —2;) value on an absolute scale. The
As we have information on the lifetimes of"land 2°  experimental data are taken from this wéftotnotes and from the
states, it is valuable to compare the experimentally founditerature[37] (else.
B(M1) andB(EZ2) values to the calculated results. We used

the standard IBM-2 transition operatdi3 Observable Unit Experiment IBM-2
T(M1)=g,L,+g,L, 6 92 [un] 0.7(1) 0.750
2510621 [d] 0.263) 0.290
and 0] —13s0s [x2] 0.132)° 0.214
0y — 13370 [pd] 0.172)° 0.002
T(E2)=e,Q,+e,Q,. (7 12 (k3] 0.6(1)° 0.397
Q(2)) [eb] —-0.196) -0.278
In order to reduce the number of free parameters we used ﬂHaHT [€2b] 0.4005) 0.400
orbital valuesg,=1 uy andg,=0 for the bosorg factors % >} 2p2
Lo . —25 [e“b?] 0.0164) 0.009
and a vanishing effective neutron boson quadrupole chargSi " 2.0 P
e,=0.! We also used the sameparameters as in the Hamil- % 2 [eb] < 0.00 0.002
v 05 —2 [e2b?] 0.0455)° 0.060
25 —27 [e?b?] 0.094) 0.074

IAlternatively, one could treat the neutron effective chaggasa  °This work using theE2/M 1 mixing ratio §=0.005(9) from Ref.
free parameter. I&, ande, are fitted to reproduce the2 excita-  [38].

tion strengths of the 2 state and the 2, state, one obtaing,  "This work.
=0.151e b and the small value,=0.0156e b, which weakly af-  °This work, assuming purt1 decay, which is in agreement with

fects calculated(E2) values. the IBM-2 calculation.
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