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A study of the low-lying levels of*?®8a was performed using three clover detectors in a compact arrange-
ment. The levels were populated by beta decalf@ifa which was produced by the fusion evaporation reaction
16s5(%0,1p3n). y-y angular correlations and polarization measurements were performed. The decay prop-
erties of several low-lying states were investigated. Spin assignments were made for two states, and several
E2/M1 mixing ratios were determined. The results are in good agreement with predictions agBjHa@ of
the interacting boson approximation. One of the states is unambiguously determined to be the hitherto unob-
served member of the=4 multiplet.

DOI: 10.1103/PhysRevC.66.024323 PACS nun)er23.20.Lv, 21.10.Re, 21.60.Ev, 27.69.

[. INTRODUCTION nowski and Sugihard5] have investigated the levels of
12883 by B decay of 1?4 a. They used the''8Sn(**N,4n)

The proton-rich even-even Ba isotopes aroukid 130  reaction to producé?® a and then a He jet to transport the
exhibit features that make them of special interest for nucleaactivity to a counting area. The He-jet technique was also
structure studies. One of the more interesting features is thased by Idrisskt al. [6] to study the levels of?’Ba from 8
sharp transition from vibrational to deformed structure as thelecay. Kirchet al. [7] and Siemset al. [8] have used the
number of neutrons decreases. Many collective bands hay&“N,xn) reaction on Sn isotopes to produt?& 2813 a and
been found in even-even Ba isotopes in general and®a  have subsequently studied tjfedecay of these isotopes to
in particular[1]. While the band structure is important to our the respective barium isotopes using the chopped beam tech-
understanding of the interplay between collective and singlenique. Asai et al. [9] used mass separation of neutron-
particle degrees of freedom, experimental data on the eledeficient La isotopes to investigate the systematics of excited
tromagnetic transitions between the low-lying states ar@®* states in*?***Ba by measuringy-y correlations with a
needed in order to test the various collective models and thu$ve-detector system. They also reporfd@] several angular
better understand the structure of these nuclei. For exampleprrelation results fot2%B8a.
the recently develope@-phonon schemf2] provides a very In the present work we report measurementsyef an-
simple and intuitive way of the classification of nuclear gular correlations, relative intensities for decays of low-lying
states within the various low-lying bands. In t@ephonon |evels, and polarization measurementsifBa from 8 decay
scheme, the low-lying collective states are described in termsf %% a. The emphasis was on obtainif2/M1 mixing
of the multipleQ excitations of the ground state. It was ratios for transitions between low-lying states and on making
shown [3] that the analytical expressions obtained for thenew spin assignments in order to further our understanding
wave vectors provide a good approximation of the waveof the low-energy band structure df®Ba. The experiment
functions obtained by numerical diagonalization of the inter-was performed at the tandem accelerator of the Wright
acting boson Hamiltonian, even outside its dynamical symNuclear Structure Laboratory at Yale University. We used the
metry limits. In order to test th@-phonon selection rules it Moving Tape Collector device which was recently imple-
is necessary to compai€2 transition rates between low- mented12] on one of the beamlines at this laboratory. A 100
lying states. Since many of these transitions can have sizabMeV %0 beam with an intensity of about 10 pnA was used
M1 admixtures, experimental data &2/M1 mixing ratios to produce the parent®®.a activity via the reaction
is crucial for using theQ-phonon scheme. Moreover, it was '%Sn(%0,1p3n)*?4.a.  An  isotopically  enriched,
suggested4] that in this regionM 1 transitions may be en- 10 mg/cn? target of 1°Sn was used. The half-life of%La
hanced compared to axially symmetric nuclei, due to thds 4.9 min. The activity was deposited onto a 16 mm Kapton
admixture of mixed-symmetry states in the low-lying statetape and transported periodically with a cycle of 10 min for
wave functions. off-beam measurement at the center of an angular correlation

Most of the data on the low-lying states of Ba isotopes aresetup consisting of three HPGe clover detectors. No signifi-
from in-beam spectroscopy studiésee, for example, Ref. cant contribution of any isotope other thafia was ob-
[1]) and from B-decay experiment$Refs. [5—11]). Zol-  served. A total of 2.% 10° coincidence events were accumu-
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FIG. 1. Partial decay scheme &ffLa to ?®a, showing data
relevant to the present work. The two spins in boxes were assign
in this work, and the boxes around energies indicate transitions fo
which theE2/M1 mixing ratios were determined in this work by
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angular correlations and polarization measurements in the
same experiment is reported here for the first time. More
details of the technique will be presented in a further publi-
cation. The three clovers were set around the center of the
angular correlation table in two configurations: for the first
part of the experiment the three angles between pairs of clo-
vers were 90°, 135°, 135°, and for the second part the
angles were 90°, 105°, 165°. The system had 12 leaves, and
when only pairs belonging to different clovers were taken
into account, a total of 48 pairs were analyzed fet coin-
cidences. The angles between the individual leaves were cal-
culated using simple geometric relations. The results were
sorted in nine groups corresponding to angles between 90°
and 180°. In Fig. 2 we present a coincidence spectrum ob-
tained at 93°, with the gate set on thg¢ 20, , 284 keV
transition.

The normalization constants for the correlations were cal-
culated using the strong 479-284 ke\; 42 —0; , and
644-479 keV, § —4; — 27, cascades if?3Ba. Corrections
to the normalization factors due to the different energy de-
e;?endence of the relative efficiencies of the detectors were

angular correlations and polarization measurements. 351 659keV-284keV
. 3.0 - 0+_2+_0+
lated in a 5-d run. A partial decay scheme'éfLa to *?8Ba, i I a,=0.33(6)
showing the transitions relevant to this work is shown in 2 25- a=0.79110)
Fig. 1. g 20|
E L
% 15}
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The use of clover detectors far-y angular correlations I
has the advantage that, when the leaves are considered as : : : : :
separate detectors, a multidetector system in compact geom- 120  488keV-884keV
etry is obtained. In addition, the same setup provides polar- 2 |  4%-2%0
ization data when the clovers are used as Compton polarim- g 1150 2 -0111014)
eters. The use of the individual leaves of clover detectors for E 110 a,=0.002(17)
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FIG. 2. Coincidence spectrum at 93° for the decay%ta to
12883, The gate was set on thg 2:0; , 284 keV transition. The
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FIG. 3. Angular correlations of the three cascades'ifBa

energies of the transitions in Fig. 1 are marked on the respectiverhich were used to test the normalization procedure. The solid lines
peaks. Most of the unlabeled peaks also belong to the decay @ire fits to a sum of Legendre polynomials. The coefficientsa,

124 3 to 1%%Ba.
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TABLE I. The experimental coefficientd\,,A, obtained in the present work by fits of the angular
correlation data to the sum of Legendre polynomiatsAlL,P,(cos6)+A,P4(cosé). The values ofA,, A,
were corrected for solid angle attenuation.

CascaddkeV) Spin sequence A, A, 5
659-284 05 —27 —0; 0.347) 1.0513) E2
488-884 45 —25—0; 0.12a15) 0.00322) E2
1088-284 45 2707 0.107112) 0.00920) E2
601-284 25 -2 07 -0.12(2) 0.294) +13%5°
609-284 4; 47 [—271-0; —0.09(3) 0.184) -14;3°
609-479 4F —af 2] -0.12(2) 0.1%3) <—200r>10
561-479 37 -4 27 —0.18(4) —0.12(5) +3.7°%3
1040-284 35 —27—0f —0.032(13)  —0.099(21) +4%2
1070-284 (34)-4,[—2;]-0; —-0033(22) 00987  +0.65%00r —4.0"12"
475-1040 (3,4)—3] —2; 0.163) 0.105) +2.0° 5

&Convention of Krane and Steffda4]; all mixing ratios are for the first transition in the respective cascade.
®The polarization data favors the first solutiér + 0.65 (see texk

determined using &>%Eu source. The consistency of the nor- values of the quadrupole to dipole mixing paramegemn
malization procedure was tested by measuring correlation§able | were determined by comparing the experimental cor-
with pure multipolarities. In Fig. 3 we show the correlations relation coefficients with the theoretical calculations for vari-
of three such cascades: 659-284; (02, —0;), 488-884 ous values o and using the convention of Krane and Stef-
(47 -2} —07), and 1088-284 (4—2; —07). The coef- fen[14]. _ o
ficients a,, a, in Fig. 3 are not corrected for solid angle _The new results obtqmed from the angular correlations in
attenuation. After applying the solid angle correction all thethis work are the following. T
correlation coefficients of these cascades, denoted ag\,, (@) Mixing ratios of the 2 —2;, 4, —47, 3] —2; , and
are in good agreement with the theoretical val(see Table 31 —4; transitions. All have predominantz2 character.
). The solid angle corrections were calculated using the table (b) The spin of the state at 1833 keV, assigned (3,#
of Camp and Van Lehfil3]. Ref. [15], is here unambiguously determined &s4. (See

In Table | we present the experimenfs) andA, coeffi-  Fig. 2, correlation of the 107@479]-284 cascade. The square
cients for all the angular correlations measured in this workbrackets indicate here and in Table I an intermediate, unob-
The data of Table | are also shown in Figs. 4, 5, and 6, wher&erved transition.
the standard ellipses, vs A, as a function of the mixing (c) The spin of the state at 1799 keV, also assigned*(B,4

ratio E2/M 1 are plotted for the relevant spin sequences. Thén Ref.[15], is also unambiguously determined in the present
work asJ=4. This assignment is obtained from the 475-
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FIG. 4. Angular correlations ellipses, vs A, for the ranged
=—w,+o for the spin sequence$-2-0, J=1,2,3,4. The small FIG. 5. Angular correlations ellipses, vs A, for the ranged
numbers denote the values éffor the respective points on the = —o,+ for the spin sequencek4-2,J=2,3,4. The small num-

ellipses. The experimental points are results of severalangular  bers denote the values éffor the respective points on the ellipses.
correlations in'?Ba. The square brackets denote unobseryed The experimental points are results of twey angular correlations
transitions. The energies of thetransitions are in italics. in ?8a. The energies of the transitions are in italics.

024323-3



A. WOLF et al. PHYSICAL REVIEW C 66, 024323 (2002

P,(6) has its maximum a#=90°. The experimentally mea-
4.3.2 __475-1040 sured quantity is the asymmetry rath,(6), which is de-

0.1 | <\ fined as

Ay(a): aNL+NH’

< 01 whereN, ,N; are the number of Compton-scattered photons
from the central detector perpendicular and parallel to the
3.3.2 correlation plane. The parametartakes into account the
02 instrumental asymmetry of the polarimeter and has to be
determined experimentally. In an ideal apparatshould be
— equal to 1 for ally ray energies. The relation betwean and

03 | o .
P, is given by the equation

0.4 0.2 0.0 0.2 0.4
A, A(0)=Q(E,)P,(6),

FIG. 6. Angular correlation ellipses for the spin sequenceswhereQ(E,) is the polarization sensitivity of the system and
J-3-2,J=3,4 for the ranges,; = —=»,+, whered; is the mixing  has to be known in order to extract the linear polarization
ratio of theJ-3 transition. The mixing ratio for the 3-2 transition P,(6) from the measured . The sensitivity of the clovers
was taken ag,= +4, as determined from the 1040-284 keV, 3-2-0 ysed in our experiment was determined using 3fEu
correlation (Table ). The experimental point is the result of the ggyrce. In Fig. 7 we show the measu@ds a function of
correlation measurement for the 475-1040 keV cascade. energy. Also shown in this figure are the results of the Monte

Carlo calculations oRQ(E,) of Garcia-Raffiet al. [17]. We
1040 keV correlation and using the mixing ra®E2/M1)  see that the agreement with the calculation is quite good, so
=4%2 for the 1040 keV, 3—2; transition, as determined we can confidently combine the experimental and calculated
from the 1040-284 correlatiofFig. 6). values in order to obtain the polarization efficiencies for the

From Fig. 4 we see that while the spin of the state at 1833?®8a data. The instrumental asymmetryvas measured by
keV is unambiguously determined from the 10409]-284  gating on the 511 keV line. All they-rays in coincidence
correlation, the mixing ratio of the 1070 keV transition from with this line should be unpolarized and therefore can be
this state to the # state cannot be extracted from thg, A, used to check the instrumental asymmetry of the setup. In
coefficients. The two possible solutions férare given in  Fig. 8 we present the measured valuesi@is a function of
Table I. The polarization measurement will be used to deterenergy. We see that the asymmetry parameisrone within
mine the correct value. the error bars, except for the 284 keV line, where a slight

nonzero asymmetry was observed. This effect was taken into
account in the data analysis.
IIl. POLARIZATION MEASUREMENTS Our setup and data acquisition system enable the determi-

An important advantage of using clover detectors is thahation of the linear polarization of both components of any
they can serve as Compton polarimeters, so polarization data

can be obtained in addition to angular correlation data in the
same experiment. In our setup two clovers were at 90° with ¥ 4 4 Monte-Carlo caleulation (Ref. 17)
respect to each other, which is the optimum angle for polar- ! ®  Datatfrom ™Eu calibration
ization measurements. Appropriate analysis of the datau” 025 |
showed that the statistics were good enough to determine thg
linear polarizations of some of the strong lines in the spec-3 .
trum. We define here the degree of linear polarizatgf6) % 020 |
as ] A
;| |
w 015} A
W(6,p=0)—W(0,p=7/2) 5
P’/(a)_W(0,¢=O)+W(0,<;/>=Tr/2)’ & o % .
whereW(6,¢=0),W(0,p=m/2) are the intensities of the o 200 400 800 800 1000 1200 1400 1600
radiation polarized parallel§=0) and perpendicular ¢ E (keV)
=/2) to the plane of they-y correlation. ¢ is the angle '
between the directions of the twprays in they-y correla- FIG. 7. The polarization efficienc® vs y energyE, for the

tion. P.(#) depends o_n_the Spins and parities_ of they clover detector used in this experiméage text The experimental
cascade and on the mixing ratios of the transitions involveghoints are from the calibration with th€%Eu source. The triangles
(see, for example, Reff16]). For any given set of parameters are Monte Carlo calculations of Garcia-Radfial. [17].
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FIG. 10. Polarization results for the 1070-479 keV cascade and
plot of the polarization of the second transition vs the polarization

of the first transition for a 4-4-2 cascade for the range— o,

polarimeter. The results are from cascades in which one of the trang .. 5 is the mixing ratio of the first transition. The ellipse was

sitions is the 511 keV linésee text

mine two parameter®

Y

calculated assuming no change of parity for the first transition and
that the second transition EB2. The two ranges of the mixing ratio
-y cascade, provided the statistics are good enough. Therg-from the angular correlation measurement of the same cascade
fore, for any given correlation we can, in principle, deter-(Table ) are shown on the ellipse.

(first transition and P, (second

transition, both of which depend on the spins, parities, anddetermine_the mixing ratio una_mbiguously and two solutions
mixing ratios of they-y cascade and can thus resolve ambi-were obtainedTable ). From Fig. 10 we see that the polar-

guities that were not resolved by they correlation. As an

ization slightly favors the solutiod;(E2/M1)= +0.65(10)

example, we show in Fig. 9 the experimental valuesPof for the 1070 keV transition. Finally, in Fig. 11 we present the
(first) and P (second for the 609-479 keV cascade. The el- polarization results for the 659-284 {62 —0") cascade.

lipse in this figure was calculated for a 4-4*"—2* cas-

The state at 943 keV decaying by the 659 keV transition was

cade as a function of the mixing ratio of the first transition.determined to havé=0 by Asaiet al.[9] From Fig. 11 we
We see that the polarization result is consistent with the mixconclude that the character of the first transitiorE and
the parity of thisJ=0 state is positive.

ing ratio determined by the angular correlatiGrable I).

In Fig. 10 we show the polarization results for the 1070-
479 cascade. In this case, the angular correlation could not

05

P (second transition)

Y

-0.1 0.0 0.1 0.2
Pv(first transition)

0.4

P(second transition)

FIG. 9. Polarization results for the 609—-479 keV cascade and
plot of the polarization of the second transition vs the polarization
of the first transition for a 4-4-2 cascade for the rangje— oo,
+o0. § is the mixing ratio of the first transition. The ellipse was
calculated assuming no change of parity for the first transition, and
that the second transition 2. The range of the mixing ratié
from the angular correlation measurement of the same cascade FIG. 11. Polarization result for the 659-284 keVj 027
(Table ) is shown on the ellipse. The measured polarizations agree-0; , cascade and the calculated values for the four possible com-
binations of polarities of the transitions.

with >99% E2 character of the #—4] transition.
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IV. DECAY PROPERTIES OF LOW-LYING STATES

In the present work we determined that the states at 1799
and 1833 keV both havéd=4. In order to identify their
structure within a nuclear model we need to know the decay
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TABLE Il. Relative intensities and relativB(E2) values for
transitions of states if*®Ba to lower-lying levels, compared with
an IBA calculation(see texk

Level E, J7 J7 Relative Experimental Calculated
energy intensity relative B(E2)
keV)  (keV) B(E2)? (W.u)P
884 601 2; 27 100 103 103
884 25 07 8410 12(1) 0-11°
1321 378 25 0, 3205 40 40
436 25 2; <12 <7 0-1¢
558 25 47 702 1.2(4) 0-3F
1037 25 27 100 0.82) 0-0°
1321 23 07 316) 0.102) 0-0°
1324 440 37 25 212 79 79
561 37 47 121 13(2) 32
1040 37 27 100 51) 0-11°
1372 488 45 2; 9813 58 58
609 4; 47 8210 16(3) 53
1088 4; 27 100 1.12) 0-8&
1799 392 45 6 <2 <8 1
427 47 4 242 63(10) 50
475 45 37 375 57 57
479 47 25 8@ 12(5) 0-1°
915 43 2; 100 a1 0-&°
1036 45 47 375 1.22) 0-1°
1515 45 27  28@8) 0.134) 0-0°
1833 461 4; 45 <2 <10 0-£
949 47 25 <1 <0.14 0-6
1070 4, 47 100 2.24) 0-¢°
1550 4, 2{ 355 0.40(6) 0-0°
509 4; 37 <9 <27 0-4
513 4; 23 <17 <49 49
1710 389 0 23 <5 <33 0-¢
825 05 25 <9 <1 0-1%
1426 0 27 100 1 0-6
2219 898 0, 23 <10 <5 0-1.5
1334 0, 2, <21 <15 0-¢
1935 0; 27 100 1 0-0.2

&The relativeB(E2) obtained from the relative intensities in this
work were normalized for each initial state to the value of the
largest calculate®(E2) for that state given in column 7, except for
the 0y ,0; states for which the upper limits for thg(E2) were
normalized to a value of 1 for the observed transitions to tfie 2
state.

®The effective charge for the calculation was taken from the experi
mental value B(E2;2] —07)=76 W.u. [1], e,=0.12¢eb

=2 Wul2

°The two values were calculated with=0 andy= — \7/2, respec-
tively, in the T(E2) operator.

properties of all low-lying states. Part of the required infor-
mation exists in the literaturgl5]. However, the states at
943 keV (0;) and 1321 keV (Z) do not appear in Ref.

PHYSICAL REVIEW C 66, 024323 (2002

present experiment. To this purpose the data from all detec-
tors were sorted into ong-y coincidence matrix. The rela-
tive efficiency of the system as a function of energy was
determined from the coincidence matrix using the known
part of the decay scheme. Relative intensities were obtained
by placing energy gates on various transitions leading into
and from the relevant low-lying excited states and using the
relative efficiency calibration. We extracted the relative in-
tensities of the transitions from all the states up to 1833 keV
with spin less or equal to 4. Special care was taken to sub-
tract contributions of lines whose energies were close to
those of the lines of interest, and in several cases the relative
intensities were determined in several ways in order to check
the consistency of the results. We also included upper limits
for the decay of the § and Q; states which were determined
by Asaiet al.[9] to be at 1710 and 2219 keV, respectively. In
Table Il we present the relative intensities and relative
B(E2) values for the decays of the low-lying levels, as de-
termined in this work. Since the,Ostate experimentally de-
cays only to the 2 state, we did not include it in the table.

V. DISCUSSION AND CONCLUSIONS

The neutron-deficient Ba isotopes exhibit collective prop-
erties which are considered to be well described by tf@® O
symmetry of the interacting boson approximatioiBA)
[18,19. We therefore attempt to interpret the new as well as
the existing data for'?®a in the framework of the (®)
limit. The Hamiltonian in this case is

H=—kQX=9.Qx=9,

where Q¥=°=Q(x=0) is a particular form[generator of
0O(6)] of the general IBA quadrupole operat@=(s'd
+sd") + x(d'd)2. The parametey varies in the IBA be-
tween 0 and- \7/2. TheE2 operator is

T(E2)=e,Q,

wheree, is the boson effective charge. In the last column of
Table 1l we present the calculated transition probabilities for
x=0 in the T(E2) operator which corresponds to thé6D
limit in the consistentQ formalism [20]. In Fig. 12 we
present a comparison of the low-lying experimental levels
and a calculation using the above Hamiltonian. We see that
the agreement is quite good.

A nonzeroy value in theT(E2) operator was introduced
in Ref.[21] to reproduce the weak transitions which are for-

bidden in the @) symmetry. The allowed transitions in(€)

[with A7=*1, wherer is the quantum number of the(®)
group[22]] are not affected by the paramejeof the T(E2)
operator. For transitions which are forbidden in puré)O
(i.e., A7=0,%=2 transition$ we also calculated th8(E2)
values using the largest possible value of gh@arameter,
x=—/7/2, and therefore for these transitions we have two
calculated values in Table II: one is zdmure Q6)] and the
other is usually finite and corresponds to the maximum ab-

[15]. Therefore, it was important to determine the decaysolute value ofy. The calculated values in Table Il are all

properties of all the low-lying levels using the data from the

given in Weisskopf unitgW.u.) and were calculated with

024323-6
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12883 [18]. The present data for the decay of thg ,00; ,
04, 25, and 4, states do not allow a definite interpretation
for the structure of these stat€Bable Il and Fig. 12 The
0, , 25 states are very likely the lowest part of te=8,
vp=1 sequence, but the very low transition enerdi@sc-
tically zero to the members of the next lower multiplets
with v, =0, prohibit the detection of the characteristie-
=1 transitions. The # state is probably part of the same
vpy=1 sequence, but the exact, even large, relative strength
of the 513 keV, 4 —2; transition is difficult to measure.
The 0; and @, states are candidates for thg_Q state but
more data, in particular absoluEE2 andEO strengths, are
necessary to make a final conclusion. On the other hand, the
structure of all these states could be affected by quasiparticle
configurations, thus placing them outside the framework of
the IBA.

In conclusion, in this work we used a setup of three clover
detectors and the Moving Tape Collector facility at Yale Uni-

quantum number, respectively. The dotted lines separate state®rsity to measure properties of low-lying levels t¥Ba
within a given 7 multiplet. Also shown are the low-lying experi- following 8 decay of 128 3. The individual leaves of the
mental levels. The level within the box is the hitherto unobservedclover detectors were used as a multidetector apparatus to

J=4 member of ther=4 multiplet (see texk

e,=0.12 eb obtained from normalizing theB(E2;2;
—0;) value to the experimental value of 76 W[d]. For
comparison purposes, for each initial state we normalized th
experimentally determined relatiB{ E2) values to the larg-
est calculated(E2) value from that state. From Table 1l we
see that, except for the;4state, all relative EE2) values are
consistent with the calculation. In particular, the data for the
decay of the 4 state, whose spin was determined in the

measurey-y angular correlations and polarizations in the
same experimental run. We determined the spins of the 1799
and 1833 keV levels int?3Ba, asJ=4 as well as several
mixing ratios and relativa8(E2) values for transitions be-
g/veen low-lying levels in this nucleus. The results, when
analyzed together with existing data, are in good agreement
with the Q6) description for this isotope.
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