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The B(E2) values for several critical transitions #°Sm are determined following the decay of *5%Eu.
These data improve upon and correct previous studies and allow us to perform a full analysis of phase
coexistence in'®2Sm, to analyze the mixing found empirically, and to compare this with detailed model
calculations[S0556-28139)06510-3

PACS numbgs): 21.10-k, 21.60.Ev, 23.26-g, 27.70-+q

[. INTRODUCTION in either a purely rotational or purely spherical vibrational
interpretation of®Sm the 2 — 0, transition is expected to
In two recent papergl,2] evidence for phase coexistence be collective. Coexisting 0 states are also supported by data
in $%%Sm was presented. In a third pap8t, evidence for a from (p,t) and ,p) cross sections to 0 states in1°’Sm
corresponding phase transition in the-150 mass region (see, for example, Reff4]). The levels based on the Gstate
was studied. clearly resemble a set of phonon and multiphonon levels. In
The results are of particular interest because they relate tiact, the yrast and near yrast levels built on the €ate, if
phase coexistendgn the sense of condensed matter or mag-taken in isolation(e.g., if one encountered a nucleus where
netic systemsstemming from a single Hilbert spag2]. Of  the 0, level was the ground statevould be almost a text-
course, since nuclei are finite systems, the concepts of phas@ok example of an anharmonic vibrator spectrum. This is
transitions and coexistence are only approximate. The idedBustrated in Fig. 1 where we compare the experimental lev-
in Refs.[1-3] can be visualized in terms of two coexisting els of the § -sequence to anharmonic vibrator model calcu-
potentials, spherical and deformed, whose energy separatigftions obtained with the equivalent approaches of Brink
varies with nucleon number such that’Sm is near the et al. [5] or of the U5) limit of the interacting boson ap-
crossing point and shows evidence for both types of structurproximation(IBA). We have used only a single anharmonic-
at low energies. Such a level crossing scenario is closelity parameter for all states, chosen to reproduce the two-
related to the concept of a first-order phase transition alphonon 4" energy. This figure vividly shows the phonon
though, in the finite-body nuclear case, the abruptness ahultiplets and very closely resembles the data. Such a se-

such a structural change is naturally muted. ~quence of levels, with such uniformity, is unexpectedity
~ We stress that the phenomena involved here are quite digrucleus much less as a coexisting family of excited states.
tinct from other widespread and familiar typessifapeco-  |ndeed, only in the Cd isotopd$—9] are candidates for 4

existence that involve the mechanism of an intruder statgand maybg5 phonon vibrational statebuilt on the ground
from another major shel(This is not to say that the energy stat¢ known at all.
and interaction of thes1hg, orbit and its spin orbit partner  However, this picture of>’Sm faces a number of serious
m1hy,, are unimportant for understanding the transition re-difficulties and puzzles based on the existing data, especially
gion. However, the onset of deformation nevertheless ariseghen absolute transition rates are considered. There are sev-
from effects within single proton and neutron major shglls. eral key issues that can be summarized as follawsst of
Model analyses suggest that this kind of phase coexistena@ese are illustrated on the left in Fig). 2
corresponds to only a small region of parameter space and is (1) The very smallB(E2) value for the 401 keV 2
therefore likely to be an eﬁremely rare phenomenon. o7 transition itself. This value was not actually defini-

_ A simplified view of the Zsm level scheme is shown in jyely established in Refd]. It was remarked in Ref1] that
Fig. 1 (left). In the coexistence interpretation the yrast levelsihe value obtained should be considered as an upper limit
constitute a deformed rotational bafB{=E(41)/E(2])  since the 401 keV transition in the spectrum could be partly
=3.01] while the states built on the,0level comprise a a contaminant.%Eu is 8 unstable and also has a 401 keV
vibrational sequence of phonon and multiphonon levelgransition)
(REA=[E(4;)—E(03)/[E(2;)—E(0;)]=2.69. In this (2) The B(E2) value for the 126 keV 2—0, transition
view, for example, the 2 level would be a 1-phonon exci- presents a major problem. The Nuclear Data Sh@eBS)
tation of the § level and the 4, 2; , and G; levels would  [10] have adopted an enormo@E2) value of 520170
be the 2-phonon excitations. The coexistence interpretatioW.u., stemming from the data in R¢fL1]. This value would
was motivated by and centered on the observations of thee 3.6 times theéB(E2:2; —0;) value of 144 W.u. and
low value of R{?) and of an extremely weaB(E2:2;  therefore almost impossible to understand. Indeed, it would
—05) value[1] of ~0.17 W.u.: this transition is forbidden be larger than an8(E2 : 2/ —0;) value known. In a de-
because it requires the destruction of two phonons, wheredsrmed nucleus, the 2 level would be a rotational excitation
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excitation of the § state and thereforgiven the strong
B(E2: 2, —0,) value] should have a largB(E2) value to
the 25 state.
(4) The contrast of thiM 1 transition with the extremely
2 @y strongB(E2) value for the 213 keV 4—2; transition. If
10°—= 10%— =7 both the Z and 4 levels are 2-phonon states they should
= have similarB(E2) values to the 2 state. However, as we
g 8 b g just pointed out, noB(E2) content is known in the 2
g —2, transition, whereas théB(E2:4,—2,) value is
. given in Ref[10] as~400 W.u. Though this value, based on
s+—4_3+_ 2 ft—4t—3t—2'— a Coulomb excitation analysis in Rdfl2], has a large un-
e g certainty, as stated in Refl2] itself, its contrast with the
1| o P lack of anyE2 transition from the 2 to the 2 level is
completely inconsistent with a vibrator picture. Note that,
even if the 2 —2; transition were actuallf2, its B(E2)
value would only be~13 W.u., far from the value of 400
. W.u. for the 4 —2; transition.
e (5) The weakB(E2) values for the 349 keV and 286 keV
. exp. AHV 43 —45 and 4 — 25 transitions, respectively. Thejdlevel
ol o— in the vibrator interpretation is a 3-phonon excitation of the
0, level and should have large(E2) values to the two-
phonon 4 and 2 levels. TheseB(E2) values should be
stronger than the value for the, 2-0; value. Yet, experi-
mentally, the 4 —4, transition has not been seen and the
of the K=0, bandhead and should have B{E2:2;  B(E2) value for the 4 —2; transition is only 50 W.u.
—0,) value comparable to thB(E2 : 21+H01+) value of (6) Crossover transitions from the; 6based levels of the
144 W.u. In a vibrational picture, or in any intermediate orvibrator sequence into the ground-state band. In a strict sce-
transitional structure, it is even more difficult to envision anario of distinct rotor and vibrator level sequences, crossover
B(E2:2, —0,) value anywhere near 520 W.u. transitions would vanish. Yet, two of these transitions are
A harmonic vibrator description of the levels built on the collective (~20—30 W.u) while the others are quite wedk
0, state implies certain relations among BEE2) values  few W.u). Therefore, one needs to understand the origin of
between these levels and to the yrast states. Particular prothe two collective branches, and also understand why the
lems therefore are as follows. others are weak. One can guess that the crossover transitions
(3) The reported[10] M1 nature of the 275 keV ; arise from mixing between the two level sequences but this
—25 transition. In the vibrator picture for the;Gbased needs to be accounted for quantitatively in a way that is
levels, the 2 level, as noted above, should be a two phonorconsistent with the full body of data ifP’Sm.
(7) The energy spacing, 126 keV, between teahd 0,
levels. This spacing is almost exactly the same as the 2
Sm . —0; energy difference of 122 keV, which would seem un-
e I : likely if these states have structures as different as vibra-
tional and rotational, respectively.
The purpose of this paper is to report on an experiment
that used the high efficiency of the YRAST Ball arfdy] at
WNSL at Yale to obtain absolut®(E2) values for the criti-
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FIG. 1. Empirical levels of5’Sm (left). The experimental levels
built on the @ level are compared with those predicted for an
anharmonic vibratofAHV) on the right.
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213 keV, =400 W.u. Ml (,/ 401 keV
- mw?ul_ ’I,x’""“?"md _cal tra_n_sitions listed and discyssed aboye by measyriray
£ S 4 intensities and branching ratios and using known level half-
z lives. After presenting the experimental results we will fur-
ther analyze the'®?Sm level scheme and present a more
4 4 complete and extensive discussion of its structure. Our dis-
cussion will include a model independent treatment of the
3 7 mixing of the low-lying states and detailed IBA model pre-
ol 01+IMV- 14 W O;I'W'"' dictions as well. This will lead to a more complete under-

Previous Present standing of the phase coexistence interpretation and of the
FIG. 2. Partial level scheme fd*2Sm highlighting the differ- nature of the anharmonic vibrational states built on the 0

ences between previously adopted res(i) [10] and those from level, and will point toward some dissolution of vibrational
the present workright). structure for certain levels built on thg+ Ostate.
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FIG. 3. Gamma-ray data from the present measurem@tSingles spectrunip), (c), and(d) key coincidence spectra. The partial level
schemes at the right illustrate the gates and the essential coincidence relations revealed in these spectra.

Il. EXPERIMENTAL RESULTS that included three segmented Clover detectors, one 70% de-
. .- . . tector, 16 normal medium efficiency{(25%) and one LEPS

As with the original experiment presented in Rifl, the  jatector, each at a distanésource to detector fag®f 20
current study measugeﬁ transitions following thee decay ¢y All detectors were Compton suppressed with either BGO
of *%u. A standard"*%u source was mounted at the centeror Nal except for the LEPS detector.

of the detector array YRAST Ball, and both single apsl An example of the singles data in the region of the 401
coincidence events were recorded. The source strength wagay 27 —0; transition is shown in Fig. @), while selected

7uCi, the counting time 25 days, and the total YRAST Ball coincidence gates relevant to the discussion below are shown
photopeak efficiency was 1.7% at 1.3 MeV in a configurationin Figs. 3b)—(d). We now discuss the key new results in

TABLE I. Intensities andB(E2) values obtained in the present work.

Ji—=Jdy, 1(Ji—3J¢)

3=, (3i—3r) B(E2:Ji—J;)(W.u)? E(3i—Jr) B(E2:J;—J;)(W.u)P
2;—0, =0.0002 3.6217) 401 keV =<0.05
23—0,

2,—0, 0.0041) 5.5(5) 126 keV 10727)
2,—2,

2352, 0.0081) 3.6217) 275 keV 274)
23—0;

4,—2, 0.11(1) ~9 213 keV ~330
4,—4,

4;,—4, =<0.03 5.516) 349 keV =35
4;—44

4,—3, <0.002 5.516) 138 keV <250
43—4,

2,0, <1.0 >0.45 608 keV

2,—4

3 rom Ref.[8].
bDeduced from the data in the columns to the left.
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terms of these spectra. The present results are summarized#1.00§1), afactor of twohigherthan previously obtained.

Table I and on the right in Fig. 2. Therefore, the empirical conversion coefficient also changes

Comparison of thfe singleshdata i?] FiqﬁBWith the cor—l by a factor of 2, from 0.108.9) to 0.0468), and is consistent
responding Fig. 1 of Ref1] shows that the present results with pureE2 character. Th&2 multipolarity and the higher

have comparable energy resolution, about 20 times better . . ot At
statistics, and apparent evidence for the 401 keV peak. HOV\;ptensny now give &B(E2:2; —2;) Va'“,e of 2_-(4) W:u. )
For the 4 level, our measurements give an intensity ratio

ever, careful inspection of the ful-~ray spectrum shows R b . . )
lines from a !%¥Eu contaminant. When these are properly! (42 =27)/1(4; —41)=0.11(1) [see Fig. &l)]. The
subtracted essentially all of the singles intensity of the 40BB(E2:4; —4;) value of 9 W.u. is only very roughly
keV transition in 15°Sm disappears. For such weak peaksknown[12] from an analysis of Coulomb excitation experi-
though, such a procedure leaves a large uncertainty abouotents. Using this value with our new branching ratio data
any actual remaining intensity. gives aB(E2 : 4, —2;) value of ~330 W.u. but we stress

~ The coincidence data are therefore essential. Jfp&o-  that this is reliable only to the same rough degree as the
incidence spectra show weak evidence for a possible 408(E2 : 47 —4.) value from Ref[12].

keV peak in coincidence with transitions of 444, 494, 644,
and 671 keV known to feed the;2evel. The combined gate Ho

is shown in Fig. &). As the argument in Ref§1,2] rests on <35 W.u. We will see the implications of this limit below.

the weakneswf the 2; —0, transition, these data provide Similarly, we obtained an upper limit of 250 W.u. for the
important evidence: namely they give an upper limit on the4+_)3+ transition
3 1 '

transitionB(E2) value using the known half-life of the;2
level [10] (T4»,=0.87 p3. Our result concerning thiB(E2)
value can be expressed in two useful ways:

For the 4 —4, transition, we observe ng branch.
wever, our data give an upper limit 8(E2 : 4; —4,)

Il. INTERPRETATION OF 15%Sm

B(E2:2;—0;) We present the full set of positive parity levels with defi-
mi0.0lS nite spin .assignments](s.6+) and known decay below 1.5
MeV in Fig. 4. The experimentd(E2) values are indicated
and by the thickness of the transition arrows. The weak 401 keV
25 —0, transition, which produced the key signature in
B(E2:2; —0,)=0.05 W.u. Refs.[1,2], is indicated in the figure by a dashed line of the

thinnest category <5 W.u,), but we stress that its upper
These values are about 3.5 tingsallerthan those reported  |imit (<0.05 W.u) is actually extraordinarily weak. For the
in Ref [l] and Conﬁrm the hlghly forbidden nature Of the 3; and 22' |eve|s on|y upper ||m|ts orﬂ'l/2 are known.
25 —0, transition, consistent with its interpretation in terms Therefore, th8(E2) values from these levels are lower lim-
of a forbidden 2-phonor-0-phonon transition as discussed its only as the notation in Fig. 4 indicates. For these levels,
in Ref. [2] |ndeed, the fact that it ismallerthan in Ref[l] and for the q level for which no lifetime is known’ the

strengthens support for the coexistence argument. relative branching ratio data are more significant. These are
The present results also resolve the puzzle of the reporte@iscussed further below.
520 W.u. 3 —0, transition. Wedo observe this transition,  |n order to focus on the facets of tH&%Sm level scheme

of energy 126 keV, in the coincidence spectra, despite itthat most affect its interpretation we show in Fig(I&ft) a
proximity to the enormously intense;2-0; transition of  number of key empirical results relating to the possible co-
121 keV. As shown in Fig. @), it appears in coincidence existing vibrational structure of thejGbased levels. In the
with transitions of 275, 482, 769, and 839 keV which aremjddle are predictions of the vibrator model itself for the
known to feed the ? level. We obtain an intenSity branch- Oz-based levels: thB(Ez) values are obtained by normal-
ing ratio (2, —0,)/1(2; —2;)=0.004(1) that, combined izing to the Z —0; 1-phonon to “ground state” transition
with the level half-life of 7.46)ps [10], gives B(E2:2;,  strength of 107 W.u. On the right are predictions of the IBA
—0,)=107(27) W.u. This is much lower than the existing which we will discuss later.
value of 520170 W.u., and is at least in the realm of inter- ~ We see immediately, by comparison with Fig. 2, that the
pretability (see below. new results have a significant effect on the understanding of
A third significant result concerns the 275 ke 225  '°°Sm and resolve some of the puzzles we enumerated ear-
transition. As noted earlier, in an interpretation in which thelier. First, we established a more stringéweakej limit on
levels above the ) state are considered as a sequence ofhe 23 —0, transition. Secondly, theB(E2:2; —0;)
phonon excitations, this should be an allowed transition withvalue of 107 W.u. is much more plausible than the previous
aB(E2) value twice that for the 2—0, transition, or 214  value of 520 W.u. Thirdly, the 2—2; transition is nowE2
W.u. However, the NDS accord it a1 multipolarity based (rather thanM1), and has 27 W.u. Finally, the34-4,
on the ratio of the electron intensity measured in RB4] to  transition is found to be no more than 35 W.u.
the y-ray intensity measured in previous studjé§] of the We have noted that several aspects of figsm level
decay of 1®Eu. Oury-y measurement, shown in Fig(3, = scheme seem to point to a picture of coexisting deformed or
however, gives a relative intensity2;—2,)/1(23—0,) near deformed yrast states and vibrational levels built on the
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4"
3
P ™~ r > >>> igzg FIG. 4. Levels and transitions
. H % . 1293 in %2Sm including the new results
3 3: . 1.234 from the present work.B(E2)
23 “~ Ei 1086 values are approximately indi-
ot 3 i 1083 cated by the different thickness
3 4 ' 1.023 categories of the transition arrows.
: For the 3 and 2; levels, the rela-
- E tive B(E2) values of the transi-
2 : 0.810 tions indicated were measured but
61 —+ Y ‘ 0.707 only upper limits on the level life-
o 0.685 times are known. Hence the sym-
bol “>" indicates that these
B(E2) values(arrow thicknessegs
are lower limits. Dashed arrows

& L ' : 0.366 from the 2 and 4 levels stem
! from upper limits on the transition
intensities. Here and in Fig. 6,

¥ Y some level energy differences dif-

+
; 0.122 fer from their connectingy-ray
0: 0.0 energies cited in the text due to
rounding.
152
Sm

0, -state. The fuller level scheme in Fig. 4 gives further de-data it is still almost as large as the yraszt%ol B(E2)
tails that support this, in particular, the branching ratios forvalue of 144 W.u., which is surprising if thej@based levels
the 25, 4,, 23, and 2 levels that favor the D-based are supposed to be less collective vibrational levels. In a
levels over the yrast states and that favor 1-phonon changirgjmilar vein, the 2- 02 energy spacing is comparable to the
transitions over 2-phonon changing ones. deformed yrast 2-0; spacing. The 2—2, transition,
However, as shown in Fig. 5, there are still several verythough nowE?2, is still nearly an order of magnitude weaker
large and important discrepancies that preclude a simple hathan predicted by the vibrator. The same is true of both tran-
monic vibrator interpretation. Specifically, while the, 2 sitions from the 4 level. Finally, there are crossover transi-
—0, transition(107 W.u) is much weaker than the earlier tions to the yrast levelg0; —2; and 2 —4; ] that are as

107

E(MeV)

Experiment Harmonic Vibrator 1BA
( 0; - based states )

FIG. 5. Summary of key experimental energies and abs@(E2) values(or limits) in °5m (left). Numbers on the transition arrows

areB(E2) values in W.u. Dotted arrows denote upper limits. These results are compared with the predictions of the harmonic vibrator model

(in the middle panglapplied to the states built on thg Qevel. In this panel, thé8(E2 : 2; —05), or 1-phonon to 0-phonon, value is
normalized to the new experimental result of 107 W.u. The right panel gives the predictions of tHilBAarameters/x=30 andy
=—[7/2). To avoid clutter in the experimental and IBA panels the crossover transitions fror§ tleeel to the yrast states are not shown.
In all cases, in both the data and the IBA, they are weaR (W.u,). Vertical arrows denote transitions within either the yrast band or within
the family of states built on the Dlevel. Slanted arrows are crossover transitions between these two families of levels.
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collective as the 2—2; and 4 —4, transitions, while based on the D state with higher-lying statde.g., % , 43 ],

other crossover transition; are extrr—;mely weak. _ which could compress the unperturbiée- 05 band, in such
We will approach an interpretation of the data in two 5 way as to loweR{?). However, one again finds that tde

alternate ways, by an essentially model independent, biependence of band mixing matrix elements in a deformed

multiparameter, mixing calculation and by a detailed IBA hycleus does not allow a consistent solution. Moreover,

calculation with few parameters. Riedingeret al. [15] carried out both 2- and 3-band mixing
. calculations and showed that one cannot consistently account
A. Two-state mixing analyses of'*Sm for theB(E2) values fromthe , 2, , and 4 levels in this

Before we discuss the coexistence interpretation in mor&ay. Indeed, many years ago, Mottel§ds] pointed out the
detail we address the question of whether alternate interprélifficulty with a rotational picture for'>Sm, noting espe-
tations are viable and, in particular, if the data can be intercially the largeB(E2 : 2, —27') value. Data on the decay of
preted by mixing of various states. One possible scenarithe 0; -based states obtained since R&6] do not alter this
could be thatll the levels of'®’Sm are rotational and that conclusion. Moreover, such bandmixing cannot at all ac-
the properties of the D-band sequencflow R{) value, count for the energies of the ‘D-yrast” states. If mixing
some collective "¢ — yrast” B(E2) valued are due to with ay-band-like structure is done in order to specifically fit
mixing effects. In this traditional view, the low-lying levels these observed energies and Fkﬁéz) value [rather than the
of 15%Sm comprise the familiar groung@, andy bands. One B(E2) values as in Ref.15]], then, when carried to higher
obvious problem with such an interpretation would be thespins, the large mixing matrix elements required would lead
spacing of levels in the supposedl band, where, for ex- to initial, unperturbedy-band energies that are not even
ample, theR'?) ratio is only 2.69, far from the rotor value of monotonic inJ (e.g., & below 7). Finally, such mixing, or
3.33. We therefore ask if it is possible to account for themixing with still higher levels such as the| Xtate, cannot be
observedR{}) and R{?) values by starting with twd&=0  invoked because it would lead to strong-20) or 2}
level sequences closer to the rotor value of 3.33 and allowing-0, B(E2) values. But, the former transitidd01 ke\) is
for mixing. For mixing between the 0.0, , 2;-2; , and  precisely the one whose small valug1 W.u) initiated the
47 -45 levels, the answer is trivially negative. SugtkK discussiori1,2] of phase coexistence it¥°Sm, and the latter
=0 mixing in the rotor has an inherent spin dependencdias not been observed. Thus, mixing with higher rotational
V(J)~+JI(J+1)~J and thereforeincreaseswith spin J. levels cannot explain the sequence of states above fhe 0
Therefore it can onlycompresghe yrast levels and expand level.

the 0, family leading to a largefnot a smaller perturbed We therefore return to the coexistence picture and ask if

Rgz) value for the latter. we can account for the empirical results by starting with

Another conceivable scenario would start with two inter-near-rotor and near-vibrator levels and allowing mixing be-
mediateR,,, values near, say, 2.85, and test if mixing could tween them. One experimental fact greatly simplifies the cal-

result in the observed ratios of 3.01 and 2.69. We have caculations: Most of the transitions from thef 6 non-yrast”
ried out such calculations and can only reproduce the oblevels (e.g., Z, 05 ,...) to the ground band levels are
served energies and(E2) values by assuming unrealistic weak. For example, B(E2:2;—0;)=3.6 W.u,,
initial conditions such as very large interbaB¢E2) values B(E2:05 —2/)=0.8 W.u.,, and B(E2:2; —~4;)=0.8
(e.g., & —27) or inconsistent combinations of intraband an- W.u. This effectively rules out any substantial mixiegcept
ergies andB(E2) values. for the mixing of the ground state band levels with the

In principle, it might be possible to account for the data“0 ; -yrast” levels. This in turn means that we can do a
for the “0, -yrast”’ levels by mixing a rotational sequence simple 2-state mixing analysis.

unmixed mixed cxp.
4 1023 4; 1023
- g 8
4, —— 877
2: 810 2t 810
3 B E : g
+ -+
n 0 685 0 685 L. .
L % : 2 FIG. 6. Results of the mixing calculations.
* R . Left: Unperturbed energy levels afg{E2) val-
0'—I— 485 o[ -2 ¢ . .
17199 81%= ues (in W.u.). Middle: the perturbed values re-
r , h—T—r1i4-- d—r—r1iq-- 36 sulting from the mixing matrix elements in Table
um—1 ] | . .
! * ” Il. Right: the experimental level scheme.
g & &
N ° AU SN RN RN P A R N SENE
2, < 95 ! o 1 1
. 8 ke 3
0O ——0 0:——— -—-=-=- 0 0:——— -——== 0
Ryp = 3.27 2.61 3.01 2.69 3.01 2.69
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For the 0 -0, , 2, -2, , and 4 -4, level pairs we have “ // l 2

three unknown mixing amplitudes and we want to see if the
mixing can reproduce the knowB(E2) values connecting
these levels as well as the fing@erturbed energies. 1}
By assuming unperturbeB(E2) values of B(E2: 2]
—0;)=169 W.u. and3(E2 : 2, —0,) =81 W.u. we obtain
the solution shown in Fig. 6. These unperturliyd?2) val-
ues are reasonable for rotor and vibrator sequences in
nucleus withN,N,=96: a typical saturation value for the o
rotor is theB(E2: 27 —0;) value of 250 W.u. in'®Dy
with N,N,=288 and a typical vibrator nucleus“Cd with
NpN,=32 hasB(E2: 2, —0,)=31 W.u. ®
The mixing matrix elements and mixing amplitudes in g 312*

/ v 4:

(S

E(MeV)
A

N

o

%)

weh

these calculations are summarized in Table Il. The solution
requires mixing matrix elements of 240, 216, and 180 keV 'T
for the 0", 2%, and 4" levels, respectively, and results in
squared mixing amplitudes for the'Q 2*, and 4" states I
that vary systematically from 0.15 to 0.11 to 0.06, respec- 4
tively. The matrix elements are of the same order as those 2
found [17] in the A~100 and 190 regions~120 and 85 i !
keV, respectively for mixing of the yrast levels with in-

truder states from the next major shell. Since the states ir 6

1525m all stem from the same major shell, it is not surprising ©

that their mixing is somewhat larger. 6 o
The mixing shown in Fig. 6 gives perturbed 2:0; and N "

2, —0, transitions close to the observed values as well as. '

3

E(MeV)
(5]
[

<

crossoverB(E2) values (both moderately collective and § 5
weak onepthat agree with experiment. These results support [ . &
the idea of admixed coexisting spherical and deformed state

since the needed initial unperturbB@4 *)/E(2") ratio R{}) ol
(unperturbegl=3.27 is very close to the rotor limit arfel(?)
(unperturbe@i=2.61 is well within the anharmonic vibrator
range. Moreover, the unperturbed®* spacing is 95 keV Experiment IBA
+

for the _yrast levels and 150 keV fqr the Oseque_nce._ The FIG. 7. Energies and relativB(E2) values for the transition
former is reasonable for near-rotational levels in this masg, . e 2,37, and 6 levels in'5%Sm, compared with the IBA

. . g y 91 '
region. The latter, though significantly larger than_for _thepredictions. The thickness of the transition’s arrows is a guide to the
rotational yrast states, as would be expected for a vibrationgpjative B(E2) values. In the experimental results, dashed lines are

structure, is somewhat smaller than typical vibrational enerypper limits due either to unknown multipolarities or to unobserved
gies. This is, perhaps, related to the width of the potential. transitions.

Thus, we see that, with reasonable mixing matrix ele-

ments and the resulting mixing amplitudes, the seemingly ) . } .
large (for a vibrato) 25 —0; B(E2) value, fairly large €conomical picture and discuss IBA calculations téfsm

crossoverB(E2 : 05 —27) and B(E2: 2} —4;) values, that give a full self-consistent set of predictions to be com-
e pared to the data.

™

o W
A A,

U A A,

=)

weak values for other crossové(E2) values, and th
nearly equal 0-2* spacings in the two level grougd21 _
and 126 keV, respectivelcan be accounted for. Moreover, B. IBA calculations for **%Sm

in support of the coexistence picture, the sequence of unper- We investigate the predictions of the IBA model for
turbed levels built on the D state is significantly more vi- 152Sm with the Hamiltonian

brational than the unperturbed yrast levels. We will also see
that this mixing analysis is consistent with the IBA treatment

. TABLE Il. Results of the 2-state mixing analysis.
to be described next. 9 y

Th|s mixing calculat!on should be understood in the sense ; Mixing matrix element Square=0"
that it provides an existence proof that one can start with o .
; V (keV) mixing amplitude
unconnected rotor and vibrator sequences of states and rea-
sonable mixing matrix elements and reproduce the experi-0 240 0.15
mental results. However, since it has a large number of pa-2 216 0.11
rameters and invokes only 2-state mixing, it has little 4 180 0.06

predictive power beyond this. We therefore turn to a more
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FIG. 8. ngq probability distributions for the IBA calculationse{«=30 andy= — J712).

H=eng— Q- Q, (1)  [18] except that we have dropped thel term in the Hamil-
tonian and we show predictions for a larger number of ob-
— (1P gt 13 (2) servables.
\;v: de)rf(gnd(?hgj;gscs))n+n)l(1(r:11bg)r fé.FZTShrg g?\lr:rjiiris foféd .Generally speaking, the overall agreement with the data is
in Refs.[1,2], the key branching ratio that provides the sig- quite good. The yrasB(E2) values are well reproduced as
nature of phase coexistence, nameRZ,=B(E2: 27 are the characterl_stlc dee_xcrtatlon patterns for the h_|gher
. e AL 3 states. The energies are in reasonable agreement with the
—0;)/B(E2:23—0y), is very sensitive ta/x andx. It §aia although the spacings amongst the higher levels in the
was shown there that only for a very small range @i, x)  calculations tend to be larger than observed.
values areR/  values<1 [1]. Thus, the parameters of Eq.  To consider these results in more detail, we first discuss
(1) are highly constrained by the low empirical val&, Fig. 5 where the IBA predictions on the right can be com-
=0.015. pared with both the data and the harmonic vibrator. The pre-
This small value occurs because of the near vanishing aficted B(E2) value for the 2 —0, transition is in good
the 23 —0, B(E2) value, which is<0.05 W.u. Of course, agreement with the data. The predicteld-42; transition is
B(E2) values that are such a small fraction of a W.u. canalso strong as expected. It is a little weaker than found ex-
always arise from tiny amplitudes in the wave function thatperimentally, but we recall that this experimental value is
are beyond the scope of any existing model. Therefore, it idased on a branching ratisee Table)linvolving the poorly
pointless to demand that the calculatigndich only include  known value of theB(E2 : 4;_,41+) value. Of course, the
collective degrees of freeddrgive B(E2 : 2; —0;) values 21,07 transition is weak since the near vanishing of this
as small as the data. What is essential, though, is that th?ansition was the key to Se|ecting the IBA parameters to
calculations give predictions for thB(E2) value that are  pegin with. Indeed, this transition vanishes fdik~ 25 [1]
much less than typical collective magnitudesi0—~100  and remains small for the/ x= 30 ratio we use here.
W.u) in *°%Sm. Therefore, more interesting, and remarkable, are a series
It also turns out that most of the other predictions ofof predictions for other transitions from this and higher lev-
B(E2) values or energies ar®t very sensitive to €/, x)  els, especially for the collective transitions that, though re-
values, provided the latter are in the range that producesmaining collective, are significantly changed from the har-
small values oRR7. A reasonable choice ofe(«,x) is ac-  monic vibrator predictions. The ;2-2; transition, for
tually that used by Scholteet al. [18], namely example, is reduced to well under half the harmonic vibrator
value in better agreement with the data although it is still
_ V7 significantly larger than the measured value. Another inter-
(el x)=| 30~ 2 ) esting casésee Fig. 4is the decay of the D state to the 2
level. In the harmonic vibrator this transition should have
The results of the IBA calculation for these parameters214 W.u. whereas experimentally it is only 22 W.u. The IBA
are shown on the right in Fig. 5 and in Fig. 7. Figures 8 anccalculation again leads to a strong reduction in fB{&2)
9 give interpretations of the structure of the IBA wave func-value, to 103 W.u., although the calculated value still ex-
tions. These calculations are nearly the same as those of Rekeds the experimental one by a significant amount.
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Another important case where the IBA predictions differin 125m. A more extensive set is now shown in Fig. 8
significantly from the vibrator concerns the; 4evel. The along with a comparison of the experimental and

predicted decay of this state is completely consistent with théneoretical energies so that the state labels in the
data. The IBA calculation reprOdUCES the facts that the COldistributionS can be qu|Ck|y related to our discussion

lective B(E2) values from this level are a small fraction of of coexistence. The yrast states show a broag
the vibrator values and that crossover transitions and transkistripution typical of a deformed rotor structure. The
tions forbidden in the vibrator are weak. We will return to ~+

h its for th Praghy b 0,, 25,4, and Z states show the characteristic
the resu ts. or the 2, 45, and G; statei momentarily. dominance of singleny components that one would expect
No lifetimes are known for the 2, 6, , and 3 levels.

for a vibrator.
Therefore, for these, we compare relatBgE2) values with . +
the IBA calculations in Fig. 7. Again, the agreement is rathe The low lying 0,-based states have calculated wave

7 . =
. . " functions that also show the phase mixing we have
good, with the exception of the;2-4, transition. Allowed . . > pnas g
. : discussed earlier. The broad distributionrgf components
transitions are strong, and forbidden or crossover ones ar . L S
weak other than the dominant vibrational component is similar

To sum up this discussion, the IBA calculations are abld® that of the lowest S(B) states. For example, the; 0
to reproduce most of the observed properties of the coexisglaté is mainly a combination of a (8 ny=0 and
ing families of states it>Sm, including a number of tran- SU3) (\,x)=(2N,0) components while the ;2 level
sitions that, while collective, are at the same time sharplys roughly a linear combination ofng=2 and a
reduced from the values of a pure vibrator model for the(2N-4,2) SU3) wave function. Indeed, the weakness of
0, -based levels. The only notable discrepancies concern thtbe 2; —0, transition can be qualitatively understood
2;—2, and 0 —2;, transitions but, even for these, the by the approximation that the wave functions of these
IBA is significantly better than the pure vibrator. The IBA states are mixtures or linear combinations of singlé)U
calculations also naturally account for mixing of the de-and SU3) components. For these two statesEghtransition
formed and spherical phaséass manifest in the crossover is therefore forbidden both between the initial and final
transitiong. It is also worth commenting for completeness U(5) componentgbecauseAn,=2) and between the initial
that a commonly discussed signature of shape coexistenceasd final SW3) component$becausel (N, w)#0]. Though
the enhancement dEO transitions[19] and that the IBA a proper calculation of course needs to take account of
calculations reproduce the larggE0:0;, —0;) value in  amplitudes from cross transitions between the two
1525m[18]. components and from the small residual parts of the wave

Having illustrated the comparison of the IBA calculation functions that cannot be so simply described, this type of
with the data, we can now turn to an examination ofanalysis helps in understanding the weakness of the calcu-
the structure of the calculated states as seen in the IBAatedB(E2:2; —0,).
wave functions themselves. In RdR], we discussed the Interestingly, some of the higher states are beginning
ng decomposition of the IBA wave functions forOstates to show a dissolution of simple vibrator structure. This
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is evident for the § level in Fig. 8 but is also true for the strongly supported, at least for lowest levels built on tje 0
2, and 4; levels, for which the predicted collective states. A more extensive set of vibrational levels built on the
B(E2) values are significantly lower than the pure vibrator0, level was discussed, and tf&2 transitions connecting
predictions. The fact that the IBA predictions for the these levels with the deformed yrast levels were interpreted
phonon-allowed 2—2; and 0 —2; transitions are still with a simple 2-state mixing calculation. IBA calculations
larger than the data could suggest that empirically there ishow good overall agreement with nearly all of the known
even greater fragmentation of the vibrator structure for thesg2 data. Both collective and forbidden transitions are well
lower spin multiphonon states. Given the agreement in enefeproduced. The former transitions, though collective, are of-
gies of the higher spin D-based levels with an anharmonic ten predicted by the IBA to be much weaker than in the
vibrator model as shown in Fig. 1, it would be thereforeyibrator model and these predictions are in better agreement
interesting to measur8(E2) values from these states 10 \yith the data. Nevertheless, discrepancies remain for the 2
\S;}g?gtigngl]g?ugu?e dependence on spin of the coexisting, g 0; levels, perhaps suggesting greater dissolution of vi-
' brator structure than calculated and than for the higher spins

It is also informative to see how the calculated Wave0+ based levels. The forbidd - bel
functions evolve as a function of/x. These results are -2 PaS€d IEVEIS. The lorbidden transm_ons elong to two
classes — those forbidden in the vibrator itse#.g.,

given in Fig. 9. They illustrate the narrow range éfx : »
values that give a coexistence picture and the emergengsPhonon changing and crossover transitions to the de-

of phonon structure for the levels built on thg Gtate as formed yrast levels. The crossover transitions proceed by
the transition region is traversed. It is only far/x  MiXing through which some become rather collective
values around 25-35 that a vibrator scheme above thg~20-30 W.ul while others remain weaker<(10 W.u).

0, state is realized. The lower part of this range gives! he mixing calculations and the IBA predict both types cor-

the vanishing of the 2—0; transition [1]. The double rectly- . .
minimum in the potential occurs neae/x~35 [2]. _ An analysis of_the IBA wave funct|ons_ ;hovys th.at there
Of course, what is important for the phase coexistencdS @ strong (typically 50-60% probability vibrational
picture is not a second minimumper se but a component in the wave functions of the, 02, , 4;,
significant flattening out of the potential as a functiondf and 2 levels. At the same time, there seems to be a dilution
so that states with significantly differedis) values can of a simple, strong single vibrator component in the wave
coexist. functions of other §-based levelde.g., G ,2; ,43). This
Our aim in this paper has been specifically to address thgeems to be reflected in the strong reduction in their
issue of phase coexistence i¥°Sm, and we have ap- collectiveB(E2) values to other phonon states relative to the
proached this question through the IBA model and its connarmonic vibrator predictions. These reductions amount to
venientny decomposition which clearly shows the two fami- factors of 2—10, and are in better agreement with the data
lies of states. However, it is important to note that earlyihan 5 pure vibrator, although further reduction would be
ca_llculatlons by KlignaEZO] are also_ in exce_llent agreement necessary.
with the data_for Z_Sm. It is particularly impressive that To conclude, the IBA calculation@vith two parameteis
those calculatlons,_hke the_ IBALS], alsq predat_e these nev,v reproduce the deformed yrast states, the phase coexistence,
data. It would be interesting to look in detail at Kumar's he ph ixina. the collective transitions between phonon
wave functions to determine if they too show coexistingt € phase mixing, . P
structures. states in the P-based vibrator levels, the weakness of
2-phonon changing transitions that are forbidden in the vi-
brator, the onset of dissolution of vibrational structure in
IV. CONCLUSIONS some 2- and 3-phonon levels, and the varying collectivity of
To summarize, new data ofi’Sm using the YRAST Ball ~ crossover transitions that arises from the phase mixing.
array at WNSL significantly alter the interpretation of the Phase transitions and phase mixing in nuclei could, in prin-
pivotal transitional nucleu$®’Sm. The new data show that ciple, appear in many forms and with different characteris-
the 23 —0, transition is even weaker than previously tics. It seems that many of the specific features of phase
thought and that the,2—0; transition has 8(E2) value of coexistence characteristic of the IBA are in fact close to
107 (27) W.u. rather than the 520 W.u. adopted in NDS.those which have now been discovered experimentally in
They also reveal that thei2-25 transition, previously —>°Sm.
thought to beM 1 and therefore to have a small or vanishing
B(E2) value, isE2, with a moderately collectivé8(E2)

value of 27 (4) W.u. Finally, we obtained &B(E2: 4, ACKNOWLEDGMENTS
—25)~330 W.u. value and established the limits that
B(E2: 45 —4,)<35W.u. andB(E2 : 4;-3;)<250 W.u. We are grateful to F. lachello, M. Riley, D.D. Warner, J.

The previous values of several of these transitions predolie, W. Nazarewicz, D. Kusnezov, K. Heyde, and O.
cluded any reasonable interpretation or successful model pr&cholten for significant discussions. This work was sup-
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results, the coexistence picture discussed in R2f.is 91ER-40609 and DE-FG02-88ER-40417.
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