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Search for experimental evidence supporting the multiphonon description
of excited states in152Sm
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Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

~Received 14 May 2001; revised manuscript received 12 March 2002; published 9 August 2002!

A study of available (t,p), (d,p), B(E2), and (pW ,p8) results for 152Sm reveals the lack of an adequate
experimental foundation for the recent interpretation of levels as multiple phonon structures based on the 02

1

state at 685 keV. Each type of data agrees better with earlier descriptions, in which the calculated deformations
are comparable to that of the ground state. Suggestions are made for experiments and calculations to help
distinguish among the interpretations.
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I. INTRODUCTION

Several recent papers@1–6# propose a reinterpretation o
the 152Sm level structure, in which levels traditionally la
beled as members ofb andg bands@7#, and also other states
are instead multiphonon configurations based on the 02

1 level
at 685 keV, which is assumed to have a relatively sm
deformation. The left portion of Fig. 1 shows know
positive-parity levels, labeled with the traditional interpre
tion in Ref. @7#. The right side of Fig. 1 shows the propos
reinterpretation for nonyrast levels, labeled with the anh
monic vibrator notation~e.g., as in Ref.@4#!.

Jolie et al. @8# have commented on some aspects of
new interpretation ~mainly theoretical ones!, while the
present work examines the extent to which a foundat
based on experimental evidence exists for it. This is imp
tant as the new description has been used as empirical
dence for phase coexistence in152Sm @2–6#.

References@1–6# have demonstrated that the multiphon
description is consistent with some of the available exp
mental data. In order for any newly proposed interpretat
to be considered successful it should satisfy additional cr
ria: ~a! it should not have significant disagreement with a
of the experimental data, and~b! it should reproduce the
complete set of available data at least as well as the alte
tive descriptions. The general impression obtained from
cent literature@1–6# is that no viable alternatives to the ‘‘new
interpretation’’ exist. A significant part of the present wo
involves showing, as a counterexample, that the ‘‘tra
tional’’ 1974 pairing-plus-quadrupole~PPQ! model of Kumar
@9# is at least as successful in explaining all the experime
data.

This study was initiated by the observation that seve
measurements differ markedly from expectations based
multiphonon description.

~1! As pointed out in Ref.@8#, the spacing between the 02
1

and 22
1 levels is only 126 keV, closer to the rotational sep

ration of 122 keV for corresponding spin members of t
ground band than to the energy of;334 keV for the 21

phonon in the spherical nuclide150Sm. The multiphonon pre
diction is far too large at;300 keV @4,6#.

~2! The value of B(E2:22
1→02

1) is ;111 W.u. @6#,
0556-2813/2002/66~2!/024312~8!/$20.00 66 0243
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which is comparable to rotational values, and larger th
usually observed for vibrational excitations in this region.

~3! The 03
1 state would have a two-phonon character

the new interpretation, but its very large (t,p) strength@10#
is contrary to a two-phonon assignment@10,11#.

~4! Multiphonon states should also be populated ve
weakly, if at all, in single-nucleon-transfer reactions, as
transitions would be forbidden@12,13#. The largest peak in
the 151Sm(d,p)152Sm spectrum of Ref.@14# is for the 1293-
keV 21 level, indicating that there is a significant two
quasiparticle component not explained by the three-pho
interpretation in the right half of Fig. 1. Also, the 21 and 31

levels at 1086 and 1234 keV have (d,p) cross sections
among the largest in the spectra at smaller reaction an
@15#, consistent with their traditional description as memb
of the single-phonong band, but not with two-phonon o
three-phonon character.

Zamfir et al. @4# have shown that the first two of thes
results can be reproduced by a many-parameter two-b
mixing calculation in which the unperturbed bands are
sumed to have different deformations. Theirsd interacting
boson approximation~IBA ! calculation is also able to ex
plain the value ofB(E2:22

1→02
1) but not the 02

1 and 22
1

level spacing. Whereas the issues listed above were im
tant in triggering this study, closer examination showed t

FIG. 1. Positive-parity levels of152Sm are shown on the lef
with the traditional interpretation@7#, and nonyrast ones are show
on the right with the new interpretation of Ref.@4#.
©2002 The American Physical Society12-1
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some of them@e.g., points~2! and ~4! above# do not neces-
sarily contradict the new interpretation. However, some
ditional weaknesses of it were revealed.

The main arguments used for the new interpretat
involve level energies andB(E2) values. Reference@4#
states that the key considerations were the low value ofR4/2

(2)

~defined as the energy ratio@E(42
1)2E(02

1)#/@E(22
1)

2E(02
1)#) and the small value ofB(E2:23

1→02
1). The ex-

perimental value ofR4/2
(2) is 2.69, between the values of 2

expected for a pure vibrational structure and 3.33 for a ro
tional band, indicating that neither of these two limiting d
scriptions is ideal. Since the observed value of 2.69 is m
ginally aboveboth the arithmetic and geometric means of 2
and 3.33 it is slightly closer to the rotational limit. Therefor
the observed ratioR4/2

(2) cannot be considered a strong arg
ment for preferring the vibrational description. The corr
sponding ratio for the ground state band, considered r
tional, isR4/2

(1)5E(41
1)/E(21

1)53.01.
It is argued that the small value ofB(E2:23

1→02
1) se-

verely restricts the choice of thesd IBA model parameters to
a narrow range, leading to the new interpretation@1,2,4#.
This is shown in Fig. 2, adapted from Fig. 5 of Ref.@2#. The
abcissa of this plot has the valuej51 for the SU~3! limit,
while j50 is closer to the U~5! limit. The plotted quantity is
the ratio B(E2:23

1→02
1)/B(E2:21

1→01
1), and the newer

experimental result@4# of &0.000 35 is shown as a horizon
tal line. Thesd IBA prediction for this ratio drops sharply to
zero nearj50.039, due to destructive interference betwe
terms in the transition amplitude@8#. As this is the only value
of j for which the calculated ratio agrees with experime
the sd IBA interpretation has been restricted toj near this
value @1,2,4#. The validity of this restriction is discussed i
Sec. II below.

New lifetime measurements were reported in Refs.@4,6#,
and the large set of152Sm B(E2) values was considered t
be additional evidence for the new description. Section
also contains a comparison of this set ofB(E2) values with
predictions from Ref.@4# and two alternative descriptions

FIG. 2. B(E2) ratios used to restrictsd IBA parameters to a
narrow range@1,2,4#. Adapted from Fig. 5 of Ref.@2#.
02431
-

n

-
-
r-

,
-
-
a-

n

,

II

Section III discusses experimental evidence for admixtu
of configurations outside the multiphonon description, wh
may affect the interpretation, and Sec. IV considers evide
pertaining to deformation values for excited states.

II. COMPARISON OF B„E2… VALUES WITH
PREDICTIONS OF DIFFERENT MODELS

This section first examines how well different interpret
tions can explain the large set ofB(E2) values presented a
evidence for the multiphonon description@4,6#. The compari-
son is given in Table I, which includes all transitions fro
Fig. 5 of Ref.@4#. Column 3 shows the most recent expe
mental values and uncertainties from Refs.@4,6,7#. The pre-
dictions in column 4 are fromsd IBA calculations@4#, while
those from the PPQ model of Kumar@9# and boson expan
sion technique~BET! calculations of Kishimoto and Tamur
@16# are shown in the last two columns. At first glance
three calculations appear to give a reasonably good des
tion of the experimental values. As quantitative figures
merit for the models, values of

xn
25

1

N2n21 ( FB~E2!calc2B~E2!exp

sexp
G2

TABLE I. E2 strengths for transitions in152Sm.

Transition B(E2) ~W.u.!

Expt.a IBAb PPQc,d BETd,e

21
1→01

1 144 ~3! 144 134 145
41

1→21
1 209 ~3! 216 206 220

02
1→21

1 32.7 ~22! 55 43 49
22

1→01
1 0.92 ~8! 0.1 0.7 1.9

22
1→21

1 5.5 ~5! 10 6 8
22

1→41
1 19.0 ~18! 20 29 26

42
1→21

1 0.7 ~2! 0.1 0.04 1.6
42

1→41
1 5.4 ~13! 8 5.6 7.5

22
1→02

1 111 ~27! 89 154 89
42

1→22
1 204 ~38! 140 230 162

23
1→01

1 3.62 ~17! 3 4.5 5.6
23

1→21
1 9.3 ~5! 3 11 5.8

23
1→41

1 0.78 ~5! 4 0.54 1.1
23

1→02
1 <0.05 2 0.16 0.33

23
1→22

1 27 ~4! 92 10 16
43

1→42
1 <35 25 6.6 6.6

43
1→23

1 50 ~15! 63 76 67
xn

2 408f 14f 47f

aObservedB(E2) values, with the experimental uncertainties in t
last digit given in parentheses. Data are the most recent of va
from Ref. @7#, Zamfir et al. @4#, or Klug et al. @6#.
bFrom sd IBA calculations of Zamfiret al. @4#.
cFrom pairing-plus-quadrupole model of Kumar@9#.
d1 W.u.5BW(E2)5 @(1.2)4/4p# ( 3

5 )2A4/3548.2 e2 fm4.
eFrom boson expansion technique of Kishimoto and Tamura@16#.
fTransitions for which the experimental results are known only
upper limits are omitted from this calculation.
2-2
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are shown at the bottom of Table I.N is the number of data
points in the calculation@in this case, 15, the number o
B(E2) values considered#. n is the number of fitted mode
parameters andsexp are the experimental uncertainties.

The xn
2 values were calculated usingn52, 2, and 3, for

thesd IBA, PPQ, and BET models, respectively, as indica
by the authors@4,9,16#. Although there are additional param
eters in each of the PPQ and BET models, Refs.@9,16# indi-
cate that many of them were fixed from systematic proper
of neighboring nuclei and were not fitted to these data. A
as the calculations predated many of theB(E2) measure-
ments they could not have been fitted to these results.@Even
if it were assumed that all the parameters in the PPQ
BET calculations had been fitted to theseB(E2) data, the
values ofxn

2 for these models would increase by at mos
factor of 2, so the PPQ would still have the lowestxn

2 and the
sd IBA would still have the highest.#

It is noted that the values ofxn
2 are @1 for all cases,

suggesting there are effects unaccounted for in each mo
Nevertheless, the higher value ofxn

2 for the multiphonon
description shows that theB(E2) data do not indicate a pref
erence for this model over earlier interpretations.

In Sec. I it was explained how the very smallB(E2)
value for the 23

1→02
1 transition was used to limit the choic

of sd IBA parameters to a region nearj50.039. However,
other models also give reasonable explanations for this w
transition. In the traditional description@7#, a very small
B(E2:23

1→02
1) would be expected because the transit

would be a two-step process involving the destruction ofg
phonon and the creation of aK50 one. The PPQ and BET
predictions for theB(E2) ratio are shown in Fig. 2 by
dashed and dotted horizontal lines, respectively, and are
very small. The PPQ prediction of 0.16 W.u. forB(E2:23

1

→02
1) is nearer the experimental upper limit o

<0.05 W.u., close enough to provide a viable descript
for this very weak transition. The discrepancy of a factor
;3 for such a weak transition is not serious enough to j
tify the rejection of this interpretation for152Sm. The sug-
gested new interpretation also has discrepancies of fac
>3 for other transitions, including the strong 23

1→22
1 and

03
1→22

1 ones, as discussed by Zamfiret al. @4#.
Closer examination shows that the argument for limitingj

to a narrow range near 0.039 is a weak one, because
based on a comparison of observed and predicted stren
for a very weak transition. When comparing model pred
tions with any measured spectrum it is commonly found t
the largest intensities may be reproduced reasonably we
the model, but as one considers weaker and weaker tra
tions a stage is reached at which there are discrepancie~of
random sign! comparable to the magnitudes of the valu
measured. It is not safe to make strong arguments base
calculated intensities near or below this level. Forg-ray
spectra a probable cause for the discrepancies is the pres
of admixtures, in the initial and/or final states, of configu
tions outside the scope of the model used. The 23

1→02
1 tran-

sition is three or four orders of magnitude weaker than
strongest ones in the spectrum. In such a case, a tiny ad
02431
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ture of any configuration resulting in a collective contrib
tion to the weak transition could affect its strength sign
cantly.

The analysis ofB(E2) values in Table I revealed that, i
particular, the 23

1 level ~formerly called theg-vibrational
bandhead! is not well described by thesd IBA description
@4#. The three largest contributions to thexn

2 value in Table I
for this model are due to transitions from the 23

1 level, and
these make up over 90% of its totalxn

2 . These transitions, to
the 21

1 , 41
1 , and 22

1 levels, have observed strengths
9.3~5!, 0.78~5!, and 27~4! W.u. andsd IBA predictions of 3,
4, and 92 W.u., respectively. Such large discrepancies
these relatively strong transitions warn that there may
significant admixtures of other configurations present, a
raise the question of how reliably this calculation could
expected to predict the very weak strength from the sa
level to the 02

1 state. Experimental evidence for admixtur
in the 23

1 level, from outside thesd IBA model space, will
be discussed in the following section, but first the possibi
of an accidental cancellation of the 23

1→02
1 strength pre-

dicted by thesd IBA will be considered.
From Fig. 2 the sd IBA prediction for B(E2:23

1

→02
1)/B(E2:21

1→01
1) is ;0.012 over a wide range of val

ues for the parameterj ~e.g., 0.1<j<1), so B(E2:23
1

→02
1) would be 0.0123144 W.u.51.7 W.u. One can con-

sider the possibility that the actual situation is somewhere
this large parameter range, but that admixtures of configu
tions outside thesd IBA model space make a contributio
~of unknown origin! to the 23

1→02
1 transition, with destruc-

tive interference, reducing the predicted 1.7 W.u.
<0.05 W.u., without requiring the model parameterj to be
near;0.039. To estimate the probability for such an ac
dental cancellation the first step is to determine the rang
B~E2! values which an unknown transition could have,
reduce the 1.7 W.u. prediction of the model to the expe
mental upper limit of<0.05 W.u. If the IBA wave functions
for the initial (23

1) and final (02
1) states are designated a

uc i& and uc f&, respectively, the originalE2 transition
strength is given byz^c f uE2uc i& z2, which corresponds to a
B(E2) of 1.7 W.u. If the initial state is now given a sma
admixture of some unknown configurationucx& its wave
function becomes

uc&5auc i&1bucx&.

The total transition amplitude is then

a^c f uE2uc i&1b^c f uE2ucx&.

The situation could be more complicated, as the final s
could also have admixtures of other configurations, but t
simpler case demonstrates the physics involved and for c
venience is the only one considered here. If the admixture
ucx& is a minor one,a2@b2 anda is almost unity. Neverthe-
less, the two terms in the expression above may have c
parable magnitudes, because^c f uE2ucx& may be much
larger than̂ c f uE2uc i&. @TheB(E2) of 1.7 W.u. produced by
the latter is only about 1% of the strongest transitions in
2-3



s

nc
f

to
-

s
th

n
T
tri
o
b

ula

th

re
nc
a
a

r
th

ed

n
ly

s

2

ir-
n
d

ai

.

fi-

r

ion,
the
us,

ri-
er

ro-
ow a
he
aly-

s the

a

very

the
g

le
-
el

o-
-

am-
en
her-
pre-
t of
son
ero,

not

D. G. BURKE PHYSICAL REVIEW C 66, 024312 ~2002!
decay, whereas the former could involve collective tran
tions which are much stronger.#

With the assumptions above, destructive interfere
could reduce theB(E2) to <0.05 W.u. if the magnitude o
b^c f uE2ucx& were between ;83% and ;117% of
a^c f uE2uc i&, which would cause the combined amplitude
be <17% of a^c f uE2uc i&. The strength for such an un
known transition,zb^c f uE2ucx& z2, corresponds to aB(E2)
between;1.17 W.u. and;2.33 W.u. This range of value
may seem surprisingly large, but is just the result of
coherent summation of transition amplitudes.

The next step is to estimate the chance for the 23
1→02

1

transition to have an admixture that might result in an u
known transition strength in the range 1.17 to 2.33 W.u.
gain some idea of the distribution of such unknown con
butions, all the transitions in Table I were examined. F
each one, the unknown contribution which would have to
added coherently to thesd IBA strength to make it equal to
the observed result was deduced. It was found that>20% of
the 15 values are in the range 1.17–2.33 W.u. Of partic
interest in this case are transitions from the 23

1 level, because
the weak transition being discussed originates from
level. Values for two of the four transitions from the 23

1 level
are in the range 1.17–2.33 W.u. If one assumes that the
tive phases are random, the probability of the interfere
being destructive would be;50%, these results suggest th
the estimated probability of an accidental cancellation m
be in the range of;10% to;25%. This is large enough fo
such an occurrence to be seriously considered as ano
possible explanation for the very small value ofB(E2:23

1

→02
1), since it would invalidate the main argument claim

for the new interpretation.

III. EXPERIMENTAL EVIDENCE FOR OTHER
CONFIGURATIONS IN THE STATES INVOLVED

A. Evidence for admixtures outside thesd IBA model space

As mentioned above, minor admixtures of unknown co
figurations in the initial and/or final states might serious
affect the value ofB(E2:23

1→02
1). In addition to evidence

from thexn
2 analysis above that the 23

1 level has component
of configurations outside thesd IBA model space, there is
direct experimental evidence for such admixtures in the3

1

and other levels. One type of excitation outside thesd IBA
model space arises fromg bosons, and another type is pa
ing vibrations. This section will first describe the experime
tal evidence forg boson effects in this mass region, an
specifically in theg-vibrational band of152Sm. Then the
significance of large (t,p) strengths to excited 01 states, and
other data, will be considered as possible indications of p
ing excitations.

1. g boson effects

The importance of these has been demonstrated@13# for
154Gd, an isotone of152Sm with many structural similarities
The even gadolinium isotopes have low-lyingKp541 bands
with very large two-quasiparticle components and largeE4
strength. All experimental information, including the signi
02431
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cant E2 decay strengths to theg band, is described bette
with theKp541 band assigned as aG (g boson, or hexade-
capole! structure@13#. The sd IBA predicts that the lowest
Kp541 band would have predominantly a double-g-phonon
structure. However, thesdg IBA predicts that it would have
G character. In analogy with a converging series expans
if a significant change in the predicted result is caused by
removal of a term, that term must have been important. Th
the sdg IBA calculations support the evidence from expe
mental data thatg bosons are needed in the IBA for a prop
description of these bands. Although no low-lyingKp541

band has yet been established in152Sm @7#, there may be
significant components of some of the lower-K G bands in
the known bands, which could affect properties such asE2
strengths. In fact, there is strong evidence that aKp521

hexadecapole (Y42) component is required in theg band
~based on the 23

1 level! to explain (pW ,p8) data@20,21#. These
very detailed measurements, using 65-MeV polarized p
tons, cover a wide range of closely spaced angles and sh
great deal of structure in angular distributions of both t
cross sections and analyzing powers. Coupled-channel an
ses convincingly demonstrated the need for including aY42
term as well as the usualY22 one in theg-vibrational bands.
Measurements were made on a series of nuclides acros
deformed rare earth region, including152Sm, and the size of
the Y42 component varied smoothly across the region in
manner consistent with the Bertsch ‘‘polar-cap’’ model@22#.

There is thus ample evidence that the 23
1 level contains

configurations outside thesd IBA model space, making it
unsafe to base strong arguments on the strength of a
weak transition from this level.

The coupled-channel calculations needed to explain
angular distributions of (pW ,p8) cross sections and analyzin
powers depend strongly upon theB(E2) values for transi-
tions coupling members of the 23

1 band with the ground state
band. As seen in Sec. II, thesd IBA calculation @4# did not
reproduce theseE2 strengths very well, so it is questionab
whether it would explain the (pW ,p8) cross sections and ana
lyzing powers properly. However, predictions by this mod
are not yet available for comparison with these data.

2. Pairing correlations

Devi and Kota@23# described properties of samarium is
topes with thesdg IBA, and reported that in order to repro
duce large two-neutron transfer strengths to excitedKp

501 states it was necessary to use different model par
eters for the initial and final nuclei, interpolating betwe
dynamical symmetries to produce a phase change. Ot
wise, for transitions that increase the boson number the
dicted strength to excited states is small compared to tha
the ground state. For transitions that decrease the bo
number, the strength to excited states is predicted to be z
even if g bosons are included@24#. In N5108 nuclei there
are very strong (t,p) populations of excited 01 states@25#
which are explained microscopically@26# and attributed to
pairing effects caused by the subshell closure atN5108. The
IBA prediction of zero strength to excited 01 states for these
cases, for which the boson number is decreasing, does
2-4
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explain the very strong (t,p) populations. Brogliaet al. @27#
have shown that pairing correlations are another type of
citation outside the usual IBA model space, and note t
primed bosons are sometimes included to take them into
count. Pairing correlations are important for two-neutr
transfer strengths@9,11,27,28#, and the (t,p) results forN
5108 nuclei support the statement@27# that these are no
properly included in the IBA. The very strong (t,p) popula-
tions for the 02

1 and 03
1 levels in 152Sm suggest there may b

significant pairing excitation components present.
The 03

1 level in 152Sm has large (t,p) and weak (p,t)
populations, while the 03

1 level in 150Sm is strong in~p,t!
and weak in (t,p) @10,29–31#. This pattern led to the sug
gestion that these 03

1 levels were shape-coexisting stat
with deformations different from those of the correspond
ground states. However, Kumar’s calculation reproduced
large (t,p) strength to the 03

1 state in152Sm, even though its
predicted deformation was comparable to the ground s
value @9#. He concluded that the observed population w
more likely due to pairing effects than to differences in d
formation. In view of the results forN5108 nuclei, it seems
questionable whether any part of the large (t,p) strength to
excited states in152Sm that may result from pairing excita
tions would be properly explained by IBA calculations.

Devi and Kota@23# were able to reproduce a large valu
for the summed (t,p) strength to excited states of152Sm, but
did not report predicted strengths for the individual 01 lev-
els. Thesd IBA calculations of Scholtenet al. @18# showed a
large (t,p) strength for the 02

1 state in 152Sm, which is a
single-phonon state in most descriptions and could there
be populated by an allowed transition. However, they did
report a prediction for the 03

1 level, for which the (t,p)
strength is more useful for distinguishing between interp
tations. Specifically, the transition would be forbidden to t
multiphonon 03

1 level of the new interpretation, but allowe
for the single-phonon nature of this level in the PPQ desc
tion.

There is also additional experimental information, fro
single-nucleon-transfer data, suggesting the presence of
nificant pairing effects in the 02

1 level of 152Sm. Excited
Kp501 bands are often not populated appreciably in sing
nucleon transfer-reactions. However, those that do have
nificant strengths usually exhibit a pattern of relative cro
sections within the band, similar to that of the ground st
band. Some prominent examples of this behavior are fo
in 172Yb @32# and 178Hf @33#. These patterns indicate that th
orbital of the transferred nucleon is the same as that form
the odd-mass target ground state. Thus, theKp501 band
populated has all the nucleons paired in time-reversed o
als. Such states have important pairing excitation com
nents@11#. ~In contrast, a traditionalb vibration is expected
to involve two-quasiparticle components with nucleons
different orbitals coupled toKp501 @11#.! In 152Sm, mem-
bers of theKp502

1 band are populated in the (d,p) reaction
with a cross section pattern very similar to that of the grou
state band@14,15#. The spin 2 member has the largest cro
section in this case, followed by that for the spin 4 lev
with spin 0 and 6 members only weakly populated. The ov
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all strength for the excited band is large, more than half t
for the ground state band, suggesting the presence of sig
cant pairing correlation effects. A less clear but somew
similar behavior is observed for the single-proton trans
153Eu(t,a)152Sm reaction@34#. Although the orbital of the
transferred nucleon is different, the 21 member of the
ground band is coincidentally the one most strongly po
lated in this case, and the 22

1 level is again found to be
populated more strongly than any other member of theKp

502
1 band. These patterns could be readily explained

pairing correlations in this band. Such excitations could a
be the explanation for at least part of the significant (p,t)
and (t,p) strengths observed to the 02

1 level. In the new
interpretation@4# the 02

1 and 22
1 levels are not multiphonon

states, and therefore their population in single-nucle
transfer reactions is not necessarily forbidden. However,
predictions with that model are yet available for comparis
with these data.

There has been much discussion in the literature conc
ing the nature of the 02

1 level, and its character is still no
clearly understood. However, the results discussed ab
seem to indicate that any model that does not include
possible presence of pairing correlations might not be abl
produce a complete description of this structure.

B. Two-quasiparticle components

As mentioned in the Introduction, some levels assigned
multiphonon configurations in the new interpretation ha
large peaks in the (d,p) spectra@14,15#, whereas transitions
to such configurations should be forbidden. Although the
data were instrumental in drawing attention to this stu
closer examination of the results reveals that at present
lack of detailed knowledge for the151Sm target ground state
wave function hinders quantitative analyses of the tw
quasiparticle components populated in152Sm levels. For ex-
ample, the two-quasineutron component populated in
1293-keV 24

1 state could be as large as 100% or as smal
;20%, depending on the configuration involved. The 23

1

and 31
1 levels, traditionally described as members of t

g-vibrational band, have (d,p) populations which are pre
dominantly l 51, and the spectroscopic strengths are
large. This is consistent with expectations based on the q
siparticle phonon nuclear model~QPNM!, in which most of
the significant components predicted in theg band are those
that could not be populated by a (d,p) reaction on theI p

55/22 ground state of the151Sm target, because they in
volve positive-parity nucleons@35#. If it is assumed that the
target ground state has any of the reasonable possible
figurations, and the neutron is transferred to a Nilsson orb
expected to have largel 51 cross sections, such a
1/22@521#, the observed strengths would correspond to
two-quasiparticle admixture of only a few percent in the 23

1

band. This is the same order of magnitude as the QP
predictions of 3.1% for the 3/22@521#11/22@521# compo-
nent and 1.2% for the 5/22@523#21/22@521# component of
the g band@35#.

The full value of the (d,p) data for determining152Sm
level structures cannot be exploited until more reliable inf
2-5
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mation on the151Sm ground state wave function is availab
Many of the levels probably do not have simple config

rations of single-phonon, double-phonon, etc. character,
are complex mixtures. This is shown by the wave functio
presented by Zamfiret al. @4#. For their most favorable case
~the 02

1 , 22
1 , 42

1 , and 23
1 states!, the probabilities for the

multiphonon configurations in the right side of Fig. 1 a
only about 50–60 %. Although the remaining components
these states may have some configurations that could
populated in single-nucleon-transfer reactions, calculati
with this model are not available to test how well the ava
able data are explained. For other levels, such as 03

1 , 24
1 ,

and 43
1 , the multiphonon components shown in Fig. 1 a

even smaller~than 50–60 %!, so the dominant componen
for these could actually be other types of excitations. Furt
work is needed to determine which components are
dominant ones for these levels, so it is not yet clear wh
terminology is most appropriate for labeling them.

IV. EVIDENCE CONCERNING DEFORMATIONS FOR
EXCITED STATES

It is important to note that both the Kumar and the BE
calculations give predicted deformations for the exci
states in question that are comparable to those of the gro
state band, in contrast to the small deformations assume
these levels in the new interpretation@5#. Kumar gives the
predicted deformation parameterb and quadrupole momen
for each state in Table II of Ref.@9#. The BET predicted
quadrupole moments given in Table 6 of Ref.@16# are similar
to those of Kumar. Kluget al. @6# have discussed the variou
Q invariants which can be determined from theE2 strengths
in 152Sm, and concluded that thesd IBA predictions for
these are satisfactory. However, since the PPQ and BET
culations reproduce theB(E2) values as well as thesd IBA
does, these models should also reproduce theQ invariants,
which are functions of theB(E2)’s. In fact, theQ invariant
calledq2 calculated for the 02

1 state,

~q2!25(
i

B~E2;02
1→2i

1!,

is more than 80% of the corresponding value, (q2)1, for the
ground state@see Eq.~8! of Ref. @17##. If one considers these
results in terms of a rotor description, where

q25e2S 3ZR2

4p D 2

be f f
2

@6,17#, the effective deformation,be f f , for the 02
1 band

would be about 90% of that for the ground state band. Th
while these results can be explained by the new interpr
tion, they are also consistent with the 02

1 level having a
rather large deformation as predicted in the PPQ and B
calculations, and therefore do not clearly distinguish wh
description is better.

Some evidence which appears to favor a larger defor
tion for the 02

1 level is found in the sequence of levels whic
have been assigned as a rotational band based on this
02431
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As already mentioned, the energy difference@E(22
1)

2E(02
1)# is 126 keV, much closer to the correspondin

value of 122 keV in the ground state band than to the m
tiphonon prediction of;300 keV ~e.g., see Fig. 1 of Ref
@6#!. The band-mixing calculation of Zamfiret al. @4# repro-
duces energies of the 02

1 , 22
1 , and 42

1 levels andB(E2)’s
coupling these levels with the ground band, but involve
large number of fitted parameters. These authors point
that it would be difficult to describe the energies andE2
strengths for these levels and the ground state band b
two-band-mixing calculation that started with two deform
bands. Nevertheless, the PPQ calculation@9# reproduced the
B(E2) values and level energies very well for members
this band up toI 56, while predicting that the levels hav
large deformations. Rotational members up toI 514 have
since been assigned as a band based on the 02

1 level @7#, and
a plot of excitation energy versusI (I 11) for this band indi-
cates a rather well-behaved rotational pattern@8#. For I>
;4 the slope of the line corresponds to a moment of ine
slightly larger than that of the ground band.

Another observation favoring larger deformations for e
cited levels is found in theE2 decay mode of the 23

1 level.
In Sec. II it was pointed out that theseE2 strengths were no
in good agreement with the multiphonon predictions@4#. The
branching ratioB(E2:23

1→21
1)/B(E2:23

1→41
1) is 1261,

a factor of;15 larger than thesd IBA prediction @4#. The
observed value is more consistent with expectations for
tational nuclei than for vibrational ones. For example, p
dicted ratios for148Sm and150Sm are very small, typically
<1 ~e.g., see Fig. 9 of Ref.@18#!, similar to thesd IBA
results in Table I. For more rotational nuclides~e.g.,
154,156,158Gd) the predicted ratios increase towards the Bo
Mottelson rotational limit of 20@19#. Thus, the observed ra
tio is more consistent with a description of152Sm levels
nearer the SU~3! limit than with the multiphonon description

V. CONCLUDING REMARKS

In summary, it appears that there is no experimental e
dence thatrequires the excited levels in152Sm to be inter-
preted as multiphonons of small deformation. Each type
data can be explained as well, or better, by traditional in
pretations such as the PPQ model, with bands based
single-phonon states and deformations comparable to tha
the yrast band. In addition to having the bestxn

2 for the
B(E2) data in Table I, the PPQ also provides a good desc
tion of many other properties@9#. These include a quantita
tive explanation for the large (t,p) strength to the 03

1 state,
which would be unexpected in the multiphonon descriptio
Features such as the energy spacing@E(22

1)2E(02
1)#, the

well-developed rotational band based on the 02
1 state, and

the ratiosR4/2
(2) and B(E2:23

1→21
1)/B(E2:23

1→41
1) favor

descriptions having larger deformations for the excited sta
involved. Levels populated strongly in single-nucleo
transfer reactions must have components outside the m
tiphonon description, but these are easy to reconcile with
single-phonon character of states in the traditional interp
tation. Parameters used in the analysis of the (pW ,p8) data are
2-6
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also consistent with large deformations for the 23
1 state. The

set ofB(E2) values, and theQ invariantsq2 based on them
appear to be consistent with the different interpretations c
sidered, and therefore do not distinguish which is more s
cessful.

The main arguments presented for the ‘‘new interpre
tion’’ have been shown to be weak ones. In particular,
small value ofB(E2:23

1→02
1) is found to have alternative

explanations. The PPQ predicted this strength to be v
small with the 02

1 level having a large deformation. For th
sd IBA it may not be necessary to restrict the parameterj to
values near 0.039 as assumed@1,2#. A small admixture in the
initial and/or final state, of a configuration outside thesd
IBA model space, has a significant probability to cause
accidental cancellation of the small expected strength
0.1<j<1. Evidence has been presented in Sec. III A
admixtures outside thesd IBA model space in both the initia
(23

1) and final (02
1) states.

The concept of phase coexistence in nuclear structur
an appealing one, and its realization would not be surpris
but as yet there is no adequate experimental foundatio
claim that the152Sm levels are evidence for it. More effor
of both an experimental and theoretical nature are cle
needed to resolve present ambiguities, and it is hoped
this work will inspire some of these. A new Coulomb exc
tation experiment of the type reported for Os and Pt isoto
@36# could be useful. In that study, a large set ofE2 matrix
elements was determined in a model-independent man
including intrinsic quadrupole moments of excited states
phase information for matrix elements. An experiment of t
type for 152Sm could be useful. A similar suggestion w
made earlier@37#, but is now of greater importance, since t
new interpretation has been claimed as evidence of ph
coexistence. Measurements of lifetimes for higher spin me
P

v

R
.J

n

F.
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bers of the Kp502
1 band could also be useful, to te

whether theB(E2)’s were described better by a rotation
pattern or a multiphonon one.

On the theoretical side, quantitative predictions for ma
of the available types of data are still needed. Obvious
amples are (d,p), (t,a) and (pW ,p8) results for specific ex-
cited states. There is also a lack of predictions for (t,p) and
(p,t) strengths to excited 01 states, presumably because
better treatment of pairing correlations is needed in all
models. Kumar concluded that pairing vibrations should
considered on an equal footing with shape vibrations, a
that vibrations of higher order than quadrupole should
included. The discussion above suggests that these still s
to be among the most needed improvements. The structu
a transitional nucleus such as152Sm is very complex and the
data already available indicate a rich variety of excitati
modes. It may be unrealistic to hope that a model such as
sd IBA, with only two parameters, could explain all the fe
tures in detail, including the strengths of very weak tran
tions. g bosons would be needed to explain (pW ,p8) data for
theg band, and it would be useful to see the effect of add
these to the IBA description. For the nearby isotone154Gd,
significantE2 strengths are associated with theg boson or
hexadecapole excitations, and it would be interesting to le
how the addition ofg bosons could affect the very wea
23

1→02
1 transition, which is central to this discussion.
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