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Searching for E(5) behavior in nuclei
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The properties of even-even nuclei with<8@ <82, A=60 have been examined to find examples display-
ing the characteristics of (B) critical-point behavior for the shape transition from a spherical vibrator to a
triaxially soft rotor. On the basis of the known experimental state energies and E2 transition strengths, the best
candidates that were identified a¥&Pd, 106.108d, 124Te, 128Xe, and!3*Ba. The closest agreement between
experimental data and the predictions ¢6Eis for 128Xe and for the previously suggested examplé¥Ba.
It is proposed that?8Xe may be a new example of a nucleus at t{6)Eritical point.
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Notable benchmarks of collective nuclear behavior are théevel of approximation regarding the quadrupole transition
harmonic vibratof1], the symmetrically deformed rot¢2], operator. Initial calculations used a first-order quadrupole op-
and the triaxially soft rotof3]. They correspond to limits of erator[5] but including second-order terms alters the predic-
the interacting boson modéBM) and an algebraic descrip- tions significantly[16].
tion of the nature of the transition between these limits has It is important to identify a set of observables which are
been developed in direct analogy with classical phase transéharacteristic of E5) behavior and which do not change dra-
tions [4]. Recently, it has been suggested that a useful apmatically with the details of a given calculation. Table | pre-
proach is to find an analytic approximation of the critical sents a set of such robust observables. The table includes the
point of the shape change as a new benchmark against whietiginal predictions for E5) [5], the results for E5) using
nuclear properties can be compafédb]. the second-order quadrupole operdt®], and the results of

The critical-point description of the transition from a sym- an IBM calculation at the critical point of the shape transi-
metrically deformed rotor to a spherically harmonic vibrator, tion for different boson numbefd5].
denoted as ¥6), involves the solution of the Bohr collective A few words of explanation are required to understand the
Hamiltonian with a potential that is decoupled into two table. Eigenfunctions from the(g) solution can be charac-
components—an infinite square well potential in the quadru{€rized by two quantum numbets, 7) related to zeros of
pole defomation parametes, and a harmonic potential well Bessel functions as described[Bi. The £ quantum number
for the triaxiality deformation parametey, This is an ap- |aPels major families of ) levels, while 7 labels the
proximation of the true potential found at the critical point of pbononl!ke levels within a giveg family. The first excited
the shape change from IBM calculatiof@]. Several ex- 0" state is predicted to be |ntt§er?fa[n|ly anq 1S Iabglled n
amples of nuclei close to the(X) critical point have been Zh?rthand %S gOhThe Sﬁcondl_(la(xcnedl _Osltate f's predfmte? to
suggested includin@®Nd [7] and152Sm|[8,9]. However, not o o' to the three phononlike multiplet of tge1 family

all the predicted characteristics of(% are reproduced and [that is, (¢£,7)=(1,3)] and is labelled as’DAll other states

. . L . . . re | lled in mor nventional n ifor exampl
the applicability of the description is still a topic of discus- ﬁ]gicz?ees ?ﬁe secgn%*%)tatg tional notatidfor example, 2
sion (see, for example, Ref10]). Recently, a search was = rna eyolution of these ‘Ostates can be traced from the

carried out to find other examples of nuclei which display theyim;t of the spherical vibrator to the gamma-soft rotor. In the
predicted characteristics of thg%) critical-point description  \iprator limit the q state is a member of the two-phonon
[11] It was found that the best candidates fdlS)(behaVior mu|t|p|et with a Strong|y allowed E2 branch to thé 8ne-
are?®Ba, 1¥Ce, and the N=90 isotones of Nd, Sm, Gd, andphonon level. In the gamma-soft limit this level has risen in
Dy. excitation energy and the E2 transition to thg fate is
The purpose of this paper is to report the results of gorbidden. In contrast, the!Gevel preserves its three-phonon
search to find examples of nuclei near the critical point of thecharacter across the entire shape change. For real nuclei, the
transition from a triaxially soft rotor to a spherically har- degeneracies of the multiplet structure will only be imper-
monic vibrator, denoted as(®. This description involves fectly preserved due to mixing with other states but finger-
the solution of the Bohr Hamiltonian with an infinite square Prints of multiphonon excitations can be reasonably expected
well potential depending only o [5]. IBM calculations  to survive[17].
indicate that this is a fair approximation to the flat-bottomed The key observables presented in Table | will be used to
potential that is calculated at the critical point of the shapddentify candidate nuclei for &) behavior. The energy and
transition from gamma-soft rotor to harmonic vibrator. IBM transition rate predictions are parameter free except for over-
calculations have also been used to account for finite bosoall scaling factors. The quantities are normalized to either the
number effect§12—15 which alter the predictions of abso- energy of the 2 state or to the BE2;2 — 03). Some of the
lute values, and ratios, of both state energies and transitiokey properties of the &) description can be summarized as
strengths. The transition strengths are also affected by thiellows:
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TABLE |. Key observables for determining(&) critical-point behavior. The first column gives the
quantity of interest. The second column gives th&)Bpredictions from Ref[5] using a linear quadrupole
operator, T(E2), in the quadrupole deformation. The third column gives tli8) predictions using a qua-
dratic quadrupole operatorg{E2). The next four columns give the predictions from IBM calculatighs]
at the critical point of the transition taking into account the finite boson numhegr, N

E(5) IBM
T(E2) T4(E2) Ng=4 Ng=5 Ng=6 Ng=7

E(4y) /E(2)) 2.20 2.20 221 2.20 2.19 2.18

E(O;Q)/ E(2}) 3.038 3.03 3.90 3.80 3.60 3.40

E(0}) /E(2]) 3.59 3.59 3.58 3.56 3.54 3.52

B(E2;4—2;) /B(E2;2{—07) 1.68 1.56 1.30 1.34 1.40 1.46

B(E2:;0{—2]) /B(E2; 2 —0]) 0.86 0.49 0.42 0.47 0.53 0.60
(1) The energy ratide(4;)/E(2]) should be=2.20. the energy of the Plevel. The excitation energies, normal-
(2) The B(E2;4;—2;) value should be=1.5 times the ized to the energy of the;2evel, of the two lowest excited

B(E2;Z —0}) value. 0* states, if known in the candidate nuclei, are also shown in

(3) There should be two excited* Gstates lying at ap- Table II. By applying this criterion the scope of the search is
proximately 3—4 times the energy of thé State. restricted in two important ways. First, only nuclei with rela-
(4) The decay of the Dshould reflect its multiphonon tively complete experimental level schemes up to an excita-

structure. There is an allowed E2 transition to tHeléel, ?:naesr;etrhg% 2;sd?tigresset2§n3n(e)ﬁy get?v%gél\(l) ?/:/:srteeli(gé‘)e/ 40
but no allowed transition to the; 2evel. b : » OnY

... states are being examined and, therefore, there is an implicit
(5 The decfs\y of thepstate Shql.”d also be charagterlstlc assumption that these two states can be mapped to the two
of E(5). There is an allowed transition to thg vel with a

. lowest O excitations in the B5) description. If other excited
strength of=0.5 the BE2;2 —0;) value. 0" levels (for example, based on intruder configuratipns

The first two points reflect the fact that th¢3E behavior  come lower than 2.5 times(E), the candidate nucleus is
lies intermediate between that for the harmonic vibrator an@xcluded from the search. This may then eliminate potential
y-soft rotor. While the ordering of the0and { states is candidates in which higher excited 6tates(still within the
sensitive to effects such as the number of bogses Table correct energy rangecorrespond to theDand @ levels.

), their decays are reflective of the5}t symmetry proper- By applying this criterion, there are only six candidate
ties. nuclei that remain. These até?Pd, 19610%Cd, 124Te, 128xe,

If the E(5) description is to be taken as a benchmark forand '3/Ba (see Table I). Figures 1 and 2 compare available
nuclear shape transitions, then it is important to find exinformation on the state energiésormalized to the energy
amples which follow the predicted behavior. The first sug-of the 2 stateg and E2 transition strengtsormalized to
gested example wa$“Ba [12]. Other candidates that have the B(E2;2 —0;) valueg in each of these nuclei with the
been put forward include®Pd [14] and '*Ru [13]. The  predictions of E5) (using the higher-order quadrupole op-
purpose of this paper is to report a search for examples Q{rator[lﬁ] to calculate E2 strengths

nuclei that are candidates fo® critical-point behavior. Each of these candidate nuclei can now be examined in
As a starting point the ENSDF data filEl8]" was more detail.
searched for examples of even-even nuclei, with<ZD 102p(: It has been previously suggested t#&Pd may be

<82, A=60, with 2.00<E(4;)/E(2;)=<2.40. As pointed an example of an &) nucleus [14]. The normalized
out by Mallmann[19] this ratio(and other similar ratigsare ~ B(E2;4; — 2}) value is in good agreement with the predicted
characteristic of different collective motions of the nucleus.yajue. However, the normalized(B2;2— 2}) is approxi-
- : .
The value expected for a harmonic vibrator i#5/E(2)  mately a factor of 3 too low[As shall be seen, this anoma-
=2.00 while that for ay-soft rotor is H4;)/E(2;)=2.50. The  |ously low strength for the 2— 2 transition occurs in all
value of this ratio for an E5) nucleus is predicted to be 2.20. three E5) candidate nuclei in théd~100—110 mass re-
Over 70 nuclei were found within the search range ofgion]. Moreover, while the normalized (B2;4;— 2})
E(4})/E(27) values and they are presented in Table II. strength is in fair agreement with the( prediction, the
The next criterion used in the search was to identify thengrmalized BE2;4,— 47) strength has an upper limit which
subset of these nuclei which have their two lowest, firmlyjs 4 factor of 2 lower than expected. The two known excited
assigned, excited'Ostates lying between 2.5 and 4.5 times g+ states have measured lifetimes. THedvel decays to the
2, level with an E2 transition strength that is in good agree-
- _ S e
“The ENSDF data file used in the search was last updated €Nt With the expected strength for thg-02; transition. It
December 2002. It does not necessarily include all published infornght then be reasonable to associate tl§|$90e+l with the
mation up to that data since certain mass chains may not have be@g state of the E5) description. However, the;0level of
evaluated for several years. 192pd cannot be theGstate. The experimental half-life of the
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TABLE Il. The candidate nuclei with 38 Z<82, A=60, and TABLE Il. (Continued)
2.00<E(4;)/E(2]) =<2.40. The first column identifies the nucleus;
the second gives the(&)/E(2]) value; the third(fourth) column  Nucleus E47)/E(2]) E(03)/E(2)) E(03)/E(2])
gives the energy of the firgsecong excited 0 state, normalized to
the energy of the Rlevel, if it is known (parentheses indicate ten- *°Xe 2.33 3.57 4.24
tative assignmenys 130xe 2.25 (3.35 (3.7

132 e 2.16
Nucleus E47)/E(2]) E(07)/E(2]) E(03)/E(27) 134y 0 204
6271 2.29 2.44 (4_19 13483 2.31 291 3.57
64Zn 2.33 1.93 2.63 13658. 2.28 1.93 2.62
64Ge 2.28 13GCe 2.38 (195)
6671 2.36 2.28 (293 13809 2.31 1.87 2.97
6GGe 227 140)(6 2.21
68Ge 2.23 1.73 2.58 “Nd 2.32 1.83 (2.77)
7071 2.02 121 (2.42) 1%Sm 2.34 (1.87) (3.07)
0Ge 207 117 209 14%Ba 2.32 4.27 4.56
7050 216 2.13 1425m 2.33 (1.89 (2.83
’Ge 2.07 0.83 2.43 1Gd 235 (2.6
7ise 2.14 135 (2.61) “Ce 2.36
e 292 146Nd 2.29 2.02 (3.46)
7688 2.38 2.01 (3.8& 1488m 2.15 2.59 (3.69
BOKr 2.33 (214) 1508m 2.31 2.22 3.76
82Ky 2.35 1.92 (2.80 1Gd 2.02 1.89
BZSr 2.32 2.29 4.65 152Gd 2.19 1.79 3.04
84Sr 2.23 1.89 2.62 154Dy 2.23 1.98 3.16
84Zr 2.34 156Er 2.31 2.70
86y 2.07 1.96 2.05 et 214 (1.69
867y 2.22
zza 2.02 1.44 210 0, state is 14.84) ns implying noncollective E2 transition
Mo 211 2.09 2.58 strengths to lower-lying states. As argued in R&#] this G

%Mo 2.09 1.48 171 level is probably based on an intruder configuration and is
%8Ru 2.14 2.03 outside of the E5) model space.
100\v0 2.12 1.30 2.81 106Cd: For 1%Cd absolute E2 transition strengths are
100Ry 2.27 2.10 3.23 known for only a few transitions. The normalizedE®; 4,
102R 2.32 1.99 3.87 —2)) value is close to that predicted from thé5E picture.
102py 229 286 208 The normalized BE2;2,— 27) is approximately a factor of
104p 238 2.40 (3.23 3 too I(_)W. There is _o_nly experimental information on branch-
106pg 290 292 333 ing rgtlos for transm?ns fiom other rele\iant statesl%cq.
1060 » 36 > 84 229 For instance, BE2;4,—2;)/B(E2;4,— 2]) ~ 84 (see Fig.
108 2l38 2'72 3'02 1) indicating a str.ongly favored E2 bra_nch from th}siate
10 : ‘ ’ to the Z state which matches the predicted behavior. The 0

d 2.34 2.23 (2.63 level has only one known E2 branch which is to thdével
Hacd 2.29 1.98 2.32 and it might, therefore, be associated with tiestate in the
4cd 2.30 2.03 2.34 E(5) picture. The energy of this level is a little lower than
1147¢ 2.09 (2.62 predicted (also the case in'%Pd. For the § level
116c(q 2.38 2.49 2.69 B(EZ;q—>2;)/B(E2;0;;—>2J£)+z 230, indicating that it
11 might be associated with the @tate. The excitation energy
1222 ;22 (22"763; E;Zg is approximately correc[texp:rrimentally E0})/E(2])=3.39
12276 208 197 288 corPOpared to a predicted value of 3]_59 o
12204 509 b a1 (.10 lOSCd: The decay scheme '6‘?8Cd is very S|£nllar to that
1207 2'07 2'75 '312 of 1%Cd. Again, _the normallze_d (EI£2;41*—>21)_ value is
1267 : ‘ : close to the predicted value while the norma_hze(EB;Zgr

e 2.04 (2.8D —2]) is too low (by a factor of~2). The ratio BE2;4,

—2;)/B(E2;4,—2])~12 indicates a favored E2 branch
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from the 4 level to the 2 level. The @ state might be and known E2 transition strengtfig1] are shown in more
associated with the Ostate—it has a favored E2 branch to detail. The normalized &2;4;—2;) and BE2;2—27)

the Z level [B(E2;0;— 2;)/B(E2;0;— 27) ~1000]. The G transition strengths have large uncertainties but are consis-
level has only one known decay branch, which involves arfent with the predictions of the () model. For other rel-
E2 transition to the 2level. It would then seem reasonable evant E2 transitions in**Te only branching ratios or lower
to associate this level with the® Gtate. However, a recent limits are known, but these are also consistent with the ex-
study[20] has identified transitions above this level that ap-Pectations of Ez behavior. For instance, (B2;4,
pear to form an intruder band. The Gevel is then most —23)/B(E2;4,—2))~5, indicates a favored E2 decay to
likely based upon an intruder configuration, analogous tdhe 2 level. The § state has only one known E2 branch
those known in the heavier Cd isotopes. It is possible that thwhich — decays into the 2 state with BE2;G

0; level in 1%Cd might also be based on a similar intruder — 27)/B(E2;2 —07)>0.67, suggesting that this state

configuration. might be associated with the @tate. The §level has only
We now look at the candidates in the-AL20—130 region one known E2 branch which decays to th} lavel with

in more detail. B(E2;0;— 2;)/B(E2;2 —07) >1.76. This suggests that it
124Te: The value of B4;)/E(2])=2.07 for 1?Te is sig- could be the Qstate.

nificantly lower than the E})/E(2) ratio for any of the 128xe: For 128Xe, a remarkably good agreement is found

other candidates that are being examined. Ad]HE(2]) between the predictions of(&) and the available experimen-
value so close to 2.0 would suggest that the nucleus is near t8! information. For the absolute measured E2 transition
the vibrational limit. However, the Dstate, which would ~strengths, both the normalized B2;4; — 27) and BE2;6]
then be expected to exist at a similar energy to thiedel as —47) transition strengths are in perfect agreememithin

a member of the two-phonon multiplet, lies at a normalizederrory of the E5) predictions. The normalized (B2;2;
energy of E0)/E(2])=2.75.(The G, level is approximately ~— 2;) and BE2;2,— 0;) also match well. For other relevant
400 keV higher than thejdevel) In Fig. 2 the level scheme transitions only information on branching ratios is available.
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However, this also fits with the (B) predictions. The ratio B(E2;0,— 2;)/B(E2;0;— 2])~27. Absolute E2 strengths
B(E2;4,—2;)/B(E2;4,—2;)~57 (see Fig. 2indicates a are known for the transitions from the;.0The B(E2;C;
strongly favored E2 branch from the 4tate to the 2state. ~ —2])/B(E2;2 —0}) value of 0.423) agrees well with the
The G level has BE2;0,—2;)/B(E2;0,—21)~14, sug-  expected P— 2; normalized transition strength of 0.49 pre-
gesting that it might be associated with thestate, and the dicted by the E5) model.
energy is in remarkable agreement if this is tfegperimen- The results of this work can now be summarized. On the
tally E(07)/E(27)=3.57 compared to a predcited value of phasis of the known experimental information, possib(&)E
3.59. The G level has only one known E2 branch which is candidates were identified in the ~A100—110 and A
to the Z level and it could therefore be associated with the~ 120-130 regions. It is interesting to note that nuclei in
0; state even though its excitation energy is significantlyboth these mass regions are expected to display transitional
higher than predicted. Overall, the available experimental inpehavior from spherical vibration tg-soft rotation[22,23.
formation on relevant states and transitions'#fXe is in  There are no unambiguous examples (B)Ebehavior in the
good agreement with the predictions ofSE A ~100-110 region. The three candidates identified in that
13%Ba: The nucleus®*Ba was the first proposed® can-  mass region all have significant discrepancies with the pre-
didate[12]. A good agreement is found with the predictions dicted E5) behavior. Notably, the 2— 2] strength is anoma-
of E(5) and the available experimental informatidiwith  |ously low, while in each of the three cases examined, the
the exception of the Bstate which has a lower than pre- lowest two excited D states cannot be mapped unambigu-
dicted excitation energy and an anomalously [0GEB; 3] ously to the ¢ and q states of the E5) picture. Indeed,
—23) transition strengtfi. The normalized BE2;4—2])  possible intruder configurations confuse the interpretation. In
and BE2;2Z — 2)) transition strengths agree with the pre- the A~120-130 region}?/Te has a very low E)/E(2))
dictions of the E5) model. The ratio BE2;4, =2.07. However, interpreting it as an(8 nucleus might
—2;)IB(E2;4,—27) ~41 indicates a strongly favored E2 provide a natural explanation for the higher than expected
branch to the 2level. The § level was associated with the energy of the first excited*Ostate. The best candidates for
0, state since it has a favored E2 decay to thde®el with ~ E(5) behavior are!?®Xe and the previously suggested ex-
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35 L S PN (such as**Xe [24]) fit closely to the predictions of the-soft

I 1™ limit. The ratio gradually shifts to lower values upon ap-
3.0 - Xe 1 proaching the N=82 spherical shell closure. The heavier N
I GammaSoft Rofor =74 isotones also have(£&)/E(2]) = 2.50 and detailed stud-

2 S . .

o S | X _250 ies have shown that cases such'#Ce [25] can be well
& 00 Spherifal Vibrator described agy-soft nuclei. The switch over to lower values
w2

=

Axially Symmetric Rotor

I ,2'00 E(47)/E(2]) occurs upon approaching the Z=50 spherical
15 i shell closure. Following either the isotopic or isotonic
E(47)/E(2]) behavior,'?Xe is found at a transitional point
1.0 O R S S R on the plot.
56 60 64 68 72 76 80 84 88 92 96 To conclude, the available data on even-even nuclei with
Neutron Number, N 30<Z=82, A=60 have been searched in an effort to find
examples which display the predicted characteristics(6j E
35 . . . . critical point behavior. Of the=70 nuclei with E47)/E(27)
13.33 values that might indicate such behavior, only gramely,
30 L g j 102pq, 106,108, 124Te, 128Xe, and '3“Ba) have firmly as-
€ signed first and second excited §tates in the range of ex-
:r 25 l m/&,o_ozo 2.50 citation energy that might be expected for thg @nd
5] / excitations of the B5) picture. The cases df?Pd and'*Ba
; 20 ol 2.00 have already been discussed as possible example$50f E
= 1 critical-point nuclei[12,14. Of the remaining candidates the
1.5 - . best agreement between experiment and ittt gredictions
is found to be with'?®Xe, which is proposed as a new ex-
1.0 ' ' ' ' ample of an E5) nucleus.

46 50 54 58 62 66

Proton Number, Z Future experimental investigations might focus on the

properties of the excited*Gstates in these candidate nuclei.
FIG. 3. Plots of the E4;)/E(2}) ratios for the Z=54Xe) chain  As discussed, the pattern and strengths of the E2 decay from
of isotopes(top pane) and theN=74 isotonegbottom panel The  these states are characteristic ¢5Ebehavior. It would also
expected values for an axially-symmetric rof8r33, a gamma-soft be interesting to investigate their EO decays which should
rotor (2.50), and an harmonic vibratd®.00 are indicated by solid  also reflect E5) symmetry properties. Since thé 8 a mem-
horizontal lines. The position df%Xe along the chains is indicated. per of a three-phonon multiplet its EO decay to tfegound
13 . _ state should be forbidden, while th¢ @vel, which is the
ample of**Ba. It is proposed thaf®Xe is a new example of | oot member(zero phonop of the £=2 family, should
an HS) nucleus. . ) have an allowed EO branch to the ground state. A number of
Several nuclei in the Xe, Ba, and Ce region have beetxq yansitions in our candidate nuclei are known but relevant
described in terms of-soft rotational nucle[23]. Note that £ gyrengths have not been measured. These studies would

128y q [i : :
Xe lies exactly in a region where there should be a changge jmportant for understanding the excitations in transitional
from spherical vibration toy-soft rotation. This is illustrated |, ,qjei regardless of the applicability of &.

in Fig. 3, which shows plots of the(&;)/E(2;) ratios for the
Z=54 (Xe) chain of isotopes and the N=74 isotones. The Xe We would like to thank E. Browne and R. B. Firestone for
isotope chain displays a long sequence of nuclei withtheir help and advice. This work has been supported by the
E(47)/E(2]) =2.50 expected fon-soft rotation. Indeed, the U.S. DOE under Contract No. DE-AC03-76SF00098
energies of states and the transition strengths in these nucl@iBNL).
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