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We discuss the implications of partial dynamical (SJUsymmetry(PDS for the structure of the lowedt
=0"(K=0,) collective excitation in deformed nuclei. We consider an interacting boson model Hamiltonian
whose ground ang bands have good SB) symmetry, while theK =0, band is mixed. It is shown that the
double-phonon components in thke=0, wave function arise from S(@3) admixtures which, in turn, can be
determined from absoluté2 rates connecting thi€ =0, and ground bands. An explicit expression is derived
for these admixtures in terms of the ratiokbf=0, andy bandhead energies. The @JPDS predictions are
compared with existing data and with broken{SUcalculations for'®%r. [S0556-28189)50711-5

PACS numbse(s): 21.60.Fw, 21.10.Re, 21.60.Ev, 27.7@

The nature of the lowesk=0" [K=0,] excitation in pairs, |52,M=(—1)”P27,L- For hy=h, the above Hamil-
deformed nuclei is still subject to controversy. Recently itstonian is an S(B) scalar related to the Casimir operator of
traditional interpretation as a vibration in th® degree of  Sy(3), while for hy=—5h, it is an SU(3) tensor, X, 1)
freedom[1] has been actively discussed and contef?e8l. = (2,2). AlthoughH is not an SU(3) scalar, it has a subset of
The preferential decay of sonte=0, bands in deformed solvable states with good SU(3) symmetry. The solvable
nuclei to they band rather than to the ground)(band have  gjgenstates belong to the ground agiil,, bands, and are
led Casten and von Brentano to suggest that these bangfmmy selected members of the Elliott bagld] with good
should be understood as phonon excitations built on top 0§U(3) symmetry, §,u)=(2N—4k,2k)K=2k. States in
the Y band[_2]. Suc_:h a de_cay pattern is consistent With cal-gther bands are mixed. The partial SU(3) symmetryHas
culations|6] in the interacting boson modgf] (IBM) and in conyerted into partial dynamical SU(3) symmetry by adding

the dynamic deformation _mod[a:B]. This new interpretation i it O(3) rotation terms which lead to dr(L + 1) splitting
was subsequently questioned and challenged. Burke ang;i qo not affect the wave functions.

Sood have claimed that the observed relati2 strengths The Hamiltonian of Eq(1) with hy=2h,=0.008 MeV

could .arise from rather minor doublgphonon admixtures 55 used if10] to demonstrate the relevance of QUPDS
[4]. Guntheret al. have argued that the empirical evidenceq the spectroscopy off%Er. The resulting S(8) decompo-
presented iri2] involves higher-spin levels which are sensi- sjtion of the lowest bands is shown in Fig. 1, and compared
tive to K admixtures, and have shown that band mixing cal+y the conventional broken-$8) calculations of Warner
culations can explain th=0,— y transitions without the  ~5sten and DavidsofiWCD) [12] where anO(6) term is
assumption of double~phonon charactgi5]. The most rel-  5qded to an S(®) Hamiltonian, and to the consiste@tfor-
evant information needed to resolve the structure ofkhe 3jism (CQP [13], where the Hamiltonian involves a non-
=0, band lies in absolute transition rates. An important stepsu(3) quadrupole operator. In the WCD and CQF calcula-
in this debate was therefore the measurement of lifetimes Qfgns all states are mixed with respect to (Sl In the PDS
the lowest Z_o, level [8] and the measurement via Cou- calculation, states belonging to the grourki=(0,) and y
lomb excitation ofB(E2) values connecting theg2and z; (K=2;) bands are pure Elliott stategz((2N,0)0K=0.L)
states with the Qo level in **%r [9]. This nucleus was and ¢e((2N—4,2)K=2L), respectively, while the&k=0,

recently shown to be a good example of (SUpartial dy- P°and is mixed and has the structure
namical symmetryPDS), for which the ground ang bands

have good S(B) symmetry, while the lowest excitel CAN_A T S
=0, band is mixed10]. The purpose of this work is to study IL.K=02)=A1e((2N—-4,2K=0L)
the nature of this band under the assumption ofS3®DS +A,e((2N—8,9K=0L)
and to compare the predictions with the above-mentioned
1681 data and with broken-SB) calculations in the IBM +Az0e((2N—6,0K=0L). 2)
framework.
An IBM Hamiltonian with partial SW3) symmetry has -
the form[10] Here ¢ denote states orthogonal to the soIval;a[ptZk El-
liott states. For'®Er (N=16) the K=0, band contains
H=hoP$Po+ th;.Taz_ (1) 9.6% (26,0) and 2.9% (24,4) admixtures into the dominant

(28,2) irreducible representatigimrep). Using the geometric
Heres' (d") are monopoléquadrupole bosons whose total analogs of the SU(3) bandgl4], (2N—4,2)K=0~p,
number isN, the dot implies a scalar product are,  (2N—8,4)K=0~(y28%+y%_o), (2N—6,00K=0~(B?
=d"-d"-2(s"?, P],=2s"d|+\7(d"d"){? are boson- —2y%_), the wave function of Eq2) can be expressed in
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wl ] terms of the probability amplitudes for single- and
8,0 PD§ CQF “II(C]()j ] double-phonorK =0 excitations
o : = i T
2 el — —
N Ag=A1,A 2= (A= 2A3)//3, Age=(\2A,+A3)/\3.
39 (€)
xl
It follows that, in the PDS calculation, th€ =0, band of
(20) 282) td) G2 o) 4 G2) (282) @9 168y contains admixtures of 12.4%_, and 0.1%p32 into
the B mode, i.e., 12.5% double-phonon admixtures into the
100 PDS CQF WCD dominant single-phonon component.
g " k2 | General properties of th&k=0, band can be studied by
- 1 examining the general S8) PDS Hamiltonian of Eq(1). In
g0 ] Fig. 2 we show the resultdilled symbols connected by solid
E % . lines) of an exact diagonalizationN(=16) as a function of
E. " ] ho/h,. The empirical value of the ratio dk=0, and vy
bandhead energie&(0,)/[E(2,)—E(24,)]=0.8-1.8, in
0 282) 8 (282 206) (282) (206 the_rare-earth regiof2,6] constrains the parameters Idfto
(44 (44) (44) be in the range
100 WCD 1 h
DS CoF - 0.7< ><2.4. (4

In general, theK =0, wave function retains the form as in
Eq. (2) and, therefore, a three-band mixing calculation is
sufficient to describe its structure. To gain more insight into
0 : e :

@0 (26,(% (32’03 60 YT this band mixing, we calculate the matrix elementdiofl)

28 3 8 20 28 06 between largeN intrinsic stateg15]
( ’24,4) ()6,8) ( ’24,4) ( (%6,3) ( 2(%4,4) : (%6,8)

probability (%)
8 & 8 8

all o

FIG. 1. SU(3) decomposition of wave functions of the ground |B>:b;|c; N—1), |,82>=(1/\E)(b;)2|c; N—2),
(K=0,), y (K=2,), andK=0, bands of*%r (N=16) in the
SU(3) PDS calculation(present work and broken-S(B) calcula-
tions WCD[12] and CQF[13]. ly2 _oy=did,lc; N=2), |c; Ny=(N!)~*3blN0),

bi=(1N3)(s'+2d)), bh=(1//3)(dj—\2s"). (5)

FIG. 2. Properties of th& =0, band as a
function ofhg/h,, parameters of the SB) PDS
Hamiltonian, Eq.(1), N=16. (@) Ratio of K
=0, and y bandhead energies obtained from an
exact diagonalizatiortfilled circles, three-band
mixing calculation based on E¢6) (dotted ling
and an approximation based on E¢#. and (8)
(open circles connected by a dot-dashed)liia)
Probability amplitudes squaredA)g)2 (circles,
(A,2)? (squarel (Ag2)? (triangles dowi for the
K=0, wave function. Notation for the different
curves as in parta) with corresponding symbols.

Probability (%)

E(0,)/[E(2)-E(2))]
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To order /N, the symmetric matrix elements/(;) are results mentioned above. The quantitin Eq. (7) measures,
for large N, the extent to which th& =0, band is above
Mg p=Mpz p2l2=€5, M2 .2=2¢€,, (y>0) or below (f<0) the y band, and signals the devia-
tion from SU3) symmetry. In the SU(3) limity=0 (hg
Mg 2= = 2M g2=—4(hg—ho) VN, M2 ;2=0, =h,, eg=¢,), there is no S(B) mixing hence no mixing of
double-phonon excitations into the=0, band([A,2=Ag2
€g=4(Zho+ NN, €,=12n,N. ®  —0]in Eq. (8). In general, the SU(3) mixing @AY is

Diagonalization of the % 3 matrix M;; provides a good es- (1N) suppressed, but the mixing can be large whgh

timate both for the bandhead ratio and for the single- and~1 (ho/h2—2.5), corresponding tes/e,—2. The SU3)
double-phonon  probabilities %)2, (Ayz)z, (Aﬁz)z, as Dbreaking and double-phonon admixture is more pronounced

shown by the dotted lines in Fig. 2. When the lowest eigen-lcor y=>0 (ho/h,>1, eg>e€,). This can be understood from
value of the matrixM;; is smaller than both &; and 2, the expression foA in Eq. (8), which is not symmetric about

_ H 2
the eigenvalue equation simplifies, and we can derive th¥=0. Near the S(B) limit (small y), (1-Ap)~A

following expressions for the bandhead ratio: ~(1/4N)y?[ 3+ 2y ], which is larger fory>0. This implies
that the two-phonon admixtures are expected to be larger
E(0;) 1 3+y when theK =0, band is above thg band. As seen from Fig.

2, for most of the relevant range of,/h,, Eq. (4), corre-
sponding to bandhead ratio in the range -01865, the
double-phonon admixture is, at most;15%. Only for
- 2_1' 7) higher values of the bandhead ratio can one obtain larger
€y admixtures and even dominance of H;zézo component in
the K=0, wave function.
An important clue to the structure d¢€=0, collective

excitations comes fror&2 transitions. The relevant operator

—:1+ __y2_2,
E(2;)-E(24) AN” 1-y

-k

and for the mixing amplitudes

1 1 y
A=—— Ap=————" A, is
Fira Y aN(d-y) P
T(E2)=a Q@+ 911?), 9
o by 12 1
p2= 2N (1ty) 8 =anY (1—y)2+(1+y)2 - where Q(2)~|s.the quadrupole SU(3) gen(?rator ahd?
@  =(d's+s'd) isa(2,2 tensor under S(8). Since the wave

functions of the solvable states are known, it is possible to
These expressions are valid fiyf <1—1/{2N. The corre-  obtain analytic expressions for tHE2 rates between them
sponding results of this approximation are shown in Fig. 2 a$10]. If we recall that only the ground band has the SU(3)
open symbols connected by dot-dashed lines. BSEr,  component,«)=(2N,0), thatQ®, as a generator, cannot
(ho=2h,, y=2/3, N=16), Eq.(7) yields an estimate of connect different SU(3) irreps, and that thé? term can
1.62 for the bandhead ratio as compared with the exact valueonnect the (R/,0) irrep only with the (N—4,2) irrep, we
1.64. From Eq{(8) we obtain a mixing of 11.1%@10 and  obtain the following expressions f@(E2) values ofy—g
0.2% 2 into the 8 mode in good agreement with the exact andK =0,— g transitions:

2 [(pe((2N,0)K=0.L")[[T1D|| pe((2N—4,2K=2L))|?

B(E2;y,L—g,L")= Gl D ,

[(pe((2N,00K=0,L")[|T1D||$e((2N—4,2K=0,L))|?

B(E2;K=0,L—g,L")=A% 6’ (2L+1)

(10

Here d(K=0,L) is the state orthogonal to the solvable EI- (Ag)?, hence, they provide a direct way for extracting the
liott state pe(K=2,L) in the irrep (N—4,2). The Elliott ~amount of SW3) breaking and the admixture of double-
states in Eq(10) can be expressed in terms of the Vergadog?honon excitations in th&=0, wave function. In Table |
basis[16] for which the reduced matrix elementsldf?) are ~ We compare the predictions of the PDS and brokeriaU
known[17,18. The E2 parameter in Eq. (10) can be de- calculations with theB(E2) values deduced from a lifetime
termined from the known 2— 0, E2 rates, and fof®€r is ~ measurement of the,2 o, level in **€r [8] (the indicated
found to be $>=2.175 W.u. As seen from Eq10), the range for theB(E2) values correspond to different assump-
B(E2) values forK=0,—g transitions are proportional to tions on the feeding of the leyedind with theB(E2) values
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TABLE I. Comparison of theoretical and experimental absoB({E2) valuegW.u.] for transitions from
the 2 _,, level [8] and to the {_,, level [9] in ***Er.

Expt. Calc.
Transition B(E2) Range PDS wWCD12] CQF[13]
Lifetime measuremen8]
2;202%; 0.4 0.06-0.94 0.65 0.15 0.03
2;:02—> ZJ 0.5 0.07-1.27 1.02 0.24 0.03
2k=0,4g 2.2 0.4-5.1 2.27 0.50 0.10
2}2:02—> 2;3 6.2(3.1 1-15(0.5-7.5 4.08 4.16 4.53
2;:0243;6‘ 7.2(3.6) 1-19(0.5-9.5 7.52 7.90 12.64
Coulomb excitatiorf9]
25—>O,2=02 0.08£0.01 0.79 0.18 0.03
2;40;:02 0.55+0.08 3.06 3.20 5.29

@ The two numbers in each entry correspond to an assumption of Eirand (in parenthesjs50% E2

multipolarity.

connecting the ¢ and 2, states with the Q_o, level, mea-

lowest collectiveK =0 excitation in deformed nuclei under

sured in Coulomb excitatiofg]. It is seen that the PDS and the assumption of S@3) partial dynamical symmetr{PDS.

WCD calculations agree well with the lifetime measuremen
but the CQF calculation under predicts te=0,—g data.

This may be due to the fact that the CQF parameters ar
triggered to spectral properties of the ground gntands.

from the quoted3(E2) values measured in Coulomb excita-

tWe have presented three types of calculations: an exact di-
‘agonalization, a three-band mixing calculation using intrinsic
tates, and an analytic approximation to the latter. In this
amework, the SI(B) breaking and double-phonon admix-
ture in theK =0, wave function are intertwined. The mixing

¥s of order (1N) but depends critically on the ratio of the
K=0, and y bandhead energies. It can be obtained directly

tion. It should be noted, however, that there are serious disrrom the knowledge of absolutE2 rates connecting thi

crepancies between the above two measurements. First,
Hartelin et al. [9], based on their Coulomb excitation mea-
surement and use of generalized Alaga rule, predict a value
of 0.058=0.007(W.u,) for the %_, — 0y transition, which

is marginally within the extreme range of the lifetime mea-
surement of Lehmanet al. [8]. The latter refers to an ex-
treme and, therefore, highly unlikely feeding scenario. Sec
ond, the quoted Lehman8] value of 6.2 W.u.(or 3.1 W.u.,
assuming 50%E2 multipolarity) for the 22=02—>2; transi-

tion, translates via the Alaga rule to a value of 21or

10.85) W.u. for the Q_o —2) transition. The latter is a
factor of 7.8(or 3.9) larger than the value 2:8.4 W.u. of
Hartelin [9]. An independent measurement of the lifetime of
the quoz in 1%Er is highly desirable to clarify this issue.

=0, band with the ground band. The PDS predictions agree
with the lifetime measurement of the2, level in **%r

[8], but a noticeable discrepancy remains with respect to the
B(E2) values measured via Coulomb excitat[/@h. For the
K=0, wave function in'%€r, we find 12.5% of double-
phonon admixtures into the dominant single-phonon compo-
nent. These findings support the conventional single-phonon
interpretation for this band with small but significant double-
y-phonon admixture.

Useful discussions with R.F. Casten on the empirical data

of 8% are acknowledged. This work was supported in part
by a grant from the Israel Science Foundation. A.L. thanks
the Institute for Nuclear Theory at the University of Wash-
ington for its hospitality and the Department of Energy for

To summarize, we have investigated the nature of theartial support during the completion of this work.

[1] A. Bohr and B. MottelsonNuclear StructurgBenjamin, New

York, 1969, Vol. Il.

49, 1940(1994.

[7] F. lachello and A. ArimaThe Interacting Boson ModéCam-

[2] R.F. Casten and P. von Brentano, Phys. Re\60Z R1280

(1994; 51, 3528(1995.
[3] K. Kumar, Phys. Rev. &1, 3524(1995.

[4] D.G. Burke and P.C. Sood, Phys. Rev5@ 3525(1995.
[5] C. Ginther, S. Boehmsdorff, K. Freitag, J. Manns, and U. [9] T. Hartlein, M. Heinebrodt, D. Schwalm, and C. Fahlander,
Eur. Phys. J. A2, 253(1998.

[6] R.F. Casten, P. von Brentano, and N.V. Zamfir, Phys. Rev. 10] A. Leviatan, Phys. Rev. Letf7, 818(1996.

Mdller, Phys. Rev. (54, 679 (1996.

061301-4

bridge University Press, Cambridge, England, 1987
[8] H. Lehmann, J. Jolie, F. Corminboeuf, H.G. rRer, C. Doll,
M. Jentschel, R.F. Casten, and N.V. Zamfir, Phys. Re®7C

569 (1998.



RAPID COMMUNICATIONS

PARTIAL DYNAMICAL SU (3) SYMMETRY AND THE . .. PHYSICAL REVIEW C 60 061301

[11] J.P. Elliott, Proc. R. Soc. London, Ser.245 128(1958; 245, [14] D.D. Warner and R.F. Casten, Phys. Rev2% 2019(1982.

562 (1958. [15] A. Leviatan, Ann. Phys(N.Y.) 179 201 (1987.
[12] D.D. Warner, R.F. Casten, and W.F. Davidson, Phys. Rev. ¢16] J.D. Vergados, Nucl. Phy#111, 681 (1968.
24, 1713(198). [17] A. Arima and F. lachello, Ann. Phy$N.Y.) 111, 201(1978.

[13] D.D. Warner and R.F. Casten, Phys. Rev2& 1798(1983. [18] P. Van Isacker, Phys. Rev. Z7, 2447(1983.

061301-5



