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Is there experimental evidence for an interpretation of the lowesK =0 collective excitation
of deformed nuclei as a phonon excitation of they band?

C. Ginther, S. Boehmsdorff, K. Freitag, J. Manns, and U.lIstu
Institut fir Strahlen- und Kernphysik, Universtt&onn, Nussallee 14, D-53115 Bonn, Germany
(Received 21 August 1995

The experimental evidence presented recently by Casten and von Brentano, to support their suggestion that
the lowest excited "=0" states in deformed nuclei should be given a new interpretation as a phonon built on
the y vibration, is critically examined. It is argued that in the determinatioB(cEZ,OEHZ ;r) values from the
higher-spin members of th@band to they band the rotational transitions caused by the mutual coupling of the
B andy bands have to be taken into account. An intensity limit is obtained for jred) y transition in'®®Dy
yielding B(E2,05—2)/B(E2,05—24)<25. We conclude that there is no experimental evidence support-
ing the new interpretation of thg vibrations in the deformed rare-earth nuc[80556-281®6)03208-§

PACS numbgs): 21.10.Re, 21.60.Ev, 23.20.Lv, 27.#Qy

The lowest excitedK"=0" levels in the even-even de- expected for a collective excitation, whereas the
formed rare-earth nuclei have traditionally been interprete(B(EZ,OJHZE) show large fluctuations. This latter behavior
as B vibrations. However, recently this interpretation hasis more typical for a quasiparticle structure of the levels
been contested by Casten and von Brenfdniothey claim  rather than a collective structure.
that the properties of these bands suggest an interpretation asWe thus conclude, in agreement with Rgf| and in con-
phonon excitations on the band. In response to this paper trast to Ref[4], that the energies anB(E2:g— 8) values
two comments were publishd@,3] together with the reply do not support the description of th% @xcitations as pho-
of Casten and von Brentand]. In their reply these authors non excitations on thes band. However, as emphasized in
claim that experimental datashow a preference of decay of Refs.[2,4], the key criterion for the interpretation of thgo
the K=0; band to they band over the ground band by two excitations as phonons on the; ZXxcitations is that they
orders of magnitudeéwhich they interpret as ‘evidence for
a significant two-phonon amplitude in the=0; excita-
tion.” In the present work we want to present our objections sm__ Yb —
against this interpretation. ‘ _ ----

Casten and von Brentano were led to their new interpre- 1 ="
tation of the lowesK™=0" mode(which we will denote as -
the O; states, with § referring to the ground state and 2
referring to the bandhead of the lowdsf=2" excitation === @ | Tommme———
by interacting-boson approximatigiBA) predictions[5]. Gd Hf

(i) The excitation energieE(OE) are predicted to lie be-
tween~1.4 and~1.7 times that of they band[or, more
precisely, ofE(2)—E(24)].

The empirical systematics of tH€"=0" and 2" excita-
tion energies is shown in Fig. 1. Except for a few nuclei in
the first half of the region of quadrupole deformation around
N=98 (**%Gd,'*Dy,'*%Er) the experimental ratios df 4/E,
are not in agreement with the IBA prediction. In fact, for half
of the nuclei shown in Fig. 1 the Dlevels lie below the 2
levels. It is difficult to understand how this could be consis-
tent with the interpretation of the}OIeveIs as phonons buit | __( ~_
on the 2; levels as claimed in Ref4]. Op=——==== —— ===

(i) The B(E2) values for the §—0, transitions are pre- Er — 0s
dicted to be weak compared to those for the-20 transi- - -
tions. For the deformed rare earths the IBA calculations L) =1 .- -—-- -
guoted in Ref. [5] predict values for - -
B(E2,0; —24)/B(E2,0;—2) between ~4x10"° and
~3x10 2 b T===== | _ T T T =TT

The empirical systematics of tiﬁ(EZ,Og—>2+) values 90 94 98 102 94 98 102 106 10 H&
is shown in Fig. 2. Although thB(E2,0, —2 ;) are indeed neutron number
surprisingly small, in most cases they are not very small
compared to thé8(E2,0, —2 ) as predicted by the IBA. FIG. 1. Systematics of the excitation energies of the first-excited
We also note that th&(E2,0; —2) vary smoothly, as K"=0" (solid lineg and 2" (dashed linesexcitations.

excitation energy(MeV)
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since one gains in the ratio of transition energies involved in
the y-ray intensity ratios. However, this advantage is more
than offset by serious disadvantages.

(i) The factor gained by th(Ei ratio is in most cases
destroyed by the Clebsch-Gordan factor. Consequently, for
all cases considered in Rg#] the y ray assigned as the
B— vy transition is very weak and, except fofGd and'%r,

T N N L T both its energy and intensity have large uncertainties.
§ . (i) Due to the small Clebsch-Gordan coefficients the
\ B(E2:8—v)’'s for the higher-spin states are very small
compared tB(E2,0;—2 ) [for example, for the §—27
E2 transitions which are involved in five of the eight
R’ reported in Ref. [4] one has B(E2,4;—2)
=B(E2,0g—>2;)/126] and therefore sensitive to smal
admixtures to the levels involved. In particular, one has to

10_ T [ T T T f T T T T T T T

;

05}

B(E2) (s.p.u.)
T T TT¢
y

-°<-/

L S 11

L Er ]
02 expect a mutual mixing of the close-lying and y vibra-
01l ) tional bands leading to rotational contributions to the
- ] B(E2:8—7).
0.05F Hf ] (iii) The higher-spin states are located between 1.4 and
- . 1.6 MeV, where the level density is already high, and there-
N ] fore the levels can be misassigned or have mikKedlhat
0.02}- w1 this is in fact the case is obvious from tf&2 branching

1 | 1 1 1 ) 1 1 1 | | L 1
90 94 98 102 106 - 110 14
neutron number

ratios observed for thes—g transitions, which deviate
greatly in all cases considered in Rgf] from the theoretical
ratios for pureK=0.

In the following we will discuss the cases presented in
Ref. [4] individually.

158Gd. The R’=360(80) is derived from they-ray inten-

FIG. 2. Systematics of thB(EZ,Og+—>2+) values for deformed
nuclei. TheB(E2) values to the 2 (2;) levels are shown in the
upper (lower) part of the figure in single particle units.p.u):

Bsp(Ez)zsgw(Ez):(5/477)(3/5)2(0_1%1/3)4 2 sities of theE2 transitions depopulating the 1407 ke\g 4
level to the z and 2(:; levels measured by Greenwoetal.
decay by collectivee2 transitions to they band. [10]. In the procedure adopted in R¢4] any mixing of the
(iii) The IBA predicts levels involved is neglected. In this limit one has
B(E2,05—27)~B(E2,0f —+27). B(E2,05—24)=B(E2,0; —24)=0.00806) e”b* [11]

and with the R’ one obtains B(E2,0,—2,)=2.97)

B i h i . !
Casten and von Brentano consider the ratio b’ This value can be compared with the

B(E2,0;,—2) B(E2,0; »24)=4.993) €’b*> and B(E2,0j—27)
= B(ETﬁ—Qi) =0.0884) e?b? which immediately suggests that it cannot
B 9 be correct.

The problem in deriving thiB(E2,0;,—2) value is
S'cBIear: it is obtained by multiplying the small experimental

(E2,4ga2;) with the ratio of Clebsch-Gordan coeffi-
cients 1{402422)°=126, ignoring any band mixings. How-

as an indicator for collectivity of the;[)—>2;r E2 transition.

This ratio can be determined from the ratio of the intensitie

of the corresponding transitions. This Iattfr ratio is, how-

ever, difficult to measure because thg-082_ vy ray is very . ) .

weak due to its low energy as compa%;:?i tyo the energy of th Ver, as alriaady S'Scussed n d?ta” by Grgenmicmi. [10],

0;—24 transition. In fact, with present-day techniques mea-n€ B(E2,45—2,) can be entirely explained by the rota-
onal transition induced by the mutual mixing of the close-

surements seem only possible for the Gd, Dy, and Er nuclei ) . :
yp y ying B andy bands. This can be seen from a simple estimate

aroundN=98, unlessR’ is very large. For two case$Er _ = )
and '5%Er, the appropriatey-ray intensities have been mea- corresponding to the four-band mixing calculation reported
. in [10].

sured[6,7], yielding R'=1.910) and 0.797), respectively.
AssumingB{EZ,Ogg—Q $)=B(E2,0; —2}) and Fl)Jsing the  From the measured(E2,4; -2 i)/BgEf"‘E—)Z g)
experimentaB(E2,0; —2 ;) values from[8,9] one obtains ~ =9.314) and B(E2,45—24)=0.00212) e”b" calculated
B(E2,05—27)=0.43) s.p.u. and 0.52) s.p.u. for®r  from the experimentaB(E2,0, —2 ) including a~10%
and '%%r, respectively. These values are not collective agorrection for the mixing of the ground an@l bands, one
already noted by Gilet al.[7]. However, these authors claim obtains
that the two Er nuclei show an anomalous behavior, whereas
large R’ values are found for several other Gd, Dy, and Er
nuclei with an average of-200. B(E2,4;—2,)=0.0193) € b?.

The results foR’ for all nuclei other thart®Er and*®%Er
referred to in Ref[7] were derived fronE2 branching ratios
from higher-spin stategt]. The measure@®(E2) ratios are  The coupling of the3 and y bands treated in first-order per-
multiplied by the appropriate Clebsch-Gordan coefficients tdurbation theory, assuming equ@, for the 8 and ground
derive theR’ values. This approach seems at first appealindands, yield§12]
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B(E2) B_>|y)=2<|ﬁ022||72>2|mi (2) In the (n,n’y) work the O,g level is also reported at
1325.7 keV and for its 1250.4 keV decay to th§ Bvel a
+1,(1,+1) =1 4(1 g+1) - 4]6e,m [, (1) y-ray intensity of 13 is given. The 337.2 ke\;6-2; tran-
S o sition is not reported and unless it is masked by a strong
wherem; and m;=yB(E2,0; —24) are the intrinsic and packground line its intensity, estimated from neighboring
rotationalE2-matrix elements and,=(h,)/AE is the spin-  jines must be<1, yielding R'<60.
reduced amplitude describing the admixture of the two 160Dy This case will be treated below, where we obtain a

bands. If one now assumes that band mixing is the primary,,e of R’<25 from a direct measurement of theray
cause of thd s— 1, E2 transitions one obtains branchings from thep level.

B(E2) ysl =1 41 2) 182Dy, The R’=12020) given in Ref.[4] was derived
TETT Iy R from the (n,y) data reported recently by Berzies al. [13].
(15+3)(15+4)(215+1) Lo From the level energies quoted there one obtains energies of
= T3 e5B(E2,00 —24), 392.481) and 1187.81) keV for the 2;—4 and 2;—4,
B transitions, respectively. The rays observed in thén,y)
(2 measurements and associated with these transitions have en-
ergies of 392.7@0) and 1188.81) keV and intensities of
and 3.4(3) and 172), respectively. They-ray intensities can be
compared with the total intensity of the strongest transition,
B(E2)g—1,=15—2) the 80.7 keV 2 — 0, transition, of 1750. Thus, if the errors
_ _ guoted in[13] are correct, the assignments of theays to
= 2“’3 (= 2)(2l* 1) e3B(E2,0; —27). the transitions from the 2level are at least doubtful.
20p—1 g Even if we assume the assignments to be correct, the ob-
(3)  servedB(E2,2;—4) can probably again be explained by
the mutualB-y mixing. If one neglects thg-g mixing [the
From theB(E2)’s given above for®8Gd and Eq.(3) one  experimental-to-theoretical ratioc  B(E2,2;—44)/
obtains thenle,|=1.1(1)x10 % and with the experimental B(E2,2;—0,)=33(20)/2.57 might indicate an appreciable
4;-4; energy splitting ofAE=48 keV an interaction-matrix mixing] one obtains from the experimental ratio
element of|(h,)|=0.534) keV. As already emphasized by B(E2,2;—4)/B(E2,2;—44)=51(7) and the limit on
Greenwoodet al,, this value is entirely reasonable and thUSB(EZ,Oa—HZE) given in Ref.[11] an estimate of(h,)|<4
the observed A4—2; E2 transition is almost certainly in- keV.
duced by the mutual mixing of th8 and y bands. We also mention here that Berzies al. [13] report the
1%9Gd. The R’ given in Ref.[4] are derived from the de- y-ray branching from the P level to the 2 and 2 levels
cay of a 1537 keV level observed in th#Gd(n,n"y) reac-  (with the y-ray intensity of the g—>2; transition quoted as
tion and assigned as the" 4nember of theB band. The “H. G. Borner, R. F. Casten, W. Gelletly, and D. D. Warner,
crucial transition is a 549 ke ray to the Z level with an  private communication) yielding R'=12.
intensity of 0.62), compared to a total intensity ef10 000 %8¢, The B band is established in this nucleus up to the
of the strongest line, the 75 keV 20/ transition. We 6" level[14]. The 4" and 6" members of this band decay by
give two arguments why thB’" derived from these data are intrabandl ;—1,— 2 transitions as well as by interband tran-
guestionable. sitions to the ground angr bands. This enables a complete
(2) If the assignment of the}llevel, and itsy depopula- analysis of theB(E2:8— v) values as previously discussed
tion, are correct, we obtain an average Rf=1100500 by Warner, Casten, and Davidsqi5]. Casten and von
after suitable correction of the tw8—g transitions for the Brentano[4] consider only theR’ values derived from the
mutual 8-g mixing. The 1537 keV level decays, in addition |—1"=1—2 transitions assuming the validity of the Alaga
to the interband transitions to the ground apbands, by a rules. AbsoluteB(E2:8— y) values can be derived from the
160 keV intraband transition to the,§2|eve|, yielding  y-ray branching ratios by assuming rotatiof]E2)’s for
B(E2,4;—24)/B(E2,45—24)=9(3)x10 % Assuming thelz—|;—2 transitions withQ, ;= Q4. These values are
this ratio to be equal t(B(EZ,Og—>2§)/B(E2,0g—>2g) compared in Table | with different model calculations. As is
one obtains, witrB(EZ,Ogﬂzg)=201 s.p.u. and the above apparent from columns 3 to 5 the predictions of the Alaga
given R’, values of B(E2,Og—>2[§)=1.8(6)><10’3 s.p.u. rule and the IBA(taken from Ref[15]) do not reproduce the
andB(E2,05;—2,)=1.911) s.p.u. TheB(E2,0, —2;) is  experimental data. On the other hand, B{&2) values cal-
very small but not totally unreasonakieee Fig. 2 and the culated with the generalized intensity relatidfq. (1)] with
B(E2,05,—27) is not really collective. Moreover, the m;=0.604) (s.p.u)"*ande,m,=-0.010913) (s.p.u)"” are
4;%2; transition, from which the latteB(E2) is derived, in excellent agreement with the data. This Yyields
can again, at least partly, be explained by the rotational trarB(E2,05—>2 ;)=2[mi+2\/682mr]2:0.6(19) s.p.u. and—
siton induced by the B-y mixing. Assuming with m=14.8 (s.p.w* and AE,=385 keV—an
B(E2,4;—2;)=%B(E2,0;~24) one obtains from the interaction-matrix element gh,)=—0.294) keV. The latter
experimental  yray  branchings B(E2,4;—2,)/ value is close to that given above f5¥Gd and theB(E2)
B(E2,03—»23)=1.2(5)><10‘4 and with Eq. (3) value agrees with those observed in the neighboring nuclei
le,|=2.08)x1073. With the experimental 447 energy '*Er and™®Er.
splitting of 467 keV this yield$(h,)|~0.9 keV, again a rea- It is thus clear that th&' values derived from the higher-
sonable value. spin levels discussed in Rd#] are not reliable. It is indis-
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TABLE I. Comparison of experimental and theoreti€{|E2) values for the8— v transitions

in 168y,
B(E2) g—1,) (s.p.u)
13 54 Expt2 Alagd IBAS BMm¢
4" 2" 0.0173) 0.021 0.025 0.019
3" 0.21(3) 0.30 0.39 0.19
4* 0.327) 0.95 1.3 0.35
5t 0.135) 1.05 1.7 0.15
6" 4+ 0.0699) 0.057 0.061 0.071
5t 0.2314) 0.42 0.49 0.33
6" 0.61(22) 0.98 1.3 0.36

3From Ref.[14] with E2 contents of 6@22)%, 7515)%, 100%, 4716)%, and 5030/% for the

4557, 4547, 4,3, 65—6 , and §—5)
PB(E2,l g—1,) =2(1 ;0221,2)’m? with m?=1.35
°From Table VI of Ref[15].

dEquation(1) with m;=0.60 (s.p.u)"? ands,m,=—

pensable to measure tl2 branchings from the;plevels
directly unless detaileB2 branching ratios are known, as in
18%r. For the (f—27 E2 transitions the influence of thgy

transitions, respectively.
s.p.u. from théz—1,=1,—2 transitions.

0.011(s.p.u)*

its 1279.63) keV EO decay to the ground state and its
1193.22) keV vy decay to the g state. The observed value
of B(E0,0,—04)/B(E2,0;,—24) supports these assign-

mixing can be expected to be small, as can be seen, fahents. The O assignment to the 1280 keV level is strongly

example, for'®®Er: the experimentaB(E2) quoted above
yields

m; +2/6e,m,|=B(E2,0;, —27)/2=8.46)x10 2 e b,
B b’

compared to 2/6/s,Jm,~8%x102 eb obtained with|(h.)|
~0.5 keV.

A survey of the possible candidates for direct measure
ments of the §—27 y branches revealed th&tDy is the
only nucleus for which this is possible with the experimental
techniques available to us. Th% Qevel is firmly known in
this nucleus at 1280 keV: The'Gand 2" members of the p
band (and possibly also the”4membey are weakly popu-
lated in theB" decay of the 2 isomer of**®Ho, which in
turn is populated by electron captufEC) decay of ®%Er
with a half-life of 29 h[16—18. The 0" level is identified by

30000

309.5 keV

counts
337.3 keV

20000

-a— 313.6 keV

320 3%
gamma ray energy [keV]

1
310

FIG. 3. y-ray spectrum observed in the decay of 2¥%r. The
energy resolution in the region shown in the figure was full width at
half maximum(FWHM) ~1.4 keV.

supported by a measurement of th&Dy(p,t) reaction
where a first-excited Olevel is found atE,,.=12755) keV
[19]. Finally, the % level is observed in Coulomb excitation
with B(E2,0g—>25)=0.7](6) s.p.u.[11].

In the present work we have made an attempt to observe
the 313.6 keVy ray from the G;—2 transition. The'®%Er
radioactivity was produced by an irradiation of natural dys-
prosium metal with 60 MeVa particles. A mass-separated
source was prepared by the Bonn isotope separator. Singles
y-ray spectra were measured with a Compton-suppressed Ge
detector. Ay-ray spectrum in the region of interest is shown
in Fig. 3, where the position of the expected 313.6 kehay
is indicated by an arrow. The results for theays of inter-
est, and some neighboringrays, are given in Table Il. From
these data one obtairR’'<25, as compared to the value
of R’=300150 derived in Ref. [4] from the
(45—2,)I(4;—6) y-ray intensity ratio. As is evident from
Fig. 3 an observation of the 313.6 key'ray is hardly pos-
sible if R"~1, as we expect it to be.

In summary, the 4—2; transition in**%Gd can be ex-
plained as rotational transition induced by the coupling of the
B andy bands. TheE2 branching ratios from the gand 6;
levels in °%Er are consistent with a noncollective

TABLE Il. y-ray intensities of selected transitions*fDy ob-
served in the decay df®Ho.

Alexandrovet al. [16] Present work

E, (keV) L, E, (keV) I,
309.573) 22(3) 309.455) 21(1)
313.6 =<0.45
337.3@4) 7(3) 337.3@5) 5.53)
363.91) 10(3) 363.5715) 8.24)
1193.22) 132 1193.0(2) 15.28)
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B(E2,0g—>2j) close to that observed in the neighboring therefore conclude that the answer to the question raised in
164er and*®Er nuclei. TheB—y E2 transitions in'®%Gd and  the title of our work is “no.”

162Dy are less reliable due to experimental difficulties and )

inconsistencies and tH&(E2) ratiosR’ extracted in Ref[4] One of the author¢C.G) is grateful to P. von Brentano
are questionable due to the neglect of band mixings. Finallyfor helpful discussions and for making available his work
for 1°®Dy we obtain an upper limit oR’<25, and the pub- prior to its publication. We appreciate the help of K. Assmus
lished experimental data indica® <60 and~12 for®%Gd  with the a-particle irradiation and the financial support by
and %Dy, respectively, all in complete disagreement with the Kernforschungszentrum Karlsruhe. This work was finan-
the values suggested by Casten and von BrenfdhoWe  cially supported by the Deutsche Forschungsgemeinschaft.
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