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Ultraprecise energies and absollB€E2) values associated witk=0" excitations in!%8Gd, measured
with the GRID technique, reveal significant information relating to the possible existence or absence of
two-phonon vibrational excitations in deformed nuclei. A str@&(dE2:K=0; — ) is observed but reflects
band mixing rather than ay mode. For thé< =0; band, measurement of precigdransition energies shows
that suggested existing placements of strong deexcitation transitions are incorrect and that there is, again, no
evidence foryy-phonon character in this band either. A weB(E1:K=1"—K=0;) value is interpreted in
terms of the microscopic structure Kf=0" andK=1" excitations[S0556-28139)06705-9

PACS numbg(s): 23.20.Lv, 23.20.Js, 27.78q, 29.30.Kv

I. INTRODUCTION with forbidden transitions to zero phonon levéisdeed, to
any levels with N,,—2) or fewer phonons However, pref-
The question of whether multiphonon states exist in nu-€rential decay of an excite=0" state to they vibration
clei or whether their strength is severely fragmented is artloes not in itself establish 2-phonon character. It is pos-
important issue closely linked to the role of the Pauli prin-sible to imagine two-quasiparticle amplitudes in $xdand
ciple in a strongly interacting fermionic quantal system withwave functions such tha€=0" states of two-quasiparticle,
low degeneracy orbits. In such a system, phonon modes caf even of pairing o-vibrational character, could also have
be described as linear superpositions of particle-hole statedich a decay preference. A better test of two-phonon char-
[1]. At some point in the construction of successive many_acter. requires the measurement of absolute transition. rates,
phonon excitations, either a source or a destination orbit wilfhat is, B(E2:Jx-o+—J,) values. If these are collective
be emptied or filled, respectively, and therefore blocked. Thdh€n & two-phonon interpretation should be considebed
wave function for such an excitation will be modified com- Still not assured—see below . .
pared to that for an exact superpositionNophonons. Long An obvious prerequisite for studying candidate levels for

before this, partial occupancies can be expected to modula{%umphonon states in the excitation energy rangk2-2.0

the phonon properties. It has therefore been of some surprise eV, Is accuratey-ray transition placement_s m_the '?Ve_'
. : scheme. The level density increases rapidly in this excitation
and has had strong theoretical repercussions, that a numb

of multiphonon stateg¢both in the low-energy spectrum and grtlergy region and the likelihood of misplacgetay transi-

f giant h érave b di di ttions increases accordingly. Accurate transition placements
of giant resonance characiérave been discovered in recent ;o |, ,ally achieved by-y coincidence measurements with
years.

) ) ) . .. high efficiency multidetector arrays. However, an equally
In Iow-lylng states of spherlcal nuclei, levels with signifi- powerful technique is ultraprecisg-ray energy measure-
cant amplitudes for up to five quadrupole phonons have beegents(with accuracies of a few e\since, then, the possi-

identified in **Cd (Ref.[2]), and a number of three-phonon pjlity of incorrect placementgincorrect Ritz combinations
states found in other near-closed shell nuclei. In deformegk virtually eliminated.
nuclei, the first examplg3] of a two-phonon vibrational ex-  The use of the ultrahigh resolution GAMS4 flat crystal
citation observed is K=4" state in'®*Er with a substantial  spectrometer at the ILL in Grenoble provides the opportunity
amplitude for doubley-vibrational character. Other ex- to obtain both highly precise transition energies and absolute
amples ofK =4" modes with substantiajy character have B(E2) values for transitions observed in the, §) process.
since been discoverdd—7]. The 1943 keV level in'*Er,  TheB(E2) values are obtained from lifetime measurements
discovered in ig,n"y) [7] and Coulomb excitatiofi5], has  using the GRID(y-ray induced Dopplértechnique[11] in
been suggestef’] as having a large amplitude for a two- which Doppler broadening is measured for a deexcitation
phonon yy excitation withK=0". Double phonon states ray emitted while a nucleus is recoiling due to the prior emis-
involving two different phonon modes, such a5@3~ ex-  sjon of anothery ray following neutron capture. Since such
citations, or those involving mixed symmetry states” (2 recoil energies are minuscule few e\V), the observation of
®2n+15), are known in the Ba isotopg8,9]. Finally, double broadening in transitions of, say, 1 MeV energy, requires
phonon structures have begun to be observed in giant resextraordinarily high resolution which, in turn, allows sensi-
nance excitationf10]. tive tests of transition placements as well. Absolute transition
One signature of multiphonon leve(sf phonon number energies were measured with the GAMS4 spectrometer by
Npn) is allowed decay toN,,— 1)-phonon states, combined detection of the Bragg diffraction angle of theray of inter-
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est from Si crystals. The precision energy measuring capa- 20

bility of this spectrometer results from the incorporation of g

. - eJ,K =3,0level | Y 000 e Instr. resp.
two unique features. First, the crystals are nearly perfect at 1403 keV A « Exp.
specimens whose lattice spacings have been measured wit 1141 koV transition ' At

an uncertainty of % 10~ 8. Second, the diffraction angles are
measured with sensitive interferometers which are instru-
mented for frequent absolute angle calibrations which
are—if sufficient statistics is gathered—robust at the 10
level. The technique and the GAMS4 spectrometer have
been described elsewhdrEl,12.

The purpose of this paper is to present results from a
GRID study of 1%8Gd. First, y-ray energies in**%Gd were
measured. Their level of precision allows us to test the ex-
isting level scheme. It was found that the accepted decay of o = - - %0
the second excite=0" band(the 0 band to the y band (@) e i Energy [eV]
is, in fact, not correct. Secondly, lifetimes of states in the
K=0, and 0; bands were measured. A stromfE2:K
=0, — ) band value was found. However, this value does

counts/720s

200

180 |

not imply yy phonon character since it can be fully ex- 1601
plained as a consequence of band mixing. The |&¢€2) 140 |
value results since thg andK =0, bands are uncommonly 120 |

+

close in energyAE(2 2;) is 73 keV.(For simplicity

K=0}"" é 100 |

2 El
we will use the notationl;r for members of the lowedst 3 o
=2" band andJ; for the ground bang. Finally, the 60 |
B(E1l:1,_,-—0;) value was measured for the loweist a0

=1~ band. This is only the second nucleus in this mass |
region where this quantity is known and its value demon-
strates the relative hindrance df=1"—K=0", 1~

—0TE1 transitions compared toK=0" —K=0%1" Feroeo 1187120 1187160 1187200
—0"E1 transitions. (0) Energy [eV]
FIG. 1. Two examples of the datéa) The Doppler broadened
Il. EXPERIMENT AND RESULTS line shape for the 1141 keV transition. The dotted line shows the

igstrumental line width. The solid line is a fit to the data that incor-
porates Doppler broadening due to the finite lifetirt®. Example
of the energy determination of measurgdray lines. The figure

In this experiment, the large thermal neutron capture cros
section of~2.42x 10° b was exploited to give prolific pro-
; 15
guctlgn .Of "Gd on a target: of na:ullial Gd. The Eoppler shows a small region of the spectrum with the 1187.1365 ke¥&y
roadening was measured by carefully scanning the enerqynergy measured here in third order of reflection along with a

of the decayy rays Of_ in’_[erest. This brqade_nin_g re_sults from neighboring weaker transition 22 eV apétti87.1583 keY which
a convolution of the initial recoil velocity distribution of the belongs to1%%Gd.

excited nuclei, the slowing down process, and the level life-

time. Any transition from a level can be used for the lifetime sjtions of known lifetimes. It is easy therefore to extract the
measurement. Usually, this is one of the higher eneygy Doppler contribution to the width due to the finite level life-
rays to the ground state band since i factor enhances time. The major uncertainty in extracting level lifetimes with
the intensity of such transitions relative to lower energy dethe GRID technique is not due directly to the measurement
excitationy rays even if theilE2 matrix elements are small. itself, but rather to estimating the initial recoil velocity dis-
From the knowrE2 branching ratios, the matrix elements of tribution of *°8d nuclei at the time of population of the
lower energy transitions can then be extracted. Figure levels of interest and, in particular, its dependence on the
shows two examples of the data—the Doppler broadenednergy distribution of the feeding rays and the lifetimes of
line shape for the 1141 keV transition and the energy scaintermediate levels.
for the 1187 keV transition. The latter shows an energy reso- A statistical decay calculation can be done to estimate this
lution at 1.2 MeV of~ 6 eV. Two transitions~ 22 eV apart  but a safer, and more conservative, approach is to extract
are easily separated. The widths in Figa)lare primarily  upper and lower lifetime limits for each level from extreme
due to Doppler broadening and the excess width compared tssumptions about the population routes and intensities. The
the instrumental line width leads to the extraction of a meahighest recoil velocities will naturally be given by assuming
sured lifetime. that all unobserved feeding is via a two-step cascade from
In addition to the Doppler width due to the recoil velocity the neutron capture stafthe amount of one-step feeding is
there is a small Doppler broadening of the peak due to th&nown) with intermediate level lifetimer=0. Then, for de-
thermal vibrational motion of atoms in the targéte *8d  populating y rays the supposed initial Doppler broadening
target was located in the reactor core at a temperature afill be maximum and any given measured broader(legs
~970 K). This thermal motion can be calibrated using tran-than the maximuincorresponds to the longest slowing down
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TABLE I. Mean lifetimes measured in this work deduced from extreme feeding assumptions and from
statistical model calculationsrfrpy) .

JK™ E, Tonin— Trmax Trepal Tii 7=0.887 a0
(keV) (ps) (ps) (ps) (ps)
2,2 1187 0.498— 1.000 0.712° 3354 0.886)° 0.88
3,2 1266 0.555— 1.783 1.019°31% 1.6
4,2 1358 0.409- 1.151 0.918 5138 1.0
0,0 1196 1.855— 9.035 3.86722% 8.0
2,05 1260 1.406— 5.899 2.3397552 5.2(4)° 5.2
4,0 1407 0.529— 1.868 1.076" 339 1.6
0,0 1452 0.208- 1.734 1.033733%8 15
2,0 1517 0.277— 1.478 0.783" 515 2.02¢ 1.3
1,1, 977 0.899- 2.341 0.938 515 2.06
2,1 1024 >5 >20 >5
3,1 1042 0.293- 0.565 0.410°55% 0.7822° 0.50
4,1 1159 1.549— 5.452 2.535 5% 4.8
1176 0.216- 0.518 0.286" 5532 0.46
1,00 1264 <0.053 0.0415 9953 0.0194)° <0.047
3,00 1403 <0.078 0.0337 3353 <0.069
2,2 1793 0.340— 10.349 9.1

ar deduced from statistical model calculatioff=PA).

bSee text. For the purposes of discussion we use these values.
°From Ref.[14].

9From Ref.[15].

®From Ref.[16].

time beforey-ray emission and therefore to the longest life- successively emittegt rays in a cascade is treated as a quan-
time. The limit, which is the safest and easiest to estimate, isity randomly drawn from the exponential distribution whose
the main one of interest here since we are looking to test foaverage is uniquely determined by the total radiation width
collective transitions. Any lifetimes shorter than the long of the appropriate intermediate level. For a given step of a
lifetime limit correspond to larger, more collectivB(E2) cascade the induced recoil velocityus- E,/(mc), wherem
values. is the mass of the recoiling atom akg is the y-ray energy.

The lower limit on the lifetimes[upper limit on the The data for individualy cascades, i.ey-ray energies and
B(E2) valueg comes from assuming that all the feeding of total radiation widths of the intermediate levels, are provided
each level comes from a state of effectively infinite lifetime by simulation using the algorithmiceBox [13].

(hence the nucleus emitting the feedipgay has no initial Only binary, classical hard-sphere collisions between the
recoil velocity) at the lowest possible energy consistent withprojectile atom and atoms of the sample are considered. The
the known level schemé.e., about 2 MeV in'%Gd). In  energy-dependerjtl2] hard-sphere radius is deduced from
practice we use a slight variant of this extreme scenario dicthe equality of the initial kinetic energy in the center-of-mass
tated by the use of known, but unplacedyrays. This pro- (c.m) system to the repulsive Born-Mayer potential. In the
duces only a small change and, in any case, as we shall seem. system the angular distribution of atoms after the colli-
we have independent evidence that the actual lifetimes argions is understood to be isotropic and energy losses in the
near the upper limits described above. Table | lists the lifelaboratory system are thus considered to be variable. To take
times measured, giving the extreme conservative limits, thénto account the process of thermalization, the velocities of
values from a statistical model calculation, and those basedtoms of the sample are assumed to follow the Maxwell-
on the calibration procedure described next. The statisticaBoltzmann distribution.

model calculation13] was incorporated into the so called  We first note that we are dealing with a statistical decay
fluctuating free path approadkRFPA), used here to describe process following thermal neutron capture at low spin. All
the slowing down of nuclei recoiling after the emissionjof the levels whose lifetimes were measured occur in a rather
rays. narrow excitation energy rang&( in 950—1800 keV com-

Within the FFPA the time interval between any pair of pared to a neutron capture state energy of 7.9371 e
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TABLE Il. The B(E2) values for the decay of thk=2; and TABLE lll. Highly precise transition energies measured in this
K=0, bands in'*%Gd. work and the implied);K; values and level energieg, .

Ey Ey, B(E2:J,— Jp)2P J; KT Ji KT Measured E,, (keV)P E, (keV)°

I KT keV) I KPP keVv)  efb W-u. 2,00 977.1472)-897.6342)  79.5133)
2,2 1187 0,0 0 0.0172) 3.36) 4,00 1259.8703)—998.4172) 261.4584)
2,0/ 80 0.03@4) 5.97) 4,0f 2,0 181.9431) 261.4563)

4,00 261 0.0018) 0.274) mean 261.45B)

3,2 1265 2,00 80 0.0171) 3.32) 1,1 0,07 977.1472) 977.1472)
4,00 261 0.0101)°  2.02)° 2,1 2,0 944.1842) 1023.6974)
4,2f 1358 2,00 80 0.00%1) 1.1(1) 31 2,00 962.12%2) 1041.6384)
4,00 261 0.0372) 7.44) 4,17 4,00 897.5092) 1158.9663)
2,2 1187 0.574) 1127) 2,20 0,0/ 1187.1413) 1187.1413)
0,6, 1196 2,0/ 80 0.00574) 1.1(2) 2,05 0,0/ 1259.87@3) 1259.8703)
2,0 1260 0,0 0 0.00161)  0.302) 4,00 998.4122) 1259.8693)
4,00 261 0.00694) 1.3 mean 1259.87@)
4,0 1407 2,0 80 0.00664) 1.31) 1,00 0,0 1263.514(3) 1263.5143)
4,0 261 0.00376) 0.7(1) 3,2f 2,0 1186.0073) 1265.5204)
6,0/ 539 0.0161) 3.12 4,2f 4,0/ 1097.0113) 1358.4683)
2,2 1187  0.06510) 132) 3,00 4,00 1141.4813) 1402.9384)
3,2 1265  0.2410°  4819° 4,05 2,00 1327.1903) 1406.70%4)
2,00 1260 2.32) 447(47) 2,05 2,00 1437.9673) 1517.4804)
3,1 475.8401) 1517.4784)

#0btained using ther listed in the last column of Table 1 and
intensities ofy-ray transitions from Refl17].

bUncertainties ofy-ray intensities of Ref[17] only. These uncer- 3Present experiment. Due to recoil correction included here these
tainties therefore reflect the uncertainties in relaB(&2) values energies are a few electron volts higher than the measyney

from each level. For absolu®(E2) values the uncertainties in the energies(e.g., compare the 1187.136 keV line in Fig. 1 with the
present measurements need to be added. entry 1187.141 keV heje

°If pure E2. bUncertainties are on the last digit, that is, in eV.

mean 1517.479)

have fairly similar measured lifetimgthe upper limits range  work and the implied level energies #%Gd. Figure 2 shows
in most cases from-0.5-10 ps The 2/ level at 1187 keV  a partial level scheme fol**Gd exhibiting the key transi-
has a known lifetiméseer; values in Table)l7=0.896) ps  tions of interest and summarizing the present results as well.
[14] based on Coulomb excitation measurements of For the discussion to follow, it is critical to note that the
McGowan and Milnef15]. Our range is 0.498-1.00 ps. The 7y-ray energy precision extends not only to the relative errors
24, level at 1260 keV has a known lifetime of 52 ps  on transition energies but to the absolute energy scale as
[15], while our range is 1.406—5.899 ps. Both of these well-well. This scale is fixed by the known crystal lattice spacing
established lifetimes correspond to 0.88 times our upper limignd by the absolute diffraction angle calibration. The combi-
lifetime. We therefore adopt for simplicity of calculating nation of these two uncertainties gives a scale that is accurate
B(E2) values, and in a sense to guide the eye, a calibratioat the 107 level. Additionally to that one has to include an
factor of 0.88 and include the corresponding lifetimes inuncertainty which is essentially related to statistics and
Table I. Evidently, only the limits given in column three give Which is here in the order of 10, that is, at most 1 eV for
model independent values for the lifetimes. a 1 MeV transition, and proportionately less for lower energy
Comparison with literature values for other levels with transitions. The scale is fixed and not adjustable. We will
known lifetimes shows reasonable agreement. Our lifetiméeturn to this point below.
of 7=0.50 ps is within uncertainties of the known value Many of the results in Table Il come from transitions
[7=0.7822) ps| for the 3~ level at 1042 keV[14]. Our involving the 27 and 4 levels, whose energies therefore
lifetime of 7=1.3 ps is also in acceptable concord with ex-need to be determined first. The energy of the IBvel at
isting data ¢=2.0(2) ps) for the 1517 keV Z_, level [15]. 79.513(3) keV was determined from the energy difference
For the 1264 keV 1 level our upper limit is consistent with Of the transitions of energies 977.142) keV and 897.634
the value calculated using thB(E1)values from §,y')  (2) keV from the 977 keV level to the ground state and 2
data[16]. level, respectively. The energy of the 4evel was deter-
The lifetime results in Table | show many values mea-mined from the 1259.87(B) keV and 998.4122) keV tran-
sured for the first time, giving information on transitions sitions from the 1260 keV 2 level to the ground state and
from the y band, theK=0, and 0; bands an&K=0", 1", 4] level, respectively. A test of the energies of the &nd
and 2° negative parity bands. Table Il gives tB€E2) val- 4 levels is provided by the measured energy of the 181.943
ues for the decay of th&=2] andK=0, bands in'*%d  keV transition between them. The remaining results in Table
deduced from the lifetime results. Table Ill gives a numberlll now follow. Note that we have two independent measure-
of highly precise transition energies measured in thisments of the energies of the 1260 and 1517 keV levels which
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FIG. 2. Partial level scheme fol®®Gd exhibiting key transitions connecting positive parity states. The uncertainties on these level
energies are 3—4 eV. Theray transitions shown in this figure that were actually measured here with the GAMS4 spectrometer are marked
with an asterisk. Other transitions measured here include the 475.840 keV line connecting the 1517 keV level with the 973tae/ak
well as several transitions from negative parity stdee Table Ill. The precise level energies shown with three digits following the
decimal point were determined from all the data, including transitiergs, connecting these levels with negative parity statesshown.

No v rays from the 539, 1196, and 1452 keV levels were measured here and so their energies are rounded to two digits. Cross checks of their
energies are consistent with the present results. To avoid clutter only noyriaglenergies are shown, with the exception of the low-energy
transitions from the 2: o state at 1517 keV which are given to all known accuracy so that the energy discrepancies in these placements are

easily seen. For these three transitions we give the s¢&letbr 1.000035 y-ray energies from Refl7] (see text The recoil corrections
for such low-energyy rays are<1 eV. These transitions are dotted because the present data show them to be misplaced in the level scheme.

differ by 1 and 2 eV, respectively, and are therefore well_.21)=0.017¢? b?, B(E2:4;—>21*)=0.005e2 b?, and
within errors. Table 1V gives several precise transition enerB(E2:4+_>2+):0_57ez b2. Earlier. in a four-band mixing
gies relating to the important,2 , level at 1517 keV(see L ’
text below for further discussignThe energy uncertainties
for transition energies in Table Il and level energiE§i§ in

Tables Ill and IV include all sources of error_—_uncertalntlesValue of 0.6€? b? obtained by calculating the intraband
from the absolute energy scale, from statistics, and fro

peak fitting n’E(EZ:4;—*>2;) value from theB(E2:2; — 0;) value as-
We note in passing one other point concerning preciséuming the rotational formula. This assumption, upon which

level energies and transition placements. Our deduced ef€ir multiband mixing calculation relies, and therefore the

ergy for the 977 keV level is higher than in REL7] and the ~ results that followed from it, are thus validated by the present

transition from the 1196 keV level to the 977 keV level is results. )

better fit with a transition of 218.82 keWnplaced in Ref. The first key results are the lifetimes of the Q. and

[17]) than with the 219.02 keV transition assigned to this 2

transition in that work. In all other regards our level scheme*k-o; |€VEIS. These, in turn, give very strong intraband

analysis Greenwoocet al. [17] had estimatedB(E2:3;
—2;) andB(E2:4;—2/) values of 0.0%? b® and 0.006
e” b?, respectively, assuming that tB¢E2:4 —2) had a

shows the same transitions as that of R&7]. B(E2) values andB(E2:4§:02—>2;)=13(2)W.u. (0.065
e’b?) and (if pure E2) B(E2:4¢_o,—3,)=48(19)W.u.
lll. DISCUSSION (0.24 €2 b?) values. Both the latteB(E2) values are large

We will focus here on three results of particular interest:for interband transitions and would normally be considered

The decay of the first excite=0" band at 1196 keV, evidence for two-phonon+y(y) character. However,+noting
transition placements for the decay of the second exdited that the two bands are almost degener@i(4._o,)
=0"% band at 1452 ke\in particular for the 2 level at —E(4;)=48 keV] even a modest rotation-vibration interac-
1517 keV and theB(E1) values for the decay of the nega- tion leads to significant band mixing. Indeed, with a spin-
tive parity bands. First, though, we note that our measureindependent mixing matrix element of 0.6 keV and no direct
ments also provide the first absoluB{E2) values(see M(E2) between these bands, Greenwaaidal. [17] were
Table 1)) for the decay of the 3 and 4, states:B(E2:3;  able to successfully account for the=0; — y bandB(E2)
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TABLE IV. Possible transitions from the;2:0+ level at 1517.47@) keV.
3

Final Level AE?2 Eyb(ke\/) AEL(GAMSY) - E,, (Ref.[17])°

J,K™ Ey,” (keV) (keV) Ref.[17] (eV)
3,0 1403 114.5404) 114.5444) -3'6
4,2 1358 159.0104) 158.98620) +25'20
3,2 1266 251.950%) 251.9285) +31°6
1,00 1263 253.9684) 253.9575) +13'6
2,2 1187 330.33®) 330.275%15) +62+16
31 1042 475.84(1)° 475.85613) -1613
2,1 1024 493.78(4) 493.79320) —12:20
1,1 977 540.3313) 540.349200) —18+200
4,0; 261 1256.01@) 1256.024100) —7+100
0,0/ 0 1517.4713) 1517.498110) —22+110

3Energy difference$1517.479€, —dE,) keV, whereE, are the level energies deduced from the GAMS4
data(and given in the right hand column of Table)linddE, are the calculated recoil energies included to
allow comparison with the measuréd, from Ref.[17].

bValues from Ref[17], multiplied by 1.000035. This factor omits statistical uncertainties as these are small
compared to the other uncertainties in the talskee texk

‘Differences in the energies deduced from the present GAMS4 data aner#lyeenergies of Refl17]. Since
the level energies deduced here are accurate to 3—4 eV, most of the uncertainty comes frienaythe
energies from Ref[17]. Note particularly that the discrepancies betweeray energies and level energy
differences for the 2,2and 3,2 levels are many times the uncertainties, implyiage textthat thesey-rays
are misplaced.

9The exact energies are given in the last column of Table IIl.

®Measured.

values that they had assumédhich were about 60% of reassess the decay of the 1517 keV level. Construction of a
those that we have measuyed level scheme fromy-ray energies involves both a relative
This is a textbook example of a case where both a largand an absolute calibration of theray energies. A given
branching ratiB(E2:K =0, — y)/B(E2:K=0; —0;) and  |evel schemda set ofy-ray placementsis, of course, unaf-
a largeabsolutevalue B(E2:K =0, — y) doesnotimply a  fected by a scaling of all the absolute energies. A consistent
vy phonon character. It provides a useful cautionary note. absolute scale is, however, necessary if data from different
The second result concerns potentially large and collecexperiments are involved. As we have noted, our absolute
tive K=0"—y band transitions, in this case from thé 2 energy scale is fixed at the I8 or better(< 1 eV) level.
level (1517 keVj of the K=03 band at 1452 keV. Green- The calibration of the curved crystal spectrometer in Ref.
wood et al. [17] used @,d") cross sections and a DWBA [17] was obtained by normalizing to a previous measurement
analysis to estimate the absoli8€E2) values of the transi- (Ref. 38 of Ref.[17]) of the 79 keV 2{_>01+ transition in
tions assigned to the decay of the 1517 keV level to the 2 158G itself. Therefore, the calibration of R§17] can differ
3;, and 4j levels, obtaining values 1, 26, and 35 W.u., from ours, due to uncertainties in that energy standard, by
respectively. Our measured lifetime for the 1517 keV level issome factor. However, we stress that factor is wavelength
actually a little shorter than the previous literature value andi.e., y-ray energy independent: it is a single factor for the
hence these transitions would have about 50% |aBg&2) entire spectrum. Comparison of the precise level energies
values from our data. The last two values are astonishinglgeduced from our data in Table Il with those of REE7]
large for interband transitions. Greenwoetlal. [17] were  shows thaty-ray energies in the latter should be scaled by a
not able to account for them with a band mixing analysis. Ifuniform factor of 1.0000382). Doing this, and comparing
instead we assume that they result from a dirad the energies fory rays from the 1517 keV level from Ref.
=2 E2 matrix element, a problem also arises since theif17] with the precise level energy differences deduced here,
relative B(E2)values are then strongly incompatible with the we get the results in Table IV. These results show excellent
Alaga rules. Greenwooelt al.[17] (and also McGowan and overall consistency. Similar comparisons for a dozen other
Milner [15]) therefore surmised that theserays might be levels also show complete consistency well within the com-
misplaced although their measured energies of 330.2@ined errors. Of 32 level energy differences only one has a
251.92, 158.98 keV fit very well with the level energies de-3 o deviation and only two haved2deviations. Moreover, in
duced from other transitions. these cases the deviations are at+hE0 eV level. However,
The results of our study confirm the known lifetime for Table IV shows a clear discrepancy for the 330.275 and
this state(see Table )l and hence the largB(E2) values 251.928 keVy rays. The respective energy deviations are
(assuming the transitions are correctly placétbwever, our 62(16) and 316) eV. One could, of course, avoid this dis-
ultraprecisey-ray energy measurements give new values forcrepancy by renormalizing the energy scale of Réf].
the relevant level energidsee Table Il which allows us to  However, in that case, the remainder of the level scheme
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in heavier rare earth nuclei. While the decay data Kor
=0~ modes in rare earth nuclei are rather abundant, a
B(E1)value for the {:1_—>0f transition is known only in
156Gd. From Fig. 3 it is clear that>%Gd is the key transi-
tional nucleus where the falloff is predicted to begin, and
thus a measurement Bf E1) rates from th&K =1~ band in
this nucleus is an excellent first test of these predictions.
Our lifetime measurement for the llevel at 977 keV in
1%8Gd provides the desired value, nameB(E1:1, _,-
—0;,)=0.000172e? fm?. This value, the'®%Gd value, and
the experimentahK=0 results are included in Fig. 3. In
providing the B(El:llzzl,—>01+) value in this pivotal
nucleus(and only the second measured value in this mass
region), these results do confirm the beginning of the pre-

measurement. The error bars reflect the entire range of allewed dicted falloff in B(E1) values fromK=1" bands with in-
values for Table |. The other data are from Nucl. Data Sheets. Thereasing\l andZ in the rare earth nuclei. However, they also

lines connect the IBA prediction4.8].

suggest that the falloff occurs sooner and faster than pre-
dicted since the predicted val(i#8] is ~ 0.002e?fm?, an

would be in disagreement with the precise energies and emyrder of magnitude larger than observed. The predicted ratio
ergy scale defined here. Therefore, one is forced to conclude

that, due to much higher precision in level energies obtained

with GAMS4, the 330 and 251 key rays can no longer be
placed as transitions from the' 21517 keV} level to the 2;

and 3, levels. The %=O+—>4; transition still fits margin-
3

ally in energy[energy discrepancy of 2B0) eV] but it is

very unlikely that the 2:03H4;’ E2 transition would be

36(10) W.u. while the Z_o,—2) transition would be< 1

B(E1:1,_,-—0;)
B(E1:1,_, —0;)

~0.33

is also large compared to the experimental value of 0.07.

It is interesting to try to understand the microscopic origin
of the behavior of thesaAK=0 and 1B(E1) values. The
relative position of the two octupole vibrational bands can be
understood in terms of the fractional filling of the shell

W.u. (most of the previous transition strength is now placed19,20. In the beginning of the deformed regiof.g.,
elsewherg The Alaga rules would give, based on the *‘Sm) the band sequenceKs=0",1". As the Fermi level

2k-0,—4, transition, a &_,—2, transition of~50 W.u.

increases, the sequence changes 101 [20], as in 1®%r,

. 17
or at least two orders of magnitude larger than the new upper ?Yb.

limit of 1 W.u.

In the absence of a detailed microscopic calculation, it is

The 1517 keV level is therefore another case study ifP0SSible to invoke a simple “counting” analysis to at least

interpreting interband transitions. As with the=0, band,
the apparent matrix elements of the 1517 keV Ie\{ié=lg+ to
3

the y band would seem vergin fact, tog collective. In the
present case the explanation is not band mixamit is with
the K=0, band but misplaced transitions in the existing
level scheme.

It is remarkable that the authors of R¢fL7] correctly

suspected, on the basis of their four-band mixing calculal

tions, that their owny placements for the 1517 keV level

might be incorrect. The present data empirically confirms

provide clues to the behavior of thel transition rates. Al-
lowedE1 transitions in the Nilsson scheme satisfy one of the
following asymptotic selection rules on the Nilsson quantum
numberg21]

AK AN AA An,
0 1 1 1
1 1 0

If one countgfor both protons and neutronhe numbers

this and leads to the conclusion above that there is no posff allowed transitions for nuclei witiz=50-82 andN

tive evidence for multi-phonon character in the 1453 keV 0

excitation.

=82-126, one finds that there are nearly 50% mai¢
=0 cases thalMK=1 cases. Moreover, whenever thd

The third key result concerns the structure of negativé“atrix elements for bothK =0 andAK =1 transitions have

parity excitations. Calculations in Ref18] predict that
B(E1:K=0"—K=0;) values are relatively strong and

rather constant across the deformed rare earth nucle

B(E1:1,_,-—0;) is 7x10 3 e?fm? to within a factor of

2 or so. In contrast, ground stakel transitions from the
lowestK =1~ bands are predicted to fall off sharglyy 2—3
orders of magnitudein going from Sm-Gd to Dy-Er-Yb.
These predictions are shown in Fig. 3. ¥fSm and°%Gd
the 1'2:1,*>OIB(E1) values are predicted to be nearly

comparable to the calculateB(El:l}z:O,HOf) values

a given quasiparticle orbit in common, tlkeK =0 case al-
ways corresponds to a lower quasiparticle energy difference.
gf we assume phase coherence among contributing ampli-
tudes in theE1l matrix elements, these two effects could
easily account for aAK=0-B(E1) value several times
larger than theAK =1 values.

We can also use this kind of qualitative argument to un-
derstand the difference in relativeK =0 and 1B(E1) val-
ues in'%Gd compared to the Dy-Er-Yb nuclei. In the region
of the Fermi energy for>%Gd there ardcounting both pro-
tons and neutronsabout 11AK=0 allowedE1 matrix ele-

while they are predicted to be two orders of magnitude lesgnents, and about 8K =1 cases. In contrast, fof°Er there
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are 7AK=0 amplitudes and only AK=1. Therefore, na- in 158sd. We confirm the strong(E2) values from the D
ively, it is plausible that the ratio ofAK=0 to AK  pand to the nearby band but noted that these can be ex-
=1-B(E1) values frorK=0" and 1" bands to the ground plained, without invoking collective multiphonon states, via
state band, respectively, should increase sharply from Gd tan existing[17] band mixing calculation. The high precision
Er: that is, the relativeAK=1 B(E1) values should de- of GAMS4 revealed that previously assignedray lines
crease. This is consistent with interacting boson approximafrom the 2" (1517 ke\j level of the second excitedOband
tion (IBA) model calculation$18] although it is not clear in  (at 1453 keV were incorrectly placed. Again, this removed
what sense the macroscopic IBA can be “aware” of thethe existing evidence for multiphonon character here as well.

number of microscopically alloweH1 matrix elements. Finally, measurements oB(E1:1 K=1;—0;) values
In any case, the present®Gd result concerns a pivotal provided a rare example &1 transition strengths fror
nucleus where both IBA and (@implistic microscopic view  — 1; bands(many are known froni =0; bands. The rela-

suggest the beginning of a falloff il =1 B(E1) values. It ey Jarge value obtained supports existing IBA calcula-
could be interesting to measure lifetimes for-1" states in  tjons, These same calculations also point to a falloff in these
the Er-Yb region to test whether tiB{E1) values do fall off B(E1:K=1"—K=0%) values in heavier rare earth nuclei
sharply in magnitude as predicted. and therefore focus attention on the need for measurements

in such nuclei.
IV. CONCLUSIONS

The deformed nucleus®®Gd was studied to search for
multiphononK =07 vibrational states and to study collective
octupole states. The extraordinarily high energy precision Work supported under U.S. DOE Contract Nos. DE-
and resolution of the GAMS4 spectrometer at the ILL inFG02-91ER-40609 and DE-FG02-88ER-40417. W. A.
Grenoble has led to precisg ray transition energies and thanks the Bulgarian NRF for financial support under Con-
lifetimes (via Doppler broadening on an eV scafer levels  tract No. PH511.
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