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Ultrahigh resolution study of collective modes in 158Gd
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Ultraprecise energies and absoluteB(E2) values associated withK501 excitations in 158Gd, measured
with the GRID technique, reveal significant information relating to the possible existence or absence of
two-phonon vibrational excitations in deformed nuclei. A strongB(E2:K502

1→g) is observed but reflects
band mixing rather than agg mode. For theK503

1 band, measurement of preciseg transition energies shows
that suggested existing placements of strong deexcitation transitions are incorrect and that there is, again, no
evidence forgg-phonon character in this band either. A weakB(E1:K512→K501

1) value is interpreted in
terms of the microscopic structure ofK502 andK512 excitations.@S0556-2813~99!06705-9#

PACS number~s!: 23.20.Lv, 23.20.Js, 27.70.1q, 29.30.Kv
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I. INTRODUCTION

The question of whether multiphonon states exist in
clei or whether their strength is severely fragmented is
important issue closely linked to the role of the Pauli pr
ciple in a strongly interacting fermionic quantal system w
low degeneracy orbits. In such a system, phonon modes
be described as linear superpositions of particle-hole st
@1#. At some point in the construction of successive ma
phonon excitations, either a source or a destination orbit
be emptied or filled, respectively, and therefore blocked. T
wave function for such an excitation will be modified com
pared to that for an exact superposition ofN phonons. Long
before this, partial occupancies can be expected to modu
the phonon properties. It has therefore been of some surp
and has had strong theoretical repercussions, that a nu
of multiphonon states~both in the low-energy spectrum an
of giant resonance character! have been discovered in rece
years.

In low-lying states of spherical nuclei, levels with signifi
cant amplitudes for up to five quadrupole phonons have b
identified in 114Cd ~Ref. @2#!, and a number of three-phono
states found in other near-closed shell nuclei. In deform
nuclei, the first example@3# of a two-phonon vibrational ex
citation observed is aK541 state in168Er with a substantial
amplitude for doubleg-vibrational character. Other ex
amples ofK541 modes with substantialgg character have
since been discovered@4–7#. The 1943 keV level in166Er,
discovered in (n,n8g) @7# and Coulomb excitation@5#, has
been suggested@7# as having a large amplitude for a two
phonongg excitation with K501. Double phonon state
involving two different phonon modes, such as 21

^ 32 ex-
citations, or those involving mixed symmetry states (21

^ 2ms
1 ), are known in the Ba isotopes@8,9#. Finally, double

phonon structures have begun to be observed in giant r
nance excitations@10#.

One signature of multiphonon levels~of phonon number
Nph) is allowed decay to (Nph21)-phonon states, combine
PRC 590556-2813/99/59~5!/2432~8!/$15.00
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with forbidden transitions to zero phonon levels@indeed, to
any levels with (Nph22) or fewer phonons#. However, pref-
erential decay of an excitedK501 state to theg vibration
does not in itself establish 2-g phonon character. It is pos
sible to imagine two-quasiparticle amplitudes in theg-band
wave functions such thatK501 states of two-quasiparticle
or even of pairing orb-vibrational character, could also hav
such a decay preference. A better test of two-phonon c
acter requires the measurement of absolute transition ra
that is, B(E2:JK501→Jg) values. If these are collective
then a two-phonon interpretation should be considered~but
still not assured—see below!.

An obvious prerequisite for studying candidate levels
multiphonon states in the excitation energy range;1.222.0
MeV, is accurateg-ray transition placements in the leve
scheme. The level density increases rapidly in this excita
energy region and the likelihood of misplacedg-ray transi-
tions increases accordingly. Accurate transition placeme
are usually achieved byg-g coincidence measurements wi
high efficiency multidetector arrays. However, an equa
powerful technique is ultrapreciseg-ray energy measure
ments~with accuracies of a few eV! since, then, the possi
bility of incorrect placements~incorrect Ritz combinations!
is virtually eliminated.

The use of the ultrahigh resolution GAMS4 flat cryst
spectrometer at the ILL in Grenoble provides the opportun
to obtain both highly precise transition energies and abso
B(E2) values for transitions observed in the (n,g) process.
The B(E2) values are obtained from lifetime measureme
using the GRID~g-ray induced Doppler! technique@11# in
which Doppler broadening is measured for a deexcitationg
ray emitted while a nucleus is recoiling due to the prior em
sion of anotherg ray following neutron capture. Since suc
recoil energies are minuscule~a few eV!, the observation of
broadening in transitions of, say, 1 MeV energy, requi
extraordinarily high resolution which, in turn, allows sens
tive tests of transition placements as well. Absolute transit
energies were measured with the GAMS4 spectrometer
detection of the Bragg diffraction angle of theg ray of inter-
2432 ©1999 The American Physical Society
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PRC 59 2433ULTRAHIGH RESOLUTION STUDY OF COLLECTIVE . . .
est from Si crystals. The precision energy measuring ca
bility of this spectrometer results from the incorporation
two unique features. First, the crystals are nearly per
specimens whose lattice spacings have been measured
an uncertainty of 531028. Second, the diffraction angles a
measured with sensitive interferometers which are ins
mented for frequent absolute angle calibrations wh
are—if sufficient statistics is gathered—robust at the 1027

level. The technique and the GAMS4 spectrometer h
been described elsewhere@11,12#.

The purpose of this paper is to present results from
GRID study of 158Gd. First,g-ray energies in158Gd were
measured. Their level of precision allows us to test the
isting level scheme. It was found that the accepted deca
the second excitedK501 band~the 03

1 band! to theg band
is, in fact, not correct. Secondly, lifetimes of states in t
K502

1 and 03
1 bands were measured. A strongB(E2:K

502
1→g) band value was found. However, this value do

not imply gg phonon character since it can be fully e
plained as a consequence of band mixing. The largeB(E2)
value results since theg andK502

1 bands are uncommonl
close in energy:DE(2K50

2
1

1
22g

1) is 73 keV.~For simplicity

we will use the notationJg
1 for members of the lowestK

521 band and J1
1 for the ground band.! Finally, the

B(E1:1K512
2 →01

1) value was measured for the lowestK
512 band. This is only the second nucleus in this ma
region where this quantity is known and its value demo
strates the relative hindrance ofK512→K501, 12

→01E1 transitions compared toK502→K501,12

→01E1 transitions.

II. EXPERIMENT AND RESULTS

In this experiment, the large thermal neutron capture cr
section of'2.423105 b was exploited to give prolific pro
duction of 158Gd on a target of natural Gd. The Doppl
broadening was measured by carefully scanning the en
of the decayg rays of interest. This broadening results fro
a convolution of the initial recoil velocity distribution of th
excited nuclei, the slowing down process, and the level l
time. Any transition from a level can be used for the lifetim
measurement. Usually, this is one of the higher energg
rays to the ground state band since theEg

5 factor enhances
the intensity of such transitions relative to lower energy
excitationg rays even if theirE2 matrix elements are smal
From the knownE2 branching ratios, the matrix elements
lower energy transitions can then be extracted. Figur
shows two examples of the data—the Doppler broade
line shape for the 1141 keV transition and the energy s
for the 1187 keV transition. The latter shows an energy re
lution at 1.2 MeV of; 6 eV. Two transitions; 22 eV apart
are easily separated. The widths in Fig. 1~a! are primarily
due to Doppler broadening and the excess width compare
the instrumental line width leads to the extraction of a m
sured lifetime.

In addition to the Doppler width due to the recoil veloci
there is a small Doppler broadening of the peak due to
thermal vibrational motion of atoms in the target~the 158Gd
target was located in the reactor core at a temperatur
;970 K!. This thermal motion can be calibrated using tra
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sitions of known lifetimes. It is easy therefore to extract t
Doppler contribution to the width due to the finite level life
time. The major uncertainty in extracting level lifetimes wi
the GRID technique is not due directly to the measurem
itself, but rather to estimating the initial recoil velocity dis
tribution of 158Gd nuclei at the time of population of th
levels of interest and, in particular, its dependence on
energy distribution of the feedingg rays and the lifetimes of
intermediate levels.

A statistical decay calculation can be done to estimate
but a safer, and more conservative, approach is to ext
upper and lower lifetime limits for each level from extrem
assumptions about the population routes and intensities.
highest recoil velocities will naturally be given by assumi
that all unobserved feeding is via a two-step cascade f
the neutron capture state~the amount of one-step feeding
known! with intermediate level lifetimet50. Then, for de-
populatingg rays the supposed initial Doppler broadeni
will be maximum and any given measured broadening~less
than the maximum! corresponds to the longest slowing dow

FIG. 1. Two examples of the data:~a! The Doppler broadened
line shape for the 1141 keV transition. The dotted line shows
instrumental line width. The solid line is a fit to the data that inco
porates Doppler broadening due to the finite lifetime.~b! Example
of the energy determination of measuredg ray lines. The figure
shows a small region of the spectrum with the 1187.1365 keVg ray
energy measured here in third order of reflection along with
neighboring weaker transition 22 eV apart~1187.1583 keV! which
belongs to156Gd.
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TABLE I. Mean lifetimes measured in this work deduced from extreme feeding assumptions and
statistical model calculations (tFFPA).

J,Kp Ex tmin2tmax tFFPA
a t lit t50.88tmax

b

~keV! ~ps! ~ps! ~ps! ~ps!

2,21
1 1187 0.4982 1.000 0.71220.096

10.134 0.88~6!c 0.88

3,21
1 1266 0.5552 1.783 1.01920.112

10.134 1.6

4,21
1 1358 0.4092 1.151 0.91820.121

10.148 1.0

0,02
1 1196 1.8552 9.035 3.86721.056

12.288 8.0

2,02
1 1260 1.4062 5.899 2.33920.414

10.629 5.2~4!d 5.2

4,02
1 1407 0.5292 1.868 1.07620.092

10.090 1.6

0,03
1 1452 0.2082 1.734 1.03320.265

10.578 1.5

2,03
1 1517 0.2772 1.478 0.78320.198

10.407 2.0~2!d 1.3

1,11
2 977 0.8992 2.341 0.93820.135

10.181 2.06

2,11
2 1024 .5 .20 .5

3,11
2 1042 0.2932 0.565 0.41020.030

10.031 0.78~22!c 0.50

4,11
2 1159 1.5492 5.452 2.53520.469

10.863 4.8

1176 0.2162 0.518 0.28620.027
10.031 0.46

1,01
2 1264 ,0.053 0.041520.0033

10.0036 0.019~4!e ,0.047

3,01
2 1403 ,0.078 0.033720.0033

10.0035 ,0.069

2,21
2 1793 0.3402 10.349 9.1

at deduced from statistical model calculations~FFPA!.
bSee text. For the purposes of discussion we use these values.
cFrom Ref.@14#.
dFrom Ref.@15#.
eFrom Ref.@16#.
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time beforeg-ray emission and therefore to the longest lif
time. The limit, which is the safest and easiest to estimate
the main one of interest here since we are looking to test
collective transitions. Any lifetimes shorter than the lon
lifetime limit correspond to larger, more collective,B(E2)
values.

The lower limit on the lifetimes@upper limit on the
B(E2) values# comes from assuming that all the feeding
each level comes from a state of effectively infinite lifetim
~hence the nucleus emitting the feedingg ray has no initial
recoil velocity! at the lowest possible energy consistent w
the known level scheme~i.e., about 2 MeV in158Gd). In
practice we use a slight variant of this extreme scenario
tated by the use of known, but unplaced,g rays. This pro-
duces only a small change and, in any case, as we shall
we have independent evidence that the actual lifetimes
near the upper limits described above. Table I lists the l
times measured, giving the extreme conservative limits,
values from a statistical model calculation, and those ba
on the calibration procedure described next. The statist
model calculation@13# was incorporated into the so calle
fluctuating free path approach~FFPA!, used here to describ
the slowing down of nuclei recoiling after the emission ofg
rays.

Within the FFPA the time interval between any pair
is
or

c-

ee,
re
-
e

ed
al

successively emittedg rays in a cascade is treated as a qu
tity randomly drawn from the exponential distribution who
average is uniquely determined by the total radiation wi
of the appropriate intermediate level. For a given step o
cascade the induced recoil velocity isv5Eg/~mc!, wherem
is the mass of the recoiling atom andEg is theg-ray energy.
The data for individualg cascades, i.e.,g-ray energies and
total radiation widths of the intermediate levels, are provid
by simulation using the algorithmDICEBOX @13#.

Only binary, classical hard-sphere collisions between
projectile atom and atoms of the sample are considered.
energy-dependent@12# hard-sphere radius is deduced fro
the equality of the initial kinetic energy in the center-of-ma
~c.m.! system to the repulsive Born-Mayer potential. In t
c.m. system the angular distribution of atoms after the co
sions is understood to be isotropic and energy losses in
laboratory system are thus considered to be variable. To
into account the process of thermalization, the velocities
atoms of the sample are assumed to follow the Maxw
Boltzmann distribution.

We first note that we are dealing with a statistical dec
process following thermal neutron capture at low spin. A
the levels whose lifetimes were measured occur in a ra
narrow excitation energy range (Ex in 950–1800 keV com-
pared to a neutron capture state energy of 7.9371 MeV! and
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have fairly similar measured lifetimes~the upper limits range
in most cases from;0.5– 10 ps!. The 2g

1 level at 1187 keV
has a known lifetime~seet lit values in Table I! t50.88~6! ps
@14# based on Coulomb excitation measurements
McGowan and Milner@15#. Our range is 0.498–1.00 ps. Th
2K50

1 level at 1260 keV has a known lifetime of 5.2~4! ps
@15#, while our range is 1.406–5.899 ps. Both of these w
established lifetimes correspond to 0.88 times our upper l
lifetime. We therefore adopt for simplicity of calculatin
B(E2) values, and in a sense to guide the eye, a calibra
factor of 0.88 and include the corresponding lifetimes
Table I. Evidently, only the limits given in column three giv
model independent values for the lifetimes.

Comparison with literature values for other levels w
known lifetimes shows reasonable agreement. Our lifet
of t50.50 ps is within uncertainties of the known valu
@t50.78~22! ps# for the 32 level at 1042 keV@14#. Our
lifetime of t51.3 ps is also in acceptable concord with e
isting data (t52.0~2! ps! for the 1517 keV 2K50

1 level @15#.
For the 1264 keV 12 level our upper limit is consistent with
the value calculated using theB(E1)values from (g,g8)
data@16#.

The lifetime results in Table I show many values me
sured for the first time, giving information on transition
from theg band, theK502

1 and 03
1 bands andK502, 12,

and 22 negative parity bands. Table II gives theB(E2) val-
ues for the decay of theK521

1 andK502
1 bands in158Gd

deduced from the lifetime results. Table III gives a numb
of highly precise transition energies measured in t

TABLE II. The B~E2! values for the decay of theK521
1 and

K502
1 bands in158Gd.

Exi
Exf

B(E2:Ji→ Jf)
a,b

Ji , Ki
p ~keV! Jf , K f

p ~keV! e2 b2 W.u.

2,21
1 1187 0,01

1 0 0.017~2! 3.3~6!

2,01
1 80 0.030~4! 5.9~7!

4,01
1 261 0.0013~2! 0.27~4!

3,21
1 1265 2,01

1 80 0.017~1! 3.3~2!

4,01
1 261 0.010~1!c 2.0~2!c

4,21
1 1358 2,01

1 80 0.005~1! 1.1~1!

4,01
1 261 0.037~2! 7.4~4!

2,21
1 1187 0.57~4! 112~7!

0,02
1 1196 2,01

1 80 0.0057~4! 1.1~1!

2,02
1 1260 0,01

1 0 0.0016~1! 0.30~2!

4,01
1 261 0.0069~4! 1.3~1!

4,02
1 1407 2,01

1 80 0.0066~4! 1.3~1!

4,01
1 261 0.0037~6! 0.7~1!

6,01
1 539 0.016~1! 3.1~2!

2,21
1 1187 0.065~10! 13~2!

3,21
1 1265 0.24~10!c 48~19!c

2,02
1 1260 2.3~2! 447~47!

aObtained using thet listed in the last column of Table 1 an
intensities ofg-ray transitions from Ref.@17#.
bUncertainties ofg-ray intensities of Ref.@17# only. These uncer-
tainties therefore reflect the uncertainties in relativeB(E2) values
from each level. For absoluteB(E2) values the uncertainties in th
present measurements need to be added.
cIf pure E2.
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work and the implied level energies in158Gd. Figure 2 shows
a partial level scheme for158Gd exhibiting the key transi-
tions of interest and summarizing the present results as w

For the discussion to follow, it is critical to note that th
g-ray energy precision extends not only to the relative err
on transition energies but to the absolute energy scale
well. This scale is fixed by the known crystal lattice spaci
and by the absolute diffraction angle calibration. The com
nation of these two uncertainties gives a scale that is accu
at the 1027 level. Additionally to that one has to include a
uncertainty which is essentially related to statistics a
which is here in the order of 1026, that is, at most 1 eV for
a 1 MeV transition, and proportionately less for lower ener
transitions. The scale is fixed and not adjustable. We w
return to this point below.

Many of the results in Table III come from transition
involving the 21

1 and 41
1 levels, whose energies therefo

need to be determined first. The energy of the 21 level at
79.513~3! keV was determined from the energy differen
of the transitions of energies 977.147~2! keV and 897.634
~2! keV from the 977 keV level to the ground state and 21

1

level, respectively. The energy of the 41
1 level was deter-

mined from the 1259.870~3! keV and 998.412~2! keV tran-
sitions from the 1260 keV 21 level to the ground state an
41

1 level, respectively. A test of the energies of the 21
1 and

41
1 levels is provided by the measured energy of the 181.

keV transition between them. The remaining results in Ta
III now follow. Note that we have two independent measu
ments of the energies of the 1260 and 1517 keV levels wh

TABLE III. Highly precise transition energies measured in th
work and the impliedJiKi values and level energies,Exi

.

Ji ,Ki
p Jf ,K f

p Measureda Etr ~keV!b Exi
~keV!b

2,01
1 977.147~2!2897.634~2! 79.513~3!

4,01
1 1259.870~3!2998.412~2! 261.458~4!

4,0
1
1 2,01

1 181.943~1! 261.456~3!

mean 261.457~3!

1,11
2 0,01

1 977.147~2! 977.147~2!

2,11
2 2,01

1 944.184~2! 1023.697~4!

3,11
2 2,01

1 962.125~2! 1041.638~4!

4,11
2 4,01

1 897.509~2! 1158.966~3!

2,21
1 0,01

1 1187.141~3! 1187.141~3!

2,02
1 0,01

1 1259.870~3! 1259.870~3!

4,01
1 998.412~2! 1259.869~3!

mean 1259.870~2!

1,01
2 0,01

1 1263.514~3! 1263.514~3!

3,21
1 2,01

1 1186.007~3! 1265.520~4!

4,21
1 4,01

1 1097.011~3! 1358.468~3!

3,01
2 4,01

1 1141.481~3! 1402.938~4!

4,02
1 2,01

1 1327.190~3! 1406.703~4!

2,03
1 2,01

1 1437.967~3! 1517.480~4!

3,11
2 475.840~1! 1517.478~4!

mean 1517.479~3!

aPresent experiment. Due to recoil correction included here th
energies are a few electron volts higher than the measuredg-ray
energies~e.g., compare the 1187.136 keV line in Fig. 1 with th
entry 1187.141 keV here!.
bUncertainties are on the last digit, that is, in eV.
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FIG. 2. Partial level scheme for158Gd exhibiting key transitions connecting positive parity states. The uncertainties on these
energies are 3–4 eV. Theg-ray transitions shown in this figure that were actually measured here with the GAMS4 spectrometer are
with an asterisk. Other transitions measured here include the 475.840 keV line connecting the 1517 keV level with the 977 keV 12 state as
well as several transitions from negative parity states~see Table III!. The precise level energies shown with three digits following
decimal point were determined from all the data, including transitions~e.g., connecting these levels with negative parity states! not shown.
No g rays from the 539, 1196, and 1452 keV levels were measured here and so their energies are rounded to two digits. Cross che
energies are consistent with the present results. To avoid clutter only nominalg-ray energies are shown, with the exception of the low-ene
transitions from the 2K50

3
1

1 state at 1517 keV which are given to all known accuracy so that the energy discrepancies in these placem

easily seen. For these three transitions we give the scaled~factor 1.000035! g-ray energies from Ref.@17# ~see text!. The recoil corrections
for such low-energyg rays are,1 eV. These transitions are dotted because the present data show them to be misplaced in the level
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differ by 1 and 2 eV, respectively, and are therefore w
within errors. Table IV gives several precise transition en
gies relating to the important 2K50

1 level at 1517 keV~see
text below for further discussion!. The energy uncertaintie
for transition energies in Table III and level energies (Exi

) in
Tables III and IV include all sources of error—uncertainti
from the absolute energy scale, from statistics, and fr
peak fitting.

We note in passing one other point concerning prec
level energies and transition placements. Our deduced
ergy for the 977 keV level is higher than in Ref.@17# and the
transition from the 1196 keV level to the 977 keV level
better fit with a transition of 218.82 keV~unplaced in Ref.
@17#! than with the 219.02 keV transition assigned to th
transition in that work. In all other regards our level sche
shows the same transitions as that of Ref.@17#.

III. DISCUSSION

We will focus here on three results of particular intere
The decay of the first excitedK501 band at 1196 keV,
transition placements for the decay of the second exciteK
501 band at 1452 keV~in particular for the 21 level at
1517 keV! and theB(E1) values for the decay of the neg
tive parity bands. First, though, we note that our measu
ments also provide the first absoluteB(E2) values ~see
Table II! for the decay of the 3g

1 and 4g
1 states:B(E2:3g

1

ll
r-

e
n-

e

:

e-

→21
1)50.017e2 b2, B(E2:4g

1→21
1)50.005e2 b2, and

B(E2:4g
1→2g

1)50.57e2 b2. Earlier, in a four-band mixing
analysis Greenwoodet al. @17# had estimatedB(E2:3g

1

→21
1) andB(E2:4g

1→21
1) values of 0.03e2 b2 and 0.006

e2 b2, respectively, assuming that theB(E2:4g
1→2g

1) had a
value of 0.6 e2 b2 obtained by calculating the intraban
B(E2:4g

1→2g
1) value from theB(E2:21

1→ 01
1) value as-

suming the rotational formula. This assumption, upon wh
their multiband mixing calculation relies, and therefore t
results that followed from it, are thus validated by the pres
results.

The first key results are the lifetimes of the 0K50
2
1

1
and

4K50
2
1

1
levels. These, in turn, give very strong intraba

B(E2) values andB(E2:4K502

1 →2g
1)513(2)W.u. ~0.065

e2 b2) and ~if pure E2) B(E2:4K502

1 →3g
1)548(19)W.u.

~0.24 e2 b2) values. Both the latterB(E2) values are large
for interband transitions and would normally be conside
evidence for two-phonon (gg) character. However, noting
that the two bands are almost degenerate@E(4K502

1 )

2E(4g
1)548 keV# even a modest rotation-vibration intera

tion leads to significant band mixing. Indeed, with a sp
independent mixing matrix element of 0.6 keV and no dire
M (E2) between these bands, Greenwoodet al. @17# were
able to successfully account for theK502

1→g bandB(E2)
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TABLE IV. Possible transitions from the 2K50
3
1

1 level at 1517.479~3! keV.

Final Level DEx
a Eg

b~keV! DEx~GAMS4! - Eg ~Ref. @17#!c

J,Kp Exf

d ~keV! ~keV! Ref. @17# ~eV!

3,01
2 1403 114.541~4! 114.544~4! 232

16
4,21

1 1358 159.011~4! 158.986~20! 1252
120

3,21
1 1266 251.959~4! 251.928~5! 1312

16
1,01

2 1263 253.965~4! 253.952~5! 1132
16

2,2
1
1 1187 330.337~4! 330.275~15! 162

2
116

3,11
2 1042 475.840~1!e 475.856~13! 216

2
113

2,11
2 1024 493.781~4! 493.793~20! 212

2
120

1,11
2 977 540.331~3! 540.349~200! 218

2
1200

4,01
1 261 1256.017~3! 1256.024~100! 27

2
1100

0,01
1 0 1517.471~3! 1517.493~110! 222

2
1110

aEnergy differences~1517.479–Exf
2dEr) keV, whereExf

are the level energies deduced from the GAM
data~and given in the right hand column of Table III! anddEr are the calculated recoil energies included
allow comparison with the measuredEg from Ref. @17#.
bValues from Ref.@17#, multiplied by 1.000035. This factor omits statistical uncertainties as these are
compared to the other uncertainties in the table~see text!.
cDifferences in the energies deduced from the present GAMS4 data and theg-ray energies of Ref.@17#. Since
the level energies deduced here are accurate to 3–4 eV, most of the uncertainty comes from thg-ray
energies from Ref.@17#. Note particularly that the discrepancies betweeng-ray energies and level energ
differences for the 2,21

1 and 3,21
1 levels are many times the uncertainties, implying~see text! that theseg-rays

are misplaced.
dThe exact energies are given in the last column of Table III.
eMeasured.
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values that they had assumed~which were about 60% o
those that we have measured!.

This is a textbook example of a case where both a la
branching ratioB(E2:K502

1→g)/B(E2:K502
1→01

1) and
a largeabsolutevalue B(E2:K502

1→g) doesnot imply a
gg phonon character. It provides a useful cautionary not

The second result concerns potentially large and col
tive K501→g band transitions, in this case from the 21

level ~1517 keV! of the K503
1 band at 1452 keV. Green

wood et al. @17# used (d,d8) cross sections and a DWBA
analysis to estimate the absoluteB(E2) values of the transi-
tions assigned to the decay of the 1517 keV level to theg

1,
3g

1, and 4g
1 levels, obtaining values 1, 26, and 35 W.u

respectively. Our measured lifetime for the 1517 keV leve
actually a little shorter than the previous literature value a
hence these transitions would have about 50% largerB(E2)
values from our data. The last two values are astonishin
large for interband transitions. Greenwoodet al. @17# were
not able to account for them with a band mixing analysis
instead we assume that they result from a directDK
52 E2 matrix element, a problem also arises since th
relativeB(E2)values are then strongly incompatible with t
Alaga rules. Greenwoodet al. @17# ~and also McGowan and
Milner @15#! therefore surmised that theseg rays might be
misplaced although their measured energies of 330
251.92, 158.98 keV fit very well with the level energies d
duced from other transitions.

The results of our study confirm the known lifetime f
this state~see Table I! and hence the largeB(E2) values
~assuming the transitions are correctly placed!. However, our
ultrapreciseg-ray energy measurements give new values
the relevant level energies~see Table III! which allows us to
e

c-

s
d

ly

f

ir

6,
-

r

reassess the decay of the 1517 keV level. Construction
level scheme fromg-ray energies involves both a relativ
and an absolute calibration of theg-ray energies. A given
level scheme~a set ofg-ray placements! is, of course, unaf-
fected by a scaling of all the absolute energies. A consis
absolute scale is, however, necessary if data from diffe
experiments are involved. As we have noted, our abso
energy scale is fixed at the 1026 or better~& 1 eV! level.
The calibration of the curved crystal spectrometer in R
@17# was obtained by normalizing to a previous measurem
~Ref. 38 of Ref.@17#! of the 79 keV 21

1→01
1 transition in

158Gd itself. Therefore, the calibration of Ref.@17# can differ
from ours, due to uncertainties in that energy standard,
some factor. However, we stress that factor is wavelen
~i.e., g-ray energy! independent: it is a single factor for th
entire spectrum. Comparison of the precise level energ
deduced from our data in Table III with those of Ref.@17#
shows thatg-ray energies in the latter should be scaled b
uniform factor of 1.000035~12!. Doing this, and comparing
the energies forg rays from the 1517 keV level from Ref
@17# with the precise level energy differences deduced he
we get the results in Table IV. These results show excel
overall consistency. Similar comparisons for a dozen ot
levels also show complete consistency well within the co
bined errors. Of 32 level energy differences only one ha
3 s deviation and only two have 2s deviations. Moreover, in
these cases the deviations are at the;10 eV level. However,
Table IV shows a clear discrepancy for the 330.275 a
251.928 keVg rays. The respective energy deviations a
62~16! and 31~6! eV. One could, of course, avoid this dis
crepancy by renormalizing the energy scale of Ref.@17#.
However, in that case, the remainder of the level sche
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would be in disagreement with the precise energies and
ergy scale defined here. Therefore, one is forced to conc
that, due to much higher precision in level energies obtai
with GAMS4, the 330 and 251 keVg rays can no longer be
placed as transitions from the 21 ~1517 keV! level to the 2g

1

and 3g
1 levels. The 2K50

3
1

1 →4g
1 transition still fits margin-

ally in energy@energy discrepancy of 25~20! eV# but it is
very unlikely that the 2K503

1 →4g
1 E2 transition would be

36~10! W.u. while the 2K503

1 →2g
1 transition would be! 1

W.u. ~most of the previous transition strength is now plac
elsewhere!. The Alaga rules would give, based on th
2K503

1 →4g
1 transition, a 2K50

1 →2g
1 transition of;50 W.u.

or at least two orders of magnitude larger than the new up
limit of 1 W.u.

The 1517 keV level is therefore another case study
interpreting interband transitions. As with theK502

1 band,
the apparent matrix elements of the 1517 keV level 2K50

3
1

1
to

the g band would seem very~in fact, too! collective. In the
present case the explanation is not band mixing~as it is with
the K502

1 band! but misplaced transitions in the existin
level scheme.

It is remarkable that the authors of Ref.@17# correctly
suspected, on the basis of their four-band mixing calcu
tions, that their owng placements for the 1517 keV leve
might be incorrect. The present data empirically confir
this and leads to the conclusion above that there is no p
tive evidence for multi-phonon character in the 1453 keV1

excitation.
The third key result concerns the structure of negat

parity excitations. Calculations in Ref.@18# predict that
B(E1:K502→K501

1) values are relatively strong an
rather constant across the deformed rare earth nu
B(E1:1K502

2 →01
1) is 731023 e2 fm2 to within a factor of

2 or so. In contrast, ground stateE1 transitions from the
lowestK512 bands are predicted to fall off sharply~by 2–3
orders of magnitude! in going from Sm-Gd to Dy-Er-Yb.
These predictions are shown in Fig. 3. In154Sm and156Gd
the 1K512

2 →01
1B(E1) values are predicted to be near

comparable to the calculatedB(E1:1K502
2 →01

1) values
while they are predicted to be two orders of magnitude l

FIG. 3. B(E1:12→01
1) values in the deformed rare earth r

gion. Squares denote transitions originating inK512 bands and
crosses refer toK502. The data for158Gd are from the presen
measurement. The error bars reflect the entire range of allowt
values for Table I. The other data are from Nucl. Data Sheets.
lines connect the IBA predictions@18#.
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in heavier rare earth nuclei. While the decay data forK
502 modes in rare earth nuclei are rather abundant
B(E1)value for the 1K512

2 →01
1 transition is known only in

156Gd. From Fig. 3 it is clear that158Gd is the key transi-
tional nucleus where the falloff is predicted to begin, a
thus a measurement ofB(E1) rates from theK512 band in
this nucleus is an excellent first test of these predictions.

Our lifetime measurement for the 12 level at 977 keV in
158Gd provides the desired value, namely,B(E1:1K512

2

→01
1)50.000172e2 fm2. This value, the156Gd value, and

the experimentalDK50 results are included in Fig. 3. In
providing the B~E1:1K512

2 →01
1) value in this pivotal

nucleus~and only the second measured value in this m
region!, these results do confirm the beginning of the p
dicted falloff in B(E1) values fromK512 bands with in-
creasingN andZ in the rare earth nuclei. However, they als
suggest that the falloff occurs sooner and faster than
dicted since the predicted value@18# is ; 0.002e2 fm2, an
order of magnitude larger than observed. The predicted r

B~E1:1K512
2 →01

1!

B~E1:1K502
2 →01

1!
;0.33

is also large compared to the experimental value of 0.07
It is interesting to try to understand the microscopic orig

of the behavior of theseDK50 and 1B(E1) values. The
relative position of the two octupole vibrational bands can
understood in terms of the fractional filling of the she
@19,20#. In the beginning of the deformed region~e.g.,
154Sm) the band sequence isK502,12. As the Fermi level
increases, the sequence changes to 12,02 @20#, as in 168Er,
172Yb.

In the absence of a detailed microscopic calculation, i
possible to invoke a simple ‘‘counting’’ analysis to at lea
provide clues to the behavior of theE1 transition rates. Al-
lowedE1 transitions in the Nilsson scheme satisfy one of
following asymptotic selection rules on the Nilsson quantu
numbers@21#

DK DN DL Dnz

0 1 1 1
1 1 1 0

If one counts~for both protons and neutrons! the numbers
of allowed transitions for nuclei withZ550– 82 andN
582– 126, one finds that there are nearly 50% moreDK
50 cases thanDK51 cases. Moreover, whenever theE1
matrix elements for bothDK50 andDK51 transitions have
a given quasiparticle orbit in common, theDK50 case al-
ways corresponds to a lower quasiparticle energy differen
If we assume phase coherence among contributing am
tudes in theE1 matrix elements, these two effects cou
easily account for aDK50 –B(E1) value several times
larger than theDK51 values.

We can also use this kind of qualitative argument to u
derstand the difference in relativeDK50 and 1B(E1) val-
ues in 156Gd compared to the Dy-Er-Yb nuclei. In the regio
of the Fermi energy for156Gd there are~counting both pro-
tons and neutrons! about 11DK50 allowedE1 matrix ele-
ments, and about 6DK51 cases. In contrast, for166Er there

e
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are 7DK50 amplitudes and only 1DK51. Therefore, na-
ively, it is plausible that the ratio ofDK50 to DK
51 –B(E1) values fromK502 and 12 bands to the ground
state band, respectively, should increase sharply from G
Er: that is, the relativeDK51 B(E1) values should de
crease. This is consistent with interacting boson approxi
tion ~IBA ! model calculations@18# although it is not clear in
what sense the macroscopic IBA can be ‘‘aware’’ of t
number of microscopically allowedE1 matrix elements.

In any case, the present158Gd result concerns a pivota
nucleus where both IBA and a~simplistic! microscopic view
suggest the beginning of a falloff inDK51 B(E1) values. It
could be interesting to measure lifetimes forK512 states in
the Er-Yb region to test whether theB(E1) values do fall off
sharply in magnitude as predicted.

IV. CONCLUSIONS

The deformed nucleus158Gd was studied to search fo
multiphononK501 vibrational states and to study collectiv
octupole states. The extraordinarily high energy precis
and resolution of the GAMS4 spectrometer at the ILL
Grenoble has led to preciseg ray transition energies an
lifetimes ~via Doppler broadening on an eV scale! for levels
en
hy

,

,

to

a-

n

in 158Gd. We confirm the strongB(E2) values from the 02
1

band to the nearbyg band but noted that these can be e
plained, without invoking collective multiphonon states, v
an existing@17# band mixing calculation. The high precisio
of GAMS4 revealed that previously assignedg ray lines
from the 21 ~1517 keV! level of the second excited 01 band
~at 1453 keV! were incorrectly placed. Again, this remove
the existing evidence for multiphonon character here as w
Finally, measurements ofB(E1:12K511

2→01
1) values

provided a rare example ofE1 transition strengths fromK
511

2 bands~many are known fromK501
2 bands!. The rela-

tively large value obtained supports existing IBA calcu
tions. These same calculations also point to a falloff in th
B(E1:K512→K501) values in heavier rare earth nucl
and therefore focus attention on the need for measurem
in such nuclei.
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