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Lifetimes of negative parity states in 168Er
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Faculty of Mathematics and Physics, Charles University, CZ-180 00 Prague 8, Czech Republic

N. V. Zamfir
WNSL, Yale University, New Haven, Connecticut 06520
and Clark University, Worcester, Massachusetts 01610

R. F. Casten
WNSL, Yale University, New Haven, Connecticut 06520

~Received 3 May 2000; published 21 August 2000!

Using the GRID method the lifetimes of 12 states belonging to four negative parity bands in168Er were
measured at the high flux reactor of the Institut Laue-Langevin~ILL !. For Kp501

2 and Kp521
2 bands the

absoluteE1 transitions are in agreement with those obtained within the framework of thesdf IBA-1 model and
their octupole vibrational character is confirmed.

PACS number~s!: 21.10.Tg, 21.60.Ev, 27.70.1q, 24.10.Pa
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I. INTRODUCTION

A complete set of lifetimes of nuclear excited states
low 2.2 MeV in a well-deformed nucleus could form
unique database for the study of nuclear structure. A g
candidate for such a nucleus is168Er, one of the best known
deformed nuclei. Davidsonet al. @1# were able to identify the
bandheads of 20 rotational bands by using in a system
way the different techniques developed for the (n,g) reac-
tion in combination with transfer reaction data. The develo
ment of theg-ray induced Doppler~GRID! broadening tech-
nique afterwards gave access to the lifetimes of sta
populated after neutron capture@2#. In two previous GRID
experiments on168Er the double gamma vibration@3# and the
nature of theKp501 bands @4# have been studied. In
continuation of our prior work several low-K bands were
investigated. They could be candidates for rotational ba
built on the octupole vibration.

Low-lying octupole states in168Er have been first studie
by Neergard and Vogel@5# and next by Cottle and Zamfir@6#
who compared excitation energies andB(E3) values with
those given in the interacting boson approximation~IBA !.
Photon scattering experiments@7# provided transition prob-
abilities of Jp516 states, which were compared to th
quasiparticle-phonon nuclear model~QPNM! @8#!.

II. THE MEASUREMENTS AND THEIR RESULTS

The experiments were performed in two dedicated run
the high flux reactor of the Institut Laue-Langevin~ILL ! in
Grenoble. The target consisted of natural erbium in the fo
of Er2O3 powder with its abundance of 23% in167Er. It was
placed at the in-pile position 50 cm away from the reac
0556-2813/2000/62~3!/034313~8!/$15.00 62 0343
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core where a neutron flux of 531014 n cm22 s21 is avail-
able. Results obtained during the two earlier experime
@3,4# on negative parity states were also reanalyzed.

A. The GRID technique

After the capture of a thermal neutron coming from t
reactor, the newly formed nucleus is in an highly excit
state close to the neutron separation energy. This nuc
will deexcite mostly by a cascade ofg rays. The emission of
each g ray induces a small but significant recoil to th
nucleus. The subsequently emittedg rays will be Doppler
broadened rather than shifted as the directions of the in
recoils are uniformly distributed. Because the recoils
very small,v/c,1024, extreme precision in the detection o
the g line profile is needed. The sole instruments able
measure such a small broadening are two-axis flat cry
spectrometers like GAMS4@9#.

The experimental data measured by the instrument con
of the line shape of ag ray. Figure 1 shows the line shap
profiles for selected transitions. Two major effects comb
to form this line shape, the instrument response and the D
pler broadening. The first is described by the convolution
the line shape following from the dynamical diffractio
theory @10# and the small Gaussian spread, called exc
width, related to imperfections of the spectrometer. The s
ond depends on the following five effects: the temperature
the target, the decay pattern of the nucleus, the lifetimes
all intermediate levels encountered in the cascades that p
late the level of interest, the slowing-down of the recoilin
nucleus, and the lifetimet of the level of interest.

Provided that all phenomena underlying the Dopp
broadening are under control@2#, it is evident that the life-
©2000 The American Physical Society13-1
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FIG. 1. Line shape of selected transitions measured with the GAMS4 spectrometer. The solid line is the fit of theg-ray profile, the
dash-dotted line corresponds to the instrumental response.
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time t can be extracted from the measured line shape.
major uncertainty in extracting lifetimes is not due directly
the measurement itself, but is related to the quantitative
scription of these phenomena.

Because the completeg-decay scheme as well as the lif
times of intermediate levels are experimentally unknown o
has to base the analysis either on extreme feeding ass
tions or on a statistical decay calculation. The first appro
gives upper and lower limits ont of the level of interest. To
extract these limits from the measured line shape, all kno
feeding transitions — primaries and usually several disti
secondaries — are taken into account. By inspecting
population-depopulation balance for the level of interest
missing populating intensity is estimated. The upper limit
t is based on the assumption that the missing intensity co
entirely from the capturing state via a sole primary transiti
In this case the decaying nucleus is assumed to receive
highest possible recoil velocity from unobserved transitio
To get the lower limit, the missing intensity is attributed
hypothetical levels situated above the assumed excitation
ergy where the level scheme is considered to become inc
plete as described in Ref.@11#. For extracting both these
extreme limits oft, all levels are assumed to be long live
including the levels with known level energy and decay p
tern. This implies that recoils occurring prior to the depop
03431
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lation of these specified levels are not assumed to contrib
to Doppler broadening of ag line under the study.

With these assumptions one can predict the nuclear ve
ity distribution at the moment when the level of interest
populated. Knowing this distribution, the slowing down
the atom is then treated in the framework of mean free-p
approach~MFPA! to predict the corresponding line shape
discussed in Ref.@2#. Comparing these line shapes with th
observed profile the lower and upper limits are in turn e
mated.

B. Statistical simulation of g-ray cascades

In the second approach the lifetime estimates were
duced with the aid ofjoint simulationsof both participating
phenomena, specificallyg cascades that are responsible f
the nuclear recoils, as well as slowing-down of the d
exciting nucleus due to atomic collisions. These simulatio
were performed to cover the time interval initiated by t
emission of a primaryg ray and ending at the moment of th
depopulation of the level of interest.

Assuming the validity of the statistical model of th
nucleus and the paradigm of the photon strength functi
~PSFs! the algorithmDICEBOX @12,13# is used to generateg
cascades by the Monte Carlo method. With this algorithm
3-2
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LIFETIMES OF NEGATIVE PARITY STATES IN168Er PHYSICAL REVIEW C 62 034313
full set of level energies, branching intensities and total
diation widths is generated using the technique of precurs
as explained in Ref.@12#. This set, called hereafter a nucle
realization, characterizes decay properties of a comp
level system. It is understood that there exists an infin
number of nuclear realizations, one of them being ident
with the real nucleus. Having a fixed nuclear realization,
dependent cascade decays of the neutron capturing stat
repeatedly simulated with the algorithmDICEBOX. Each such
trial yields energies of the individualg rays of a given cas-
cade. Knowing the total radiation widths of the intermedia
levels involved, emission times of the individualg-rays of
each cascade are easily calculated. The interval between
pair of successive emissions is considered to be a qua
drawn at random from the corresponding exponential dis
bution, whose lifetime parameter is uniquely determined
the total radiation width of an encountered intermedi
level. In total 20 nuclear realizations have been simula
and for each of them 50 000 cascades were produced.

The semiempirical expression for the PSF ofE1 radiation
proposed in Ref.@14# was adopted for these simulations.
acceptable agreement with the systematics in Ref.@15# val-
ues k053 and Eg054.5 MeV for parameters entering th
expression were chosen. In the case ofM1 radiation it was
assumed that the photon strength comes from the scis
and spin-flip resonances. In conformity with the NRF da
@7# and with the data on the excited-state scissors resonan
see Refs.@16,17#, the integrated scissors-resonance stren
was taken to be(B(M1)↑ 54.1 mN

2 for the g-ray energy
interval of 2–4 MeV, while in the case of the spin-flip res
nance we assumed a total integrated strength of(B(M1)↑
511.5 mN

2 . Concerning E2 radiation, an energy
independent photon strength ofkE251310210 MeV25 was
postulated. The level density was described by the Be
formula. As shown in Ref.@13#, careful selection of the mod
els for PSFs and the level density is crucial for achievin
minimum bias in estimating lifetimes of short-lived leve
with t,100 fs.

In the above-mentioned joint simulations the atomic c
lisions responsible for slowing-down are treated in t
framework of the fluctuating free path approach~FFPA!
@13#. Most of the assumptions on which the FFPA is bas
are identical to those of MFPA. The differences between
approaches are as follows:~i! the path between collision
within FFPA is considered to be a random realization of
exponential distribution, whose average is adjusted to
mean free pathat a given velocity,~ii ! in the case of FFPA
the thermal motion of atoms in the sample is taken into
count during the whole process ofg emission and atomic
collisions, affecting in this way the mean free path, while
the case of MFPA the contribution of thermal motion is a
plied only after the moment when the slowing-down ato
reaches the thermal velocity, and~iii ! in FFPA the relative
energy losses during atomic collisions are considered to
variable. It should be stated that the FFPA yields — in
case of the same feeding pattern — lifetime values are
duced compared to those from statistical calculations us
the MFPA, being in agreement with results from other me
ods ~DSAM, RMD!, see Ref.@18#.
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C. Experimental results

As has been mentioned above the temperature of the
get material contributes also to the broadening of the l
profile. This was determined in the usual manner@2# by mea-
suring the broadening of ag transition depopulating a long
lived state. The instrumental response — given by dynam
diffraction theory folded with a tiny Gaussian spread call
excess width — was deduced from nondispersive scans.
values obtained are given in Table I for the different run
More details concerning these procedures may be infe
from Ref. @2#.

The measured line profiles including the contributi
from the instrumental response and thermal width are sho
in Fig. 1 for selected transitions, while Fig. 2 shows t
scans of thex2 surface as a function of the lifetime. Th
resulting lifetime corresponds to the minimum of the fun
tion interpolating the curve, whereas the errors are given
the values fort at xmin

2 11. When the form of the interpolat
ing function is parabolic the errors are quasisymmetric.

The lifetimes have been extracted with both approach
MFPA with extreme limit assumptions and FFPA usin
simulations of theg-ray cascades; they are given in Table
together with the deducedB(E1;Ji→Jf) values. Of the life-
times measured in this work, one~the 1786.1 keV level! can
be compared with the result from another experiment, i
the nuclear resonance fluorescence~NRF! measurement. Us
ing the FFPA description a longer lifetime is found. Neve
theless, in view of the relatively large uncertainties the
values are not inconsistent.

In addition to the data on the negative-parity bands
data from two previous measurements@3,4# on theKp541

double-g band andKp501 bands were reanalyzed~see lines
2 and 3 in Table III! using the FFPA and theDICEBOX simu-
lations. Thex2 plot for the decay of the 2Kp50

2
1

1
state is

given in Fig. 2.

III. COMPARISON WITH CALCULATIONS

An octupole vibration about a spherical shape creates
excited state withJp532. In deformed nuclei this octupole
state is split into four intrinsic states withKp

502,12,22,32, K being the absolute value of the projectio
of the octupole phonon angular momentum on the symm
axis of the nucleus. On each of these states, a rotational b
is built. The candidates for such a structure in168Er are
shown in Fig. 3. The uncertainties in the assignment of

TABLE I. Instrumental response for the different runs.

Run Date Excess
width

Thermal
velocity

Transitions
measured

@marcsec# @m/sec# @keV#

1 7.1990 6.2~1! 311~11! 1942.7
2 4.1995 13.3~2! 325~24! 1706.4
3 2.1998 9.9~3! 428~25! 798.9,932.7,1279.1,1649.
4 5.1998 8.4~3! 497~21! 737.7,748.3,790.0

980.0,1892.6,1921.1
3-3
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FIG. 2. x2 plots for the different measuredg rays as a function of the lifetimet. The gray areas represent the regions below the ons
limit.
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LIFETIMES OF NEGATIVE PARITY STATES IN168Er PHYSICAL REVIEW C 62 034313
TABLE II. Experimental and calculated absoluteB(E1) strengths.

Level Lifetime @fs# B(E1;Ji→Jf) @m W.u.#
Kp Ji

p Ex @keV# Eg @keV# a tFFPA
b text

c t litt
e Jf

p Exp. f Calc. Eth @keV#

SDF QPNMg SDF QPNMg

01
2 12 1786.1 1706.37 19.4211.2

113.2 ,137 5.0~6! 01
1 1.13246

1150 0.881 2.94 1807 1850
21

1 1.97280
1270 1.645

32 1913.9 1649.77 ,15.8 7–69 21
1 0.34–3.3d 1.057 1893

41
1 0.57–5.6d 1.137

52 2185.1 1921.11 64223
136 14–228 41

1 0.43216
124 0.982 2094

61
1 0.35213

120 0.698
11

2 12 1358.9 1279.127 >7000 01
1 ,0.0054 0.013 0.98 1259 1300

21
1 ,0.0153 0.067

22
1 ,0.0021 0.035

32 1431.5 5.9•104 21
1 0.0011 0.181 1380

41
1 0.0017 0.282

31
1 0.0001 0.002

12
2 12 1936.6 346~101! 01

1 0.108224
144 0.008 0.233 2178 1920

21
1 0.02025

18 0.052
22 1972.3 1892.63 186261

1115 95–570 21
1 0.137252

167 0.006 2218
22

1 0.134251
165 0.033

31
1 0.4712180

1230 0.000
32 2022.3 1942.69 152236

154 ,458 21
1 0.215256

167 0.045 2379
41

1 0.082221
125 0.121

42 2097.6 979.996 306258
179 ,560 41

1 0.063213
115 0.014 2422

31
1 0.153231

136 0.054
42

1 0.04729
111 0.042

51
1 0.326267

176 0.012
21

2 22 1569.5 748.281 6262113
1161 415–1166 21

1 0.0060212
113 0.010 1616

22
1 0.8152170

1180 0.988
31

1 0.4932100
1110 0.469

32 1633.5 737.686 5042113
1163 239–1181 22

1 0.397297
1110 0.339 1700

31
1 0.6312150

1180 0.583
42

1 0.6522160
1190 0.639

31
2 32 1541.6 1.15•104 22

1 0.021 -
31

1 0.009
41

1 0.010
32

2 32 1828.1 932.269 11802280
1460 750–2890 22

1 0.02928
19

31
1 0.159245

150

42
1 0.140239

144

42 1892.9 798.890 255222
125 47–441 31

1 0.0220~20!

51
1 0.0302~28!

52 1983.0 790.001 414277
1113 ,1069 62

1 0.0377281
186

aTransition measured for the corresponding level.
bLifetime determined usingDICEBOX @12# simulations for unknown feeding and FFPA for atomic collisions.
cLifetime determined using extreme assumptions for the unknown feeding@11#.
dB(E1) values calculated usingtext because of nonconvergence oftFFPA in the fit.
eLifetime taken from Ref.@19#.
fComputed withtFFPA and branching ratios taken from Ref.@1#.
gValues calculated in the quasiparticle-phonon nuclear model~QPNM! ~Ref. @8#!.
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Kp512 and Kp532 bands as octupole vibrational com
from the observation of significant two-quasiparticle stren
to the lower levels in single-neutron stripping reactions@20#.
In order to settle the question of the structure of these ba
it is necessary to get information of the structure of the wa
03431
h

s,
e

functions; this can be done considering the electromagn
transition probabilities.

The negative parity states can be described in the IB
model@21# by adding a singlef boson withL53 to the usual
sd boson model space@22,23#. Thesd f Hamiltonian is
3-5
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L. GENILLOUD et al. PHYSICAL REVIEW C 62 034313
H5Hsd1H f1Vsd f , ~1!

where the different terms were proposed in@6,24#. For the
calculation of energies we used the same parameters as
used in Ref.@6#. The results are discussed in the next pa
graph. TheE1 transition rates were calculated using the o
erator Tsd f

(E1) defined in Ref.@6# with the same parameter
with the exception of the effective charge for which w
adopted the valuee150.136 e fm, half the value used in
Ref. @6#.

The agreement of the calculatedB(E1) values with the
data is very good~see Table II! for the Kp501

2 and Kp

521
2 bands. This fact is in line with the octupole vibration

interpretation of these 2 bands. In the case of theKp511
2

and Kp512
2 bands the overall agreement is rather po

However, Table II shows that most experimental and cal
latedB(E1) values from these bands, at least to the grou
band, are much smaller than those from theKp501

2 and
Kp521

2 bands. Therefore, these transitions presumably p
ceed by noncollective amplitudes and one would not exp
good agreement from a collective model such as the IB
We do note, however, that theKp512

2 band is very well
reproduced in the QPNM calculations, both in energy a
B(E1) values~see Table II!. In order to see the degree o
collectivity of different octupole bands, we compare in Tab
IV the experimentalB(E3;0g.s.→32) values from Ref.@25#
with the IBA results using theT(E3) operator defined in
Ref. @6# (e350.076 e b3/2, x350.76). The calculated
B(E3) values agree very well with the data forKp

511
2,21

2,01
2 . The IBA model predicts a very small value fo

B(E3;0g.s.→3Kp51
2
2

2
), in agreement with the fact that thi

state was not observed in the inelastic scattering experim

TABLE III. Comparison between lifetimes extracted with FFP
and previous approaches.

JK
p Eg @keV# a tstat @fs# b Ref. tFFPA @fs# t litt @fs# c

112
2 1706.37 22.729.8

112.5 This work 19.4211.2
113.2 5.0~6!

2Kp50
2
1

1 1012.19 290021000
13100 @4# 370021700

133000

4gg
1 1234.76 440270

190 @3# 470276
1105 320~16!

aTransition measured for the corresponding level.
bStatistical model using MFPA to describe the slowing down.
cLifetime taken from Ref.@19#.
03431
ose
-
-

.
-
d

o-
ct
.

d

nt

@25#. The very small value predicted by IBA, which is obv
ously a collective model, indicates that a smallB(E3;0g.s.
→32) value is not always an argument for lack of collecti
ity. In the present case, theKp512

2 band and, as will be see
in the next section theKp531

2 band, are octupole excita
tions based on theg band and not on the ground state. Th
situation is reminiscent of the case for theKp502

1 band
which, in the IBA, has strongB(E2) values to theg band
but nearly vanishing ones to the ground band: it is a coll
tive band, but collectively related to theg band not the
ground band.

IV. DISCUSSION

TheB(E1) data confirms the results of Refs.@5,6# that the
Kp501

2 and 21
2 bands are octupole vibrational excitation

based on the ground state. TheB(E3) data show that the
Kp511

2 band has the same character. The situation with
Kp532 bands is more complicated. There are five expe
mentalKp532 bands at 1541, 1828, 1999, 2323, and 23
keV and the lowestKp532 band predicted by the IBA
model is at 2253 keV~see Table IV!. For the first three the
experimentalB(E3;0g.s.→32) values are very small. The
IBA model predicts an extremely smallB(E3;0g.s.

TABLE IV. Comparison between experimentalB(E3;0g.s.
1

→32) values~from Ref. @25#! with SDF-IBA-1.

Kp Eexc(J
p532) @keV# B(E3;0g.s.

1 →32) @e2 b3#

Exp. Calc. Exp. Calc.

11
2 1431 1380 0.046~5! 0.051

21
2 1633 1700 0.058~6! 0.035

01
2 1913 1893 0.023~3! 0.015

12
2 2022 2379 0.003

31
2 1541 0.003~1!

32
2 1828 0.007~2!

33
2 1999 0.005~1!

34
2 2323 0.018~2!

35
2 2337a

32 2253 0.000

aTaken from Ref.@26#.
-
FIG. 3. Candidates for rota
tional bands built on the octupole
vibration.
3-6
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→3Kp53
1
2

2
) value, as well. However, the existing data do n

permit one to identify which experimental 3Kp532
2 state cor-

responds to 3Kp53
1
2

2
in the IBA. Moreover, the IBA predic-

tions for theB(E1) values related to theKp531
2 band are

considerably smaller than the experimentalB(E1) values
corresponding to theKp531

2 and 32
2 bands. The fact tha

the IBA predictions do not fit these data suggests a non
lective character of these bands and it is possible that
Kp532 octupole vibrational band is theKp533

2 band or
higher, but there are currently no definitive experimental d
available. In order to understand better the structure of
Kp512

2 and 31
2 bands predicted in the IBA model we com

pare in Table V the squared reduced matrix eleme
M (E3)2 calculated for transitions between 21

1 , 22
1 , and 52

states of different bands. The use of the reduced matrix
ments is prefered because the statistical factor 2Ji11 is re-
moved, allowing a direct comparison with theB(E3;0g.s.

1

→32) values. The correspondingB(E3;2i
1→52) values

are shown in Fig. 4. The squared reduced matrix elem
for the transitions from the 21

1 state to the 52 members of
the Kp501

2 , 11
2 , and 21

2 bands are comparable with th
calculatedB(E3) values from 0g.s.

1 to their 32 members~see
Table IV!. The reduced matrix elements for the transitio
from the 22

1 state to the same 52 states are very small. Thus
these predictions reflect the character of these bands a
tupole vibrations built on the ground state. However, in
case of theKp512

2 and 31
2 bands the situation is reverse

these bands are calculated to have large reduced matrix
ments to theg band and not to the ground state, indicati
that these two bands are octupole vibrations built ong vibra-

TABLE V. The IBA E3 squared reduced matrix elements.

Kp Eexc(J
p552) @keV# ~th.! M (E3;2i

1→52)2 @e2b3#

21
1 ~g.s.! 22

1 ~g band!

11
2 1598 0.125 0.003

21
2 1945 0.047 0.009

01
2 2094 0.042 0.001

12
2 2698 0.004 0.025

31
2 2487 0.000 0.047
c

en
hy
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tions, and hence have a two-phonon~quadrupole-octupole!
character.

V. CONCLUSIONS

The lifetimes of 12 states in four negative parity ban
(Kp501

2 , 11
2 , 12

2 , 21
2 , and 32

2) in 168Er were measured
using the GRID method, giving this nucleus one of the b
known sets of negative parity states. The IBA model rep
duces very well theB(E1) values, the excitation energie
and theB(E3) values for theKp501

2 and 21
2 bands. It fails

to reproduce theB(E1) values related to theKp511
2 and

Kp512
2 bands. However, the excitation energies and

B(E3) values support the octupole vibrational character
these bands, based on ground state and ong vibration, re-
spectively. TheB(E1) values related to theKp532

2 band
are not reproduced by the model and probably this band d
not have a collective character. The IBA calculations in
cate that the collectiveKp532 band is located higher in
energy and it is a double phonon~quadrupoleg 1 octupole!
excitation, similar to theKp512

2 band.
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FIG. 4. Largest theoreticalB(E3;52→2i
1) strength to the 21

1

and 22
1 states from various negative parity bands in168Er in the

IBA. In each case, the transition to the other 21 state is calculated
to be about an order of magnitude weaker.
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