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Lifetime of the 61
¿ state in 144Nd

S. J. Robinson, B. Faircloth,* P. Miočinović,† and A. S. Altgilbers‡

Department of Physics, Tennessee Technological University, Cookeville, Tennessee 38505
~Received 26 May 2000; published 5 September 2000!

Using a comparative delayed coincidence technique the lifetime of the 61
1 level in 144Nd has been measured

ast53063 ps, leading to aB(E2;61
1→41

1) value of 2563 W.u. This value is almost a factor of 3 less than
that expected for a purely collective three-phonon state, but is in agreement with particle-core coupling
calculations that predict significant noncollectiveL54 andL56 components in the 41 and 61 yrast state
wave functions.

PACS number~s!: 27.60.1j, 21.10.Tg, 23.20.Js
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I. INTRODUCTION

In recent years the nucleus144Nd has become a laborator
for the examination of several different aspects of nucl
excitation. For example, aspects of the level scheme h
been examined in the context of particle-core coupl
@1–3#, collective mixed symmetry states@4,5#, quadrupole-
octupole coupling@6,7#, and two-phonon octupole structur
@8,9#. Although particle-core coupling models strongly su
gest that even the low-lying states contain significant co
ponents consisting of two-particle excitations of the two v
lence neutrons outside theN582 core closed shell, attemp
have also been made to explain the low-lying structure
terms of purely collective models, such as IBM-1@10,11#,
IBM-2 @5,12#, and the dynamic deformation model~DDM!
@13#. However, evidence that the underlying structure
144Nd is probably not that of a simple harmonic vibrator
given by the measured properties of the low spin yrast sta
First, the level-energy ratios ofE(41

1)/E(21
1)51.89 and

E(61
1)/E(21

1)52.57 are significantly lower than the ha
monic values of 2.0 and 3.0 respectively. In addition,
measuredB(E2;41

1→21
1) value of 20.861.6 W.u.~average

of values from Refs.@5,14,15#!, is of the same magnitude a
theB(E2;21

1→01
1) value of 22.060.3 W.u.~average of val-

ues from Refs.@5,16–18#!, whereas in the harmonic pictur
it should be double this value@19#.

The particle core coupling models naturally account
these energy level ratios and the relative reduction in
B(E2;41

1→21
1) value by the increasing amplitude of th

n2(L54) and n2(L56) configurations in the wave func
tions of the 41 and 61 yrast levels, with a correspondin
decrease of contributions built from collective quadrup
(L52) configurations. However, all the collective mode
have trouble reproducing this behavior. In particular, while
is true that certain combinations of model parameters in b
IBM-1 and IBM-2 can reproduce the low lying yrast lev
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energies~up to Jp561), they cannot produce aB(E2;41
1

→21
1)/B(E2;21

1→01
1) ratio of close to unity. Therefore

the current evidence favors the interpretation that the 41 and
61 yrast states in144Nd contain significant two-particle com
ponents, which lie outside the model space of purely qu
rupole collective models, such as thesd-IBM. To investigate
this further we have measured the lifetime of the 61 yrast
state, in order to extract aB(E2;61

1→41
1) value to compare

with model predictions.

II. EXPERIMENT PROCEDURE

A. Selection of coincidence schemes

The 1791-keV 61
1 state in144Nd is strongly fed~42%! in

the electron capture~EC! decay of144Pm, so this decay was
selected to attempt to measure the lifetime of this state
simplified level scheme for this decay is shown in Fig.
from which it can be seen that the only other significa
decay branch~55%! feeds the 1315-keV 41

1 state. In prin-
ciple a measure of the 1791-keV level lifetime could then
obtained by recording delayed coincidences between theK x
rays, which accompany the EC decay, and 477-keVg rays.

n,

a,

i-

FIG. 1. A simplified level scheme of144Nd populated in the
electron-capture decay of144Pm, showing only those deca
branches relevant to the current measurement. Transition and
energies are given in keV.
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However, such a measurement would also require the de
mination of a ‘‘prompt’’ time reference for the same detect
energies, which is difficult to obtain. To eliminate the ne
to determine this prompt reference we have used a comp
tive triple-coincidence technique in which the lifetime of th
1791-keV level is extracted from the difference between t
separate delayed coincidence spectra.

Consider coincidences between theK x rays and the 618-
keV g transition from the 41

1 level. In the absence of an
other conditions, a time spectrum from such coinciden
would have two major components, corresponding to the
ways that the 41

1 level is fed, namely, directly from an EC
decay or via an EC decay to the 61

1 level and then the emis
sion of a 477-keVg. Other, much smaller, components w
come from EC decay branches to the 2205-keV (42) and
2093-keV (52) levels. Weighting all these contributions a
cordingly, the statistical centroidT of such a time distribu-
tion, relative to a hypothetical prompt position, will be give
by

T5t4110.429t6110.0171t5210.00039t42. ~1!

If now an additional coincidence condition is added, th
the 477-keVg is observed simultaneously in a third detect
then the events selected will correspond only to the EC
cay branches to the 61 and 52levels. In this case the cen
troid, T8, of the associatedK x ray–618-keVg coincidence
time distribution will be given by

T85t411t6110.0042t52. ~2!

The difference between these two centroids will then
given by

T82T50.571t6120.0129t5220.00039t42. ~3!

Exactly the same centroid difference can also be gener
using K x ray–696-keVg coincidences and the same 47
keV coincidence condition.

At this point it should be noted that the lifetimes of bo
the 52 and 42 levels are known to be around 1 ps@7#, and
so, according to Eq.~3!, any significant observed centroi
difference, at the picosecond level or longer, can be enti
attributed to the lifetime of the 61 level. It should also be
noted that, since the same energies (K x rays and either
618-keV or 696-keVg rays! are used to generate both tim
distributions, no energy dependent corrections are neces

B. The triple coincidence system

The triple coincidence system used for this measurem
consisted of two small BaF2 scintillators, mounted on
Hamamatsu H5321 photomultiplier assemblies, and a 2
efficient HPGe detector. The fast signals from the anode
put of the photomultipliers were fed to ORTEC 930
picoTiming discriminators, the outputs from which we
used to start and stop an ORTEC 567 time to amplitu
converter~TAC! set to 50 ns full scale. The triple coinc
dence condition was set using separate outputs from the
timing discriminators, together with logic information de
04430
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rived from the HPGe detector signal. The condition that
three of these signals should be present within a 50 ns w
dow was used to generate an event signal, which trigge
the recording of data in an ORTEC AD413A Quad 8K ADC
For each event four pieces of information were record
namely, the energy signals from the three detectors~after
appropriate amplification! and the TAC output, representin
the time difference between signals detected in the two B2
scintillators. The timing resolution of the BaF2-BaF2 coinci-
dence system was 180 ps at60Co energies, and approxi
mately 550 ps forK x ray–618-keV coincidences.

The 144Pm source used for this measurement was t
described in Ref.@20#, which had a strength of approxi
mately 4.3mCi at the start of the experiment. Triple coinc
dence data were collected over a period of 68 days, du
which time approximately 1.53108 events were recorded.

C. Data analysis and results

The data were sorted offline to generate the desired T
spectra. Although the generation of the TAC spectrum as
ciated with Eq.~1! strictly requires only double (BaF2-BaF2)
coincidences, it was actually generated by also requiring

FIG. 2. Portions of the TAC spectra fromK x ray–618-keV
coincidences used to extract the lifetime of the 61

1 state in 144Nd.
The two spectra are those generated by gating the Ge detecto
energies of 697 keV~upper! and 477 kev~lower!. The statistical
centroids of both spectra are indicated.

TABLE I. Relative centroid shifts~in picoseconds! for various
time distributions extracted from the triple coincidence schem
indicated. The figures in parentheses give the uncertainty in
least significant digits.

Ge gates BaF2 gate BaF2 gate Centroid shift
~Start! ~Stop! ~ps!

697 keV/477 keV x ray 618 keV 13.8~38!

618 keV x ray 218.1~31!

618 keV/477 keV x ray 697 keV 16.3~44!

697 keV x ray 217.5~38!

697 keV/618 keV x ray 476 keV 2.5~31!

476 keV x ray 1.3~25!
6-2
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TABLE II. Comparison of experimentally determined values with various model predictions for
B(E2;41

1→21
1)/B(E2;21

1→01
1) andB(E2;61

1→41
1)/B(E2;21

1→01
1) ratios in 144Nd.

Expt./model
B~E2;41

1→21
1!

B~E2;21
1→01

1!

B~E2;61
1→41

1!

B~E2;21
1→01

1!
Reference

Expt. 0.9560.07 1.1460.14 Current work

Liq. drop 2.0 3.0 @19#

DPPQ 1.90 @21#

DDM 1.49 1.49 @13#

PCM 0.86 0.74 @1,3#
CVM 1.15 1.01 @2,22#
IBM-1 ~U5 limit N56) 1.67 2.00 @23#

IBM-1 ~U5 limit N55) 1.60 1.80 @23#

IBM-1 1.5–1.6 1.7–1.8a @10,11#
IBM-2 ~U5 limit Np54Nn51) 1.60 1.80 @4,5#
IBM-2 1.3–1.4 1.4–1.5a @1,3,12#

aValues calculated using the model parameters given in the original references.
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observation of 697-keVg from the 21
1 state in the Ge detec

tor. To generate the TAC spectrum associated with Eq.~2! a
gate was set on the 477-keV transition in the Ge detec
Similarly the equivalent time distributions for x ray–69
keV coincidences were generated by setting Ge gates on
618- and 477-keV transitions. A check of the system w
performed by also examining the time distributions of x ra
477-keV coincidences gated on the 618- and 697-keV tr
sitions in the Ge detector. Since identical decay branches
selected in both of these coincidence schemes, these
distributions should show no relative shifts.

A sample TAC spectrum is shown in Fig. 2. The asy
metric shape is caused by the fact that very different ener
(K x rays and 618 keV! are detected in the two BaF2 scin-
tillators. Because of this asymmetric shape, no fitting of
TAC spectra was performed and the statistical centroid
its uncertainty were derived from the data using the formu

x̄5
( nixi

( ni

, ~4!

s x̄5

A( ni~xi2 x̄!2

( ni

, ~5!

whereni is the number of counts in channelxi .
The results of the data analysis are shown in Table

derived using a time calibration of 6.2560.19 ps per ADC
channel. Note that the first two pairs of results show shifts
opposite directions, as would be expected when the role
the start and stop detectors are reversed. The last pa
results are those which should show no shifts, as is ind
the case. The magnitudes of the first four results give
average shift of 1762 ps, which translates, using Eq.~3!, to
a lifetime for the 1791-keV 61 state of 3063 ps. This, in
04430
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turn, leads to aB(E2;61
1→41

1) value of 2563 W.u. and a
B(E2;61

1→41
1)/B(E2;21

1→01
1) ratio of 1.1460.14.

III. DISCUSSION

Table II shows a comparison of the measured relev
B(E2) ratios with various model predictions. The curre
result indicates that the absoluteB(E2) values stay essen
tially constant up to the 61 yrast state.

As can be seen from Table II all purely collective mod
calculations overestimate theB(E2;41

1→21
1)/B(E2;21

1

→01
1) and B(E2;61

1→41
1)/B(E2;21

1→01
1) ratios. Within

the sd-IBM a significant reduction from the harmoni
B(E2)-ratio values in the yrast sequence is possible a
natural consequence of the finite number of bosons
ployed in model calculations@23#. Such cutoff effects are
especially noticeable in calculations for nuclei near clos

FIG. 3. AbsoluteB@E2;J1→(J22)1# values ~in W.u.! for
transitions from yrast states in144Nd. Experimental values are plot
ted as individual points with error bars. The solid and dashed li
connect the CVM and PCM calculations, respectively.
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shells, which have only a few valence nucleons. This red
tion can be further enhanced in144Nd by the introduction of
a reduced effective proton boson number, due to the in
ence of theZ564 subshell closure@24#. In the strict vibra-
tional limits of both IBM-1 and IBM-2~and using the boson
numbersNp54, Nn51), the ratio of theseB(E2) values is
1.6 @4,5#. More detailed calculations, in which states of d
ferent d-boson number andF spin are allowed to mix, can
further reduce the value of this ratio to around 1.4@3,12#, but
no further reduction is possible, and no combination of
rameters can produce the essentially flat behavior of
B(E2) values.

By contrast, the PCM calculations of Ref.@3# gave the
result B(E2;41

1→21
1)/B(E2;21

1→01
1)50.86, which is

very close to the experimentally determined value of 0
60.07. However, these calculations actually produce a c
sistently downward trend in the absoluteB(E2) values. This
manifests itself in a significant underestimation of t
B(E2;61

1→41
1)/B(E2;21

1→01
1) ratio. In fact, since these

calculations already produced an absoluteB(E2;21
1→01

1)
value that was 25% smaller than the measured value,
results in a calculatedB(E2;61

1→41
1) value which is only

one half of the value measured in the current work, as can
seen in Fig. 3.

Figure 3 shows that the model that comes closest to
producing both the absoluteB(E2) values, and their ratios i
the CVM calculations of Ref.@2#, though it slightly overes-
timates the B(E2;41

1→41
1)/B(E2;21

1→01
1) ratio. The

CVM and PCM approaches are essentially the same, in
they both explicitly couple the two valence neutrons to
collective core, which represents the semi-closed shelN
582 nucleus,142Nd. It is therefore instructive to examin

TABLE III. Wave function components, expressed as perce
ages, of the (2f 7/2)J

2 two-neutron configuration in the low lying
yrast states of144Nd.

State Model
(J1) CVM a PCM b

21 6% 30%
41 11% 35%
61 26% 45%

aReference@2#.
bReference@3#.
e
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the n2(L54) and n2(L56) components in the yrast sta
wave functions produced by these two calculations. In p
ticular, since the neutron single-particle level structure
dominated by the isolated 2f 7/2 orbital a good indication of
these components can be gained from the percentage o
(2 f 7/2)J

2 two-neutron components in the calculated wa
functions. Table III shows these components for the low
ing yrast states from the two model calculations. From t
comparison it is evident that the underestimation of abso
B(E2) values, and their ratios, in the PCM calculations,
due to the overestimation of the amplitude of the tw
neutron components in the wave functions. A comparison
the parameters used in both models suggests that this i
turn, due to a combination of factors, such as an undere
mated pairing strength and particle-core coupling streng
and an overestimated core quadrupole phonon energy.
parameters used in the CVM calculations produce a slig
more collective picture by spreading the two-neutr
strength more evenly over the available single particle le
combinations~so producing a slightly more collective neu
tron quadrupole excitation!, and by increasing the influenc
of the vibrational core. This combination of CVM param
eters reproduces the data for the 21 and 61 states quite well,
but overestimates the collectivity of the 41 state. Evidently
for this state, the true picture lies somewhere between
two models.

Between them, the PCM and CVM calculations, wh
compared with the experimentalB(E2) values and their ra-
tios, serve to characterize the low lying yrast structure
144Nd rather well. While the 21 state can be described as
collective quadrupole excitation, the 41 and 61 states show
clearly a mixing of collective multiphonon excitations an
pure two-neutron (L54) and (L56) configurations. This
latter influence is probably due to the unusual nature of
neutron single-particle level spectrum, which is domina
by the isolated 2f 7/2 orbital. It would be interesting to exten
this study to higher yrast states, for which other neutron c
plings would become important, since two 2f 7/2 neutrons
cannot couple to higher angular momenta.
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