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Two-phonon character of the lowest electric dipole excitation
in 142Nd and in other nuclei near shell closures
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A resonant inelastic proton scattering experiment was carried out to investigate theg decay of the lowest
lying 12 state in theN582 nucleus142Nd. A very high sensitivity for the detection of theg rays was achieved
by combining the Osiris Cube array with a Euroball Cluster detector. The observedg decay of the dipole
excitation is a direct proof of the dominant two-phonon character of the lowest 12 state in this nucleus. A
survey of the branching ratios in the magic neutron numberN582 region and the energy systematics of
candidates for two phonon 12 states in other nuclei in the vicinity of various shell closures point to a high
degree of harmonicity of the~21

^ 32) coupling.@S0556-2813~98!02602-8#

PACS number~s!: 21.10.Re, 23.20.Lv, 25.40.Ep, 27.60.1j
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I. INTRODUCTION

The lowest excitations in nuclei near shell closures
usually a 21 quadrupole oscillation and a 32 octupole oscil-
lation of the nuclear surface. In theN582 region these ex
citations lie at energies of about 1.5 and 2 MeV, respectiv
Their typical ground-state transition strengths ofB(E2, 21

1

→0g.s.
1 ).15 Weisskopf units and B(E3, 31

2

→0g.s.
1 ).30 Weisskopf units exhibit the collective structu

of these states. If one considers these surface vibration
‘‘phonons,’’ an immediate question is whether one c
couple two of these phonons to form a multiplet of sta
with a two-phonon structure. The coupling of two identic
phonons, i.e.,~21

^ 21) and~32
^ 32) has been investigate

intensively in recent years, see, e.g.,@1–5#, and references
therein. A pure harmonic coupling of two identical phono
is very unlikely due to the Pauli principle because the sa
quasiparticle levels can be used to build both phonons. If
considers the coupling of two different phonons this rest
tion no longer applies.

Candidates for 21 ^ 32 states have been found in seve
nuclei @6–13#. The identification was usually based on t
energetic position of the states~the energy of a two-phonon
state should be the sum energy of the single-phonon cons
ents! and their relatively strongE1 ground-state transition
of several milli-Weisskopf units~indicating an enhanced
electric dipole moment due to an octupole-quadrupole c
pling!. A recently published work by Heyde and DeCos
@14# showed that the enhancedE1 transition strength of the
12 state can be explained by taking into account an adm
ture of 1p-1h excitations at the tail of the giant dipole res
nance into the two-phonon state. However, the only dir
proof would be the observation of the allowedE2 andE3
transitions to the single-phonon states. In a simple pict
one expects that the (1ph

2→31
2)E2 transition and the (1ph

2

→21
1)E3 transition have transition strengths that are ide

cal to those of the 21
1 and 31

2 states to the ground state
respectively@15#.

Figure 1 shows the estimated ratio between the intens
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of the (11
2→31

2)E2 and the competing experimental
known (11

2→0g.s.
1 )E1 ground-state transitions. For this es

mate we assumed that the unknownB(E2;11
2→31

2) value is
equal toB(E2;21→0g.s.

1 ) as predicted in the harmonic cou
pling scheme. In a previously published measurement@16#
the completeg decay of the first electric-dipole excitatio
could be observed in144Sm. Due to the predicted relativeg
intensities~Fig. 1! and in order to obtain detailed systema
information on the two-phonon character of the lowe
electric-dipole excitation in this mass region a new inves
gation on142Nd was carried out. One expects a ratio betwe
the intensities of the (11

2→31
2)E2 transition and the ground

state transition of the 11
2 state of about 1% for142Nd. How-

ever, the sensitivity limit of the standard Osiris cube setup
the Cologne Tandem accelerator with six Compton s

FIG. 1. Expectedg decay intensities of the lowest 12 state to
the octupole vibrational state relative to the intensity of theE1
ground-state transition in evenN582 isotones. Here the unknow
B(E2;11

2→31
2) value is assumed to be equal to the experimenta

known B(E2;21
1→0g.s.

1 ) in each nucleus.
577 © 1998 The American Physical Society
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578 57M. WILHELM et al.
pressed Ge detectors was already reached with the ex
ment on 144Sm which has a more favorable branching rat
In our previous experiment we could obtain only an upp
limit for the B(E2! decay ratio in142Nd. In the new experi-
ment we therefore replaced one of the standard Ge dete
with a Euroball Cluster detector which has a superior de
tion sensitivity.

It is the aim of this paper to present the results of a re
nant (p,p8g) study on142Nd and to give an overview of the
systematic behavior of the 21

^ 32 states in theN582 re-
gion and beyond.

II. EXPERIMENTAL PROCEDURE

We populated the lowest 12 state with inelastic proton
scattering at proton energies corresponding to the isob
analog resonances~IARs!. This excitation mechanism selec
tively excites high lying negative parity states in even-ev
nuclei@17#. It therefore overcomes the problem of populati
states far above the yrast line with appreciable cross sec
and allows one to detect weak decay branches. The resu
our previous experiment on144Sm proved this point@16#.

The investigation of142Nd was performed at the Tande
Van de Graaff accelerator of the University of Cologne. T
incident proton energy was 10.25 MeV, which correspon
to the (n3p3/2) IAR. Particle-hole states with negative pari
and spin 0 to 4 are thus strongly excited. In addition,
(n3p3/2) resonance deexcites to the lowest 12 state with an
appreciable strength@18#.

The protons were scattered from a 1 mg/cm2 self-
supporting metallic142Nd foil, enriched to 95.7%. The ex

FIG. 2. Proton spectra taken from the142Nd(p,p8g) measure-
ment with different coincidence conditions. From the upper to
lower part the proton-singles~a!, the proton-g ~b!, and the proton-g
~1575 keV! spectrum~c! can be seen. The latter includes a coin
dence window that corresponds to the 1575 keVg transition. Peaks
originating from inelastic scattering on lighter nuclei contaminat
the target (12C, 16O! are labeled. One can easily see~dashed lines!
the improvement with the different type of coincidence conditio
ri-
.
r
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-
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periment was carried out at the Osiris-Cube spectrom
@19# which is normally equipped with six escape-suppres
Ge detectors. Two additional Si detectors were used for p
ticle measurement. The detailed setup is discussed in
previous publication@16#. To obtain higher sensitivity for the
detection ofg rays one of the six common Ge detectors w
replaced by one Euroball Cluster detector. The Eurob
project and the development and performance of Cluster
tectors are described in detail in Refs.@20–24#. The Cluster

e

.

FIG. 3. g spectra taken from142Nd(p,p8g) measurement with
different coincidence conditions. From the upper to the lower p
the g-singles~a!, the g-proton ~b!, and theg-proton ~1575 keV!
spectrum~c! can be seen. The latter includes a coincidence wind
that corresponds to a proton energy loss~i.e., an excitation energy!
around 1575 keV. The improvement by the coincidence conditi
is very impressive and necessary to observe weak decay bran
As expected, only oneg line occurs in spectrum~c!.

FIG. 4. proton-g coincidence spectrum taken from resonant
elastic proton scattering on142Nd. Some strong excitations are la
beled with their spin and parity assignment. The label ‘‘22 & 1 2’’
indicates a doublet at 4.1 MeV. The two dashed lines indicate an
keV window around the 3424 keV 11

2 state in142Nd. This window
was used to sort theg spectrum shown in Fig. 5.
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57 579TWO-PHONON CHARACTER OF THE LOWEST ELECTRIC . . .
detector is the most advanced Ge detector in terms of t
absorption efficiency forg rays and possible coverage of th
solid angle with Germanium in a 4p spectrometer. The setu
used for the experiment on142Nd which included one Cluste
detector covered a total solid angle of 5.4% of 4p. This and
the very high efficiency of the detector made the observa
of the completeg decay of the 11

2 state at 3424 keV in
142Nd possible. The particle detectors were placed at ba
ward angles with respect to the incoming beam~145°) to
improve the detection ratio of inelastically to elastically sc
tered protons. The energy resolution of the measured pr
spectra was about 90 keV full width at half maximum
Proton-singles,g-singles, gg-, and g-proton coincidences
were recorded with the Cologne data acquisition system@25#
during a 120 hour beamtime.

Typical spectra are shown in Fig. 2 and in Fig. 3. Fro
the upper to the lower part Fig. 2 shows proton spectra w
different coincidence conditions: proton-singles~a!, proton-g
coincidence~b!, and proton-g coincidence considering onl
g rays with energies around the 1575 keV ground-state t
sition of the first excited state in142Nd ~21

1) ~c!. Both coin-
cidence spectra are time-background corrected to supp
random coincidences. The strong excitation of states w
energies between 3.5 and 5.0 MeV~Fig. 2! is evident. This is
due to the excitation via the decay of the IAR and resu
from the selectivity of this excitation mechanism.

In a similar way threeg-ray spectra with different coin

FIG. 5. g spectra taken from142Nd(p,p8g) reaction gated on
the coincidence window plotted in Fig. 4~dashed lines!. The upper
part ~a! presents theg spectrum from 1.0 up to 3.7 MeVg energy.
In order to identify the interestingg transitions to the one-phono
states part~a! is expanded@part ~b! and part~c!#. One can easily
identify theg lines at 1339 keV~b! and at 1848 keV~c! g energy.
Theseg lines could be established as depopulatingg transitions
from the 11

2 state at 3424 keV to the one-phonon states.
al

n

k-

-
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h
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cidence conditions are presented in Fig. 3. The reduction
the background and the disappearance of numerousg lines is
very impressive. Even more, this technique makes the pla
ment ofg lines in the level scheme possible@Fig. 3~c!#. To
establish the observedg transitions in the level scheme th
g-proton coincidences were evaluated. Coincidentg spectra
were analyzed with gates in proton energy correspondin
definite excitation energies. We were thus able to obse
very weakg transitions and to place the corresponding tra
sitions into the level scheme.

III. THE g DECAY OF THE 1 1
2 STATE IN 142Nd

Figure 4 shows the intensity of the scattered proto
which are coincident to anyg ray plotted against the excita
tion energy of142Nd. It is presented in the energy range fro
1.4 up to 5 MeV. The strongest excitations are labeled:
first excited state at 1575 keV~21

1) and the strongly popu-
lated particle-hole states at an excitation energy of about
MeV (Jp522 and 12). In addition, the dashed lines ind
cate the coincidence window around an excitation energy
3424 keV, the energy of the candidate for the two-phon
12 state, that was used to extract theg spectrum presented
in Fig. 5. The width of this coincidence window was chos
to be 80 keV which corresponds roughly to the energy re

FIG. 6. Coincidence rates of the depopulatingg ray of the 11
2

state at 3424 keV in142Nd plotted versus the excitation energy
the nucleus in the range 3.2 to 3.7 MeV. These rates were extra
from coincidenceg spectra with a window of 30 keV width in
excitation energy. The energies of the observedg transitions of
1848 keV in the middle part~b!, of 1339 keV in the lower part~c!,
and the strong correspondence to the excitation energy at 3424
~a! in all plots establish theseg transitions as depopulating trans
tions of the 11

2 state. The dashed lines~2s) indicate the statistical
limit where the intensity of theg lines could be distinguished from
the background intensity.
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580 57M. WILHELM et al.
lution obtained in the proton spectrum.
The top part of Fig. 5~a! shows the coincidentg spectrum

from 1.0 up to 3.7 MeVg energy. The strong ground-sta
transition of the 11

2 state at 3424 keV excitation energ
dominates thisg spectrum. To recognize the expected we
g transitions to the one-phonon states theg spectrum in Fig.
5~a! is expanded. This is shown in part~b! and part~c! of
Fig. 5. The measuredg energies of 1848 and 1339 keV a
exactly the difference between the energies of the 12 and
21 or 12 and 32 states, respectively. An additional pro
that these weakg transitions are depopulatingg transitions
of the 11

2 state at 3424 keV is presented in Fig. 6. Here
coincidence rates for theg rays ~i.e., how manyg rays are
observed in coincidence with a certain energy of the s
tered protons! are given versus the excitation energy. Fro
the upper to the lower part of Fig. 6 the coincidence rates
the 3424 keV ground-state transition~a!, for the 1848 keVg
line ~b!, and for the 1339 keVg line ~c! versus the excitation
energy of the nucleus are shown. The correspondence to
excitation energy of the 11

2 state at 3424 keV is striking in
all three plots. Due to these coincidence rates and du
observedg transition energies theg lines at 1339 and 1848
keV were identified as the (11

2→31
2)E2 g transition and as

TABLE I. Observed level energiesEx , initial and final spinsJi
p

andJf
p , transition energiesEg , decay branching intensitiesI g , and

half lives T1/2 of the 21
1 , 31

2 , and 11
2 states in142Nd.

142Nd
Ex ~keV! Ji

p→Jf
p Eg ~keV! I g T1/2 ~fs!

1575.4~2! 21
1→0g.s.

1 1575.4~2! 100.0 15963 a

2083.5~3! 31
2→21

1 508.1~2! 100.0 6302200
1530 a

3423.9~3! 11
2→0g.s.

1 3423.9~2! 100.0 1.8260.37b

→21
1 1848.2~2! 3.7~3!

→31
2 1339.4~4! 1.0~2!

aReference@12#.
bLifetime deduced fromG0

2/G5(229634) meV@9# and the branch-
ing ratios determined in this work.
k

e

t-

r

the

to

the (11
2→21

1)E1 g transition, respectively. We considere
the g transition to the 21

1 as pureE1 transition due to the
higher multiplicity of a possibleE3 transition. The otherg
lines visible in the lower part of Fig. 5 could be establish
as depopulatingg transitions of states that are close in e
ergy to the excitation energy of about 3424 keV. This is d
to the width ~80 keV! of the proton coincidence window
mentioned above. The 1339 keV (11

2→31
2)E2 g transition

was observed for the first time. Theg decay to the 21
1 state

was already known@12# and its relative intensity could be
confirmed in this measurement. The completeg decay of the
lowest electric-dipole excitation at 3424 keV is summariz
in Table I. The relative intensities compared to theE1
ground-state transition were determined to be 1.0~2!% for the
1339 keV (11

2→31
2)E2 g transition and 3.7~3!% for the

1848 keV (11
2→21

1)E1 g transition. The lifetime of the 11
2

state was corrected with the new branching ratio. We de
mined T1/25(1.8260.37) fs andG5(251651) meV from
the known valueG0

2/G5(229634) meV @9#.

IV. DISCUSSION

The results which are presented in the previous sec
confirm the proton-g coincidence method as a fruitful tool t
observe weakg transitions. As mentioned above, one e
pects a strongE2 decay from the two-phonon 1ph

2 state to the
31

2 state. The simple harmonic phonon picture predicts
strength of thisE2 decay to be equal to that of the simp
quadrupole-phonon annihilation depopulating the 21

1 state.
Table II shows the experimentalB(E2) value of the
21

1→0g.s.
1 quadrupole-phonon annihilation@12.0~2! W.u.#

and the newly determinedB(E2) value of theg decay of the
lowest electric-dipole excitation at 3424 keV to the 31

2 state.
This strength of about 15.7~33! W.u. is within the experi-
mental error the quadrupole-phonon annihilation stren
from the 21

1 state. This experimental agreement is a ve
strong direct proof of the dominantly two-phonon charac
of the lowest electric-dipole excitation in142Nd.
ious

TABLE II. Reduced transition probabilities~in Weisskopf units! of transitions from the 21

1 , 31
2 , and 11

2

states in142Nd. The values for the 11
2 state are calculated from Table I. A comparison is made with prev

experiments and results obtained from QPM calculations@26#. The deducedB(E2;11
2→31

2) value is proof
of the two-phonon structure in the wave function of the 11

2 state.

142Nd
Ji

p→Jf
p El B(El)↓ ~W.u.!

Experiment Theory
This work Others Ref.@26#

21
1→0g.s.

1 E2 12.060.2a 13.5
31

2→0g.s.
1 E3 28.6a 27.4

31
2→21

1 E1 (4.322.0
12.1)31023 b 6.431023

11
2→0g.s.

1 E1 (3.360.7)31023 (3.120.4
10.6)31023 b 6.231023

(3.160.5)31023 c

11
2→21

1 E1 (0.7760.16)31023 (0.6120.21
10.29)31023 b 0.1131023

11
2→31

2 E2 15.763.3 13.7

aReference@28#.
bReference@12#.
cReference@9#.
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57 581TWO-PHONON CHARACTER OF THE LOWEST ELECTRIC . . .
In addition, Table II shows the reduced transition stren
calculated in the framework of the quasiparticle phon
model~QPM! @26#. The predicted values agree well with th
experimental values determined in this work.

Figure 7 presents the first systematics of theB(E2)
strength of theg decay of the lowest electric-dipole excita
tion to the octupole-phonon state~31

2) in the A5140 mass
region. Here the experimental ratioB(E2;11

2→31
2)/

B(E2;21
1→0g.s.

1 ) is plotted for each nucleus. The dashed li
~theory! indicates the theoretical ratio~1.0! that is expected
from the simple harmonic phonon picture. The values p
sented for theN582 nuclei could be determined from th
work and from our previous publication@16#. The value for
144Nd (N584! is taken from Ref.@27#. There are no othe
experimental values available for other nuclei in this m
region. Nevertheless, the systematics shown in Fig. 7 a

FIG. 7. ExperimentalB(E2;12→31
2) values of theA5140

mass region. The ratio of this value relative to theB(E2;21
1

→0g.s.
1 ) value is plotted for the nuclei142Nd, 144Nd, and144Sm. The

simple harmonic phonon picture predicts a ratio of unity for ea
nucleus. The experimental results agree with this prediction wi
errors. This agreement is a strong proof for the dominant tw
phonon character of the lowest electric-dipole excitation in
N582 region.
A.

ve

s

A

h
n

-

s
a

first strong hint that the existence of very harmonic quad
pole octupole excitations is a general feature of nuclei n
closed shells. In Fig. 8 we show the ratio of the energy of
lowest 12 states compared to the sum energy of t
21

1 and 31
2 excitations in nuclei ranging from theN550

nucleus 88Sr to the Z582 nucleus 206Pb. As mentioned
above, the energy of the 11

2 state should be equal to the su
energy for harmonic coupling. One can see that there
strong correlation and that the energies coincide within 10
This indicates that the harmonicity of the two phon
quadrupole-octupole excitations seems to be a general
nomenon in nuclei near shell closures. Therefore more
periments investigating the lifetimes and decay patterns
these states are clearly warranted.
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