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Two-phonon character of the lowest electric dipole excitation
in 1*Nd and in other nuclei near shell closures
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A resonant inelastic proton scattering experiment was carried out to investigajedibeay of the lowest
lying 1~ state in theN=82 nucleus'“Nd. A very high sensitivity for the detection of the rays was achieved
by combining the Osiris Cube array with a Euroball Cluster detector. The obsendstay of the dipole
excitation is a direct proof of the dominant two-phonon character of the lowestdte in this nucleus. A
survey of the branching ratios in the magic neutron nuni¥er82 region and the energy systematics of
candidates for two phonon1states in other nuclei in the vicinity of various shell closures point to a high
degree of harmonicity of th€2 " ®37) coupling.[S0556-28188)02602-

PACS numbses): 21.10.Re, 23.20.Lv, 25.40.Ep, 27.60.

. INTRODUCTION of the (1; —3;)E2 and the competing experimentally

o ) ] known (11’—>Og+_S)E1 ground-state transitions. For this esti-

The lowest excitations in nL_JCIel near shell closure_s aenate we assumed that the unknoBfE2;1; —3;) value is
usually a 2" quadrupole oscillation and a 3octupole oscil- equal toB(E2;2* —0.,) as predicted in the harmonic cou-
Ia_ltio_n of t.he nuclear_ surface. In thé=82 region these €X- pling scheme. In a Sfeviously published measureni6l
citations lie at energies of about 1.5 and 2 MeV, respectivelyihe completey decay of the first electric-dipole excitation
Their typical ground-state transition strengthsBE2, 2;  could be observed if*Sm. Due to the predicted relative
—>09J:S)215 Weisskopf units and B(E3, 3; intensities(Fig. 1) and in order to obtain detailed systematic
—045) =30 Weisskopf units exhibit the collective structure information on the two-phonon character of the lowest
of these states. If one considers these surface vibrations atectric-dipole excitation in this mass region a new investi-
“phonons,” an immediate question is whether one cangation on*aNd was carried out. One expects a ratio between
couple two of these phonons to form a multiplet of stateshe intensities of the (1— 3; )E2 transition and the ground-
with a two-phonon structure. The coupling of two identical state transition of the ;1 state of about 1% fot*2Nd. How-
phonons, i.e(2"®2") and(3~ ®3") has been investigated ever, the sensitivity limit of the standard Osiris cube setup at

intensively in recent years, see, eld.-5], and references the Cologne Tandem accelerator with six Compton sup-
therein. A pure harmonic coupling of two identical phonons

is very unlikely due to the Pauli principle because the same
guasiparticle levels can be used to build both phonons. If one
considers the coupling of two different phonons this restric-
tion no longer applies.

Candidates for 2@ 3~ states have been found in several

3.0 -

2.5 H4Sm

X
+T,,
z ]

nuclei [6-13. The identification was usually based on the © 20
energetic position of the statéhe energy of a two-phonon .T
state should be the sum energy of the single-phonon constitu-  — 1.5
ent9 and their relatively strong1l ground-state transitions E .
of several milli-Weisskopf unitgindicating an enhanced — ]
electric dipole moment due to an octupole-quadrupole cou- oy 1.0 7
pling). A recently published work by Heyde and DeCoster T ]
[14] showed that the enhancéd transition strength of the L 0.5+
1~ state can be explained by taking into account an admix- = ]
ture of 1p-1h excitations at the tail of the giant dipole reso- ~ 0.0 11— ——
nance into the two-phonon state. However, the only direct 56 60
proof would be the observation of the allow&? andE3
transitions to the single-phonon states. In a simple picture y/

one+expects thf_it the gljr_’?’l_)l_z_2 transition and the (F:lﬂ . FIG. 1. Expectedy decay intensities of the lowest 1state to
—2; )E3 transition have transition strengths that are identivhe octupole vibrational state relative to the intensity of Eie

cal to those of the 2 and 3; states to the ground state, ground-state transition in evéx=82 isotones. Here the unknown

respectively{ 15]. B(E2;1; —3;) value is assumed to be equal to the experimentally
Figure 1 shows the estimated ratio between the intensitienown B(E2;2; —0y) in each nucleus.
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FIG. 2. Proton spectra taken from th&Nd(p,p’y) measure-
ment with different coincidence conditions. From the upper to the Y Energy (keV)
lower part the proton-singlgs), the protony (b), and the protony . )
(1575 ke\} spectrum(c) can be seen. The latter includes a coinci- __FIG- 3. ¥ spectra taken from*Nd(p,p’ y) measurement with
dence window that corresponds to the 1575 keWansition. Peaks ~ different coincidence conditions. From the upper to the lower part
originating from inelastic scattering on lighter nuclei contaminatingthe ¥-singles(a), the y-proton (b), and they-proton (1575 keV
the target {%C, 10) are labeled. One can easily seshed lines spectrum(c) can be seen. The latter includes a coincidence window

the improvement with the different type of coincidence conditions.that corresponds to a proton energy l6ss., an excitation energy
around 1575 keV. The improvement by the coincidence conditions

is very impressive and necessary to observe weak decay branches.

pressed Ge detectors was already reached with the expels expected, only one line occurs in spectrurtc)

ment on#4Sm which has a more favorable branching ratio.

In our previous experiment we could obtain only an upper_ . . ..
limit forpthe B(E2) gecay ratio in42Nd. In the neV\)//experFi)-p periment was carried out at the Osiris-Cube spectrometer

19] which is normally equipped with six escape-suppressed
ment we therefore replaced one of _the standard Ge detect e detectors. Two additional Si detectors were used for par-
with a Euroball Cluster detector which has a superior detec: : L .
tion sensitivity ticle measurement. The detailed setup is discussed in our

It is the aim of this paper to present the results of a resoprevious publication16]. To obtain higher sensitivity for the
nant (o,p’ y) study on*®Nd and to give an overview of the detection ofy rays one of the six common Ge detectors was
system’apticybehav)i/or of the 203~ s%ates in the\=82 re- replaced by one Euroball Cluster detector. The Euroball

ion and bevond project and the development and performance of Cluster de-
9 yond. tectors are described in detail in Ref20—-24. The Cluster

II. EXPERIMENTAL PROCEDURE x2

2 &1

We populated the lowest™1 state with inelastic proton 30000
scattering at proton energies corresponding to the isobaric 4
analog resonancé$fARs). This excitation mechanism selec-
tively excites high lying negative parity states in even-even
nuclei[17]. It therefore overcomes the problem of populating
states far above the yrast line with appreciable cross section
and allows one to detect weak decay branches. The results of .
our previous experiment oH**Sm proved this poinf16]. 0 /

The investigation of**°Nd was performed at the Tandem 2000
Van de Graaff accelerator of the University of Cologne. The
incident proton energy was 10.25 MeV, which corresponds
to the (v3pgy) IAR. Particle-hole states with negative parity |G, 4. protony coincidence spectrum taken from resonant in-
and spin 0 to 4 are thus strongly excited. In addition, theg|astic proton scattering oH?Nd. Some strong excitations are la-
(v3ps) resonance deexcites to the lowest &tate with an  peled with their spin and parity assignment. The label “@ 1 "
appreciable strengtf18]. indicates a doublet at 4.1 MeV. The two dashed lines indicate an 80

The protons were scattered fnroa 1 mg/cnf self-  keV window around the 3424 keV;lstate in%*2Nd. This window
supporting metallic**?Nd foil, enriched to 95.7%. The ex- was used to sort thg spectrum shown in Fig. 5.
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FIG. 6. Coincidence rates of the depopulatingay of the 1,

FIG. 5. y spectra taken fromt*Nd(p,p’ ) reaction gated on  state at 3424 keV if*aNd plotted versus the excitation energy of
the coincidence window plotted in Fig.(dashed lines The upper  the nucleus in the range 3.2 to 3.7 MeV. These rates were extracted
part(a) presents they spectrum from 1.0 up to 3.7 MeY energy.  from coincidencey spectra with a window of 30 keV width in
In order to |dent|fy the interesting transitions to the One-phonon excitation energy. The energies of the Obserwed'ansitions of
states par{a) is expandedpart (b) and part(c)]. One can easily 1848 keV in the middle paib), of 1339 keV in the lower partc),
identify the y lines at 1339 keM(b) and at 1848 ke\(c) y energy.  and the strong correspondence to the excitation energy at 3424 keV
Thesey lines could be established as depopulatingransitions  (a) in all plots establish thesg transitions as depopulating transi-
from the 1, state at 3424 keV to the one-phonon states. tions of the 1 state. The dashed liné¢) indicate the statistical

. . limit where the intensity of they lines could be distinguished from
detector is the most advanced Ge detector in terms of totghe packground intensity.

absorption efficiency foty rays and possible coverage of the

solid angle with Germanium in am spectrometer. The setup cidence conditions are presented in Fig. 3. The reduction of
used for the eXpe”ment O:leNd which included one Cluster the background and the disappearance of numeyd'mms is
detector covered a total solid angle of 5.4% af.4'his and  very impressive. Even more, this technique makes the place-
the very high efficiency of the detector made the observatiofnent of y lines in the level scheme possitlEig. 3(c)]. To
of the completey decay of the 1 state at 3424 keV in establish the observeg transitions in the level scheme the
Nd possible. The particle detectors were placed at backy-proton coincidences were evaluated. Coincidgrspectra
ward angles with respect to the incoming be&¥5°) to  were analyzed with gates in proton energy corresponding to
improve the detection ratio of inelastically to elastically scat-definite excitation energies. We were thus able to observe

tered protons. The energy resolution of the measured protogery weaky transitions and to place the corresponding tran-
spectra was about 90 keV full width at half maximum. sjtions into the level scheme.

Proton-singles,y-singles, yy-, and y-proton coincidences
were recorded with the C_ologne data acquisition syg@sn ll. THE y DECAY OF THE 1] STATE IN “Nd
during a 120 hour beamtime.

Typical spectra are shown in Fig. 2 and in Fig. 3. From Figure 4 shows the intensity of the scattered protons
the upper to the lower part Fig. 2 shows proton spectra wittwhich are coincident to any ray plotted against the excita-
different coincidence conditions: proton-singles protonsy  tion energy of**2Nd. It is presented in the energy range from
coincidence(b), and protony coincidence considering only 1.4 up to 5 MeV. The strongest excitations are labeled: the
y rays with energies around the 1575 keV ground-state trarfirst excited state at 1575 ke{2;) and the strongly popu-
sition of the first excited state if*Nd (2;) (c). Both coin-  lated particle-hole states at an excitation energy of about 4.1
cidence spectra are time-background corrected to supprebdeV (J7=2" and 17). In addition, the dashed lines indi-
random coincidences. The strong excitation of states witltate the coincidence window around an excitation energy of
energies between 3.5 and 5.0 MéMg. 2) is evident. Thisis 3424 keV, the energy of the candidate for the two-phonon
due to the excitation via the decay of the IAR and resultsl ~ state, that was used to extract thespectrum presented
from the selectivity of this excitation mechanism. in Fig. 5. The width of this coincidence window was chosen

In a similar way threey-ray spectra with different coin- to be 80 keV which corresponds roughly to the energy reso-
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TABLE I. Qbserved !evel energies, , initigl apd fingllspins]i” the (11’—>21+)E1 v transition, respectively. We considered
andJy’, transition energiek,,, decay branching intensitiég, and  the y transition to the 2 as pureE1 transition due to the
half lives Ty, of the 27, 3;, and 1 states in**Nd. higher multiplicity of a possibléE3 transition. The othely
lines visible in the lower part of Fig. 5 could be established

o HNd as depopulatingy transitions of states that are close in en-
Ey (keV) =i E, keV) ly Tz (fS) ergy to the excitation energy of about 3424 keV. This is due
1575.42) 2 -0f, 157542  100.0 15932 to the width (80 keV) of the proton coincidence window
2083.53) 3, -2; 508.42) 1000 63052 mentioned above. The 1339 keV (33, )E2 vy transition
3423.93) 1705, 342392 1000 1.820.37° was observed for the first time. Thedecay to the 2 state
~2; 1848.22) 3.73) was already known12] and its relative intensity could be
3 1339.44)  1.02) confirmed in this measurement. The completdecay of the
lowest electric-dipole excitation at 3424 keV is summarized
3Referencd12]. in Table I. The relative intensities compared to tRd
bLifetime deduced fronT'3/T" = (229+ 34) meV[9] and the branch-  ground-state transition were determined to b&2)% for the
ing ratios determined in this work. 1339 keV (3, —3;)E2 v transition and 3.B)% for the
1848 keV (1, —2;)E1 1y transition. The lifetime of the 1
lution obtained in the proton spectrum. state was corrected with the new branching ratio. We deter-

The top part of Fig. &) shows the coincideng spectrum  mined T,,,= (1.82+0.37) fs andl'=(251+51) meV from
from 10 up to 3.7 MeVy energy. The strong ground-state the known valud'2/T = (229+ 34) meV/[9].
transition of the 1 state at 3424 keV excitation energy
dominates thigy spectrum. To recognize the expected weak
v transitions to the one-phonon states thepectrum in Fig. IV. DISCUSSION
5(a) is expanded. This is shown in pati) and part(c) of ] ] ] )
Fig. 5. The measureg energies of 1848 and 1339 keV are The results which are presented in the previous section
exactly the difference between the energies of theahd confirm the protony ccl)llnudence meth'od as a fruitful tool to
2% orl” and 3 states, respectively. An additional proof observe weaky transitions. As mentioned above, one ex-
that these wealy transitions are depopulating transitions ~ Pects a strong2 decay from the two-phonon,j state to the
of the 1; state at 3424 keV is presented in Fig. 6. Here the3; State. The simple harmonic phonon picture predicts the
coincidence rates for the rays(i.e., how manyy rays are strength of thisE2 decay to be equal to that of the simple
observed in coincidence with a certain energy of the scatquadrupole-phonon annihilation depopulating the State.
tered protonsare given versus the excitation energy. FromTable Il shows the experimentaB(E2) value of the
the upper to the lower part of Fig. 6 the coincidence rates foﬂf—>Og*_S. guadrupole-phonon annihilatiof12.02) W.u.]
the 3424 keV ground-state transiti¢a, for the 1848 keVy  and the newly determineBl(E2) value of they decay of the
line (b), and for the 1339 keVy line (c) versus the excitation lowest electric-dipole excitation at 3424 keV to thg State.
energy of the nucleus are shown. The correspondence to thehis strength of about 1533) W.u. is within the experi-
excitation energy of the J1 state at 3424 keV is striking in mental error the quadrupole-phonon annihilation strength
all three plots. Due to these coincidence rates and due tom the 2/ state. This experimental agreement is a very
observedy transition energies the lines at 1339 and 1848 strong direct proof of the dominantly two-phonon character
keV were identified as the (13, )E2 y transition and as of the lowest electric-dipole excitation itfaNd.

TABLE Il. Reduced transition probabilitiedn Weisskopf unit of transitions from the 2, 37, and 1
states in**3Nd. The values for the ]l state are calculated from Table 1. A comparison is made with previous
experiments and results obtained from QPM calculat[@8$. The deduced®(E2;1; —3;) value is proof
of the two-phonon structure in the wave function of the dtate.

142Nd

77 Ex B(EN)| (W.u)

Experiment Theory

This work Others Refl26]
27 -0, E2 12.0-0.22 13.5
37 —0gs. E3 28.6% 27.4
3, -2 E1 (4.3°5)x10°3°P 6.4x10°°2
1, —0g E1 (3.3:0.7)x10°3 (3.1799x10°3" 6.2x10°3
(3.1+0.5)x10 3¢

1, -2 E1 (0.77£0.16)x 103 (0.617 339 x10°3P 0.11x10 3
1;—3; E2 15.7+3.3 13.7
%Referencd 28].
PReferenced 12].

‘Referencd9].
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FIG. 8. Systematics of the ratio between the energy of the 1
2Nq NG "Sm state and the sum energy of th¢ 2nd 3, state versus the mass

numberA. For a pure harmonic coupling without any residual in-
FIG. 7. EXperImentalB(E2,17—>3I) values of theA=140 teractions a ratio of 1 is expected.

mass region. The ratio of this value relative to tBEE2;2;

—045) value is plotted for the nuclef*®Nd, **Nd, and**“sm. The first strong hint that the existence of very harmonic quadru-
simple harmonic phonon picture predicts a ratio of unity for eachpole octupole excitations is a general feature of nuclei near
nucleus. The experimental results agree with this prediction withirclosed shells. In Fig. 8 we show the ratio of the energy of the
errors. This agreement is a strong proof for the dominant two{owest 1~ states compared to the sum energy of the
phonon character of the lowest electric-dipole excitation in the21r and 3] excitations in nuclei ranging from thid =50
N==82 region. nucleus #Sr to the Z=82 nucleus ?°Pb. As mentioned

In addition, Table Il shows the reduced transition strengtrfPoVve, the energy of the 1 state should be equal to the sum
calculated in the framework of the quasiparticle phonon€nergy for harmonic coupling. One can see that there is a
model(QPM) [26]. The predicted values agree well with the Strong correlation and that the energies coincide within 10%.
experimental values determined in this work. This indicates that the harmonicity of the two phonon

Figure 7 presents the first systematics of tagE2)  duadrupole-octupole excitations seems to be a general phe-
strength of they decay of the lowest electric-dipole excita- Nomenon in nuclei near shell closures. Therefore more ex-
tion to the octupole-phonon statd;) in the A=140 mass periments investigating the lifetimes and decay patterns of
region. Here the experimental rati®d(E2;1; —3;)/ these states are clearly warranted.

B(E2;2; —0,) is plotted for each nucleus. The dashed line
(theory indicates the theoretical ratid.0) that is expected
from the simple harmonic phonon picture. The values pre- The authors wish to thank R. F. Casten, A. Gelberg, R.-D.
sented for theN=82 nuclei could be determined from this Herzberg, F. lachello, R. V. Jolos, U. Kneissl, N. Pietralla,
work and from our previous publicatidi6]. The value for H. H. Pitz, and S. W. Yates for many fruitful discussions.
144Nd (N=84) is taken from Ref[27]. There are no other This work was supported in part by the DFG under Contract
experimental values available for other nuclei in this massNo. Br799/6-2 and by the U.S. DOE under Contract No.
region. Nevertheless, the systematics shown in Fig. 7 are BE-FG02-91ER-40609.
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