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E� Mergel�� C�M� Petrache�� G� Lo Bianco�� H� H�ubel�� J� Domscheit�� D� Ro�bach�� G� Sch�onwa�er�� N� Neno��� A�
Neu�er�� A� G�orgen���� F� Becker����� E� Bouchez�� M� Houry�� A� H�urstel�� Y� Le Coz�� R� Lucas�� Ch� Theisen��
W� Korten�� A� Bracco�� N� Blasi�� F� Camera�� S� Leoni�� F� Hannachi�� A� Lopez�Martens� � M� Rejmund�� D�
Gassmann�� P� Reiter�� P�G� Thirolf�� A� Astier�� N� Buforn�� M� Meyer�� N� Redon�� O� Stezowski� a b

� Institut f�ur Strahlen� and Kernphysik� Universit�at Bonn� Nussallee ������ D������ Bonn� Germany
� Dipartimento di Fisica� Universit	a di Camerino� via Madonna delle Carceri� I��
��
 Camerino� and INFN� Sezione di Perugia�
Italy

� DAPNIA�SPhN� CEA Saclay� F�
��
� Gif sur Yvette� France
� Dipartimento di Fisica and INFN� Sezione di Milano� via Celoria ��� I�
���� Milano� Italy
� CSNSM� IN
P��CRNS� F�
���� Orsay� France
� Sektion Physik� Ludwig Maximilians�Universit�at M�unchen� D������ Garching� Germany
� Institut de Physique Nucl�eaire� IN
P��CNRS� Universit�e C� Bernard Lyon��� F��
�

 Villeurbanne Cedex� France

Received� date � Revised version� date

Abstract� The even�even nucleus ���Nd was studied via in�beam ��ray spectroscopy using the ��O����Te
reaction at ��� MeV and the EUROBALL array� One new dipole band was observed� Together with a
previously identi�ed dipole band whose position in the level scheme is revised� the new band forms a
doublet structure similar to the recently observed chiral bands in the odd�odd neighboring nuclei� This
would be the �rst case of a chiral doublet in an even�even nucleus�
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Great progress was recently made in the study of neu�
tron de	cient nuclei in the A�
�� mass region� mainly
due to the use of very large ��ray detector arrays� like
EUROBALL� GAMMASPHERE and GASP� in conjunc�
tion with charged particle and
or neutron detectors� In
that context particular attention was paid to the Nd iso�
topes� because of their softness with respect to � defor�
mation� Multiple bands that were observed in the ���Nd
nucleus �
��� were explained by microscopic � macroscopic
calculations as being built on triaxial minima with � �
����� It was shown that at high spin the ground band and
the negative�parity two�quasiparticle band develop into
bands with stable triaxiality based on four�quasiparticle
con	gurations� The total Routhian surface calculations
predict a triaxial nucleus with � � ���� rotating around
the intermediate axis �
�� Stable triaxiality at high spin
was also observed in ������	Nd ���� but in this case the
predicted triaxiality is � � ����� corresponding to a ro�
tation around the shortest axis�

Chiral twin bands of degenerate states with the same
spin and parity� that are predicted in nuclei with maxi�
mal triaxiality ���� were until now observed only in odd�
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odd nuclei ������ In these cases the h���� valence proton
is aligned along the short axis� while the h���� valence
neutron hole is aligned along the long axis of the triaxial
core� The core rotational angular momentum can align in
either direction of the intermediate axis� so that the three
mutually perpendicular angular momenta form either a
left� or right�handed system� This de	nes an intrinsic chi�
rality in the body�	xed frame� Restoration of the chiral
symmetry in the laboratory frame results in two bands
in which states of the same spin are almost degenerate in
energy� An interesting question is whether such bands can
also exist in even�even nuclei� While the odd�odd systems
provide the simplest example of this symmetry� there is
no a priori reason why this e�ect would not occur in even�
even or odd�mass nuclei� In the most likely scenario the
proton and neutron h���� excitations would still de	ne a
left� or right�handed system together with the core angu�
lar momentum� with two additional natural parity pro�
tons and neutrons acting essentially as �spectators�� The
nucleus ���Nd appears to be a good candidate to search
for such structures� since several dipole bands built on
presumably triaxial four�quasiparticle con	gurations have
been observed ���� However� since the candidates for the
chiral doublets in even�even nuclei are expected to be built
on multiple�quasiparticle con	gurations� they lie at high
excitation energy in a region of high level density� There�
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fore� they will be populated with low intensity and are
di�cult to observe� Guided by these ideas� we have stud�
ied ���Nd at high spins to search for chiral doublet bands
in a high statistics experiment preformed with the EU�
ROBALL spectrometer array ���� Several new transitions
connecting already known dipole bands in ���Nd to low�
lying states were found� which resulted in a di�erent place�
ment of one of these bands in the level scheme� The new
placement of the band� together with a newly observed
band� establishes a doublet of dipole bands with nearly
degenerate states of the same spin and parity� These two
bands are the 	rst candidates for a chiral doublet in an
even�even nucleus�

High�spin states in ���Nd were populated by bom�
barding two ��� mg
cm� thick ���Te targets� evaporated
on �� �g
cm� C 	lms� with a 
�� MeV ��O beam of �
pnA intensity� The beam was provided by the Vivitron
Tandem accelerator of the Institute de Recherches Sub�
atomiques at Strasbourg� The ��rays were measured by
the EUROBALL array� which comprised �� Clovers and

� Clusters� The �� Ge tapered detectors were removed to
accomodate three mini�orange spectrometers for the mea�
surement of conversion electrons �which were not used in
the present work�� The events were written to tape when
at least six individual raw Ge detectors 	red in coinci�
dence� After the presorting of the data a total of ���x
�	

three� and higher�fold coincidence events remained for fur�
ther analysis�

The coincidence events were sorted into a three� and
four�dimensional cube and hypercube� respectively� Sev�
eral E��E� matrices gated on various ��ray transitions
known in ���Nd were sorted� in order to enhance the peaks
of the newly observed transitions in the spectra� An E� �
E� matrix was sorted to determine the directional corre�
lations from oriented states �DCO ratios�� with the Clover
detectors near ��� on one axis and all Cluster detectors at
backward angles on the other axis� The DCO ratios were
obtained by setting gates on unmixed stretched quadrupole
transitions� which are calculated to be 
��� for a stretched
quadrupole � quadrupole sequence and ���� for a stretched
dipole�quadrupole sequence�

The analysis of the data revealed a new band of dipole
transitions� which we call band 
�� and many transitions
linking this band to lower�lying states� Furthermore� due
to the high e�ciency of the composite Clover and Cluster
detectors of the EUROBALL array ���� many new tran�
sitions with energies above 
 MeV in the decay of the
previously known ��� bands 
� and 
� were identi	ed� Co�
incidence spectra for the new band 
� and for band 
�
are displayed in 	g� 
� where we also include a spectrum
double�gated on transitions of both bands 
� and 
� to
show the connecting transitions between the bands� The
partial level scheme of ���Nd resulting from the present
analysis is given in 	g� ��

In the decay of band 
� eight new transitions with en�
ergies of ���� ���� ���� ���� ���� 
��
� 
��� and 
��� keV
were identi	ed� The position of band 
� in the level scheme
as reported previously in ref� ��� has to be revised� We ob�
serve ten new transitions with energies of ���� ���� ����

���� ���� ��
� ���� 
���� 
��� and 
��
 keV� which 	rmly
link band 
� to levels of band � and move it up in exci�
tation energy by about 
�� MeV� The decay of band 
� is
quite fragmented and is shared between seven high�energy
transitions which are more e�ciently detected with the
EUROBALL array used in the present experiment than
in the previous GASP experiment ���� Moreover� the EU�
ROBALL data have higher coincidence fold data allowing
us to observe the weak linking transitions of band 
� also
in clean double� and triple�gated spectra�

The spins of the levels in band 
� are increased by � �h
compared to the previous work ���� based on the analysis
of the DCO ratios of the new linking transitions� The 
��

keV transition has an E� character� leading to spin�parity

�� for the second level assigned to band 
�� The DCO
ratios for the other connecting transitions also agree with
this assignment�

The new band 
�� consisting of a sequence of eight
dipole transitions� decays mainly into band � via eight
transitions with energies of ���� ��
� �
�� ���� ���� ��
�

��� and 
��� keV� and towards band � via the 

�� keV
transition� In addition� band 
� decays into states of band

� and receives feeding from levels of band 
�� The DCO
ratios of the connecting transitions of band 
� to band �
and band � are compatible with spin 
� �h for the low�
est observed state of band 
�� In particular� the 

�� keV
transition has DCO ratios consistent with a �I�� transi�
tion� 
������� in the 
�� keV gate and 
������� in the ��

keV gate� For comparison� the DCO ratio of the 
�� keV
transition in the 
�� keV gate is 
������� as expected for a
stretched dipole�dipole correlation� The parity of band 
�
could not be established directly experimentally� However�
the DCO ratios of the relatively high�energy transitions of
��
� 
��� and 
��� keV connecting band 
� to band � in�
dicate pure �I � 
 transitions� which most probably are
of E
 character� Furthermore� we observe a weak transi�
tion of ��� keV between the 
�� state of band 
� and
the level with spin 
� of band 
� �see Fig� 
c� which is
most likely an E� �and not a M�� transition� Therefore�
we assign negative parity to band 
��

The levels with the same spin and parity in the two
bands 
� and 
� lie very close in energy� as one would
expect for a chiral doublet� They most likely have four
quasiparticle con	gurations� involving a pair of h���� neu�
trons� which would explain the multiple connections with
band � assigned as ��h�����

� and two protons in opposite
parity orbitals �h���� and d���
g����� Such four quasipar�
ticle con	gurations are predicted to be based on shapes
with nearly maximal triaxiality � � ��� and moderate
quadrupole deformation �� � ��� �
�� Furthermore� the ex�
tended total routhian surface calculations reported in ref�
�
� show that the triaxial minimum remains quite stable
over a large range of rotational frequencies� These condi�
tions� together with the existence around the Fermi sur�
face of orbitals with angular momenta which couple or�
thogonally� are the main requirements for the occurrence
of chiral doublet bands ���� However� only the two quasi�
particle con	gurations in odd�odd nuclei which lead to
chiral structures were investigated theoretically and cal�
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culations for even�even nuclei like ���Nd would be desir�
able� If the observed doublet bands in ���Nd are indeed
chiral bands� they may result from the following coupling
of the angular momenta of four quasiparticles� the an�
gular momenta of two h���� quasineutrons aligned along
the long axis� the angular momentum of a h���� quasipro�
ton aligned along the short axis and the positive�parity
d���
g��� proton acting as a spectator�

To summarize� high�spin states in ���Nd have been re�
investigated with the EUROBALL spectrometer array� A
new band of dipole transitions� band 
�� has been discov�
ered and many new transitions linking previously known
bands to lower�lying states were found� The revised level
scheme shows that states with the same spin and parity
of bands 
� and 
� lie very close in energy� Based on this
observation and on the suggested four�quasiparticle con�
	gurations with a triaxiality of � � ��� it is suggested
that they are the 	rst candidates for chiral twinbands in
an even�even nucleus�
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Fig	 �	 Coincidence ���spectra obtained by gating on clean in�band transitions� a� band �
� gates on ��� and ���� b� band ���
gates on ��� and ���� or �

 or 
�
 or ����� c� transitions from band �
 to band ��� gates on ���� or ��� or 
�
� and ���� or
�
� or ����� The in�band and connecting transitions are indicated by an asterisc� Contamination from ���Nd is marked with x
in panel c��
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Fig	 
	 Level scheme of ���Nd deduced from the present work� The transition intensities are proportional to the width of the
arrows� Transitions indicated by dashed lines are tentative�


