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Production and spectroscopy of the neutron-rich nucleus166Dy
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Yrast states up to spin 16\ in 166Dy were observed, for the first time, using a quasielastic neutron-transfer
reaction in the bombardment of118Sn with 164Dy at Elab5790 MeV. The ratio of the166Dy production cross
section relative to the inelastic cross section, integrated over the c.m. scattering angle range 110° to 140°, is
'0.0027. This experiment demonstrates that the improved sensitivity, provided by the new generation of
highly segmented 4p g-ray arrays coupled to a 4p heavy-ion detector array, makes subbarrier heavy-ion-
induced nucleon-transfer reactions a powerful probe of the structure of neutron-rich nuclei at moderately high
spin. A comparison with the production of164Dy in the reaction between118Sn and 162Dy is made.
@S0556-2813~98!03506-7#

PACS number~s!: 21.10.Re, 25.70.Hi, 27.70.1q
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Weakly bounded neutrons in neutron-rich nuclei m
have interesting implications for nuclear structure, such
possible modifications of shell structure and new modes
excitation. Unfortunately, very little is known about th
nuclear spectroscopy of neutron-rich nuclei due to the p
city of reactions populating such nuclei. There are seve
avenues for producing neutron-rich nuclei, such as nuc
fragmentation at intermediate or high energy@1#, fission
fragmentation by either spontaneous or induced fission@2–
5#, and deep-inelastic reactions@6,7#. Heavy-ion induced
multinucleon transfer reactions have been mentioned a
alternative for producing neutron-rich nuclei, especially
nuclei with masses heavier than 160@8–10#. However, the
combination of stable projectiles and stable targets has u
vorable kinematic matching conditions for transfer reactio
leading to heavy neutron-rich nuclei. The resultant sm
cross sections have limited its use for populating neutr
rich nuclei. The new generation of highly segmented;4p
g-ray detector arrays, such as Gammasphere and Euro
provide a significant improvement in sensitivity and select
ity for detecting high-foldg-ray events, making it possible t
study reaction channels with very small production cro
sections. This opens the possibility of accessing and sea
ing for new structure phenomena in neutron-rich nuclei. T
paper reports that the sensitivity achieved using such de
tors provides a powerful new probe of neutron-rich nuclei.
particular, the quasielastic two-neutron transfer reaction
near-barrier energies, has been used to study the yrast
troscopy of the neutron-rich nucleus166Dy.

Experiments were carried out at the 88-Inch Cyclotr
facility of Lawrence Berkeley National Laboratory by bom
barding 118Sn with 162Dy at Elab5780 MeV and 164Dy at
Elab5790 MeV. The primary experiment ran;66 h of
162Dy beam on target with intensity;1 particle nA while
the secondary experiment, performed as a systematic c
parison, ran only;4 h of 164Dy with intensity ;0.6 par-
ticle nA. The target was made by evaporating118Sn onto a
carbon foil of 20mg/cm2 plus an overcoating of 6mg/cm2

aluminum. The target thickness is;250 mg/cm2 with an
570556-2813/98/57~6!/3466~4!/$15.00
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enrichment 99.975% of118Sn and less than 1024 contamina-
tion level for neighboring tin isotopes. Both the scatter
Dy-like and the recoiling Sn-like particles were detected
an array of position-sensitive avalanche counters, CHI
@11#, in coincidence with the detection ofg rays by Gamma-
sphere consisting of 100 Ge detectors. The highly segme
CHICO, covering a solid angle of;68% of 4p, obtains a
position resolution better than 1° inu and 9° inf relative to
the beam axis and a time resolution of about 500 ps. A to
of 700 M events were collected for the experiment using
162Dy projectile and 23 M events were collected for the e
periment with 164Dy. About 4% of the total events have
g-ray fold of 3 or more.

For a binary reaction, the simultaneous measuremen
the scattering angles of both reaction products, plus time
flight difference, allows reconstruction of the kinematics a
the deduction of the reaction product masses, velocity v
tors, andQ value. A mass resolution of about 8 u was ob-
tained for the position and time resolution mentioned earl
The Q value, calculated assuming the final masses equa
initial masses, is shown in Fig. 1 for both inelastic and t
two-neutron transfer (166Dy) channels for the reaction be
tween 118Sn and164Dy. The Q-value resolution is about 19
MeV for the inelastic channel integrated over the c.m. ang
from 110° to 140°.

With the achieved mass resolution, the projectilelike a
targetlike particles were unambiguously identified, and
Doppler-shift corrections were applied accordingly on
event-by-event basis, resulting in ag-ray resolution of about
1%. This provided unambiguous assignments of obser
g-ray transitions to either of the reaction partners. From
Doppler-shift correctedg-ray spectrum for both Dy-like and
Sn-like nuclei, many nucleon-transfer channels, including
to four-neutron transfer, were identified by threefold
higher g-ray events and the cross correlations between
like and Dy-like deexcitation transitions. Examples a
shown in Fig. 2 where the excitation of166Dy, populated by
the two-neutron transfer channel for the reaction betw
3466 © 1998 The American Physical Society
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FIG. 1. The measuredQ values for the inelastic~upper! and two-neutron transfer~lower! channels for the reaction between118Sn and
164Dy at the c.m. angle between 110° and 140°.

FIG. 2. Yrast transitions of166Dy from the reaction between118Sn and164Dy. Triple or higher coincidence data are shown in the up
figure and the labeled numbers are spins for theI→I 22 transitions. The lower figure is resulting from the cross correlation in doubl
higher coincidence data by gating on the 21→01 transition of 116Sn without a background subtraction. The filled circles indicate
transitions of166Dy while the open circles are for164Dy.
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FIG. 3. Partial level schemes for164,166Dy.
118Sn and 164Dy, is identified through double gating o
166Dy g rays~upper! and single gating on the 21→01 tran-
sition of 116Sn ~lower!. The yrast transitions of166Dy, which
were observed up to spin 6\ previously via the165Dy(n,g)
reaction@12#, have been extended to spin 16\ with the lim-
ited statistics obtained from this brief experiment. The d
rived partial level scheme is shown in Fig. 3. In our hig
statistics study of the118Sn(162Dy,164Dy)116Sn two-neutron
transfer reaction, the yrast states for164Dy were extended
from the previous known 14\ @13# to spin 20\. The deduced
level scheme is shown in Fig. 3 while theg-ray spectra are
shown in Fig. 4.

The quasielastic nature for the production of the
neutron-rich nuclei is evident from the measuredQ value
~see lower part of Fig. 1! where an excitation energy of abou
7–8 MeV is indicated. The production cross sections w
measured from the yields of the 81→61 transition of Dy-
like nuclei by double gating on both the 41→21 and 61

→41 transitions in threefold or higherg coincidence data.
These cross sections relative to the inelastic cross sec
are shown in Table I. The data were integrated over the c
angles between 110° and 140° which is near the graz
angle. The spin distribution based on theg-ray yields is
nearly the same for both the transfer channel and inela
channel. This indicates that theg-ray multiplicity is similar
for both channels and thus the above approach is justi
@14#. The production of Dy neutron-rich nuclei for both cas
is about 0.002–0.003 of the total cross section and is ab
0.25 of that for neutron-deficient nuclei where the kinema
per
e or
the
FIG. 4. Yrast transitions of164Dy from the reaction between118Sn and162Dy. Triple or higher coincidence data are shown in the up
figure and the labeled numbers are spins for theI→I 22 transitions. The lower figure is resulting from the cross correlation in doubl
higher coincidence data by gating on the 21→01 transition of 116Sn without a background subtraction. The filled circles indicate
transitions of164Dy while the open circles are for162Dy.
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matching condition is more favorable. This production cro
section ratio is very similar to that obtained for deep-inelas
reactions@7# leading to neutron-rich nuclei. However, it
important to note that, relative to the deep-inelastic react
the quasielastic reaction mechanism in the sub-barrier reg
brings in much less excitation energy and produces m
cleanerg-ray spectra@8–10#. The sensitivity for this experi-
mental setup can be gauged by the observation of158Dy,
which has a production probability of;531025. For cases
having more optimal kinematic matching conditions, it
possible, with this sensitivity level, to use either neutron
proton transfer reactions to study neutron-rich nuclei up
four neutrons away from the stability line with mass
heavier than 160.

The moment of inertia for166Dy, together with those from
160,162,164Dy, are shown in Fig. 5. This figure also include
the inelastic data where the ground-band transitions up
spin 24\ and 22\ were observed for162Dy and 164Dy, re-
spectively @14#. One notable feature is the flatness of t
moment of inertia as a function of rotational frequency
166Dy relative to that of neighboring nuclei. The same ph
nomenon was observed for the neutron-rich nucleus178Yb
populated to spin 12\ via the deep-inelastic reaction@7# and
was interpreted as due to a smaller interaction strength, r
tive to that of the lighter Yb nuclei, between the ground ba
and theS band. This interaction strength, deduced from
measured decay branching ratios of the state at spin 18\ of
theS band@14#, is weak; that is, about 10 keV for162Dy and
also is weak for164Dy from a systematic study of this regio
@15#. According to these systematics, an apparent e
weaker interaction strength in166Dy, relative to that of

TABLE I. Ground stateQgg~MeV! values and probabilities~in
parenthesis! for various neutron-transfer channels between162,164Dy
and 118Sn.

Projectilelike nuclei
Projectile 160Dy 162Dy 164Dy 166Dy

162Dy 0.9 0.0 22.3
~0.0065! ~1.0! ~0.0019!

164Dy 1.7 0.0 23.5
~0.011! ~1.0! ~0.0027!
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162,164Dy, is an unlikely explanation for the observed flatne
of moment of inertia. Other explanations, such as wea
pairing, cannot be ruled out.

In summary, quasielastic transfer reactions between118Sn
and 162,164Dy at near-barrier energies have been studied
coupling the heavy-ion detector CHICO to Gammasphe
The quasielastic nature of the production of neutron-rich D
like nuclei was recognized by the measuredQ-value distri-
butions. The implied ‘‘coldness’’ of this reaction mechanis
has many advantages for studying neutron-rich nuclei:~1!
the limited number of open reaction channels results in cl
g-ray spectra,~2! since the neutron evaporation is negligibl
the unambiguous assignments ofg rays to either the projec
tilelike or targetlike nuclei is very helpful for identifying the
excitation of unknown nuclear species from theg-ray cross
correlations. The achieved sensitivity from this experimen
setup, coupled to quasielastic neutron or proton transfer
actions, provides a powerful new probe of nuclear struct
in neutron-rich nuclei that are up to four neutrons away fro
the stability line.
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FIG. 5. Moment of inertia for160,162,164,166Dy.
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