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Production and spectroscopy of the neutron-rich nucleust®®Dy
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Yrast states up to spin Z6in Dy were observed, for the first time, using a quasielastic neutron-transfer
reaction in the bombardment ¢t%5n with 5Dy at E,,,= 790 MeV. The ratio of the"*®Dy 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 4 y-ray arrays coupled to a# 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 oDy in the reaction betweert'®Sn and %Dy is made.
[S0556-28188)03506-1

PACS numbses): 21.10.Re, 25.70.Hi, 27.78q

Weakly bounded neutrons in neutron-rich nuclei mayenrichment 99.975% of'®Sn and less than 1¢ contamina-
have interesting implications for nuclear structure, such asion level for neighboring tin isotopes. Both the scattered
possible modifications of shell structure and new modes oby.-jike and the recoiling Sn-like particles were detected by
excitation. Unfortunately, very little is known about the an array of position-sensitive avalanche counters, CHICO
n.uclear spectroscopy of _neutron—rich nuplei due to the pa -11], in coincidence with the detection ofrays by Gamma-
city of reactions populating such nuclei. There are severalynere consisting of 100 Ge detectors. The highly segmented
avenues fqr produ'cmg neqtron-rlch .nucle|, such as .nucIeUécho, covering a solid angle of 68% of 44, obtains a
;:ngzgg:gz ;‘t é?:ﬁgrn:dfgfanoeroggggr ?:;:%gd ?isssggr]] position resolution better than 1° thand 9° in¢ relative to

9 Y P the beam axis and a time resolution of about 500 ps. A total

5], and deep-inelastic reactiori$,7]. Heavy-ion induced X .
multinucleon transfer reactions have been mentioned as af 700 M_evgnts were collected for the experiment using a
Dy projectile and 23 M events were collected for the ex-

alternative for producing neutron-rich nuclei, especially for - 16
nuclei with masses heavier than 1f-10]. However, the Periment with “Dy. About 4% of the total events have a

combination of stable projectiles and stable targets has unfa-Tay fold of 3 or more. _
vorable kinematic matching conditions for transfer reactions For a binary reaction, the simultaneous measurement of
leading to heavy neutron-rich nuclei. The resultant smalthe scattering angles of both reaction products, plus time-of-
cross sections have limited its use for populating neutronflight difference, allows reconstruction of the kinematics and
rich nuclei. The new generation of highly segmented7  the deduction of the reaction product masses, velocity vec-
y-ray detector arrays, such as Gammasphere and Eurobdifrs, andQ value. A mass resolution of abb8 u was ob-
provide a significant improvement in sensitivity and selectiv-tained for the position and time resolution mentioned earlier.
ity for detecting high-foldy-ray events, making it possible to The Q value, calculated assuming the final masses equal the
study reaction channels with very small production crossnitial masses, is shown in Fig. 1 for both inelastic and the
sections. This opens the possibility of accessing and searchwo-neutron transfer}f®Dy) channels for the reaction be-
ing for new structure phenomena in neutron-rich nuclei. Thigween *¥Sn and%“Dy. The Q-value resolution is about 19
paper reports that the sensitivity achieved using such deteddeV for the inelastic channel integrated over the c.m. angles
tors provides a powerful new probe of neutron-rich nuclei. Infrom 110° to 140°.
particular, the quasielastic two-neutron transfer reaction, at With the achieved mass resolution, the projectilelike and
near-barrier energies, has been used to study the yrast speargetlike particles were unambiguously identified, and the
troscopy of the neutron-rich nucled§®Dy. Doppler-shift corrections were applied accordingly on an
Experiments were carried out at the 88-Inch Cyclotronevent-by-event basis, resulting imaray resolution of about
facility of Lawrence Berkeley National Laboratory by bom- 1%. This provided unambiguous assignments of observed
barding 1'8sn with Dy at E,,,=780 MeV and®Dy at  y-ray transitions to either of the reaction partners. From the
El.,=790 MeV. The primary experiment ran-66 h of  Doppler-shift corrected-ray spectrum for both Dy-like and
162Dy beam on target with intensity-1 particle nA while  Sn-like nuclei, many nucleon-transfer channels, including up
the secondary experiment, performed as a systematic cone four-neutron transfer, were identified by threefold or
parison, ran only~4 h of %Dy with intensity ~0.6 par-  higher y-ray events and the cross correlations between Sn-
ticle nA. The target was made by evaporatihgSn onto a  like and Dy-like deexcitation transitions. Examples are
carbon foil of 20ug/cn? plus an overcoating of gg/cn?  shown in Fig. 2 where the excitation Dy, populated by
aluminum. The target thickness is250 ug/cn? with an  the two-neutron transfer channel for the reaction between
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FIG. 1. The measure® values for the inelastiCuppe) and two-neutron transfétower channels for the reaction betweétsn and
184Dy at the c.m. angle between 110° and 140°.
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FIG. 2. Yrast transitions of®®Dy from the reaction betweett3sn and*®“Dy. Triple or higher coincidence data are shown in the upper
figure and the labeled numbers are spins forlthd — 2 transitions. The lower figure is resulting from the cross correlation in double or
higher coincidence data by gating on thé-20" transition of 1*%5n without a background subtraction. The filled circles indicate the
transitions of'®®Dy while the open circles are fot5“Dy.
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FIG. 3. Partial level schemes fdf*15Dy.
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11831 and %Dy, is identified through double gating on
168Dy v rays(upped and single gating on the'2-0" tran-
sition of 1*%Sn (lower). The yrast transitions of®®Dy, which
were observed up to spini6previously via the'®Dy(n, y)
reaction[12], have been extended to spinfl@ith the lim-
ited statistics obtained from this brief experiment. The de-
rived partial level scheme is shown in Fig. 3. In our high
statistics study of thé"'8sn(*¢Dy,¢4Dy)*1%Sn two-neutron
transfer reaction, the yrast states f8¥Dy were extended
from the previous known ¥#4[13] to spin 2G:. The deduced
level scheme is shown in Fig. 3 while theray spectra are
shown in Fig. 4.

The quasielastic nature for the production of these
neutron-rich nuclei is evident from the measui@dvalue
(see lower part of Fig.)lwhere an excitation energy of about
7-8 MeV is indicated. The production cross sections were
measured from the yields of the"8-6* transition of Dy-
like nuclei by double gating on both the"4-2* and 6"
—47 transitions in threefold or highey coincidence data.
These cross sections relative to the inelastic cross sections
are shown in Table I. The data were integrated over the c.m.
angles between 110° and 140° which is near the grazing
angle. The spin distribution based on theray yields is
nearly the same for both the transfer channel and inelastic
channel. This indicates that theray multiplicity is similar
for both channels and thus the above approach is justified
[14]. The production of Dy neutron-rich nuclei for both cases
is about 0.002—-0.003 of the total cross section and is about
0.25 of that for neutron-deficient nuclei where the kinematic
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FIG. 4. Yrast transitions of®¥Dy from the reaction betweett3sn and*®®Dy. Triple or higher coincidence data are shown in the upper
figure and the labeled numbers are spins forlthd — 2 transitions. The lower figure is resulting from the cross correlation in double or
higher coincidence data by gating on thé-20" transition of 1*%5n without a background subtraction. The filled circles indicate the
transitions of'®4Dy while the open circles are fot52Dy.
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TABLE |. Ground stateQg4(MeV) values and probabilitieén

parenthesisfor various neutron-transfer channels betwé®n'*Dy A
and 8sn. 60 f
O
Projectilelike nuclei .
Projectile 160Dy 162Dy 164Dy 16Dy
. 50
16Dy 0.9 0.0 -23 3
(0.0065 (1.0 (0.0019 \:
164py 1.7 0.0 -35 =
(0.011 (1.0 (0.0027 a0 |
matching condition is more favorable. This production cross
section ratio is very similar to that obtained for deep-inelastic ‘ ‘ ‘ ‘
reactions[7] leading to neutron-rich nuclei. However, it is 0 01 02 03 0.4
. R . L R Ao (MeV)
important to note that, relative to the deep-inelastic reaction,
the quasielastic reaction mechanism in the sub-barrier regime FIG. 5. Moment of inertia fort60:162.164.168y,

brings in much less excitation energy and produces mucq62 16 ) ] )
cleanery-ray spectrg8—10]. The sensitivity for this experi- 1*Dy, is an unlikely explanation for the observed flatness
mental setup can be gauged by the observatiort>tby of moment of inertia. Other explanations, such as weaker

which has a production probability 6f5x 1075, For cases Pairing, cannot be ruled out. .
having more optimal kinematic matching conditions, it is !N Summary, quasielastic transfer reactions betwe&sn

, , - L : 162,164yy at near-barrier energies have been studied b
ossible, with this sensitivity level, to use either neutron o nd . y a . g y
P y coupling the heavy-ion detector CHICO to Gammasphere.

proton transfer reactions to study neutron-rich nuclei up tQI_ . : ) ;
G ; he quasielastic nature of the production of neutron-rich Dy-
fhour neurt]rons away from the stability fine with masses"ke r?uclei was recognized bypthe measuf@evalue distri- g
eavier than 160. i e . . . .
o The moment o inerta of Dy together with thosefom U107, he e coinessof i reacton mectariam
y, are shown in Fig. 5. This figure also includes Hwe limited number of open reaction channels results in clean

the inelastic data where the ground-band transitions up t tra(?) si th A ton | liqibl
spin 24 and 23 were observed fot®Dy and 10y, re-  LET RS A0 B B e
spectively[14]. One notable feature is the flatness of the, " "o roerive nuclei is very helpful for identifying the

moment of inertia as a function of rotational frequency for™ ="~ .
excitation of unknown nuclear species from thaay cross

16Dy relative to that of neighboring nuclei. The same phe- ; . Fe . .
nomenon was observed for the neutron-rich nucl&i®yb correlations. The achieved sensitivity from this experimental
setup, coupled to quasielastic neutron or proton transfer re-

populated to spin 12 via the deep-inelastic reacti¢if] and ctions, provides a powerful new probe of nuclear structure
was interpreted as due to a smaller interaction strength, reld: ' P P P

tive to that of the lighter Yb nuclei, between the ground band"! heutron-rich nuclei that are up to four neutrons away from

and theS band. This interaction strength, deduced from thethe stability line.

measured decay branching ratios of the state at spinaf8 We thank Dr. K. Gregorich and Dr. M.A. Stoyer for han-
the S band[14], is weak; that is, about 10 keV fdfDy and  dling the 2°Cf source during the CHICO calibration. The
also is weak for!®Dy from a systematic study of this region work by the Rochester group was funded by the National
[15]. According to these systematics, an apparent eveScience Foundation. The work at LBNL was performed un-
weaker interaction strength if®Dy, relative to that of der the auspices of the U.S. Department of Energy.
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