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Data for the a-particle pickup reaction (4,%Li) have been obtained at 35-MeV bombard-
ing energy for even-even nuclei from '°C to *®¥U, The cross sections for the transitions
to the ground states decrease approximately as 1/4,° where A, is the target mass. -
particle transfer probabilities have been extracted from the data and are found to be sub-
stantially enhanced in heavy nuclei away from shell closures, particularly for deformed
nuclei near A~ 150, @-particle correlations appear to be related to two-nucleon pairing

effects.

It is thought that clustering of nucleons, partic-
ularly a clustering, may be important in heavy
nuclei. Hartree-Fock and other nuclear-matter
calculations often predict significant clustering,!®
particularly in the surface region of heavy nuclei.
Some evidence for such effects has been obtained
from studies of @ emission in (z, @) compound-
nucleus reactions,? high-energy (p, pa) and (¢, 2a)
knock-out reactions,®”® and, recently, (7,y) reac-
tions.® However, very little data from direct
(4, ®Li), (o, ®Be), and (°*He, "Be) reactions exist
for target nuclei A >70.7® Such data should be
useful in the study of o clustering especially in
the surface regions of heavy nuclei.”®

We have studied the (d,°Li) reaction on 2C, #8Q,
2°'22Ne, 4°Ca, ss,soNi, "“Ge, BBSI’, 1129115»118n120.122,124sn,
140Ce, 10Dy, ¥6Er 208ph  and®®U with a 35-MeV
deuteron beam from The University of Michigan
83-in. variable-energy cyclotron. The targets
(50-700 wg/cm?) consisted of enriched isotopic
material evaporated onto thin (<40 ug/cm? car-
bon backings or enriched gas contained in a gas
cell. The ®Li reaction products were detected
with a AE-E solid-state counter telescope located
in a scattering chamber or with a position-sensi-
tive detector placed in the focal plane of a mag-
netic spectrometer (AR~ 2 msr). The latter per-
mitted measurements for cross sections as small
as ~5 nb/sr with an optimum resolution of about
30-keV full width at half-maximum.

Angular distributions for the ground-state
- ground-state transitions have been measure
for the targets !2C, !%1%Q, 20%Ne, “Ca, and °Er.
In addition, angular distributions are available!!
at E;=36 MeV for several of the nickel and zinc
isotopes as well as '*Sn., Using the available an-
gular distributions, we have performed distorted-
wave Born-approximation (DWBA) calculations
with parameters chosen to fit the existing data.®™!!
These calculations were the basis for choosing
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one (or more) observation angles for the heavier
targets corresponding to maxima in the L =0 an-
gular distributions (6 >0°), The measurements
for nuclei A >40 were made with a 6° (full-width)
spectrometer aperture. Since this is a sizable
fraction of the oscillation period of the predicted
angular distributions (15° to 20°), errors of sev-
eral degrees in the choice of the observation an-
gles would not significantly affect our results.
Although angular distributions are not available
in the mass region A ® 200, we have measured
the elastic scattering of °Li on 2°®Pb at Es ;=51
MeV and verified that our ®Li optical model pa-
rameters are suitable, It should be noted that
despite possible uncertainties in the choice of
scattering angle particularly for A = 200, the
measurements must represent lower limits to
the cross sections and at most would underesti-
mate the peak cross sections by about a factor
of 5.

The laboratory cross sections observed at the
measured or calculated first maximum beyond 6
=0° (6~ 10° to 25°) for the L =0 ground-state tran-
sitions are shown in Fig. 1. As determined from
the data®™!! with A <170, the differential cross
sections displayed also reflect the trend in the
total (d, °Li) cross sections. The errors indicat-
ed are those due to statistics and estimated tar-
get thickness uncertainties. The general trend
in the cross sections is a decrease with target
mass A, as~1/A 2. The cross sections change
less rapidly near A = 100 as noted previously.”®1!
Superimposed on the gross decrease with A, are
distinct and systematic variations of the cross
sections, with local minima at A =58, A =124,
and A ® 208, and local maxima at A~116 and A
~160.

The cross sections for the tin isotopes are
shown in more detail in Fig. 2 where we display
the results at 6, = 17° for transitions to the ground
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FIG. 1. Measured (d,Li) ground-state cross sections
at the calculated or measured first L =0 maximum be-
yond 0° versus the target mass number A, (see text),
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states and 27 first excited states. We include al-
so data for '“Sn from Ref, 11 (E,=36 MeV). Both
the ground state and 2* cross sections exhibit the
same type of behavior, namely a maximum for A
~ 116 and a substantial decrease as A -~ 124, Data
for the ground-state rotational bands in *2Dy and
24Th were also obtained. The measured cross
sections for 2Dy at 6,=12°are 0*: 0.58+0,18
ub/sr; 2%: 0.29+0.13 pb/sr; 4% 0.12+0.08 ub/
sr and for 2**Th at §,=24°, 0*: 23+7 nb/sr; 2*:
14+ 6 nb/sr; 4*: 12+5nb/sr; 6*: 14+6 nb/sr.

The mass excess of 2°Cd was measured by
comparing the ground-state @ values for the tar-
gets '22Sn and %%Sn, The result is AM('?°Cd)

— AM('®Cd) =2703 + 12 keV which, when combined
with the known'? mass excess of 18Cd, yields
AM(12°Cd) = - 84004 + 23 keV. This result is close
to the predicted values — 83 920 keV *® and — 84 176
keV.,

As the (d, °Li) @ values are functions of 4,, we
have attempted to separate kinematic (@ value)
and spectroscopic effects by use of DWBA. We
define a phenomenological quantity, S,, the «
spectroscopic factor, by

(do/dS) ©*P =NS(do/dSy) PWPA, (1)

where N is a normalization constant and (do/
d)P"®4 ig the no-recoil DWBA cross section. '
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FIG. 2, Top and middle: Measured Sn(d,®Li)Cd
ground state and 2% (first excited state) cross sections
(L =0 maximum) versus target mass number. The
143n(d,®Li) data (E;=36 MeV) are taken from Ref, 11.
Bottom: Comparison of the @ and two-neutron spectro-
scopic factors deduced from (d,°Li) and (p ,t) reactions
(see text). The (p,t) data were taken from Ref. 17.

Optical model parameters found suitable in other
(d, °Li) studies!! were used. The form factor was
calculated by binding an « cluster in a Woods-
Saxon well with R=1.34,Y3 fm, a¢=0.73 fm, and
adjusting V. The a-cluster quantum numbers
were determined by forming a 1S cluster from
protons and neutrons in valence orbitals., The
nuclei A, = 130 are a-particle unbound by up to
5 MeV. Here, cross sections were calculated as-
suming o clusters bound at several energies and
spectroscopic factors S, were then obtained by
extrapolation to binding energies greater than 0.
The S, values deduced from our measurements
for A >40 are shown in Fig. 3. The normalization
factor N in (1) was arbitrarily adjusted to give S,
=1 for *0(d, °Li). (The results for A <40 includ-
ing an investigation of finite-range effects, i.e.,
recoil and analysis of excited states, will be pre-
sented elsewhere.) The variations observed in
the raw data (Figs. 1 and 2) are also reflected in
the S, values. In Fig. 3 we indicate the mass
numbers'® associated with the doubly magic nu-
clei 50, 3SNi,g, !%2Sng,, and 2%Pb,,,. There ap-
pear to be minima in S, associated with known
shell closures. Furthermore, in the heavier nu-
clei we observe noticeable enhancements in S, in
the regions N ~ 66 (open neutron shell) and Z~ 66,
N =94 (open proton and neutron shells). The lat-
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FIG. 3. The a-spectroscopic factors deduced from
the (d,%Li) data using Eq. (1). Mass numbers associa-
ted with doubly magic nuclei are indicated at the top.

ter corresponds to permanently deformed nuclei,
indicating that o clustering may be particularly
important for these nuclei and may warrant fur-
ther study. The variation of S, with A; near A,
~ 160 appears to be remarkably similar (where
data overlap) to the mass variation of the a pre-
formation probability deduced from the study? of
pre-equilibrium « emission in (r, @) reactions in
the region A, =140 to 240,

In the lower part of Fig. 2 the relative varia-
tion of S, extracted from our Sn(d, ®Li) data is
shown with the corresponding relative two-neu-
tron “spectroscopic” factors which we have de-
duced from Sn(p, ¢) data.!” Except for ''2Sn, there
appears to be a close correspondence between
the a and two-neutron correlations in these iso-
topes, supporting recent theoretical predictions.
In particular, the decrease in S for A,>116 ap-
pears to be associated with a neutron subshell
closure, e.g., 2d;,,. Such an orbital is known'®
to be more favored in forming 1S nucleon pairs
than the higher available neutron orbits such as
12,1/5.

The apparent relation between two-nucleon and
a-particle correlations suggests that certain ef-
fects analogous to two-nucleon “superfluidity”
may be present when « correlations are large.
It has been suggested®® that heavy-ion reactions
involving transfer of two nucleons between “su-
perconducting” nuclei, e.g., 1*®*Sn(2°Sn, '8Sn)%°Sn,
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should exhibit enhancement phenomena similar to
those observed in the Josephson effect in ordinary
superconductors. Such an effect might also be
observed in the « transfer between “« supercon-
ducting” nuclei, e.g., in °*Er(!*2Dy, %°Er)1%2Dy,

The authors thank the cyclotron staff for their
assistance with this experiment, We also thank
F. Milder and E. Sugarbaker for their help.

*Work supported in part by U.S. Atomic Energy Com-
mission Contract No. AEC AT(11-1)-2167.

Ip. M. Brink and J. J. Castro, Nucl. Phys. A216, 109
(1974,

%1, Milazzo-Colli and G. M. Braga-Marcazzan, Nucl.
Phys. A210, 297 (1973).

3p. Bachelier ef al., Phys. Rev. C 7, 165 (1973).

!G. Igo, L. F. Hansen, and T. J. Gooding, Phys. Rev.
131, 337 (1963).

5J. D. Sherman, Ph. D. thesis, University of Califor-
nia, Berkeley, 1973 (unpublished).

SR. Segel et al., Bull. Amer. Phys. Soc. 19, 57 (1974).

'J. D. Garrett, ANL Report No. PHY-1972H (unpub-
lished), p. 232; K. Bethge, Annu, Rev, Nucl. Sci. 20,
255 (1970).

8C. Détraz, C. D. Zafiratos, H. Rudolph, and C. S.
Zaidins, Phys. Rev. Lett. 28, 117 (1972).

A. VanderMolen, Ph.D, thesis, University of Michi-
gan (unpublished); F. Milder et al., unpublished data.

1A, VanderMolen et al., in Proceedings of the Inter-
national Confevence on Reactions between Complex Nu-
clei, Nashville, Tennessee, 1974, edited by R. L.
Robinson, F. K. McGowan, J. B. Ball, and J. H. Hamil-
ton, (North-Holland, Amsterdam, 1974), Vol, 1, p. 36.

p, Martin, J. B. Viano, J. M. Loiseaux, and Y. le
Chalony, Nucl. Phys. A212, 304 (1973).

127, H. Wapstra and N, B. Gove, Nucl. Data, Sect. A
9, 265 (1971); August 1972 (version obtained from Oak
Ridge National Laboratory).

%G, T. Garvey et al., Rev. Mod. Phys. 41, S1 (1969).

143, Jtinecke and B. P, Eynon, to be published.

5program pwuck, P. D. Kunz (unpublished.

M. G. Mayer and J. H. D, Jensen, Elementary Theo-
7y of Nuclear Shell Stvucture (Wiley, New York, 1955).

"G, Bassani et al., Phys. Rev. 139, B830 (1965).

18D, Kurath and I. S. Towner, Nucl. Phys. A222, 1
(1974).

"N, K. Glendenning, UCRL Report No. 18268 (unpub-
lished); R. A. Broglia, C. Riedel, and T. Udagawa,
Nucl. Phys. A184, 23 (1972).

K. Hara, Phys. Lett. 35B, 198 (1971); K. Dietrich,
K. Hara, and F, Weller, Phys. Lett. 35B, 201 (1971).

227



