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Aw'smmdanmﬂudum‘buﬁomhavebnnmmedforthe(d,‘l.i)reactionen“'Ba
. I‘D.I.“ce’ l“.l“.l“Nd' 144,148, uo 154&‘ md l“& min‘ 35 Mev m‘ md mag-
netic analysis. Good agreement between measured and calculated angular distributions was
obtained employing one-step zero-range distorted wave Born approximation (DWBA) théory
with a~cluster wave functions. Alpha-particle spectroscopic factors S, and reduced widths
7,’hawbemmraaedforthewﬁonsmmmdmdexc&edmhdmmthsmﬂyﬁs
are earlier results for the (d, ®Li) reaction on *¢°Dy, 2°®Pb and 23*U. The spectroscopic fac-
tors range from approximately 0.002 to 0.1. The transitions to the ground states of nuclei with a
few neutrons beyond N = 82 are enhanced. A close correspondence with the (p, t) two-neutron
pickup reaction was observed. Several of the target nuclei are known a-particle emitters, and the
direct comparison between reaction and decay dats leads to a consistent description of these pro-
mmahnzitpom‘bletodeducea—decayhfeﬂmuandbrmchmmﬁoafromthe(d.‘Ll)dau.

NUCLEAR REACTIONS lllm’ 140, "“(:O 142, 144.140Nd’ 144,148, 150. l“sm. .

166Rr(d, SLi), E = 35 MeV; measured .o(Eey;, 6). 13%Ba, 14°Ce, “3Nd, 144, 1548m

E | deduced S,, reduced widths. 143Ce, 144 145N, 143. 1505m, 165Er deduced S, reduced
w:dths, Ty (o). “"Dy a08py, "'U analyzed previous data. -~ - _

Clustering phenomena in nuclei are presently of theorstical and experimental
interest '~ %). Of the many reactions and decays which provide experimental infor:
mation about clustering, the (d, °Li) and (*He, "Be) a-particle pickup reactions
have been used for many years ®) to investigate a-particle clustering in light and
medium mass nuclei ®~®). A recent survey ) of (d, °Li) reactions at E; = 35 MeV
on a variety of targets demonstrated the feasibility of using this reaction to study a-
particle clustering over the entire mass range of nuclei. The (d, ®Li) cross sections
were found to decrease approximately proportional to 4~3, but enhancements in
certain regions such as the region of rare-earth nuclei were also observed. The mass
region 138 < 4 < 166 was therefore selected for a more systematic study. Prelimi-
nary results have been reported elsewhere '1).

Alpha-particle decay has long been used to study a-clustering in heavy nuclei - 12).
Alpha-particle transfer reactions extend these studies to all nuclei which are stable or
nearly stable. The extraction of structure information from the a-decay process using

t Supported in part by USERDA. Contract E(11-1)-2167 and USNSF Grant PHY 76-00287.
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the standard R-matrix formalism4~17) is affected by its sensitivity to the a-particle
binding energy via the penetrability factor and thus to the methods of calculating
that penetrability. The analysis of a-cluster pickup reactions such-as (d, °Li) and
(°He, "Be) is not influenced by this problem since the binding enetgy dependence of
the transfer cross section is much weaker and well described by reaction theory 1%).

However, the reaction analysis requires careful considerations related to the cluster
wave function (form factor) and to the normalization both in zero-range as well as
finite-range calculations. Transfer reactions probe the a-cluster wave function genera-
ally in a region near the nuclear surface, and a-particle reduced widths y? extracted
at a radius in this region should therefore be very reliable.

The reaction mechanism for the transfer of an a-particle is more complicated than
that for the transfer of two nucleons. Nevertheless, if the structures of the initial and
final states exhibit certain features, a correspondence between the two can be ex-
pected !?). Furthermore, a-particle pickup reactions in the regions of rare-earth and
translead nuclei [see also ref. 2°)] offer an opportunity to compare reaction and o-
decay data for ground as well as excited states. Three target nuclei which were studied
here [including one from ref. ! °)] are long-lived a-particle emitters,

The experimental procedure and results employed in this work are given in sect. 2.
The DWBA analysis is presented in sect. 3. Sect. 4 includes the discussion of a-decay
half-lives and branching ratios deduced from the (d, SLi) reaction. It also includes a
comparison between a-particle-and two-neutron pickup data ?!~24) and their inter-
pretation on the basis of the pairing vibration model 2%). ' :

2. Experimental procedures and results

The experiment was conducted with a 35.0 MeV deuteron beam from the University
of Michigan 83 inch cyclotron. The targets consisted of rare-earth oxides evaporated
onto carbon or nickel backings. They were typically 150 ug/cm? thick. The energy
loss of the outgoing SLi particles in the target was the major contribution to the energy
resolution of 60 to 90 keV. The resolution was adequate to separate most states of
interest. The outgoing SLi particles were detected in two adjacent position sensitive
solid state detectors mounted in the focal plane of a dispersion matched spectrom-
eter. Details of the cyclotron system and the beam preparation and analyzing mag-
nets have been previously reported 2¢). The acceptance angle of the spectrometer was
13° providing a solid angle of 2.0 msr. The ®Li particles were completely stopped in
the. detectors resulting in energy signals from the detectors sufficient to cleanly sepa-
rate the ®Li ions from an intense background of lighter ions. Conventional electronics
were used for data collection and on-line data reduction. Partially reduced data were
stored in a PDP-15 computer as a two-dimensional array of ion position in the focal
plane versus energy. The data were subsequently analyzed off-line. :

- A spectrum from the reaction 1$6Er(d, SLi)! 42Dy at 0y,, = 12° is shown in’ ﬁg 1.
Indicated in the figure are four members of the ground-staterotational band in !62Dy.
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Fig. 1. Spectrum of SLi particles from the '°Er(d, °Li)'5?Dy reaction at Oy, = 12°.
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Fig. 2. Angular distributions for the transitions to the 0+, 2+ and 4+ states in **4Nd and %Dy
from the (d, °Li) reaction on '4*Sm and !“*Er targets.

Transitions to higher excitation states can also be noted. These states could not be
uniquely identified due to the limited resolution and the very small cross sections. -
Angular distributions from 6,,, = 8° to 68° were measured on targets of '®°Er
and 143Sm (unless otherwise noted the reactions discussed will henceforth be identi-
fied by the target nucleus involved). The angular distributions along with the DWBA
fits, which will be discussed later, are presented in fig. 2. More limited data were ob-
tained on ta.rgets Of l&!Ba’ 140, 142Ce’ 1432, 144, 146Nd and 144, 150, 154sm In
addition, we will include in the analysis and discussion data for *¢°Dy, ?°*Pb and
238YJ from ref. 1°). Table 1 lists measured c.m. differential cross sections for the nuclei
and states indicated. The cross sections quoted are for angles near the first / = 0
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Tams 1

Differential cross sections do/dQ (first [ = 0 maximum beyond 0°), absolute spectroscopic factors
S, and reduced widths y,2 and 6,2 from the (d, 6Li) reaction

Target Residual J* E Q. dofdQ.a (bjsr) S, N9 72 6.2%)
nucleus nucleus (keV) (keV) (first maximum) keV) (x10-3)
1388, 134x O+ 0 —2576 1.85 +0.31 0.031 8 023 1.07
_ 2+ 850 3426 127 +026  0.086 7 049 2.28
140Ce 1368 O+ 0 —1564 196 4025  0.041 8 029 1.37
2+ 818 —2382 1.03 £0.18  0.067 7 038 1.79
1430, 138, 0+ 0 1362 328 £041 0.075 9 1.36 6.47
2+ 1426 —64 021 £010  0.011 8 0.15 0.71
142Ng 138ce o+ 0 — 805 444 1042  0.078 3 054 2.57
2+ 790 —1595 204 1028  0.15 7 0.84 4.00
144Ng 140C O+ 0 1902 610 +0.44  0.060 9 1.00 4.80
2+ 1596 306 092 1024 0018 8 o021 1.01
146Nd 143ce @ (] 1164 611 +0.51 0.075 9 119 577
2+ 641 523 059 1016 0013 . 8 0.14 0.68
144gm 140Nd O+ 0 —140 326 +1.64  0.071 8 045 2.16
2+ 7714 - —914 075 £0.70  0.025 7 012 0.58
1489m 144Ng O 0 1974 556 +064 0078%) 9 120°) 588
2t &6 1278  0.52 10.19  0.010 8 013 0.64
4+ 1314 660 040 +0.12  0.013 7 0037 0.8
1508, 146Ng O+ 0 1440 457 1060  0.048 9 0.63 3.12
2+ 454 986 039 +0.18  0.016 8 0.17 0.84
154gm 150Ng 0+ 0 —1213 042 +010  0.009 9 0062 031
2+ 132 —1345 030 1008  0.013 8 010 0.50
10Dy ¢)  136Gq O+ 0 154 143 1018 0032 9 022 1.14
166y 163py g+ ()} 822 042 +£0.06  0.012 9. 0078 041
2+ 8t 741 039 £0.06  0.008 8 0047 025
4+ 266 556 0.33 +£0.05  0.013 7 005 030
6+ 549 273 011 +£0.03  0.033 6 009  0.14 .
208pphey  204gg 0+ 0 519  0.0404+0.017  0.005 9 00047 0.029
meye) 24 g+ 0 4266  0.023+0.007  0.002 11 00031 0.021
2+ 48 4218  0.01410.006  0.003 10 0.0054 0.037
4t 160 4106  0.01240.005  0.004 9 00047 0.032
6+ 310%) 3956 0.014:10.006  0.004 8 0.0055 0.038

2) Assumed number of radial nodes in the a-cluster wave function.

_ ®) Channel radius s = (1.7 fm)A# (A4 == residual). -

*) Normalized such that 9,2(s) is the same for the (d, 6Li) reaction and the a-decay of “'Sm
with Ty = 8.0x10% y.

9) Data from ref. 19),

*) E; = 310420 keV from ref. m)
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maximum beyond 0°. All target nuclei studied have an even number of both neutrons
and protons, and _the-0+=states in the table are therefore all ground states. The 2+, 4*
and 6" states (whére observed) arc the first, second and third excited states, respect-
tively.
3. Analysis
3.1, DISTORTED WAVE BORN APPROXIMATION (DWBA) ANALYSIS
A DWBA analysis of the data has been performed using the one-step zero-range
computer code DWUCK 2?) with form factors taken to be simple a-cluster wave
functions. Spectroscopic factors S, and reduced widths y? are then defined pheno-
menologically for a-particle pickup reactions on 0* targets by 2% %)
d0,(0) _ 4 _Se da”"™(6)
a ‘2.r+1 a7

7d(s) = S.IRL“‘(S)I’ ' | (2)

Here, do®V?4(0)/dR2 is the calculated DWBA cross section, 4" is a normalization
factor, s is the.channel radius, g is the reduced a-particle mass, and ‘RE">(r) is the
radial part of the (normalized) form factor. Spectroscopic factors S, are to be under-
stood throughout this-work as the model-dependent quantities defined above. Ide-
ally, one should use instead specttosooplc amplxtndes calculated from microscopic
theories as in two-nucleon transfer reactions, for example o

The dimensionless reduced with 6%,(s) is defined 1% 3°) by

)

02L(s) = var(s)/rds), 10
where -
Pals) = 3h%|2us* @

is the: Wigner limit 3°733),

In the simple zero-range approximation used in the present analysis, the normali-
zation factor /4" includes the overlap of *Li with an a-particle and a free deuteron 3?)
as well as the strength of the effective deuteron—#-particle interaction. While a finite-
range calculation is in principle free of factors such as ., it requires a good know-
ledge of the SLi wave function. More importantly, however, it is not clear **) whether
a conventional finite-range analysis without the inclusion of antisymmetrization
effects 1+3%) should lead to correct absolute spectroscopic factors and reduced widths.

‘Both, zero-range as well as finité-range calculations may be affected by contri-
butions from two-step mechanisms. A further justification for the use of the simpler
zero-range approximation is provided by the independence of the normalization
factor on the a-cluster potential well parameters (see subsect 3.9).

3.2. OPTICAL MODEL PARAMETERS
The deuteron and SLi optical model parameters are listed in table 2. The deuteron
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TABLE 2 .
Opﬁeal modelpanmetuund"bound"m.tepuametm
Patticle: = V - rp... & ' W w. . - aw 7y
, o (MeV)  (fm) (fm) (MOV__)_ (Mev) (fm) - (fm) (fm)
a4 si0 110 o088 | 1425 125 090 1.3
SLi T 240.0 1.30° 0.65 14.0% S 1.70 '0.90 13

a~cluster D - 130 0.73 T o S S 1.3

The optical model potential ‘was used in the form -
Uopt(r) = — VX(r, Re, a:)—iWS(r, Ry, aw)-+iW'4aw(d/dr)f(r, Ry, aw)+ V(. R,),
S(r,Ryya) = a +©KP[(’—R=)/0=])'1 E’IA* :

%) W .= 12.0 MeV for Pb and U; see ref. 38), |
by Adjusted to dve eorrect a-parttcle binding or decay enerzy, see text.

parameters were taken from the work of Hinterberger et al. 3) as modified by Lewis
et al. *7); the ®Li parameters are from our work %) at 50.6 MeV. The inclusion of
spin-orbit terms in the deuteron and SLi: optical potentials was found to have a
negligible effect on the calculated (d, °Li) angular distributions. Only the deep minima
in the L = 0 distributions are filled in slightly. Spin-orbit terms were therefore dis-
regarded.

3.3. FORM FACTORS FOR BOUND AND UNBOUND STATES

Microscopic calculations for spectroscopic amphtudes are not availdble. The form
factors for nuclei with positive e-particle binding energies B, (B, = —Q,; see table 1)
were therefore taken to be simple a-cluster wave functions with a specified number of
radial nodes bound in a Woods-Saxon plus Coulomb poténtial well. The radius and
diffuseness parametets are included in table 2. These are the same parameters used by
Sherman e al. *°) in their analysis of the (e, 2«) reaction. The nuclear well depths
were adjusted to fit the a~cluster binding energies.

A different procedure was adopted for those nuclei where the a-cluster is unbound.
This includes the nuclei 14®Sm, 144Nd and 2**U which are known a-emitters. Here,
the target nucleus was viewed as an extremely narrow elastic scattering resonance of
an a-particle plus the residual nucleus at the energy Q,. Scattering theory *3~17- 49)
requires the elastic channel wave function u(r). = rR(r) to be asymptotically equal
to an irregular Coulomb function G (kr). This boundary condition is sufficient to
determine the potential well depth and the a-cluster wave function. However, the
wave function for the unbound a-cluster cannot be normalized to unity as required
by the DWBA analysis. As the wave function falls off rapidly, a reasonable procedure
is to normalize within some large radius. For example, the wave function at the classi-
cal outer turning point (= 80 fm for **Nd +a) is smaller than its value in the
nuclear interior by typically twenty orders of magnitude, and the exact radius used
for the normalization is therefore unimportant. A cutoff radius of 20 fm was chosen
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in the present work. At this radius the a-cluster wave function is about ten orders of
magnitude smaller than in the interior. The a~cluster wave functions as well as the
integrand of the DWBA radial integrals fall off very rapidly with increasing radius
for these long-lived, quasi-bound states. The above method is therefore nearly exact,
and it is not necessary to employ more complicated procedures sometimes used for
transitions to short-lived unbound states, as in analysis of (d, p) reactions.

The above procedure for constructing an a-cluster wave function does not take into
consideration antisymmetrization effects which may be important for the nuclear
interior 1'3%), These effects will be reflocted in our S, values.

3.4. QUANTUM NUMBERS . .

In order to calculate DWBA form factors it is necessary to specify the quantym
numbers for the a-cluster wave function. This was done throughout the analysis by
using the harmonic oscillator relation

@N+L)+@2n+1) =£:1(2n,+1,). ®)

Here, n, and I; are the radial and angular momentum quantum numbers of the four
nucleons which are picked up and N, L and », I are correspondingly the quantum
numbsers for the relative and internal motion of the cluster. Assuming an internal 0s
motion (7 = [ = 0) for the four nucleons in the a-particle, the total number of
oscillator quanta Q = 2N +L is uniquely defined once the shell-model orbitals of the
individual nucleons are specified ). The number of radial nodes N (radial quantum
number) used in the calculation of the spectroscopic factors S, are listed in table 1.
They are based on the simplest shell-model predictions **) [see subsect. 3.8].

3.5. DWBA NORMALIZATION

Egs. (1)~(4) make it possible to extract absolute values for S, 72, and 67 from the
measured (d, °Li) cross sections provided the DWBA normalization factor A4~ is
known. A normalization constant of A4~ = 2.67 has been deduced by requiring that
the reduced widths 72 determined from the lifetime of the w-decay of '4*Sm.(see
below) and from the (d, SLi) reaction on a !4%Sm target are the same. The above
normalization factor has been used throughout this work but may not be valid for
(d, SLi) reactions on much lighter or heavier target nuclei due to finite-range or other
mass-dependent effects..

Absolute spectroscopic factors S, and reduced widths 92 and 62 obtained from the
preceeding analysis are summarized in table 1.
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3.6. THE a-DECAY ANALYSIS AND PENETRABILITIES
For a-decay from 0% parent nuclei we define 12- 15-17 43)

Ty = My = 295()PL(Q0 5), (6)
736 = 2Ry, ©

i
Pi(Qns) = im [1s| 242 ®

Here, I',; is the partial width and y, is the partial decay constant for the transitions
to the ground or excited states in the daughter nucleus. The half-life T} is given by a
sum over all decay channels, 1n2/T; = ), A,;. The quantity sis again the channel radius
and y the reduced a-particle mass, P;(Q,, s) is the penetrability at the energy Q,, and
Ry(r) is the radial part of the a-cluster wave function. Furthermore, since y2.(s)
must be the same for reaction and decay, we have

Ry(r) = VSRE"™A(r), ©)

where RDVBA(r) is the radial part of the form factor in eq. (2).

Egs. (6)-(8) make it possible to extract absolute values for S,, 2 and 82 from a
measured decay constant 4 provided an accurate value for the penetrability P, can
be calculated. Four different procedures for calculating P, are discussed below.

Disregarding possible antisymmetrization effects 3%), the a-cluster wave functions
used as form factors for the DWBA calculations and the a-cluster wave functions
required in the R-matrix formulation of a-decay satisfy the same differential equa-
tion % 17). The boundary conditions for the two functions are different though.
The former resonance state function has to be asymptotically equal to an irregular
Coulomb function G(kr)while the latter function (pure outgoing wave) has to be
asymptotically équal to a Coulomb function of the form G, (kr) +iFy(kr). However,
at the chosen DWBA cutoff radius of 20 fm the regular Coulomb function Fy(kr)
is about thirty orders of magnitude smaller than G (kr)and inside the cutoff radius
the two solutions are for practical purposes identical. The DWBA form factor was
therefore used to calculate penetrabilities according to eq. (8) (procedure (a)). For
comparison, penetrabilities were also calculated with various approximations often
used in the literature ! 13: 44) and compared to the results of procedure (a). Fig. 3
shows the ratio of the calculated L = 0 penetrabilities for the decay !4®Sm — 14*Nd
+ e as a function of the channel radius s. Procedure (d) represents the WKB approxi-
mation to a pure Coulomb potential. This is one of the most common prescrip-
tions 4*). At the classical inner turning point of 8.1 fm for ! #4Nd + a, the penetrability
is a factor of about ten too small. Procedure (c) is based on eq. (8) using a pure
Coulomb potential and ignoring the nuclear potential. The result is somewhat better,
Procedure (b), finally, represents the WKB approximation to the combined Coulomb
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and nuclear potential. It differs at the small radii from the results of procedure (a)-by
a factor of two. As we are interested in reduced widths near the nuclear surface,
procedure (a) was used for all calculations.

3.7. RELATIVE MERITS OF S¢ AND 3,2 AND CﬁQICB OF CHANNEL RADIUS s

While both spectroscopic factors, S,, and reduced widths, y2, can be deduced from
the measured cross sections as outlined above, the former are much more model
dependent than the latter. The reason is that the reaction probes only a certain limited
region of the cluster wave function, generally near the nuclear surface. This is demon-
strated by the radial dependence of the product of the form factor times the wave
functions for the incoming and outgoing distorted waves. The product is strongly
localized near the surface, particularly for the important contributions to the radial
integral with I < 15. The spectroscopic factor is related to the entire wave function
whereas the reduced width is essentially a measure of the wave function at one
radius. Although the reduced widths contains correspondingly less information, it is
significantly more reliable. This should be particularly true if the channel radius is
chosen in the region where the a-cluster is actually picked up. In the (d, °Li) reaction
on target nuclei with A ~ 150 at E; ~ 35 MeV this corresponds to a channel radius
s = 50A4* with 5o &~ 1.7 fm. This value was therefore used in the present work. Fig:
4a shows the radial dependence of the total probability distribution u?(r) = r*R%(r)
= 4nr®Y?(r) for the a-cluster in 14*Nd +«. The average value in the interior region
is indicated by a dashed line. Significant surface clustering is indicated even in this
simple picture. The three points correspond to: (A) the radius at which the.logarith-
mic derivative of the radial wave function vanishes 2°), 7, = 7.50 fm, (B) the inner
classical turning point, ry = 8.12 fm, (C) our channel radius s = sg4%, rc = 8.91 fm.
Given a reliable model wave function, y2(s) [or 62(s)] can be extrapolated to larger
or smaller radii by using eqgs. (2) or (7). Fig. 4b shows the radial dependence of 72
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144Nd--«. The dashed line represents the average contribution in the interior region. (b) Plot of
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in the surface region. However, the reliability of an extrapolatlon to smaller radii,

particularly inside the inner classical turning point where- antisymmetrization ef-
fects 1-9%: 34) may dampen the wave function, depends strongly on the goodness of
the a-cluster wave function. It should be noted that R-matrix theory does not require
a particular channel radius or a particular boundary condition. The radius at which
the logarithmic derivative vanishes is sometimes a convenient but not a required
channel radius [eq (2.1) in ref. *%)].

38. DEPENDENCB OF S; AND y,.2 ON THE RADIAL QUANTUM NUMBER

The use of a single specified number N of radial nodes in the a-cluster wave function.
represents a simplification. Eq. (5) for the harmonic oscillator quantum numbers
breaks down when Woods-Saxon wave functions are expanded in a harmonic oscil-
lator basis. Morcover; contributions from proton pairs. and/or neutron. pairs in
orbitals with different oscillator quantum numbers are generally present. The most-
important added.contributions which will increase N for the chuster wave function of
148Sm, for example, are (Ohy)? for the protons and (0ig)? for the neutrons. A model
wave func¢tion for 148Sm was assumed to have the form ¥(r) = Ag¥o(r) +4,0¥10(r)
where Ay and Ay, have the characteristics of spectroscopic amplitudes. The norma-
lized wave function ¥o(r) and ¥, o(r) were generated using well depths adjusted to
give nine and ten radial nodes, respectively at the same binding energy. They are
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therefore not orthogonal; indeed I = [Y3(r)yr;0(r)d3r & 0.34. The calculated and
experimental angular distributions of fig. 2 agree well over the entire range of con-
structive interference [ (r) enhanced for large r] but only for small (< 15 %) destruc-~
tive admixtures of ten-node contributions. A pure nine-node form factor gives slightly
better agreement (see fig. 2) than a pure ten-node form factor (not shown). The
“‘spectroscopic factor” S, defined 2%) by S, = (43 +43,+24,4,,1) will depend
strongly on the mixing ratio. (The factor containing the overlap integral  accounts
for the lack in orthogonality.) As an example, if 4,, = 0, then S, = 0.078 (table 1);
if Ag = 0, then S, = 0.052. Constructive interference (believed to prevail in the
ground states), however, may lead to a value as small as S, = 0.037, whereas desctruc-
tive interference (< 15 %) can lead to S, = 0.20. The strong variation of the spectro-
scopic factor is contrasted by the reduced width which remains essentially constant.
The variation of y2 over the entire range of constructive interference is less than 2 %.
and even for small destructive interference y2 does not change by more than 15 %.

3.9. DEPENDENCE OF S; AND 7,2 ON THE «-CLUSTER POTENTIAL WELL PARAMETERS

A variation in the a~cluster Woods-Saxon potential well parameters r, and a leads
to different reduced widths y2 and spectroscopic factors S,. An uncertainty in the
parameters will therefore result in an uncertainty of the spectroscopic quantities.
Figs. 5a and b show the dependence of these quantities as extracted from the reaction
data (solid lines) and decay (dashed lines) for 148Sm as functions of r, and a. The
channel radius was again taken as s = (1.70 fm)4* and the normalization factor as
A" = 2,67. The graph shows that for all values of g and for r, 2 1.3 fm, both 2
and S, scale very closely for reaction and decay. Thus, the comparison between the
reaction and decay data is essentially independent of the choice of parameters,
Similar results have been obtained in an analysis of the (* 50, *2C) reaction on heavier
nuclei 2°). The dependence of 92 on the parameters is several times weaker than that
of S,. Reaction and decay data deviate from each other for ry < 1.3 fm, but this
region should be excluded anyway because of the strong disagreement between
DWBA and experimental angular distributions. Fig. 5c, finally, shows the DWBA
normalization factor A" obtained from the condition that y? is the same for reaction
and decay and for all values of 7, and a. Except for rq < 1.3 fm, 4" remains practi~
cally constant thus confirming the earlier conclusions which justify the use of the
zero-range approximation in DWBA. _

The reduced widths y2(s) of fig. 5a [ro < 1.3 fm excluded] were found to be strongly
correlated with the potential ¥(s) at the channel radius s [we find that the same is true
for the reduced widths 92 of fig. 6 in ref. 2°) for the (60, **C) reaction on *°*Pb].
Fig. 6 shows the correlation (shaded area) plotted as a function of V,,q(s) = V(s)—
Vcou(s)- This result is related to the ‘“Igo ambiguity *3)” whereby low-energy elastic
scattering depends essentially only on the potential in the tail region. Indeed, using
the earliest Igo potential 45) (¥, = 1100.MeV, ro = 1.17 fm, a = 0.574fm), areduced
decay width of y2(s) = 0.65 is obtained with the WKB approximation (open circle).
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Fig. 5. Relative reduced widths (a) and spectroscopic factors (b) for the reaction 14*Sm(d, *Li)'4*Nd

and the decay 4*Sm — 144*Nd -+« as a function of the a-particle potential well parameters ro and a.

The fllled circles correspond to the parameters ro = 1.3 fm and a = 0.73 fm. Part (c) shows the DWBA
normalization factor needed to obtain the same reduced width for reaction and decay.
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Fig. 6. Correlation between the reduced widths y,2(s) at the channel radius s = (1.7 fm)4+ for

1483m(d, °Li)!**Nd as well as 14%Sm — 14*Nd+a and the nuclear potential Vo, (s) obtained by

varying the potential parameters. The filled circle corresponds to the adopted values 7, and g, the
open circle corresponds to the WKB decay value for one of the Igo potentials (seo text).

Although the quantity ¥or2 for the above potential is almost 100 times larger than
for the other potentials, the shape of the potentials in the surface region is sufficiently
close to that of more realistic potentials and gives a reasonable decay width. '
The foregoing discussion indicates that uncertainties in the potential parameters
will not substantially affect the comparison between reaction and decay data. They
lead to an uncertainty in the absolute reduced widths y? by at most a factor of two.

_ 4. Discussion
4.1. HALF-LIVES AND BRANCHING RATIOS

The consistency of the analysis has been checked by comparing the reduced widths
and half-lives deduced from the measured (d, ®Li) cross sections for the three long-
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TanLr 3

Compariuonofexperimﬁnthl a~decay half-lives T; and brmchinzmtiosﬁvirithvaluu.deduced&om
(d, °Li) reaction data for a-unstable target nucle

Target Residual J* “E, Oy Reaction *) Decay®)
parent  daughter ©  (keV) (keV) IgT, ) B CR) g Ty ) BCR
143Ce 138p, o+ 0 1362 25.81 100
2+t 7 1426 °) _
144N4 140Ce  o* 0 1902 15.45 100 15.3240.08 100
2+ 1596 306 ) ) ' unobeerved
146Nd 143Ce 0 1164 35.00 100
2+ 641 523 L
1488y 144Nd 0% 0 1974 15.90%) 100 15.904-0.01 100
2+ &6 1278 : unobeerved
4+ 1314 . 660 unobserved
1s0gm  146Nd  0* 0 , 1440 28.34 100
Co 2% 454 © 986 _
“°Dy°) 196Gq o+ 0 451 10415 100
166gr - - 163Dy -+ 0 82 659 100
o 2+ 81 741 &2%10-°
4+ 266 556
6t S 213
208ppe) 204y O+ 0 519 129.72 100
assye) 2341+ 0 4266 75 7744
2+ 48 - 4218 24 2344
4+ 160 4106 } 1091 0.58 ] 9.65+0.01 4337 0.07
6t 310 3956 0.02 unobserved

%) Normalized such that y,3(s) is the same for the (d, °Li) reaction and the a-decay of 14*Sm
with Ty = 8.0x10!? y. Estimated uncertainty is +1 in log Tj.

%) Data from refs. 43-31:61),

°) 143Ce cannot a~decay to excited sta.tesin“'Ba.

‘)Blankspamind.iWeﬂ<lo"’/

*) Datafmmtef “)

lived radioactive target nuclei 144Nd, 1*®Sm and 2*®*U with those derived from the
decay data. Half-lives T and branching ratios § were calculated from eq. (6) using
the reduced widths of the DWBA analysis and exact penetrabilities (procedure (a) of
fig. 3). The results are listed in table 3 together with the experimental 7~ !:6) half-

lives T}, and branching ratios B. The values for *48Sm are, of course, identical having
been used to extract the DWBA normalization constant .#”. The agreement for *4*Nd
is very good. Disagreement by a factor of about ten exists for the half-life of 23*U.

The latter result should not be considered too disturbing as the reaction data 1°) are
limited and the DWBA normalization factor .4~ has been extrapolated over a wide
range. Moreover, 233U is a deformed nucleus and a proper treatment of the pene-
trability will reduce the calculated half-life. Similarly, an estimate using the same
normalization factor.#” for (d, °Li) transitions in the 1p and 1d2s shells measured at
the same deuteron energy 32 3®) implies small S, values, e.g. S, ~ ~0.02 for 2°Ne(d,
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6Li)!0. Again, due to the large extrapolation this result may not be accurate to
better than an order of magnitude [the lowest order shell-model estimate 22) is 0.23].

The values obtained for the branching ratios f in the decay *3%U — 234Th 4+« are
in very good agreement with the directly measured values 4®), particularly for the
transitions to the 0* and 2* states. A comparison for the transition to the tentative
6" state 1°) at E = 310420 keV is not possible as decay data are lacking for this
state. The corresponding information for the reduced widths is included in fig. 9.
Here, the ratios of the reduced widths of the excited states to that of the ground
states are compared for the reaction and decay data, again in good agreement.

We estimate that the relative uncertainties of the reduced widths for the 0* states
in the rare-earth nuclei are + 30 %, mostly due to uncertainties in the target thick-
nesses. The uncertainties are increased for the 2* and particularly 4* and 6* states be-
cause of possible contributions from two-step processes. The absolute uncertainty is
estimated at a factor of about three mostly due to the dependence on the e-cluster
potential well parameters. The values for Pb and U may be about one order of magni-
tude too small as indicated by the comparison with the half-life of 23%U.

Table 3 includes the half-lives and branching ratios derived from the reaction data
for all target nuclei with negative -particle binding energies. These half-lives range
up to 1012? y for 29%Pb. At present, such long half-lives cannot be measured directly.
It should be noted that the half-lives so obtained follow approximately the predictions
of the Geiger-Nutall relation [see fig. 7-3 in ref. 34)]

log 4 = a—pZQ %, (10)

with @ = 55.5 sec™!, B = 1.7037 MeV? - sec™! or a similar semiempirical expres-
sion 3% 54) and extend these relations to decay constants A which are 100 orders of
magnitude smaller than previously determined. Of course, the major contribution
to eq. (10) arises from the pcn'etrability factor of eq. (8). When its estimated uncer-
tainty is combined with that for y2, we arrive at an estlmated uncertainty of 11 for
log 4 (y~*) and log T} (y)- :

4.2. ANGULAR DISTRIBUTIONS AND CROSS SECTIONS

Angular distributions for the (d, ®Li) reaction on *4®Sm and ! $®Er calculated with
the DWBA computer code DWUCK 27) and the optical and form factor parameters
of table 2 are displayed in fig. 2. The ground-state distributions fit very well. How-
ever, the transitions to the 2+ and most notably the 4* levels show more structure
than the DWBA predictions. This fact suggests that multistep processes may -be
important for the transitionsto the excited states similar?# 5¢)to the weak transitions
tothe excited 2+ states observed in Nd(p, t). A coupled-channels analysis would there-
fore be desirable. Theother feature whichisimmediately noticeable is the differencein
magnitude of the cross.sections for the two nuclei. The reaction on *#*Sm leads to a
strong transition to the ground state of *#*Nd and considerably weaker transitions
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to the excited states. The reaction on °®Er, on the other hand, leads to weak tran-
sitions for all states in ! 42Dy including the ground state. These states are all members
of the ground-state rotational band.

4.3 GROUND-STATE TRANSITIONS

It is well known !2- 37> 58) that simple shell-model estimates for the absolute a-
particle reduced widths in heavy nuclei are one to three orders of magnitude smaller
than those extracted from decay data. Attempts are being made 3°) to understand this
discrepancy on the basis of antisymmetrization effects. Spectroscopic factors and
possibly reduced widths extracted from decay and reaction data may also be affected
by the required modifications in the cluster wave function and the form factor 34 37),
Such effects are not considered in the present work.

1 1 { 1 1 ] ! T T

eV)
=4

Pbe
(x10) Ue
(x10)

78 (k

2* First Excited States

pgtrunl

REDUCED WIDTH
o

Fig. 7. Absolﬁto a-particle reduced widths for (d, SLi) transitions to 0+ ground states and 2+ first
excited states as a function of neutron number N.

Fig. 7 includes the measured reduced widths (table 1) for the transitions to the o*
ground states as a function of neutron number. The reduced widths increase consider-
ably with the addition of a few neutrons to the closed shell at N = 82 followed by a
strong reduction beyond N = 88. The small values for 2°°Pb and 23*U are due to
the choice of channel radius and possible uncertainties in the DWBA normalization
as discussed earlier.

The reduced widths for N = 82 increase w1th proton number Z by a faetor of two
from Z = 56 (Ba) to Z = 60, 62 (Nd, Sm). There is a slight decrease for N = 84,
and the two widths for N = 86 are about equal. The Z-dependence of a-particle
reduced widths for even-Z nuclei with N = 84 has been treated theoretically many
years ago *°) on the basis of BCS theory with a simple pairing interaction. The
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predicted minimum for Z = 64 was confirmed recently °) in a critical reevaluation
of the a-decay data from Z = 60 to 72. Our results extend this sequence to Z = 58.
The continued increase towards smaller Z-values disagrees with the predicted maxi-
mum at Z = 60. The Z-dependence of our results for the stable nuclei with N = 82
from Z = 56 to 62 agrees with the Z-dependence predicted *%) for N = 84.

The increase of the reduced widths with N beyond N = 82 cannot be due to an
additional node in the cluster wave function as required from shell-model consider-
ations. The independence of the extracted widths to the assumed number of nodes
has been demonstrated earlier.

It is evident from fig. 7 that the addition of a few neutrons past N = 82 makes the
formation of an a-particle cluster in the surface region more probable. A similar but
more pronounced effect has been observed near N = 126 for the reduced widths
extracted for the polonium isotopes from the experimental a-decay half-lives 5*). It is
also evident in the a-preformation probabilities obtained from studies of a-particle
emission in (n, @) and (p, &) precompound nucleus reactions 62~ 64 43), -The pro-
nounced increase beyond the N = 126 shell for the polonium isotopes has been repro-
duced using simple harmonic oscillator wave function for the valence nucleons ¢%)
and also more sophisticated Nilsson wave functions with configuration mixing *?).
. Recent theoretical calculations *?) predict a close connection between two-nucleon
transfer and a-transfer reactions. It should manifest itself, for example, in the isotope
dependence of (p, t) and (d, °Li) cross sections particularly when the neutron and
proton pairs occupy different shell-model orbits. Indeed, this connection has been
verified experimentally in a comparison between the (p, t) reaction 6% 57) and the
(d, °Li) reaction 1% %) on even-4 and odd-A4 Sn isotopes. The protons transfered
in the latter reaction behave essentially as a ‘‘spectator” pair. The connection be-
tween two-nucleon transfer and a-transfer reactions has also been observed ¢?) in a
comparison between (t, p) and (°Li, d) transitions to several 0* states in **Ca. Also,
for a number of fp shell ground-state transitions the (SLi, d) a-transfer reaction was
found 7°) to be related to the relevant (*He, n) and (t, p) two-nucleon transfer re-
actions and in accord with the pairing vibration model %),

A similar comparison has now become possible for rare-earth nuclei. The (p, t)
data for the Sm isotopes 2> 24) and the Nd isotopes ! 22) are particularly useful.
Differential cross sections for the (p, t) reaction on Sm and Nd isotopes are displayed
in fig. 8 together with the (d, SLi) cross sections for the Sm and Nd isotopes. The
cross sections are arbitrarily normalized to unity for the target nuclei with N = 86.
The Sm(p, t) data are confirmed by the ground-state transitions observed in Sm(t, p)
[ref. 71)), as is expected from the reciprocity theorem. The correspondence between
the (d, ®Li) and (p, t) ground-state transitions is striking except for N = 92. In
particular, the broad maximum near N = 86 is confirmed. Calculations based on the
pairing interaction model 72) relate the cross sections of two-neutron transfer re-
actions between ground states to the pairing gap. The (p, t) data, now confirmed by
(d, ®Li) data, do not support the presence of a maximum at N = 90, as was already
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Fig. 8. Rolative differential cross sections at the first maximum beyond 0° for the L = 0 and 2

angular distributions of Sm(d, ¢Li), Nd(d, °Li), 8m(p, t) and Nd(p, t). The data are normalized to

unity at N == 86. The (d, °Li) data are for E, = 35.0 MeV (this work); the Sm(p, t) data 24) are for
E, = 25.5 MeV; the Nd(p, t) data 31:33) are for E, = 52 MeV.

noted earlier 7+ 23- 24). The cross section for the *48Sm(d, °Li)'**Nd ground-state
transition is considerably weaker than expected from the comparison with the (p, t)
data. This result is not too surprising since the correspondence in a sequence of
isotopes réquires the wave function for the transferred proton pair to be independent
of the neutron configuration. The above transition, unlike transitions in the lighter
isotopes, is one between strongly deformed states and the protons will likely take
part in the collective motion of target and residual nucleus.

4.4. TRANSITIONS TO EXCITED STATES

Absolute reduced widths and differential cross sections for transitions to first
excited 27 states are included in figs. 7 and 8, respectively. Fig. 9 shows the ratios of
the excited state to ground state reduced widths as a function of neutron number N.
The reaction and decay data 1% 48) for 238U are included. The inverse of the ratio
of fig. 9 is related to the so-called reduced hindrance factor %),

The general behavior of the reduced width ratios of fig. 9 falls into three categories,
(i) the semi-magic target nuclei with N = 82, (ii) the transitional nuclei with 84 3§ N
< 88, and (iii) the rotational nuclei with N > 88. The semi-magic nuclei 138R,,
140Ce, 142Nd and *4*Sm exhibit reduced widths for the 0* and 2* states which shift
gradually in strength from the first excited 2* state to the 0* ground state. No expla-
nation is offered except that the effect probably resuits from the influence of the proton
orbitals on the structure of the final states.

The transitions to the first excited 2* states are very weak for all targets with
N = 84, 86 and 88. The (d, °Li) and (p, t) results > ~24) for the entire range N = 82
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Fig. 9. Ratio of excited state to ground-state reduced widths from the (d, °Li) reaction. Decay
values with uncertainties are included for 2**U. .

to 88 are completely analogous. The close correspondence for the ground and first
excited states is evident in the comparison of the differential cross sections of fig. 8.
The weak 144Sm(d, 6Li)!#®Nd(2*) transition represents the only exception. It is
worth noting that this weak transition and the rather strong 1*Nd(p, t)“°Nd(2"’)
transition populate the same final state.

The strength of the (p, t) transitions to ground and excited states near N = 82
has been explained successfully 22~24) on the basis of the pairing vibration model #%),
Assuming zero-phonon ground states of the N = 82 nuclei, the addition or removal
of neutron pairs with total angular momentum transfer of L = 0 leads to strong
transitions between the ground states of the neighboring even isotopes. The lowest
2% states for N < 82 are removal-type quadrupole pairing vibration states. They are
populated strongly in the pickup reaction. The lowest 2* states for N > 82 are
addition-type quadrupole pairing vibrational states. They are populated only weakly
in the pickup reaction and require a two-step reaction mechanism. Indeed, the weak
transitions observed in Nd(p, t) have been successfully described in terms of coupled-
channels Born approximation calculations 22). The first excited 2* state for N = 82
is not a pairing vibrational state but presumably a particle-hole phonon state. It is
populated weakly in pickup as well as stripping.

The relative strength of the transitions to the above 0* and 2* states can also be
understood 7> 34) on the basis of simple sheil-model considerations. If one invokes
the seniority model and assumes states of good seniority, the spectroscopic factors
become related to quasi-spin coupling coefficients leading to conclusions similar to
those from the pairing vibration model.

The reduced widths are approximately equal for the observed transitions to the
ground and the excited states of all deformed nuclei studied, nameley *4%Sm(d,
GLi)MANd’ 166Er(d’ GLi)lC‘sz and 23'U(d, ‘Li)”‘Th. The ﬁna.l states are all
members of the ground-state rotational band. Such a behavior is quite reasonable
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considering the fact that the internal structire of the excited states is very similar to
that of the ground state, and that the space of contributing shell-model configuration
is presumably large. One might therefore expect that the reduced widths decrease
only slowly with increasing L.

A more complete analysis of the a-transfer data must awalt the development of
suitable theoretical models or formalisms to calculate spectroscopic amplitudes from
realistic wave functions. Boson-expansion methods, applied successfully 74) to the
(t, p) stripping reactions 7!) on !4% 13% 152§y, for example, appear to be promising.

5. Summary

Reduced a-particle widths for long-lived radioactive rare-earth nuclei have been
extracted from the (d, ®Li) reaction and were found in accord with the reduced widths
extracted from a-decay. This result has - made it possible to deduce lifetimes for nearly
stable a-particle unbound nuclei with 7, > 10'°°y.

While both absolute a-particle reduced widths y2 and spectroscopic factors S,
can be extracted from the measured cross sections, the former are far less model
dependent than the latter. This property of the reduced widths is particularly pro-
nounced when extracted at a channel radius which is close to the radius at which the
a-particle is picked up in the (d, ®Li) reaction. The absolute spectroscopic factors S,
for the rare-earth ground-state transitions range from about 0.01 to 0.10. The absolute
reduced widths 2 extracted at a channel radius of s = (1.7 fm)A* range from about
0.1to0 1.0 keV. :

The ground-state reduced widths increase slgmﬁca.ntly when a few neutrons are
added to the closed shell at N = 82, Except for N = 82 the strength is strongly con-
centrated in the ground states for these nuclei. This behavior is very similar to that
observed in two-neutron pickup reactions and can be understood in terms of the
pairing vibration model. The widths for states in deformed nuclei are reduced as
the total strengths are spread over members of the ground-state rotational bands.

We thank H. Sato, E. Sugarbaker and the cyclotron staff for their assistance. We
are also indebted to K. T. Hecht and A. Arima for numerous helpful conversations.
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