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The pairing-vibration model with isospin is extended to include a-transfer reactions. Selection rules and
expressions for transition strengths are derived and compared with experimental results for 4 = 40-66
nuclei. The selection rules are found to be followed ‘quite well in the examples studied. The systematics of
ground-state transition strengths are qualitatively quite well reproduced although the quantitative agreement
is poor. When the changing nature of the pairing quanta is incorporated using two-particle transfer data the
agreement becomes quantitatively good. Evidence is presented for clustering other than that due to pairing in

“0Ca and “Ti.

NUCLEAR STRUCTURE Extension of pairing-vibration model to four-particle
transfer reactions and comparison with experimental results for f-p shell :]

I. INTRODUCTION

In the past few years, there has been an in-
creasing interest in a-particle transfer reac-
tions leading to final states in 2s-1d and 1f-2p
shell nuclei.'~'® Such reactions are inter-
esting in view of their sensitivity to correlations
in the initial and final states that cannot be probed
directly by the move extensively studied one- and
two-particle transfer reactions. A microscopic
analysis of the transfer strengths is, however,
extremely complex and the traditional shell-model
approach becomes unrealistic for all but the
lightest nuclei. For 1p and 2s-1d shell nuclei,
analyses in terms of SU(3) wave functions have
proved particularly useful, especially as this
basis is a natural one in which to calculate the
overlap factors associated with the transfer of an
a-particle.!™® Unfortunately, the decomposition
of realistic wave functions in terms of SU(3) basis
states rapidly loses its simplicity as the splitting
between spin-orbit partners increases with in-
creasing mass. Nevertheless, some attempts have
been made”®** to use this approach for nuclei in
the 1f-2p shell although the lack of large basis
shell-model wave functions is a serious drawback.
At the present time, however, it seems that other
schematic models may provide more insight into
the experimental results for nuclei in this mass
region.

A simple model which has proved extremely use-
ful in the Ca-Ni region is the pairing-vibration
model with isospin,?*2?® This model has provided
an understanding of many of the features observed
in two-nucleon transfer reactions to J" =0" final
states and in particular, the model provides a
simple explanation of the existence or nonexis-

nuclei.

tence of transitions to excited 0" states in (¢, p),
(p,t), CHe,n), etc. reactions. Although there is
no a priovi reason to assume that this model will
be a useful one with which to describe a-transfer
reactions, there is evidence®''*''¢ of the extreme
sensitivity of @ transfer to the pairing correla-
tions in this mass region. Therefore, although
the model (in its simplest form) specifically ex-
cludes the other types of correlations which can
play a role in a transfer, it probably provides a
useful yardstick by which to judge the data.

In this communication, the pairing-vibration
scheme is used to treat « transfer. Selection and
intensity rules are derived for transitions be-
tween model states. The extent to which the selec-
tion rules are followed is examined using two-
and four-particle transfer data leading tc final
states in three nuclei in the A =40-60 mass re-
gion. It is found that these selection rules are
largely obeyed, indicating the validity of the cou-
pling scheme assumed in the pairing-vibration
model. The model predictions for the strengths
of ground-state to ground-state transitions, are
compared with the experimental values for tar-
get nuclei ranging from *°Ca to ®Ni. This com-

p arison shows that, although the model fails to
correctly predict these relative strengths, the
discrepancies are similar to those found when the
model is applied to two-nucleon transfer reac-
tions. We may therefore conclude that, despite
the potential complexity of a-transfer reactions
in this mass region, the same types of correla-
tions that influence two-particle transfer are
governing the four-particle transfer between
ground states. The only exception to this behav-
ior is for the *°Ca(°Li, d)**Ti reaction, the ground-
state transition of which is considerably enhanced
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over the value expected from the two-particle
transfer systematics. This result may then pro-
vide the first quantitative evidence for a-particle
clustering in this mass region.

Il. THEORY
A. Pairing-vibration model with isospin

This model, first proposed by Bohr®? and
Nathan®, has been reasonably successful in de-
scribing many of the features of two-nucleon
transfer reactions in the Ca-Ni region.”*"?° The
formulation of the model in this mass region has
previously been discussed in some detail and will
therefore only be summarized briefly here.

The ground state of the “doubly-magic” (N=Z
=28) nucleus *°Ni is taken as the vacuum state
|0y. Monopole pairing-vibration states are then
formed by the successive action of the boson cre-
ation operators a' and »'. The operator a' (")
creates a highly correlated pair of particles
(holes) in orbits largely above (below) the vacuum.
Each of these pairs carries spin 0 and isospin 1.
The states in the model are thus characterized by
the number of removal and addition quanta, and an
isospin coupling scheme is chosen by coupling the
isospins of the removal and addition quanta sepa-
rately and then combining the two resulting iso-
spins to the total isospin. Each state in the model
is therefore labeled in the following manner:

¥ =|n,Tyn,T,TT,), @.1)

where n, equals the number of addition quanta,

n, equals the number of removal quanta, T,

=ng, ,-2,...,00r1, T =n,n,-2,...,00r1,
and T = Ta +i . In the absence of seniority nonzero
correlations in the vacuum, it is implicit in the
monopole pairing model that all the model states
have seniority zero, a fact which will result in a
considerable simplification of the a-transfer
amplitudes.

In the simplest harmonic pairing-vibration
scheme the transfer of pair addition and removal
modes may be thoughtofas transitions between
the eigenstates of two uncoupled harmonic oscil-
lators where the number of addition and removal
pairs n, and n, play the role of the principal
quantum numbers and isospin that of angular mo-
mentum. The pair creation and annihilation oper-
ators are then exactly equivalent to the raising
and lowering operators of the normal harmonic
oscillator, and have their usual matrix elements.

B. Cluster DWBA

For a cluster transfer reaction on a spin zero
target the cross section can be written®® in the

form

2

) (2.2)

o(exp) ~ »"Z Gy B

where the spectroscopic amplitude G,, contains
all the structure information and the factor By is
the DWBA amplitude calculated using a cluster
form factor with N nodes, orbital angular mo-
mentum L and a falloff at large radius corre-
sponding to the cluster separation energy.

For a Os a particle and assuming the same size
parameter for the projectile and target, N and L
are determined by the expression

4
2N+L=Q=Dq;,
i1

where g; equals the number of oscillator quanta
transferred by the ith particle in the cluster. In
the mass region under consideration, all transfers
involve the same number of oscillator quanta

(@ =12) (in other words, we restrict the discussion
to one major shell which neglects the presence of
the 1g,/, orbit) and we may therefore rewrite
Eq.(2.2) as

o(exp) ~| Gy * By |?
or (2.3)
a(exp) =N|GNL| 2oy (DW),

where N is an overall normalization factor and
0, (DW) is the cluster DWBA cross section.

The quantity |Gy |? may then be thought of as a
cluster “spectroscopic factor” which provides a
measure of the intrinsic strength of a given tran-
sition independent of the experimental conditions
(bombarding energy, @ value, etc.).

The deficiencies of the above procedure are well
known, but it is hoped (and tacitly assumed in
most analyses of experimental data) that the
relative spectroscopic factors for transitions with
the same L value will be fairly reliable.

C. Structure amplitude G

Following Ref. 27, the structure amplitude G
may be written

Q/2
6=(322)" T @I mIver] @), 2.4
r

where B is the mass of the final nucleus and @ is
the number of transferred oscillator quanta. The
two terms in the sum over I in Eq.(2.4) are the
coefficients of fractional parentage and the over-
lap of the four transferred particles with the
a particle in the projectile, respectively. The
label T serves to specify the exact nature of the
transferred nucleons in the basis in which the
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initial and final state wave functions are written.
It is here that the simplicity of the pairing-vibra-
tion description of the initial and final states be-
comes clear. Within this basis, there are only
three possible forms for the four-nucleon crea-
tion operator x'(I). namely,

[a'"®a']" 7%, T =aa
xT(0)={2[a"®»]°"*T*° T=ar (2.5)

[ror]%:T=° T=rr,

where the factor of 2 in the second of the three
forms arises from the distinguishability of the
addition and removal pairs.

The above simplicity in the forms of the four-
nucleon creation operator when expressed in the
pairing-vibration basis contrasts with the com-

for |n,T,n,T,TT,) = |n, +1T.n, - 1T.TT,),

plexity of the shell-model approach. Although the
latter is more general, the sum over T can con-
tain 70 terms in the case of an L=0 transition
where all possible couplings of two neutrons and
two protons in 1f-2p shell orbitals are included.””
In general, at most one of the above three com-
binations of pairing operators has a nonzero ma-
trix element between any two pairing-vibration
states, which implies some strong selection rules
the validity of which is discussed in Sec. I A,
The evaluation of the matrix elements for allowed
transitions leads to the following expressions for
their transition strengths:
For |n,T,n,T,TT,)~|n, +2T,n, T ,TT,),

o(exp) =N (E%i)u("a +T,+3)

x(n, - T, +2)g*(aa| @) c(DW); (2.6)

B \2 (T, T, T*
0(exp)=4N(E—_—4> }T r 1} (g + T, +3)(T,+1)8(T., To+1)+(m, - T, +2)T,5(T., T, - 1)]
x[(m, =T, (T, + 1)8(T., T,+1)+(n,+T,+1) T,6(T,, T, - 1)| &F(ar|a)oc(DW); (2.7)

for |n,T,n,T,TT,) -~ |n,Tyn, -2T,TT,),

o(exp)=N <E_‘%l>>12(n, +T,+1)

x(n, - T,)g(rr|a)o(DW), (2.8)

where in the evaluation of the transition matrix
elements we have used the fact that the pair oper-
ators transform as isovectors in the space de-
fined by the model, and assumed a harmonic pair-
ing-vibration scheme as discussed in Sec.II A,
The overlap factors g*(I'|a) reflect the micro-
scopic structure of the pair addition and removal
modes. In a first approximation the structure of
these modes is assumed to be independent of the
nucleus in which they exist—except to the extent
that size and binding energy effects are included
in the cluster form factor used in the distorted-
wave calculations. In this case, then, all trans-
fers involving the same combination of pairing

quanta could now be compared on the same footing.

(See Sec.IIIB.)

Although the above approach is appealing in its
simplicity, it is known from (¢, p) and (*He, n)
studies®® 3! that the structure of the pairing modes
does not remain constant in this mass region and
that Pauli principle effects, etc. are important.

It does seem, however, that the basic coupling
scheme and its consequent selection rules are

r

maintained.” This fact enables the changing na-
ture of the pairing quanta to be incorporated into
the present discussion of « transfer.

Again, following Ref. 27 we note that the four-
particle overlap factor can be expressed as a
product of two two-particle overlap factors,

F(T10) =8 0an] 05) (7, 05), (2.9)

where v,, and y,, identify the pairing modes occu-
pied by the neutron and proton pairs, respectively
(y=a or »). [We could also write g%(I'|a)

= 2%(7,,108)2%(7,,10s) , but this is less convenient
as will be clear.] The evaluation of the matrix
elements of the operators given in Eq. (2.5) in-
volved sums over complete sets of intermediate
pairing-vibration states which contribute coher-
ently to the final cross section. These inter-
mediate states, together with the initial and final
ground states are shown schematically for three
typical cases in Fig. 1. The solid lines represent
the two-neutron and the dashed lines two-proton
transitions. All allowed transitions are shown,
but only those which connect the initial and final
ground states can contribute to the a transfer
process. In principle, therefore, a knowledge of
all of the relevant two-particle transfer routes
could be utilized to calculate the four-particle
transfer. As is evident from the figure, however,
not all the required transitions are known from
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FIG. 1. Possible (¢, p) and (*He, n) routes connecting target and final nucleus ground states. (¢,p) transitions are
shown as solid (—) and (*He, n) as dashed (---) lines. States are labeled by their pairing-vibration model quantum

numbers [n,T n,T,T).

two-particle transfer data and we must make the
further simplifying assumption that so far as the
overlap factors go, all routes are equivalent and
use the values of g%(7,,| 0s) and g*(y,,| 0s) obtained
from the ground-state transitions. Thus we are
able to incorporate the changing nature of the pair-
ing quanta from nucleus, but not within a given
nucleus. The expressions for obtaining the values
of g%(y| 0s) are®+*2 as follows:

For |n,T,n,T,TT,)~ ln,+1T:n, T, T'T}.),

owmﬁ=MfmmwaT+n{TrT'7ly
1T, T

X (TT, 1T, - T,)|T'T;)|?
X[(T,+1)n, +T,+3)6(T,,T,+1)
+Ta(na - Ta+2)6(T4; !Ta - I)IU(DW);

(2.10)
for |n,T,n,T,TT,)~ |n,T,n, - 1T, T'T}),

a(exp)zNgz(rlOs)(2T+l){T"T T*
1 T, T

Xx|[(TT, UT,-T,)|T' T})|?

X [(T, + 1)(", - Tf)é(T:- 3 T'r + 1)

+T,(n,+T,+1)6(T., T, - 1)]oc(DW),
(2.11)

where N is an overall normalization factor for the
(t,p) or CHe, n) reaction whichever is appropriate.
The application of this procedure is discussed in
the next section.

I1I. COMPARISON WITH EXPERIMENT

A. Selection rules

As discussed, if the pairing-vibration scheme
does in fact provide a good description of 0*
states in this mass region it follows that there
are stringent requirements on the mechanism and
selection rules for « transfer between these
states. The origin of the selection rules lies pri-
marily in the isospin coupling scheme used, and a
comparison with experiment for both two- and
four-particle transfer reactions should therefore
provide a rigorous test of this scheme. In this
section we present and discuss the population of
0" states in three nuclei from different regions of
the f-p shell where relevant two- and four-particle
transfer data are available, namely, **Ti, %®Ni,
and ?Zn.

Figure 2 shows the spectrum of pairing-vibra-
tional states with T =T, for **Ti; the vertical
scale is of no significance. Allowed transitions
predicted by the model for « stripping on *°Ca,
two-proton stripping on *Ca and two-neutron pick-

loosi1>
46T

l208002»

lt17100

l[oosoo>

loo71 1Y
42 Cq

00800
40Ca

FIG. 2. Pairing-vibration states in %Ti and allowed
transitions for ¢Li, d), (*He,n), and (p,t) reactions on
the appropriate targets.
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FIG. 3. Same as Fig. 2 but for 5Ni.

up on *°Ti are indicated. Experimentally, the
situation is in good agreement with these expecta-
tions. The *°Ca(®Li, d)**Ti data of Strohbusch

et al ® shows three strong L =0 transitions to the
ground-state and excited 0* levels at 4.84 and
8.55 MeV, respectively--there is also a somewhat
weaker transition to the 1.91 MeV 0* state. The
(*He, n) study of Ref. 29 shows an L=0 transition
to a state at 4.86 MeV as well as to the ground
state; the 1.91 MeV state is evidently only very
weakly excited and no L=0 strength is observed
near an excitation energy of 8.5 MeV. Only the
ground-state transition shows any appreciable
strength in the *®Ti(p, t)*Ti reaction®® —the cross
section observed to the 4.86 MeV level is of the
order of 0.5% of the ground-state cross section.
These results suggest that the ground state,
4.86, and 8.55 MeV levels should be identified
with the three pairing-vibration configurations
shown in Fig. 2 and indicate that the expected
selection rules are quite well obeyed. The ex-
ception to this is the existence of an additional
0" state at 1.90 MeV which is probably deformed
in nature as are the first excited 0* states in the
even Ca isotopes.

The situation as it applies to **Ni is shown in
Fig. 3. From the available *°Fe(*He, n)*®*Ni and
SONi(p, t)*®Ni data®°+** it appears that the excited
0* states at 3.54 and 5.96 MeV should be identified
with the pairing-vibration configurations shown,
although the data are far from unambiguous. The
(°Li, d) data of Stein, Sunier, and Woods'® show
strong L =0 transitions to the ground-state and
3.54 MeV level, with no further L =0 strength be-
low E,=4.5 MeV despite the existence of a previ-
ously known 0* state at 2.94 MeV. The model also
predicts that if the 5.96 MeV level seen in the
(p,t) reaction® indeed has the (n,Tn,T,T)=(22111)
pairing configuration, then it should not be excited
in the (°Li,d) reaction. It will be of interest to see
if this expectation is fulfilled.

The model states in %*Zn are shown in Fig. 4.
For (®*He,n) and (°Li, d) reactions, the situation
is particularly simple—only the ground-state

142111>
1401 11>

|310012

11001
58 80y;

FIG. 4. Same as Fig. 2 but for %%Zn.

transitions are allowed. Experiment bears this
out as no excited 0* strength is seen below 4 MeV
in the *®Ni(°Li, d) reaction®® and the *°Ni(*He, n)
reaction shows only a weak L=0 transition to a
state at 2.39 MeV.?® The location of the highest
configuration shown is not certain, although it
may be near 4 MeV, where L=0 (p,t) strength has
been seen.®®

The above examples show that, in general, the
selection rules provided by the model are useful
ones and that comparisons of two- and four-par-
ticle transfer can provide some insight into the
pairing configurations involved. Clearly, the data
presented above are somewhat limited in scope
and a more general survey of « transfer and its
comparison with two-nucleon transfer is desirable.

B. Ground-state transition strengths

The expressions (2.6), (2.7), and (2.8) have been
used to calculate the expected relative strengths
of ground-state to ground-state transitions for
target nuclei from “°Ca to ®Ni. The results of
these calculations are present in comparison with
experimental results'?** in Tables I-III, where
each table corresponds to transitions involving

TABLE I. Comparison between calculated and experi-
mental strengths for ground-state transitions involving
transfer of two removal quanta. Initial and final states
are labeled by their pairing-vibration quantum numbers
(ng TN, T, T).

alexp)
a(DW)
Target nucleus Final nucleus Expt.? Theory b
49Ca (00800) 447i(00600) 8.9 9.0
42Ca(00711) 46Ti(00511) 3.0 6.4
4Ca(00622) 487i(00422) 1.8 4.1
5Cr(00311) S4Fe(00111) 1.0¢ 1.0¢

2See Refs. 12 and 37.
®Assumes g?(#r|a) constant throughout.
¢Normalized.
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TABLE II. Comparison between calculated and experi-
mental strengths for ground-state transition involving
two addition quanta. Initial and final states are labeled
by their pairing-vibration quantum numbers (n,T,N,T,T).

olexp)
a(DW)
Target nucleus Final nucleus Expt. ? Theory °
58Ni(11001) 827n(31001) 1.0¢ 1.0°¢
Ni(22002) 87n(42002) 1.1 1.4
82Ni(33003) 8671 (53003) 1.2 1.

2See Refs. 12 and 37.
PAssumes g’(aala) constant throughout.
¢Normalized.

one of the three different possible combinations
of pairing quanta. Without specification of the
microscopic nature of the pairing quanta, it is
not possible to relate the three different types of
transfer and we have therefore normalized each
group separately.

For the transitions involving two removal quanta
shown in Table I, the data show a sharp decrease
with increasing neutron number which is quite well
accounted for by the model. The transitions in-
volving two addition quanta are in similarly rea-
sonable agreement, the data showing a somewhat
smaller rise with increasing neutron number
than do the expected values. The values for addi-
tion-removal transitions are experimentally quite
constant whereas the model values fluctuate con-

TABLE III. Comparison between calculated and experi-
mental strengths for ground-state transitions involving
both addition and removal quanta. Initial and final states
are labeled by their pairing-vibration quantum numbers
(ng Tan, T,T)-

o(exp)
o(DW)
Target nucleus Final nucleus Expt.? Theory b
4302 (00444) 527i(11334) 1.0¢ 1.0°
%071 (00333) Scr(11223) 1.0 0.7
MFe(00111) 58Ni(11001) 0.9 0.2
%pe(11112) 80Ni(22002) 1.2 0.4

2See Refs. 12 and 37.
YAssumes gz(a'rla) constant throughout.
¢Normalized.

siderably, particularly in the case of *Ni., Over-
all, the qualitative agreement is reasonably good.
Disagreements of the order of factor of 2 are not
particularly surprising in light of experience with
two-particle transfer reactions and in fact the
a-transfer results are in somewhat better agree-
ment than would be expected on this basis alone.
If we assume that the discrepancies arise as a
result of the changing nature of the pairing quanta
from nucleus to nucleus rather than any funda-
mental deficiency in the model we may incorporate
this effect as discussed in Sec. II C. The two-
neutron and two-proton overlap factors g*(y,,|0s)
and g*(y,,| 0s) are obtained from ground-state to

TABLE IV. Results of the inclusion of the values of the overlap factor from (¢,p) and (He,n)

data.

Final nucleus Stry &% Vpyl0s) P g2l 0s)P Sty © Sexp®
4y 5.4g 2 (rr|a) 0.19 2.0 2.1 6.7
464 3.9g%(rr|@) 0.36 2.2 3.0 2.8
48y 2.4g2%0rr| @) 0.32 2.2 1.7 2.0
50§ 1.2¢%0rr|a) 0.63 1.0 0.74 ces
52Ty 1.0g%(ar|a)® 1.0¢ 1.0 1.0° 1.0°
Scr 1.8¢%(rr| ) 0.32 3.2 1.9 v

0.57 2.1 1.1
52 2 .
.87 ..
Cr 0.87g%(rr|a) {0.40 3.9 1.1}
Scr 0.72g%(ar|a) 0.67 2.1 1.0 1.1
Hre 0.60g % (rr|a) 0.40 3.8 0.9 0.67
56 ) 0.67 3.0 0.9}
Fe 0-47g (ar|e) {0.60 3.8 1.1
8pe 0.90g % (ar|a) 0.47 3.0 1.3
58N 0.23g%(ar|a) 0.60 5.2 0.7 1.1
60N{ 0.44g%(ar|a) 0.47 4.2 0.9 1.5

2 Defined as am,/NUDw from expressions 2.6, 2.7, and 2.8.
®Taken from experiment (Refs. 28, 29) and calculated using expressions 2.10 and 2.11.
¢ Calculated using expressions 2.6, 2.7, and 2.8 together with the experimental values of

& (Yml0s) and g%(y,,|0s) and expression 2.9.
4See Refs. 12 and 37.
‘srmalized.
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FIG. 5. Comparison of experimental o transfer
strengths with the model predictions after inclusion of
the two-particle transfer overlap factors. Experiment
and theory are arbitrarily normalized to 1.0 for 8Ca
— 527j.,

ground-state (t, p) and (*He, n) transitions utilizing
the pairing-vibration expressions for the cross
sections given in Eq.(2.10) and (2.11). With the
exception of “°Ca the (¢, p) data were taken from
the work of Casten et al.?® and incorporate the in-
crease in cross section at the N = 28 shell closure
given in the text of that paper. The *°Ca(t, p)**Ca
data used were taken from the work of Bjerregaard
et al *® as quoted by Casten et al.’®* No (t, p) data
with absolute cross sections are available for Ni
targets. The (*He, n) data are taken from the study
of Evers et al.?®

The results of the inclusion of the (¢, p) and
(®He, n) data in the pairing-vibration expressions
are listed in Table IV and are shown in compari-
son with the experimental (°Li, d) results in Fig.5.
An arbitrarily determined error of + 20% has been
associated with the experimental a-transfer re-
sults and the calculated and experimental values
have been normalized for the 3*Ti transition. The
overall agreement is remarkably good. Care
should, however, be used in drawing conclusions
from this agreement as the experimental (°Li, d)
strengths seem to be rather sensitive to the de-
tails of the distorted-wave analysis and different
optical model prescriptions' could alter this good
agreement. Additionally, the (¢, p) and (*He,n)
results used are, to a lesser extent, subject to
similar uncertainties, which would then affect
the calculated values. Of particular interest are
the two cases, %?Cr and ®Fe, for which (¢, p) and
(®*He, n) data exist for both possible ground-state
routes. It is gratifying that in these cases the two
possibilities give very similar values for S,,,.
If for the moment, however, we discount possible
problems as mentioned above, there are several
conclusions that can be drawn from this analysis.

Firstly, the good overall quantitative agreement

between the experimental results and the pairing-
vibration analysis demonstrates the general val-
idity of the coupling scheme implied by the model
and further shows that the same types of correla-
tions which govern the two-particle transfer are
determining the four-particle transfer. Secondly,
and perhaps more interesting, the large deviation
for the *°Ca(°Li, d)**Ti(g.s.) is considerably outside
anything that can be accounted for by distorted-
wave ambiguities, etc. It is strongly suggestive
that, of all the nuclei studied only “°Ca and **Ti
have N=Z and A =4n. That is, they are “a-par-
ticle nuclei” and as such might be expected to
show clustering features not present in nuclei
with N>Z.** We believe, therefore, that the pre-
sent analysis provides quantitative evidence for
such a clustering in *Ti which is apparently sup-
pressed in other nuclei in this mass region. A
similar and perhaps related effect has also been
observed in the elastic scattering of a particles
from various Ca isotopes.****> Both *°Ca and *'Ca
targets show an anomalous rise in the elastic
scattering cross section at backward angles,
whereas “2Ca and **Ca do not. This observation
has been interpreted as the result of a cluster
exchange processes which are strong for “°Ca but
decrease as neutrons are added. The present re-
sults tend to support this conclusion.

IV. SUMMARY AND CONCLUSIONS

In this paper we have extended the pairing-vibra-
tion model with isospin to include four-particle
transfer reactions. The model is used to provide
selection rules and expressions for the strengths
of a-transfer reactions between the various model
states. The model is then applied to 0* states in
A =40-66 nuclei, first in terms of an analysis of
the selection rules and subsequently in the com-
parison of experimental and theoretical values for
ground-state transition strengths.

In the three cases examined, the selection rules
expected from the model are quite well followed
indicating the validity of the coupling scheme used
in the model. The comparison of ground-state
transition strengths with the calculated values
assuming an unchanging microstructure of the
various pairing quanta shows some deviations al-
though these are no worse than those expected on
the basis of experience with two-particle transfer
reactions in this mass region. The changing na-
ture of the pairing quanta from nucleus to nucleus
may be incorporated in an approximate way using
the factorization property of the overlap factor,
and this is done using experimental values for the
two-particle overlap factors taken from (¢, p) and
(®He, n) studies in this mass region. When this is
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done, the data are found to be in quantitative
agreement over the range of nuclei studied. The
exception to this good agreement is for the
“°Ca(°Li, d)**Ti(g.s.) transition, the strength of
which is far in excess of the model predictions.
This result suggests the importance of higher
order correlations for these two nuclei and per-
haps provides the first quantitative evidence for
clustering other than that due to pairing in this
mass region.

It seems therefore that, at least, the model
provides a useful classification scheme for col-
lating four- and two-particle transfer data in this
mass region and that further comparisons, both
qualitative and quantitative, will give insight into
the importance of higher order correlations in

these nuclei. Of particular interest will be the
search for high-lying L=0 strength similar to
that seen in **Ti near 8.5 MeV excitation and the
mapping out of strength closer to the ground
states.
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