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Alpha particle transfer in the interacting boson approximation
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The interacting boson approximation of Iachello and Arima has been applied to the calculation of a
particle transfer spectroscopic factors for nuclei from "Ti to 'Zn. The results are compared with the results

of (~Li, d) experiments in the same mass region.

NUCLEAR STRUCTURE Calculated n spectroscopic factors; compared with ex=
perimental ( Li, d) S values.

In view of the attractiveness of the interacting
boson approximation (IBA) of Arima and Iachello
in providing a unified description of nuclear prop-
erties for vibrational, rotational, and transitional
nuclei, ' it is interesting to investigate to what ex-
tent multinucleon transfer spectroscopic factors
can be treated within the IBA framework. In the
case of two-nucleon transfer, it has been found'
that P auli principle blocking effects are important
for a proper description of two-nucleon transfer
spectroscopic factors. Systematic information on
a particle transfer spectroscopic factors found
via the ('Li, d) reaction, ' will be compared here
with IBA predictions for four-nucleon transfer.

In extension of the IBA treatment of two-nucleon
transfer, ' it is assumed that the n-particle crea-
tion operator can be expressed in terms of s- and
d-boson creation and destruction operators as

(L = 0) = c,S S + c s (XF x & )

A, (L=2)=c (Si5) +5) Si)'+c (5), xSt)
At (L = 4) = c (5)t x g)t)4

where

gP —St 0 —STS —2DTD /

(() —S S —2() D)(22- S S —2S 22 —1))' i'
(0 —2D~D) (0 —2DtD —1)

$ and D are the s- and d-boson creation opera-
tors, and the subscripts m and p refer to protons
or neutrons.

The n-particle destruction operators appropri-
ate for a pickup are the adjoints of the operators
in (1).

The square root factors are present to take into
account the Pauli exclusion principle, since the
bosons of the IBA are in reality composed of fer-

mions distributed among a set of shell-model or-
bits similar to those of the favored pair states con-
sidered by Hecht et al.4 The 0's represent the
"boson capacity" of the underlying active shell-
model orbits. For example, a single j orbit can
hold 2j+ 1 identical fermions or j+ & "bosons, "
so Q~= j+-,'.

In justification of the form chosen for the n-
creation operator, the value of the reduced ma-
trix element of the normalized two-particle crea-
tion operator bebveen j" states, labeled in Hacah's
seniority scheme g(n, v), where n is the number
of particles and v is the seniority, is given by'

(q(n+ 2, ,) I IA (,= 2, ,= 0)
I I y(n, v)&

With the identif ications

j+-,'=A=boson capacity,
1&n=N=n, +n~= total number of s and d bosons,
1
—,v = n„= number of d bosons,

this matrix element becomes I(n, +1)(II n, —2n, )/
fI]'~' Since th. e matrix element of the s-boson
creation operator acting on a state of n, s bosons
gives a factor of (n, + I)'~s, the remainder of this
term represents the Pauli blocking factor.

Similarly for the case of d bosons, the corres-
ponding reduced matrix element in the seniority
scheme is

g(n+ 2, v+»
I

IA'(n= 2, v = » I I q(n, v))

= (g(v + 2, v+ 2) I
IA'(n = 2, v = 2)

I I q(v, v)&

-S — )i2]]() (, — )i2 (])"*
(0 —v)(n —v —1)
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Although the seniority scheme may easily be
extended to include several j orbits if they are
degenerate, in order to handle nondegenerate
cases a more complicated treatment such as the

BCS theory may be needed. In order to have sim-
ple forms for the transition rates, the operators
(1) have been chosen.

Transitions from the ground states of the Ca,
Ti, Cr, Fe, and Ni isotopes to the Pj 2y 02 22,
and 4, states of the corresponding residual nuclei
will be considered. The only assumptions made
about the structure of the states involved are that
they are based on a "Ni core and have simple bo-
son structure, that is, the ground states are as-
sumed to have no d bosons, the first excited 2'
states have one d boson, and the 0,, 2, , and 4;
states have bvo d bosons. ' Since only these states
will be considered, they may be expressed un-
ambiguously in terms of basis states labeled by

!n„,n„„n,„,n~„, 4, M),
specifying, respectively, the number of s- and
d-proton bosons, the number of s- and d-neutron
bosons, the total angular momentum, and its z
component. These states are assumed to be totally
symmetric in the N, =n„+n~, proton bosons as
well as the N„= n,„+n,„neutron bosons. Further-
more, they are assumed to be totally symmetric
in all N, + N„bosons. Quantities referring to boson
hole states in the "Ni core will be distinguished
by placing a bar over them. Some typical states
are represented as

¹ , = !0,0, 1, 0, 0, 0),

~Fe, , =
! 1, 0, 0, 0, 0, 0),

Ti„, =
!3, O, 3, O, O, O&,

~Ti(2;)~ =~ (!3, 1, 3, 0, 2, M) + ! 3, 0, 3, 1, 2) 4)) .1 hf
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FIG. 1. The systematics of the ground state a-par-
ticle S values are compared with IBA results. The
points are labeled according to target nucleus. The
point for Ni is from Ref. 10. The experimental
values have 20% uncertainties, not including uncer-
tainties due to the nature of the DWBA analysis used to
reduce the data (Ref. 3).
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These values are compared in Figs. 1-3 with the
8 values of Ref. 3, which are simply the ratio

The last example is representative of the struc-
ture assumed for the first excited 2' states, viz,
they are taken to be symmetric in protons and
neutrons.

In the IBA, the Q. -particle spectroscopic factor
is defined as

0.8

0.6-

s(z )
( Li, d) vs IBA
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The values of 8 for the cases to be considered
(having J,=o, n~, =o, n~=o) are given by
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FIG. 2. The S values for the first excited 2' states
relative to the ground state S value are compared with
ISA predictions. The experimental uncertainties drawn
are 10%. The point for 64¹iis from Ref. 10.
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TABLE I. Normalization constants for a-transfer
operators.

G.Z-

0.20 0.08 0.20 0.90 0.32 5.5

Middle 0.12 0.10 0.40 0.60 0.80 2.4

0 40C 42( 44( 5Q( T ' (: "F "Cr "Fe "W "Ni "Nt "Nt

Ni 0.16 0.24 0.20

FIG. 3. The S values for the first excited 4' state
relative to the ground state S values are compared with
IBA predictions. The experimental uncertainties
drawn are 20%.

In Figs. 1 to 3 the data are shown divided into
three separate regions: The first region corres-
ponds to cases in which both the proton and neutron
pairs are filling boson holes in the "Ni core, the
second, to those cases in which the proton pair
fills a boson-hole state and the neutron pair goes
into a boson-particle state above the closed f, &,
orbit, and the third (Ni targets) to the cases where
the proton and neutron pairs are both going into
boson-particle states. For all boson-particle
states the value 0=6 has been assumed, corres-
ponding to active p, &„p,&„and f», orbits.

In each of the three regions, the normalization
constants c„c„and c, have been adjusted in-
dependently to fit the data; their values are listed
in Table I. The dotted curves represent the re-
sults of calculations with 0, the boson capacity
of the hole states in "Ni, taken to be 4. This value
corresponds to having only the f, &, orbit active
for the Ca isotopes and ' Cr. The dashed curves
result when 0= 6 is assumed; it corresponds to
having both the f», and d, &, orbits active below
the "Ni core. These curves are included to illus-
trate possible core polarization effects in the Ca
isotopes. [However, the DWBA calculations' were
made assuming (fp) transfer. ] In neither case is
the large S value for the ~ Ca to ~ Ti g.s. trans-
ition reproduced. The pairing-vibration model,
which corresponds to the limiting case Q-~, pre-
dicts a linear rise of the S values for the targets
~Ca, ~'Ca, and 'Ca. The trend agrees with the
data, but the agreement is reached by ignoring
the Pauli principle. It is possible that core polar-
ization effects in ~'Ca and ~Ti, not included in
the IBA model, are acting to enhance the cross
section for 40Ca('Li, d)44Ti. Except for the latter
case, the overall agreement of the observed ground
state transition strengths with those predicted by
IBA theory is good, especially in the Ni region.

These results are perhaps related to the pre-
viously successful description of the Ni isotopes
in terms of generalized seniority. '

The pairing vibration model with isospin' was
also successful in describing the systematics of
the ground state strengths, perhaps because Pauli
blocking effects are implicitly taken into account
by using two-nucleon transfer data to renormalize
the strengths predicted for the four-nucleon trans-
fer; however, the enhanced strength for 'Ca to
~Ti g.s. was not reproduced.

The general agreement seen in Fig. 2 between the
observed S(2;)/S, ratios and the corresponding
predictions of the IBA is striking. The agreement
seen (Fig. 3) between the observed values of S(4;)/S, and IBA predictions is not good in the central
region. Three cases are predicted to have zero
strength, since d-boson transfer which closes the

f», shell is forbidden.
The data for the 2, and 0; states, not so ex-

tensive as those for the lower-lying states, are
similar in character to the 4y results. For a few
cases, notably ~~Ti and "Zn, the 2, , 0,, and 4, S
values are nearly equal, as they would be if those
states are all populated by two d-boson transfers
differing only in their angular momentum coupling.

The present simple form of the theory produces
for the 0, and 2, states a fairly good agreement
with the trends of the experimental values for a
large number of nuclei in the fp shell. This agree-
ment in trends was displayed here, for each of
the regions involved, after arbitrary normalization
to the experimental data. A more detailed treat-
ment is being considered in which better contact
is made with the underlying microscopic struc-
ture.

A preliminary account of this work has been
presented earlier. "

We are much indebted to Professor Franco
Iachello and Professor Akito Arima for advice and
for criticism of the manuscript of this paper.
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