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The interacting-boson —model parameters are examined from a shell-model viewpoint
with use of the generalized seniority scheme in two nondegenerate j shells. Predictions
for the interacting-boson-model parameters are obtained by constructing the boson
image of the corresponding fermion operator and are found to be in good overall agree-
ment with the empirically determined values.

PACS numbers: 21.60.-n, 21.60.-Cs, 21.60.-Ev

The interacting-boson model (IBM) of Arima
and Iachello has been extremely successful in
phenomenologically describing the properties of
low-lying energy levels of medium to heavy-mass
nuclei. ' There is currently a great deal of inter-
est in establishing the connection of the IBM to
the nuclear shell model, by determining the mi-
croscopic structure of the bosons of the IBM."
When the structure of the boson is known in terms
of the underlying fermion space, a relationship
can be established between the fermion effective
Hamiltonian and the assumed form for the IBM
Hamiltonian. This can be done with use of the
generalized seniority scheme. So far, all calcu-
lations of the IBM parameters have been carried
out under the assumption that the valence nucle-
ons occupy a single j shell, with occupancy, 2 j
+ 1, equal to that needed to fill the major shell
(e.g. , j = ~s' for the 50-82 shell). This turns out
to be essentially equivalent to the assumption that
the single-particle levels are degenerate.

Although the predicted IBM parameter trends
with use of the single- j-shell approximation are
roughly in agreement with empirically determined
values, there are sometimes marked deviations.
In this Letter we will show that we can improve
the reproduction of the empirical IBM param-
eters by allowing the valence nucleons to occupy
two nondegenerate j shells.

We present a new method of relating the bosons
of the IBM to the underlying fermion space for
nondegenerate j shells. Other methods exist, such
as that of Otsuka and Arima, ' who used the so-
called "number-operator approximation. " We do
not use this method since it "averages" over the
subshell effects in which we are interested and
has not been tested in the midshell region. Fur-
thermore, we do not use the technique of Klein
and Vallieres, ' who assign a boson correspon-
dence with each kind of fermion pair.

In the neutron-proton IBM (sometimes called

H =e'n~+T, T„
where e is related to the difference in the s- and
d-boson energies and n„ is the d-boson number
operator. The terms T, and T„are the proton-
boson and neutron-boson quadrupole operators,
respectively, which are given by

P =71~ Vq

(2)

where y~ is the ratio of the seniority-conserving
part of the quadrupole operator to the seniority-
nonconserving part, and z z gives the strength of
the quadrupole operator. The strength of the
quadrupole interaction is given by the product z
= lt, lt„so that Eq. (1) contains only four param-
eters, ~, ~, X„and X„

To establish the connection with the nuclear
shell model, we must first find the correlated-
pair states which correspond to the s and d bo-
sons and then equate matrix elements between
the fermion space and the boson space, which
will establish the structure of the four IBM pa-
rameters mentioned above.

If we look at the actual single-particle levels
for neutrons in the 50-82 shell and in the 82—126
shell, ' we see that in the midshell neutron and
proton regions the levels seem to naturally form

IBM-2), correlated valence neutron pairs and
proton pairs are assumed to be neutron and pro-
ton bosons of J =0 (s bosons) and J=2 (d bosons).
Particle bosons are counted from the beginning
to the middle of a shell; hole bosons, from the
middle to the end. For example 74WQDQ has nine
neutron-particle bosons and four proton-hole bo-
sons. The properties of nuclei are assumed to
arise from interactions among the bosons. The
simplest IBM Hamiltonian which incorporates the
essential features of the underlying fermionic in-
teractions is of the form'
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two groups, suggesting a two j-shell analysis. In
most of the 50-82 shell the g7/2 and the d„, levels
lie close together and are fairly well separated
from the d, /2 A 11/ and s„2 levels. This leads
to the choice of j,= ~ and j,= ~ for the two j
shells, found by matching the occupancy of the j
shells with the total occupancy of the correspond-
ing groups of single-particle levels. Similarly,
in the 82-126 shell, the b», and f„,levels form
a j,= ~ shell and the pyj2 p3g„ f„„and i»» lev-
els form a j, = ~ shell.

The fermion J=0 pair creation operator for two
nondegenerate levels can be written as

A = b,A, ~ +52A2

where b, and 52 are the probability amplitudes
for levels 1 and 2, respectively (i.e. , b,'+b, '
=1), and

g T(o) —[ t 1'j(o) —p
If the levels are degenerate, it is clear that b,
= (0,/0)"' and b, = (0,/0)"', where 0 = 0, +0„
and 0; = —,'(2 j; + 1) is half the level degeneracy
This is apparent, since neither level is favored
if they are degenerate, and therefore the prob-
ability of finding a pair in level 1 or 2 is propor-
tional to its occupancy. We now define

a&
—= b, (0,/0)

Substitution into Eq. (8) gives

and P is a projection operator which ensures that
the seniority is increased by two units under the
action of D& ~. In our present work we will take

D~ —b,D~~~ +b2D22p (8)

where

imp ~jp

i.e. , we do not include a mixed term b,Q»„ t and
take the probability amplitudes the same as for
the J=0 pair creation operator. We realize that
these are both major assumptions but feel that
they are a reasonable starting point to investigate
the effects produced in a two-nondegenerate-j-
shell calculation. The first approximation great-
ly simplifies the angular momentum algebra, and
the second reduces the number of parameters in
our calculation. In a forthcoming paper' we will
discuss in more detail the validity of these ap-
proximations and how they can be improved.

We are now in a position to determine the trends
of the IBM parameters e, ~, y„, and y, as a
function of neutron and proton number. As was
done in the single-j-shell approximation, ' we can
find the form of vz and yz (p =m, v) by equating
matrix elements of the quadrupole operator in
the fermion space with the corresponding matrix
elements in the boson space. That is, we set

(s"II Tzlls" 'd& =&S"llq~llS D&

or

gl/2/f(o) — g 1/2g f(o) + g 1/2g f(o)
I 1 1 2 2 2

(s" dll&, lls" 'd&, =&S"-'Dllq, lls"-'D&

S+ = n,S,+ +a2$2+,

where S, and S, are the usual quasispin operators'
for levels 1 and 2. Equation (4) and the normal-
ization condition on the b, give

+1 1+™2 2

The fermion J= 2 pair creation operator is giv-
en by

D ~=Su ~(2)
V

where
2

~„'1')= g p, ,X„.„"')

= g p;, g (i' j~'l2p)a;ta, t,
i, j=1 mm'

w'here n is the number of bosons and N is the
number of fermion pairs. The subscripts B and
I" denote a boson matrix element and a fermion
matrix element, respectively. The fermion quad-
rupole operator is given by

q, = g (iiq, ")i j&a, ta,

The fermion states iS"&~ and
i
S" ', D&~ are

formed by setting

iS"&, =X„-'S,"io&,

', D& =Z, 'S (D /~2l0&

where X„and %„,are normalization constants.
In a straightforward manner we find

1 f10 " rn(Q, -I) n(0 —n)
P g g ~ ~ "~ '0, (0,-1) '0, (0, —1) '
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where
2 N'n ' n '"0 '0 '

a
' "~ nlmI , -m 1 , -n! '

and (r'),- is the mean square radius in level i. The
restrictions on the above summation are that yg

+w + ~ +
y and n - , . The expression for

y~ follows in a similar manner but is more com-
plex in its structure. The prediction for the pa-
rameter e is the same as that for the single j
shell, namely that e is independent of neutron
number. This is due to the fact that c gives the
difference in energy of a D pair and an S pair,
and we assume the single-particle levels to be
constant in energy (constant ot, and a, ) throughout
the shell.

As a, and a, are varied from the degenerate
case (o. ,=a, = I) to the case where level I is
much more favored over level 2 (a, » ct,), it
turns out that most of the effect is manifest in
the parameter y~. In Fig. 1, we show different
curves of y, versus neutron number, where each
curve represents different values of n, and a,
for the case of j,=~ and j,=-P (i.e. , the 50-82
shell).

We have diagonalized a simple 5-function pair-
ing interaction in both the 50-82 and 82-126 neu-
tron-shell-model spaces in order to get an esti-
mate of reasonable values for n, and o., in these
shells. In Fig. 2, we show the predicted values
of y„versus neutron number for n, and n, deter-
mined in this manner. In the 50-82 shell, the
curve of X, is in reasonably good agreement with
the empirically determined curve. "

In earlier work" we performed IBM calcula-
tions for the tungsten isotopes and noted difficul-
ties in matching the experimentally observed
small splitting among the energy levels in the j3

band for the midshell isotopes. We have redone
our calculations' for these midshell W isotopes,
using our two-j-shell predictions of g„y„, and
w and have obtained a remarkable improvement
in our agreement with the data. The calculated P
band is now much more compressed. This is due
primarily to the predicted, low, negative value of

Previously we had used positive values for
X, for several midshell isotopes.

It turns out that fairly negative values for both
y„and y, are needed to give a good SU(3) or rota-
tional dynamical symmetry in the midshell re-
gion. ' Thus the midshell region where y, is
roughly constant and negative, as seen in Fig. 2,
is an important result, since it helps account for
the rotational character of nuclides in the mid-
shell regions.

In closing, we note that our method is being ex-
tended to the general case of many, nondegener-
ate, single-particle levels, and hence the previ-
ous restrictions of the D pair creation operator
can be eliminated. We believe, however, that,
in light of the natural grouping of the single-par-
ticle levels in the rare-earth region, our two-j-
shell predictions give a good account of the gen-
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FIG. 1. Two- j-shell predictions for y, vs neutron
number in the 50-82 shell for various values of weight-
ing factor, ~

&
. The arrow indicates midshell.

FIG. 2. Two —j-shell predictions for K~ and y~ in
(a), the 50-82 shell {&

&

= 1.39, n, = 0.524) and (b), the
82-126 shell (&& = 1.46, &

&
= 0.465). The units for

x~ are arbitrary. The arrows indicate midshell.
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The polarizations, P» = (J &&)/J and Pz =— (J ~ &)/J, of the recoils C(p, v)'28(g. s.)

were measured si~»«neously by selective recoil implantation. Their ratio 8' is
largely immune to the systematics of P» and PI. and more dependent on the dynamics
than either. Our result (normalized (o unit P&), R(g.s.) = —0.506(41), yields g~/g„
= 9.0(1.7) {impulse approximation) and FI /Fz {q~ ') = —1.03(14) (elementary-particle
treatment), to be compared to partial conservation of axial-vector current (PCAC) pre-
dictions of 7 and —0.99, respectively. Thus PCAC is quantitatively verified.

PACS numbers: 23.40.-s, 24.70.+s

The reaction "C(ii, v)"B(g.s.) is for several
reasons particularly useful for elucidating the na-
ture of the hadronic axial current. On the one
hand, all the observables of this transition are
accessible to actual measurements; on the other
hand, a sufficient number of well-determined ob-
servables (e.g. , P-decay asymmetry coefficients)
in related transitions in the A = 12 triad is avail-
able to extract the relevant form factors rather
uniquely. This is particularly true for the "in-
duced" pseudoscalar piece of the current which,
as is well known, does not intervene appreciably
in P decay and which constitutes the last quantita-

tively open question in this field. In fact, other
p-capture experiments were so far prevented ei-
ther by statistical limitations and/or by theoreti-
cal difficulties in interpretation [e.g. , ii capture
by protons, "O(p, v)"N(0 )] from providing a
reliable answer of sufficient accuracy.

In a 0- 1 capture there are three independent
observables, ' viz. , the capture rate I'"P, the po-
larization P„of the recoil nucleus (here "B)
along the muon spin, P„=g ~ o„)/J, and the lon-
gitudinal polarization of the recoil nucleus, Pl
—= (S ~ v)/J (where (e&) = P„=muon polarization, S
= nuclear spin, v =recoil direction). ' These ob-
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