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ABSTRACT

The microscopic basis of the Interacting Boson Model for
deformed nuclei is discussed. The IBM Hamiltonian is
constructed microscopically in the following two steps. In
the first step, the collective nucleon pairs of J=0+ (s), 2"
(D), etc. are mapped onto the corresponding bosous. Nucleon-
nucleon interactions are also mapped onto boscn-boson inter
actions. This mapping method for dercrmed nuclei was
proposed recently, and it turned out that this method is
consistent with the Hartr:e-Fock-Bogoliubov + augular
momentum projection calculation. Low-lying collective states
primarily consist of § and D pairs. Cousequently, the
corresponding boson states wmainly consist of s and d bosouns,
while there are some adwmixture of g-bosons. 1n the second
step, effects of these g-bosons are included within the s-d
boson space by a unitary transformation which transforms a
combiunation of d and g bosons iuto a new d-boson. By
minimizing the coupling betws=cn "aew" d and g bosons with an
appropriate mixing angte, one can neglect the coupling ana
obtain the M Hamiltonian wiih s and d bosens. 1t is
demonstrated that the s-d Damiltonian thus dervived indeed

veproducer spectra of the orviginal s-d-g Hamiltoniau.
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1. INTRODUCTION

I am going to talk about a microscopic study of the Interacting
Boson Modei (IBH)I) for deformed nuclei. This work has been carried
out in collaboration partly with Joe Ginocchio, and also partly with
Naotaka Yoshinaga.

I shall begin with a brief review of the IBM from the microscopic
point of view. There are two major microscopic assumptions for the
IBM. Assumption I is the followingz-ll) : There are two collective
nucleon pairs of J=0+ (S) and J=2+ (D). The S and D pairs are coherent
nucleon pairs. Since there are neutrons and protons, there are neutron
S and D pairs, and proton S and D pairs. It is assumed that these
pairs play dominant roles in low-lying collective states. This may be
regarded as a generalization of the BCS theory so that one can treat
the quadrupole deformation in terms of colierent pairs.

Assumption J1 is that the S and D fermion pairs can be approxi-
mated by the s and d bosons. The Hamiltonian of the s and d bosons
is assumed t.o consist of the single boson energy and the boson-boson
interaction. This assumption rc¢duces the trerendous complexity of
multifermion problems. In this talk, we test the validity of these
assumptions in deformed nuclei, and show how one can constiuct the 1BM

Hamiltonian from a microscopic Hamiltonian.
2. S-D PAIR DOMINANCE 1IN THE INTRINSIC STATI. CF DEFORMED NUCLEL

The ground state bind of the deformed nucleus is described by the

intrinsic sLuLc,lz) which is well approximated by a condensate state ol
the Cooper pair in the delormed single-particie orhits.lg) This Cooper
pair ie denoied hereafter as the A pair created by the /\1 opcrator.
The amplitudes in A? arc deterwined, Jor iastauce, by the BCS
calculations in tue deformed orbits.  The intriusic state ¢ of an
N-pair system is written as ¢ J(A1)N!0> (Ret. 0).

The Ai operator is rewritten us /\i - 3 X Ai(J) wheoe x, denotes

1)) ) ' J

amplitudes, and A i oltained by projecting from A' onto an augulag



1(3)

momentum J (see Ref. 6). The operators 4 are denoied by S*, DT and

GT for J=0, 2 and 4, respective1y6;
t oy st t t
A= xy 8 +x, Dy +x, Gyt ... (1)

6-9) that the S-D probability, xg

85% in deformed nuclei with the deformation parameter 6 ~ 0.30 and the

It has been shown + xg, is more than

pairing gap A ~ 1.0 MeV. For an N-pair system (2N = the number of

valence nucleons), however, one has to consider the N-th power cf AT;
t\N _ t TN T T t\N-1
(AN) = (xOS + x2DO) + N xaco(xos + xZDO) + ... . (2)

The pure $-D componeat in eq. (2) becomes less and less dominant for
larger N and fixed xJ's. This could be a serious problem for large N.
It is then of great interest to see whether this fact is relevant to
physical observables or not. As an example, I would like to consider
the intrinsic quadrupole moment Qi (of the ground band), which is
written as Qiu = <AN|QO|AN> with |[A™> being the normalized intrinsic
state, and QO being the m=0 component of the one-hody quadrupole
operatlor Qm.

1 begin with considering a schematic example in crder to make
discussions as transparent as possible. This example is the purely
aligned limit where the normal phase appears as the solution of the BCS
calculation. 1n this limit, AT ig given by uniform v-factors below e
Fermi level and vanishing v-factors above it.b In order to ceolculate
Un T)N!OF.

, we first evaluate an vnnormalized matrix element, <0|ANQO(A
which is the overlap between the state, (AT)N|0>, and the state,

Vsl ahN e (3)

1

1\N , N
Q,(A) 0> - N*AIQOIAf (A

.'.

Heve, the lT operator is iutroduced axs, lQO' A= <A|QOIA> (!\1

2,

with orihogonality <0|Al1|01—0. In the aligned limit, one can edsily



obtain <0|ANZ?(A*)N-1IO>=O, and then,

w01 wWH¥ 0> = N<a1g 140 <oV wH¥ o> . (%)
0 0

In other words, I? appears in eq. (3) as a consequence of the
commutator [Q,AT], while it has no effect on Qin due to the complete
cancellation among various terms in Zt. Since the quantity in eq. (4)
has to be normalized by the noxm <0|AN(AT)N|0>, one finally obtains a

simple relation,

_ N N, _
Qg = <A IQOIA > = N<AIQOIA> . (5)

1t should be pointed out that eq. (5) is exact in the aligned limit,
and that all effects of the Pauli principle are included. The N-pair
matrix element is given by the product of the number of pairs, N, and
the one-pair matrix element <AIQO|A>, while the cowmplicated N-pair norm
is removed. In other words, as far as Qin is concerned, the A pairs

" or behave as "spectators". This is

are "independeut of each other
referred to as the "independent-pair" property of condensed pairs. Eq.
(5) implies thai the fraction of the $-D contributions in <AN!QOIAN> is
deterwined by the one-pair matrix elements <AIQOIA>. Using eq. (1),
the S-D contribution can be calculated. The total S-D fractioun turned
out to be more than 70% tor reasonably large N, duc to the S$-D
dominance in each A-pair (scee Ret. 6). Thus, the S and D pairs play
dowinaut roles in the quadiupole matrix clement, and the amplitudes of
spin-J componenis ir each A pair are indeed crucial for this physicai
observable.

1 now turn tuv more realistic cases where the super-phase takes
place in the BCS calculation. Up to eq. (3) there is no differeuce
from the purely aligned limit. The dificirence arises, when 11 is acted
on (A*)N-IIU‘. In the super-phase case, osccupation probabilities arce
different among doeiommed siug.e-particle orbits, and lowe. orbits arc

more occupied than higher orbits. Thus, lower orbit terms jin lt arc

more suppressed than higher orbat terws.  Theretore, in spite of the



orthogonality <0IAZ*|0>=O, the state IT(AT)N-1|0> is not orthogonal to
(Af)NIO>. In fact, by examining the single-particle amplitudes of }LT,
it can be seen that Zf(A*)N-llm is comprised primarily of (/\t)N|0>
usually. 1 then introduce a quantity razpresenting this

pon-orthogonality,

e = - izt AHN Y05 s<01 AN A TN o> . (6)

This parameter &€ has a positive value 0.3 ~ 0.4 for usual deformed
nuclei, and is quite insensitive to 6 and A. This negative
non-orthogonality therefore yields a blocking effect on thé.Q operator,
reducing <O|ANQ0(AT)NIO> from the r.h.s. on eq. (4) by a factor (1-g).
Since Qin is an average of quadrupcie matrix elewents of low-lying
groind-band wembers, & represeats the mean non-orthogonality blocking
effect in this region. Althougl. there should be other blocking effects
which are contained in the norm <0|A (AT)NIO>, this norm does not
appear in the normalized matrix element.

Similar to eq. (5), Qi"=<ANIQ0|AN>=N(1-8)<A|Q0|A> is obtained.
This expression is regarded as a generalization of eq. (5) and is also
refered to as the "indcpondcut-puir" property, since £ is very insensi-
tive to 6 and A and ZT(A1) 0> is primorily G(AT)N|0>. Usiue eq.

(1), Qir is expanded as,

2 .
= -g)! <8 C
Q. N(1 x:)‘b(oxz s|00|1)0> + x2«1)0|Q0|D0> + ... ], (7

where \5|00|D0> = <D0|QOIS‘ cve. are used. The fraction of the §-D
pair contributions 1s now cvalualted. The cocttrcient (1-t) 1s lett an
this evaluation, since it repr sents an overall reduction.  As au
cxample, 1 take a system of 10 ncutrons in the N-82-1206 major shell
with realistic spherical single-particle cucrgivs.lz Yor 6=0.3, a
NilesontBCYS calculation is carrvied out, and the A pair is obtained with
A= 0.8 HeV. R(bulldul square of these amplitudes ave x5333.8%,

i—bé 2% aud x

centribut fons from various tewms in eq. (7) are calculai-d.  Fractions

: s > ) ) P> G N .
from t‘leoll)() . Kl) IQ hn \IOIQ()I(U and < ()'Q()'(() Are,

4—11 5% W ing these amplitudes, ftractions ot

()'



respectively, 52%, 18%, 25%, acd 4%. The S-D pairs account for 70% of
Qin' while the total probability of the pure S-D components in IAN> is
much less (see eq. (2)). One thus finds contributiors from the S-D
pairs dominant in the N-pair matrix element. The same conclusion is

obtained for other deformed auclei.
3. FERMION-BOSON MAPPING FOR DEFORMED NUCLEI

The "independent-pair" property which means essentially that the
complicated fermion N-pair norm can be eliminated in the normalized
N-pair matrix element, leads us to a new fermion-boson mapping method

as described in the [ollowing. The nucleon A pair is mapped onto a

bosou,
t_ T T T - ki T f
A = xOS + x2D0 + x4G0 >+ A = Xps x2d0 X8y - (8)
Consequently, the nucleon intrinsic state is mapped as,
> AN, (9)

The boson image of the nucleon quadrupole operator is given as,

Bt i f~ (2) e (2)
Q-Q =q1((l g5 d) + qzld d] + q [g ! +d gl + ... (10)

with coefficients g, = (1-0)<S1101ID>/J5, a,  (1-e)<D] QI D>/Y5, ete.

In this mapping, the equality <AN|QO|AN3 = (ANIleAN) holds (sce eq.

(7)). I note that the "independent-pair® property contains the bosonic
{
SN

The validity of this mapping is examined by looking at other

\}
structure character)zed by the faclorization (AthgIAN) = N-(AIQ

watrix elements. As an cxample, 1 consider matrix elements related to

I AN'1> whora on n

PPTE SR RPN 1 RIS L . e ] - TR
& Brand u2n y WiTTT A}z aoncles tace Wl '\()mpm:."::'. of{ D . This stute

is consider<d to be one of the major componenis of the y-baud ‘ntrinsic



state. Matrix elemen.s <D, AN- IQ ID A1y and <D2A IQZIA > are
compared in table 1 with the correspondxng boson predictions
(dZAN-llQold A ) and (d ngIAN). Note that the diagonal matrix
element above is related to the y-band intrinsic quadrupole moment
vhich is the same order of magnitude as Qin' The off-diagonal ome is
related to the ground-gimma E2 { -ansition which is one order of mag-
nitude less than Qin' Table 1 clearly demonstrates that these fermion

matrix elements are reproduced very well by the one-body boson vperator

Qb.

The agreement exhibited in table 1 suggests that the non-ortho-
gonality blocking effect for lD AN 1, over deformed single-particle
orbits is not very different from that for IA >. In fact, only one
pair is different between the two states; it is either the D2 component
of the D-pair or the A pair in which DO is one of the major components.
I emphasize that the agreement in table 1 is not exceptional and a
similar agreement can e seen generally in defeormed nuciei. Further
investigation on the validity of the present mapping will be reported
in a forti:coming pap:cr.

Parameters of buson quadrupole operators ace evaluated for ISSGda
Here, 6=0.25 was talen, and the pairing strength was chosen so that
A~0.9 McV. The A pair was calculated from the NilssontBCS. Following
the above wapping procedure, paramcters of QB in eq. (10} are calcu-
lated.

In order to comnstruct an s-d boson (or IBM) system, the g-boson is
eliminated in the next step, and its etfects are taken into account by
renormalization of s-d boson terms by the method of Ref. 5. Although
the renomalization method has been improved consiuerably since Ref. 5
as discussed in a subsequent scection, essential properties in this
table remawn unchanged.  The guadrupole field Q is responsible for the
admixture of the g—bosuu.5 Since Q is mapped onto the one-body boson
ficld QB, the remoxmalization can be done for each bo:on separately.

In other words, when o d-boson is coupled to a g-
bosons behuve as spectators. This independence property simplifies

appreciably the renormelization procedure.



Parameters of the 5-d boson quadrupole operator are thus calcu-
lated microscopically with the renormalization. The result of .his
calculation should be compared to that obtained by phenomenolog:.cal
fitting IBM calculations. In table 2, these two results are shown ic a

convention in which the boson quadrupole operator is defined as

Q% = als +s1d 4x (afd 12 (11)
with 1=nt (proton) or v (neutron) and Xy being a parameter, and the
boson proton-neutron QQ interaction is deflncd as -Kg Q with the
strength k. The strength of the nucleon QQ interaction is taken from
Ref. 14. The boson E2 operator is written as T(EZ) = ezgﬁ + eggg with
the boson effective charge eg. The nucleon effective charges are as-
sumed to be 1.7e for protons and 0.7e for neutrons. In table 2, a
reasonable agreement is s- - between the microscopically calculated
parameters and those obtained by fitting calculaticns. In table 2,
unrenormalized values of the parameters are also indicated to show
changes due to the renormalization.

These parameters are calculated also by the meihod of Ref. 10
(0AI), where the IBM parameters are detcrmined by states ISN> and
!SN 1 D>. This method is useful ia and near spherical nuclei, while it
yields, in deformed regions, too large a value of K und too small a
value of || compared to the results of phenomenological fitting.
Large |[x!| is e¢ssentiai to obtai.: rotational spectra. In fact, Ix1=47/2
is the SU(3) limit.15 This discrepancy is now solved, by introducing
the new mapping where the Llocking from a coherent iincar combin: ion

of 8§, D and G is included properly.
4. RELATION TO THE ANGULAR MOMENTUM PROJECT1ON

I shall in this section talk about the consistency between the
fermion-boson wapping introduced above and the Hartree-Fock-Begoliubov
(HFB) + angular morentum projection calculation. The fermion intrinsic

wave can be writtea in the HFB scheme as,



F « WH¥ o . (12)

The boson analogue of ¢F is written, in the mean field approximation,
as,

o8 « oahHY 0 . (13)

¥ is defined in eq. (1) and A* is defiued in e2g9. (8). The

where A
. s . . + + +

intrinsic wave function contains 0 , 2, 4, etc. states of the ground
state rotational band. The probability to find spin I member in the

intrinsic state is calculated as,

X [(21+13/2] S d(cos 8) d 1(8) <o*R(8) ¢
P, = 00 (14)

wX ¢%

where dool(ﬂ) denotes the d function, R(0) is exp(ib Rv), X stands for
F (fermion) or B (boson), and the axially symmetric deformation is

assumed.

The rotated wave function R(0)¢ is written as

Ro) ¢ F e HY

10> (15)
with
i6 R f _-i0 R
KT = e v AT [ 3 Yy , (16)
and
Re) ¢ « w TN o (17)



with

t . eia R? AT e iRy

K' = (18)
. F B
Using eqs. (15) and (17), PI ard PI are expressed as,
F 1 NN
[(2141)/2] f d(cos 6) dgo (BINK'™ > (19)
<A N/\.TN>
andg
p B [Q@I41)/2] [ (s 0) d o) a N «™)
I = 00 (20)

(AN AfN)
It is observed that fermion overlap in eg. (18) is approximated as

N N

AN o~ axh n N AT, (21)

for 6 << 1., Because of the equality,
Ak > =k, (22)

eq. (21) becomes

N, o )N cq N AN

<A AATD (23)

It is thus shown that PIF is equal to PIB in the approximation of eq.

(21). 1 note that all 6 dependence of <A N KTN>
N A N

are included in (AK)N

in eq. (22), since <A > is O independent. In other words, the

fermion intrinsic state and the bouson intrinsic state have Lhe sam
structure. Although the fermion norm <A N ATN>

N .+ . . .
from the boson worm (A A N ), this difference is not relevant to

is quite different

normalized quantities as PIP and P]B. The approximation in eq. (21)

-10-



indicates that orthogonality in the one pair space persists in multi-
pair space. This is a generalization of the independent pair property
discussed in the previous section.

The approximation of eq. (21) is examined numerically for a
deformed nucleus, as shown in table 3. The fermicn wave function in
eqs. (1) and (12) was obtained by the HFB calculation with particle
number coanservatiou. The intrinsic system has deformation parameter
0.25 and pairing gap ~ 0.7 HMeV. The boson intrinsic wave function
was obtained by eqgs. (9) and (13). The probabilties P F in eq. (19)

I
and P B in eq. (20) are compared in table 3. One finds an excellent

agree;cnt, which suggests that the mapping in eq. (9) is indeed
appropriate for deformed nuclei.

We have similarly calculated matrix elements of the in.eraction
Qn Qv. The corresponding boson matrix elements are calculated foi the
boson operator in eq. (10). Again, one finds good agreement in table 4
between fermion and boson calculations. We thus coaclude that the
mapping method introduced in the previous section reproduces the HFB +

angular momentum projection calculation.
5. RENORMALTZATION OF g-BOSON EFFECTS

I have so far discussed the fermion-boson mapping, in which
nucleon pairs of S, D, G, etc. are mapped onto boson:. s, d, g, etc.
One can simply neglect effects of besons of 6+, 8+, and higher.
Effects of g-bosons, however, have to be included. The g-boson is

mixed through the following term in the @ Q interaction,

T~ T~ (@)
fqy Q. (g,d, +dg) (24)

where f is a coupling constant, and 43 is introduced in eq. (10). This

interaction can be rewritten as

-11-



of.

£a, Qe P, + af .,

y(2) . (25)

Therefore, if (Q_g +)(2) bebaves like a quadrupole boson, effects of
v

the g boson can be treated by including (Qng:)(z) as a part of the "d"

boson. For this purpose, we introduce a unitary transformation,

N (2)
t t (2) T 1)
¢.Q .(gd -d g) +¢Q .(gd -dg
U-'e“n v Vo v an nn

(26)

A unitary transformation of the form U = ez ( Z is an operator ) can be

written in general as

uxul = x+(z, X]+582, [2,X1]+ ..... (27)

I1f one has relations,

[Z [Z,X1]=-a% X (28)

and

2

[Z, lZ) [Z,X]]]:-ﬁ [ Z, X] (29)
one obtains,
UXU ™ = X cosa + 12, %] Siz.ﬁ : £30)

I shall apply eq. (27) to X = d with the transformation in cq.
(26). One can obtain easily,

1

Pz, d; T T](z)

[ Q, &,

v (31)

where Z stands tor In U for U amn e¢q. (20). In deviviug eq. (31) ana

also in the following, we assume that Q" and Qv in U commite with any

~-12-



operator. In other words, Qn and Qv in eq. (26) are treated as if they
are c-numbers. Matrix elements of [ Q, X ] ( X = arbitrary operator )
should be much smaller than those of Q itszlf for low-lying collective
states, since the coherent property of Q should be lost in [ Q, X ]J.
This assumption is clearly related to the collectivity of states, and
also of Qn and Qv'

The double commutator is written as

[z, [ z, di” = -¢3z\£ J2K+1 W2 4K2.22)
) (32)
x [ 1q, o, 1% ah)¢

Although K in eq. (32) ruans from 0 to 4, the K=0 coefficieut is
largest, and the scalar product [Q Q](K=O) is enhanced in quadrupole
collective states. It is, hence, a rearonable approximation to retain
only the K=0 term in eq. (32). Secondly, we replace the operator

(Q ¢1¢¥ 140

appropriate state, for instance, the ionlripnsic state of the rotational

with its expectation value <[Q Q > with respect to an

band or the ground state. Eq. (32) then becomes

-l 1 1 dl (1)

Thi: equation has the same form as eq. (°8) with o = j;v(Q Q](O) Ih .
We can thus evaluate all terms in eq. (27), and finally obtain the
transformed form of the d operator as in cq. (30).

In practical calculation, terms of K£O in eq. (32) are also

included effectively, bv replacing these terms with

. (K) .1
ilQ"QJ"('u)('jf 19 o' 4t (34)
«fq 1% > :

13-



where < - stands for the expectation value of an appropriate state a.
discussed just above. In other words, effects of the K#0 terms are
included in some averaged wey. Deviation or fluctuation from the
approximation in eq. (34) can be included order by order in principle.
Based on the above prescription, all terms in the original boson

Hamiltonian are transformed. The mixing angle ¢v and ¢n in U can be
determined from amplitudes in Eq. (8) for deformed nuclei. The mixing
angle will be determined in other regions by utilizing a boson analogue
of the RPA approximation. It is expected that the angle stays rather
constant. The major effect of the unitary transformation is found in
the single d boson energy. As al;e?dg mentined at Eq. (25), the

) 2

Thus, the interaction in Eq. (25) is trunsformed as a pari of the

unitary transformution treats (Qg as a part of the new d boson.
single d boson energy. This actually meaus an enormous reduction of
the single d boson energy. The reduction is expressed as
. 2) ~ .
. + d *

Q. (&hd, + deS @0 (35)
where some numerical factors are omitted. Siuce the ground-state
expectation value of (Q Q) becomes largest in the middle of the valence
shell as a functiou of protoun and scutron numbers, the reduction oi the
single d boson energy is largest tiere. Note that this tvend is
consistent with the conclusion oi phenoacnological studies.

We applied the unitary transformation to an s-d-g boson

Hamiltoniau

1} &£, n, +¢& n 4+e, n, 1+ u -1QQ (306)

‘g , )

s-d-g dn dn Bn Bg du du &y &y e
where Qn and Q“ are given by Eqg. (10}, The strength pavameter § is
adjusted suv that this Hennltomian reproduces the experimental spectaum

164
of Gd.
The calculated spectrum is shown in Fig. 1. The spectrum of an sd

Hamiltonian obtained by the above unitary transformation is also shown

in Fig. 1. These two spectra are in un excellent agreement . The

-14-



unitary transformation indeed works well. In Fig. 1, tbere is the
spectrum of another s-d boson Hamiltonian whick was obtained by
dropping all g-boson terms in eq. (35). This spectrum has a scale three
times larger than the other two, although the rotational sp ‘ctrum is
already seen. The comparison among these three spectra .emonstrates
the importauce and usefulness of the unitary transformation. I note
that the present method is not a perturbation, and that one can treat
considerably large admixture of g bosons. After the unitary
transformation, coupling between the new d boson and the new g boson

becomes weak, and may be treated by perturbation, if one wished.

5. SUMMARY

1 summarize this talk by mentioning the following two points.
(i) Matrix elements of operators in many nucleon ccllective states can
be related to watrix elements of these operators in feaw nucleon states
with au overall reduction due to blocking effects. This leads us to a
simple fermion-boson mapping, eveu for deformed nuclei with wany valence
nucleous.
(i1) The g bosoun, which arvises as a result of the fermion-
boson mapping, can be eliminated by a unitary transformation frow a
combination of d snd g bosons into a new d bosoun.

With this mapping principle and rcenorwolization techuigue, 1 1BM

Hamiltonian can be derived from a fermion Hamiltonian,
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Table 1. Comparison between exact and boson quadrupole matrix elemeats
(fmz) related to the D2 pair for (a) the 16 neutron system in
the N=82-126 shell with 6=0.3 and A=0.8 MeV and for (b) the
16 proton system in the Z= 50-82 shell with 6=0.25 and 4=0.9
MevV. Q, = <ANIQOIAN> (=(AN|Qg!AN)) is also shown.

N-1 N-1 N-1 N
DA QDA > DA QIA>
2 0 2 2 2
case Q exact boson exact " boson
in
(a) 179 150 150 12 9
(b) 108 88 91 14 13
Table 2. Puramcters in the Loson QQ interaction aud iu the boson E2

parameler

K (Mev)

calculated microscopically by the present mapping method with

the renormalization due to elimination of g-boson. 1lu the

colunu "(unr.)", the unvcnormalized

parentheses.

Parameters obtained by

and those by the OAl method are also shown.

micro.

0.094
-0.860
-1.18

10.0

(unr.)
(G.12)
(-0.80)
(-1.01)

(10.06)

(6.7)

_ll_

titting
0.0 ~ 0.0Y
-0.8 ~ -0.9
1.1 ~ ~-1.2

17 ~ 14

result is shown in

a fitting calculation

UAL
0.19
0.04

-0.5%)

14.1

8.4



Table 3 Probabilities of spin-I members in the intrinsic state

1 fermion (PIF) boson (PIB)
o* 3.44 % 5.46 %
2* 15.44 .5.58

& 21.63 21.93

6 21.20 21.57

8" 16.51 16.74

10" 10.75 10.71

127 6.01 5.78

Table 4 Mualrix elements of the interaction f (QnQv)

1 fermion boson
o 14.99 McV 15.05 eV
2" 14.99 15.05

4 14.99 15.05

o' 14.98 15.04

g’ 14.96 14.98

10" 14.92 14.91
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E, (Mev)

Filg. 1.

80
2+ -
60
- g =
- 4*
6‘0
q* 2*
~* /—
OF o 0*

(a) (b) (c)

Spectra obiafned {(a) from a Hamiltonian contalning s, d,
and g bosous, ‘b)Y [rom the e-d bosou (IBM) Hawlltonlan
calculated {rom the above s-d-g boson Hamiltonian by the
unitary transformatfon, and (¢) from the s-d boson
KRamiltonfan obtained by just dropping all g-boson terms

1a the above 8--d-g boson Hamiltouian.



