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Weber T.
Positive Parity Giant Multipole Resonances in '®0
Distributions of the(fr=0ﬂ1+,2ﬂ3+.4+) isoscalar
and isovector strength in !0 have been calculated in the
N particle -n hole (n=0,12) shell model. The isoscalar
quadrupole giant resonance comes out fragmentated ovesr
eight peaks which exhaust 33% of the EWSR between E *= 17
and 25 MeV. This result agrees nicely with the recen® *He
and alpha inelastic scattering experiments. Giant mono-
pole isoscalar (isovector:) resonance appears to exhaust
more than 507 of the EWSR near E*= 30 MeV (E*=40 MeV).
Several collective states of other multipolarities are
predicted either near to 30 MeV or between 50 and 60 MeV.
The ground state correlations of the 2p2h type give rise
to a considerable strength redistributions as compared
with the case of the closed shell ground state.
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1. INTRODUCTION

It is perhaps the most surprising feature
of the particle-hole (ph) model of the clo-
sed shell nuclei that it gives rise to col-
lective states with specific and rich struc-
ture as a result of mixing very simple confi-
gurations. Experimentally such collective
states may be excited by a large variety of
low- and intermediate-energy projectiles such
as photons, e~ ,p , >He,... and, e.g., in
the capture processes like y - and radiative
m~ -capture from the mesoatomic orbitals.

However different the particular proper-~
ties of the above reactions may be, their
physical universality manifests itself in
a uniform respcnse of the nuclear system,
namely in the creation of the collective
states frequently exhausting a considerable
fraction of the respective sum rule (giant
multipole resonances). Formally this uni-
versality may be traced to the fact that
only a few elementary operators

Yimrpr DY codpy oo (1)
where ry=1 and r,=r | are supposed to mediate
such transitions. A possible momentum depen-
dence will be introduced later; ¢ and r are



the nucleon spin and isospin matrices, the
angular momentum coupling is indicated by
the square brackets. Though the spherical
functions Y,y arise from an infinite expan-
sion of the wave describing motion of the in-
coming (outgoing) particle of impulse k.

—iker o~ L L .

e —4ﬂ'ELOiZS:U JL(M)YLM(Q 2 IY [0 ) (2)
the usual classification into monopole, di-
pole, quadrupole,... transitions is actually
extremely useful, since only a few values of
L are allowed when the operators (1) are
to describe the excitation of the nuclear
states with sharp total spin J.

The aim of the present paper is a theore-
tical search for the collective positive
parity excitations in the !0 nucleus as
induced by the spin-, isospin-, and momen-
tum-dependent transition operators. We exa-
mine in this respect a straightforward ex-
tension of the ph shell model, namely we
diagonalize the nuclear residual force within
the complete subspaces of the 2hw configura-
tions. Our interest in the problem was
strongly stimulated by the experimental ob-
servation of the giant (isoscalar) quadru-
pole resonance. he devote major attention
to this mode. Nevertheless, a possible col-
lectivization of the positive parity T=1
states seems also to be of importance in se-
veral experimental situations. Such levels
are expected to lie at higher energies than
the isoscalar ones and the possible candidates
in %9 were, e.g., observed in electron
scattering '/ (structures at 44.5 and 49 MeV)
and in the radiative 7~ capture, where the
spin-quadrupole operator [Y2-0]1+'2+’3+ should
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be responsible for the whole upper half

of the experimentally observed spectrum ’?.
Indeed, this last example involves such
high transferred momenta that they cannot
be studied quantitatively within the long-
wavelength limit. At the same time our
approach is appropriate’® for investigation
of the giant magnetic (and spin-flip elect-
ric) resonances in backward e~ scattering.
Similarly the model may be useful for the
separation of isovector and isoscalar modes
of the giant quadrupole resonance.

The idea of the possible existence of the
spin- isospin- and spin-isospin-resonances
goes back to the early sixties’4’. In 180
such states were sought within the Tamm-Dan-
coff and random-phase approximation (ipth)
by Ellis and Osnes’® .Most recently Liu and
Brown’8/ considered collective excitations in
several closed shell nuclei including 160
in an RPA-like model based on a specific choice
of the nuclear interaction. The Skyrme potenti-
al, which is in fact a delta-shaped poten-
tial, has allowed them to include a large con-
figuration space (1p-1h) via the response
function technique.

Our approach is rather to keep a general
nuclear interaction to avoid the inaccuracies
in this sector. Simultaneously we are inte-
rested in the spreading of the collective
states by coupling of the " 1pih and 2p2h
configurations. In this respect and for the
E2 excitations, our work is parallel to
that by Kniupfer and Huber’? and Hoshino and
Arima "8/ Unlike them, however, we consider
a wide class of isoscalar and isovector
transition modes. The results change criti-
cally with the inclusion of the ground state
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correlations omitted in the mentioned pa-
pers and exhibit an unexpectedly’?”’ strong
dependence on several single particle energy
parameters. Also, we argue that Phenomenolo—
gical interactions used in refs.’? and /8
may prove to be oversimplified for the work
in large configuration spaces. Instead we
have employed a realistic potential in the
form due to Tabakin.

In sect. 2 we present a short review of
the recent experimental and theoretical
search for the giant quadrupole resonances.
Sect. 3 contains some details of our calcu-
lations. Finally, in sect. 4 the results of
the strength distributions of the individual
J,T modes are summarized and discussed.
Sect. 5 contains a summary of our work.

2. GIANT QUADRUPOLE RESONANCE IN 189
2.1. Experimental Work

A detailed review of the recent efforts
to observe apd understand the quadrupole re-
sonance in O may be found in lectures
by Hanna ’%. Probably the most important ear-
lier experiments are those with gamma rays
[(y.P).(y.a)l . and with polarized protons,
the reaction (p.,y). They seem to suggest an
enormous concentration of the isoscalar E2
strength well below 20 MeV and that of iso-
vector strength above 20 MeV. Decisive,
however, must be the inelastic scattering
experiments. For the (3®He, ®He’) reaction the
measurements /1% show strong peaking of the E2
strength at 19 MeV. The (e.a”) process is se-
lective for the excitation of the T=0 model
if we disregard the small Coulomb effects.
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Knopfle et al.”" observed scattering of

146 MeV alpha particles and found 65% of the
E2 energy weighted sum rule (EWSR) to be
concentrated between 15.9 and 27.3 with

its centroid at 20.7 MeV. Harakeh et al.’!®
using 104 MeV alpha particles observed

+20 of the isoscalar EWSR to be

40 _10 %

exhausted between 17 and 25 MeV. Some levels
observed above 22 MeV are, however, possibly
octupole (37) and /or monopole (07 excitations.
Due to a better energy resolution Harakeh

et al./® observed transitions to the indivi-
dual nuclear levels. Since they found also
multipolarities different from 2* in the re-
gion below 27 MeV which Kndpfle et al.’!!/
interpreted as a single quadrupole excita-
tion,the sizable difference of the results
obtained by the two groups can be under-
stood.

Strong support to the Harakeh et al.
results is given by the most recent work on
the ®He inelastic scattering’!®.In this reac-
tion the isovector excitations are conside-
rably depressed (by a factor of =~ 1/30) and
the cross section may be entirely attributed
to the T=0 mode. The individual transition
strengths observed ''¥ are in ;ood agreement
with those reported in ref./'® . Similarly, the
270 excited states between 17 and 25 MeV
exhaust "' 37% of the EWSR supporting the

Harakeh et al. value40*fg %.

To conclude this shortened list of experi-
mental results we should just mention that
Hotta et al./!% by inelastic electron scat-
tering observed 43% of the E2 sum below 20 MeV
and about 20% in the region between 20 and
30 MeV. Indeed isoscalar snd isovector com -
ponents cannot be disentagled in such a wor%.

/12/



2.2. Iheorigg

There exist several attempts to investigate

theoretically the distribution of E2 (and

E0 ) strength for 0 in the giant resonance

region. The works based on the 1plh excita-
tions 715/
strength in a compact peak at about 22 MeV.
This might be identified with the resonance
seen in the (y,p,) reaction (in fact T=1 in-
terpretation is more likely true). Then, the
other isoscalar E? strength spread out over
the lower excitation energies lacks explana-
tion. A better theory should provide a broad
distribution (rather than a single peak)
shifted towards lower energies. Insufficient
broadening of about 2 MeV was obtained by
taking into account the coupling with the
continuum’!®/ The effects of 2p-2h admixtures
in the excited states were studied by Knlp-
fer and Huber’?” and by Hoshino and Arima’®’.
They indeed demonstrated considerable sprea-
ding of the E2 isoscalar strength distribu-
tion in qualitative agreement with experi-
ment. Nevertheless, the detailed calculated
strength distribution differs considerably
from the data’!®13/. In particular, Hoshino
and Arima’® found 88% of the EWSR to be
exhausted between 20 and 30 MeV.

3. DETAILS OF CALCULATION

3.1. The '®0 Nuclear Wave Functions

Both ground and excited state wave func-
tions were constructed within the complete
subspaces of definite J*T including 1p-ih
and 2p-2h of Ohw + 2he unperturbed energy.

of 2he type place a major isoscalar.

By a detailed analysis’'® Brown and Green

found less than 2% admixtures of the 4p-4h
configurations in the 180 ground state.
Omission of these 4p4h components should not
spoil the calculated ground state wave
function (g.s.w.f.). As for the excited
states it must be remembered, however, that
our model is unable to account for some
important low-lying states such as the well
known 27T-0 level at 6.92 MeV which have
predominantly 4p-4h structure. In the early
investigation of the positive parity 2p-2h
states in %0 an attempt (numerically suc-
cessful) was made to describe such states
by an artificial choice of the interaction
potential 17/, We do not follow this line.
The two-body residual interaction was taken
in the form of Tabakin’s realistic interac-
tion constructed so as to fit nucleon-nucle-
on scattering data ( O - 320 MeV) and deute-
ron properties. We use !'P, channel parameters
of the potential as modi%ied by Clement and
Baranger '18/.The harmonic oscillator basis
corresponds to the size parameter b=(h/me)% -
=1.67 fm. In view of the rather large number
of components included explicitly in the dia-
gonalization, we decided not to consider
any renormalization correction.
‘Calculation of the Hamiltonian matrix 1is
straight forward. Unsettled, however, remains

the choice of single particle energies (s.p.e.

in the '"upper'" (0oftp) shell. Commonly /7-817/
are used the modifications of a set suggested
by Jolly’! in 1963. It might be expected
that the calculation of positive parity
states within (rather large) complete 2he
model space is insensitive to these parame-
ters, for- they only influence some of the



1pith  components which are few in number

and strongly spread out over many excited
states. Even a numerical estimate in favour
of this argument has been made’?.We have
observed, however, that the above is true

for the density of states only. In fact, the
calculated eigenvectors (and strength distri-
butions) vary rapidly even with a very mo-
derate change of the fp shell s.p.e.

The choice by Jolly’! cannot be conside-
red satisfactory for our needs, since it was
made 'ad hoc" for use in anoversimplified ph
calculation which disregards any configura-
tion mixing, not to speak of higher (p2h)
components which are present in our model
space. The set’! 1is partly based on the
180(p,p’ )80+ data. Actually, the scat-
tering on A=15 system would be more appro-
priate here. The two differ by the target
isospinT,, and it is well-known’!® that the
isospin term t.T of the optical potential
may easily account for the results which
differ by a few MeV in both cases.

To elucidate the problem of s.p.e. para-
meters in our model we use first the s.p.e.
set I of table 1 which is near to Jolly’s
choice and then repeat the calculations
with a slightly modified set II: the posi-
tions of the fp orbitals were shifted down
by 25% in the second series.

The definition of our basis vectors and
procedure used to eliminate the spurious
states arising due to the centre-of-mass
motion are described in Appendix A. The
excited state wave functions obtained by
the diagonalization are too lengthy to be
listed here. It might be useful, however, to
have at least the ground and isoscalar giant
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Table 1

The single particle spectrum (MeV)

Set 051/2 0p3/2 0p1/2 0d5/2 131/2

I,II —4500 -21.8 -15.65 —4c15 "3027

Set  0dy 0f7/2 p32 05y 7472
I 0.93 1.7 17.7 18.7 24.7

II 0.93 8.7 13.3 14.0 18.5

monopole resonance vectors in the explicit
form. We show them in table 2.

3.2. The Transition Operator

The nuclear collective excitations caused
by operators of the type (1) are considered
in the long-wave length limit

: (kr)l
LS (2L +1)1

(3)

/5/ .
Following Ellis and Osnes we generalize
slightly the operators (1) by inclusion of
an f -dependence. We consider the general form

L . . .
OTJM(LTS3S)= ? 'i[[YL(Qi)EKQ]QUSOHJM’T @, (4)
where the sum goes over the individual nucle-

ons. The square brackets symbolize the an-
gular momentum coupling and a symmetrized



Table 2

Ground state and T=0 giant monopole resonance
wave functions of 180. The configuration is
labelled [(PP)IT(hh)JIT]lyy, : sS.p. orbitals are

250[)3/2 ,350[)1/2 ,450(]5/2 , 55181/2, 6 EOd3/2.C0nf1-

guration 1is omitted if |aj|<01 for all listed
states. Diagonalization was performed with
the s.p.e. set II of table 1

E(rev) ground 24.2 27.9 30.2 31.7
%EbsR - P 19.1 17.6 19.8

B 0.8856 0.0724 -0.0683  0.0397  0.2075
15 05 0.08I7 0.26I3 -0.I729 -0.2074  -0,3109
N 0.1762 -0.I314  -0.3689  -0.395]  -0.4067
foy Gy’ 0.0157 0.0330 -0.2387 -0.2134  -0.3167
pPF AR IT Two particle - two hole components
44 22 0T 0.0528 0.0829  0.I926 -0.003  -0.2098
44 33 01 0.1677 0.II75  0.4082  0.0725 -0.4308
442210  -0.0I20 0.0477  0.1007 -0.030I  -0.I050
442310  -0.1247 -0.0545 -0.2739 -0.0599  0.I99
442221  -0.01I3 0.0I83 -0.I3%0 -0.II28  0.0070
44 23 2I 0.1133 -0.0I64 -0.0I88  0.0403  0.2693
44 22 30 0.0487 -0.0I49 -0.1024 -0.0429  0.1206
45 23 20 0.0058 -0.0732  -0.020I  0.I5I5 —0.0925
452321  -0.0277 -0.2665  0.033  0.,I2I5 -0.0306
45 22 30 0.0127 0.1544 -0.0339  0.067I  -0.0535
46210  -0.1257 -0.023 -0.I0I  0.0I32  0.0240
46 23 10 0.1456 0.I249  0.2518  -0.0353  -0.I298
46 33 I0 0.0208 0.0054 0.2001 ~0.2229 -0.0594
4623 11 -0.0879 -0.0047 -0.I7I4 -0.0896  0.00I7
46 23 20 0.1443 -0.0I88  -0.1357  0.0348  0.0942
46 2321  -0.0I28 -0.0265 -0.I478  -0.0628  0.096I
56 22 OI 0.0048 C.236I  -0.0364 -0.I0I3  0.0205
55 33 OI 0.023I 0.6281  -0.2260 -0.0522  -0.0736
5522 10 0.0040 0.1288  0.0I85 -0.1366  0.0676
5523 I0  -0.0517 -0.4464  0.0554  0.2558  -0.I235
55 33 I0 0.0551 0.1881  -0.3948  0.7I33  -0.3II8
5 33 I0 0.0544 0.1887  0.0002 -0.035  0.0409
66 22 OI 0.III2 0.0263  0.0958  0.0232  -0.0342
86 33 0I  -0.0I22 0.0677  0.II84 _ -0.0I53 -0.I678
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product [Y, !, ]=—ldYLfr]+[f, Y.D is inderstood.
The symbol f,(¢{;) “denotes the angular momen-
tum operator (unit operator). The meaning

of og andry 1s analogous. The radial depen-
dence r“ will be changed in the monopole
case where we take r2 form. More about the
earlier use of the operator (4) may be found
in the paper by Ellis and Osnes ’%. They also
give an explicit expression for the single
particle reduced matrix elements of the ope-
rator (4).

Multiplicative factors (like z%A%® for the
AT=0 transition) were suggested by Nathan
and Nilson’?% and recently used, e.g., by
Liu and Brown’® with the aim of effectively
describing the collective motions in which
neutron and proton matter move together.
Since these factors do not change the rela-
tive (% EWSR) transition strength attributed
to particular excited states which are alone
discussed in this paper, we shall use the
unrenormalized operator (4). Note that for
L-0 we simply use the unit operator instead
of Yo,=(4n)"% The transition matrix ele-
ment for the np-nh initial and final states
is given in Appendix B.

3.3. The Sum Rules

The energy weighted sum rule for the
operators Ogy;¢J0JO) can be calculated in a mo-
del independent way. We shall characterize
the degree of collectivity of our J'T=0 nuc-
lear levels by the percentage of the EWSR
they exhaust. Following Lane’%’ we have

STsz(En"Eo)R"IOTw'O)}z' (5)
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2
s = -DA joria?s (6)

0J 87m

With our value of the harmonic oscillator
constant (b= 1.67 fm) we obtain Sy, =
= 1643 MeV fm* if the correlated ground
state wave function of table 2 is used to
calculate <r® >. Effect of the ground state
correlations (g.s.c.) on the <r?®> value is,
however, less than 1%. We discuss, therefore
all our results in terms of the above EWSR.
For the J=4 subspace we have Sga= 0.7 X
x 10° MeV fm8. The J=0 sum rule may easily
be calculated with the result

2
- DA 4cr?. _ 8307 Mev.tmt. (7)

00
2m

The sum rules corresponding to the transi-
tion operators which contain spin and/or
isospin matrices should always be evaluated
within the chosen nuclear model. Since our
results for these transitions are of an
exploratory nature, we rather follow another
path. The degrees of collectivity of these
states will be given as fractions of the
energy weighted model sum (EWMS) which we
define through eq. (5) restricting, however,
the sum to the calculated nonspurious excited
states of the given angular momentum, parity
and isospin as displayed in table 3. The
model spaces are large enough to ensure
a reasonable correspondence of the EWSR and
EWMS values. The only exception found in our
work concerns the J=4 case; we discuss it in
detail below (subsect. 4.2).
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Table 3

.16
Dimensions of the 2w J'T subspaces in O

Type (JT) =00 0I I0 II 20 2I 30 3I 40 4I

1p1h 3 3 7 7 8 8 6 6 3 3
2p2h 40 42 76 I22 IIO 143 87 I3I 67 84
Spurious 5 5 II I2 I3 13 9 9 4 4

4. RESULTS AND DISCUSSION

4.1. Isoscalar Quadrupole Resonance

The calculated E2 isoscalar strength dis-
tributions are presented in table 4 together
with the recent high-resolution (150 keV)
data from the 104 MeV (a.,a’) reaction. bhe
would like to draw readers’ attention to the
parameter dependence of the results. The
first series of calculations (columns 2-4)
was performed with s.p.e. set 1 of table 1
which/practically follows the choice of
ref.’?” and differs little from those of
ref.’®. In agreement with the earlier studies
the main E2 isoscalar strength is located
between 23 and 30 MeV which is at variance
with the experiment/laleOur second series
of calculations (table 4, columns 5-7) was
performed with set II of the s.p.e. where the
fp shell orbitals were shifted down by 25%.
The resulting eigenenergies agree in these
two cases within =0.5 MeV. Nevertheless, the
distribution of the spectroscopic E2 strength
is in the second series unambiguously trans-
ferred to the levels around 20 MeV. It is
indeed a lucky coincidence that the results
of our second series quantitatively almost
agree with the experiment, since the above
25% reduction was attempted in a purely

15



Table 4

pistribution of isoscalar quadrupole strength
in percentage of the EWSR eq. (6), S, =

-1643 MeV fm*. 02
.p.e. sot I D, ‘
Ineray )s p.e. se S.p.e. et II (“F) at I04 MeV
no no
(Mev)  N° g:5.C. g.8.C. N B:3.C. £+8.C. ) gEwse®) $EWsR®)
<17 1 2.8 5.5 1 6.1 8.7 4 12.6  25.2
17-20 2 2.6 2.5 2 1.2 8.4 2 4.7 9.4
19.5 ‘ (1) (1.3)  (2.6)
20-22 2 3.5 3.4 2 19.1 12.7 3 6.9 13.8
22-25 2 40.7 26.9 4 19.9 11.1 (4)°) (10.4) (20.8)
22-258) 5 1.9 1.4 3 1.1 0.9
17-25 11 48.7 34.2 1 51.3  33.1 10 23 47
25-30 17 19.0 10.5 17 7.0 2.9 - - -

<60 105 83.0 53.5 105 73.0 47.3 - - -

a) Number of individual levels.

b) See ref.’!'?.

c) Nonr~quadrupole (L=3,L=0) identification is
also possible.

d) Non-collective levels.

modelistic approach just to see the trend
of results. It shows, however, that a res-
ponsible choice of s.p. energies of the

shell nucleons may easily resolve the disagree-

ment quoted by Harakeh et al.’!'2?/between the
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observed distribution of the isoscalar
strength and that obtained "%/ by the diago-
nalization within complete 2hio shell model
space.

The main problem studied quantitatively in
this investigation is the influence of the
higher admixtures in the ground state wave
function on the transition strength distribu-
tion. By comparing columns 3 and 4 (6 and 7)
of table 4, significant effects of the g.s.c..
can be seen. Besides the tendency to reduc-
tion of the EWSR percentage exhausted in the
studied region also a redistribution of the
strength towards the low-lying states 1is
observed. In order to study the sensitivity
of this change to the particular form of
the g.s.w.f., we have repeated the calcula-
tions with the g.s.w.f. obtained by Ellis and
Zamick’?!. The latter was constructed in
a manner similar to ours, the difference
being in their choice of the residual inter-
action (Kallio-Kolltveit force). The results
are remarkably stable. Redistribution of the
E2 strength obtained for two forms of corre-
lated g.s.w.f. does not exceed 0.5-1% in the
cases we have compared.

Two sets of experimental values for the
E2 strength distribution are given by Hara-
keh et al.’'? We reproduce them in table 4.
The smaller ones (column 9) are the results
of their measurements. Those of the other
set (column 10) were renormalized by a fac-
tor of 2 "... so that the isoscalar transi-
tion rate of the 6.92 MeV level is equal
to the electromagnetic transition rate" '1%/,
Our calculated distributions seem to suggest
at the most a less drastic renormalization
procedure.
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This 1s also in agreement with the most
receg%/ 3He inelastic scattering experiment,

ef.

he have already stressed that the present

model cannot provide proper description of
some low-lying levels in %0 which are known
to have mainly 4p-4h structure At the same
time 4p-4h admixtures in the '*0 ground state
are certainly small. Then the spectroscopic
strength attributed by experiment to the 2%
levels at 6.92 MeV and 10.52 MeV has to
be accounted for via 1pth and 2p2h components
of these excited states because the matrix
elements <{4p4h}],+ 0|0020U2p2h] > vanish.
It is gratifying that almost lO° of the EWSR
is concentrated at the calculated 2" "level"
at 16 MeV despite the crudeness of our model
for this low-energy region.

Four levels have been observed !*’ between
22 and 25 MeV with possible L=2 assignment.
The octupole (monopole for the 23.85 MeV
structure) assignment is the discussed ¥
alternative. A strong (1p-1h) isoscalar 3
level was obtained with our interaction at
23.86 MeV. Among monopole excitations, the
lowest nonspurious isoscalar level comes
out at 24.1-24.2 MeV and may carry about

2 of its own EWSR (see table 8).

The calculated isoscalar quadrupcle states
in the region 17-25 MeV exhaust 33-354% of the
sum rule limit if the ground state correla-
tions are 1included. This has to be compared
with the experimental estimates 40*3095 from
ref.”'®” and 37% of the EWSR reported in
ref. The results contrast strongly with
some earller calculations, e.g., FHoshino and
Arima "® obtained 82% of the EWSR located bet-
ween 19 MeV and 28 MeV,; they agree, however,
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roughly with findings by Kniipfer and Huber’?/
who quote 40% of the EWSR exhausted in

the energy region 20-40 MeV. The paper /8
(most probably that of ref.’?” as well) does
not consider the ground state correlations;
therefore our corresponding value 49-51% of
the EWSR is probably a fairer counterpart of
their results. We did not obtain any noti-
ceable concentration of the isoscalar S=0 E2
strength in the region between 30 MeV and

60 MeV where our model predicts 76 more
excited levels.

4.2. Search for New Collective States

We shall present here only selected re-
sults in condensed form 1illustrating the
qualitative features and possible trends to-
wards collectiveness in the groups of posi-
tive parity excitations. In tables 5 and 6
we show the percentage distributions of the
spectroscopic strength in transitions indu-
ced by the operators (4). Note that tables 5
and 6 are calculated in terms of the EWMS
introduced in subsect. 3.3. In the prepara-
tion of the tables we omitted numerous contri-
butions of the levels which add less than 2%
of the EWMS. Each table entry then summa-
rizes contributions of typically 2-5 nuclear
excited states within the energy interval
of 2.5 MeV. The latter was chosen with respect
to the expected broadening of the possible
new giant resonances which may be of the
order of 5-7 MeV by analogy with the ob-
served giant dipole and quadrupole resonan-
ces.

The exceptional concentration of the mono-
pole strength, both isoscalar and isovector,
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eq. (4).

Table 5

. . . . .16
Distribution of isoscalar strength 1in 0
corresponding to the transition operators of

Only contributions larger than 2%

of the EWMS are summarized within the energy

intervals of 2.5 MeV. The s.p.e. set I of
table 1
£ (MeV) 20 - 30 30 - 40 40 - 50 > 50
2z
r 4 8|7 63 4 2 2 X
etlte], 303 2 4 16 9 4 35°
f 13 21 25 5| 9
e 405 5 15 8 4 8 3 17 8
6] 2 521 |18 2 8 6 3 4
1l 2l 2 5 3 28 4 14 2 3|71 5
Y, |7° 50 6 5
Lol 5 7 5 8 100 15 4 6
%61y 302 e 2 7 4 3 379
AN 4 3 11 6 15 6 2
AN 615 15 21 2f 11 305
e 1Y lh 4 4|5 26 1 9 2
Uy, 3 8 6 14 51 6 4 T mN
5 .
o LYTG]N 5 17 5 17 8 3 2
Yoo 8 2415 5 5
Al AT 0 2 2 8 35 9 6
NG 7 9 15 AN 9

a) The levels at E,=56,57 and 58 MeV exhaust

189,

5% and 8% of the EWMS, respectively.

of eq.

Table 6

Distribution of isovector strength in
corresponding to the transition operators
(4). Only contributions larger than
29 of the EWMS are summarized within the

160

I energy intervals of 2.5 MeV. The s.p.e. set I
' of table 1
£ (Mev) 20-30 30-40 40-50 >50
T 7 2 2 10 141 4 15
’ elle]gx 6 35| 7 8 13 4 5
f il 5 8 9 9 17 | 6 . )
mex 5 5| 3 6 15| 4 24°
e lelyt 5 9/6 8 2 6| 4 8 "
18
e leln? 7T T |13 2 5 5
Yo 2 16 4 312 13
(XIS 5 3 9 8 1
el el t 2| 2 8 3|3 1 6 12 3
el ¢ 2 6 9 820 3 2 3
AT 3 7 0 16 | 5 3
AN 8| 6 4 M 5 9
el eor s| 6 6 8 4 7 5 10| 3
¥, o], 3/11 6 3 1| 5 8 3
Al 30
Yo ¥ 5 5 9 91 8 11 4 4
¥, oot 5/ 6 9 8 5| 7 9 6 5
AU 6 9 17 11 T 2

b) Additional 15% of the EWMS is located below
Ey=20 MeV.

c) The levels at Eyx= 53,
exhaust 10%, 7%,
respectively.

56, 57 and 58 MeV
14% and 6% of the EWMS,

20

=

a) Two levels near E - 56 MeV exhaust 8% of
the EWMS.
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is immediately seen and is quite comparable
with that reported in subsect. 4.1 for the
GQR. If observed experimentally, the isosca-
lar monopole mode may provide direct informa-
tion on the nuclear compressibility which is
one of the least known nuclear characteris-
tics. The nuclear hydrodynamics suggests for

the energy of breathing mode the following
expression:

2 g
E. . -(2 K s
B.M. m 1'2 (8)

where m is the nucleon mass, K represents the
nuclear compressibility and r is the rms
nuclear radius.

The distribution of the isoscalar monopole
strength is shown in table 7. From compari-
son of the displayed variants it can be seen
that the details of the strength distribu-
tion again strongly depend on the choice of
the s.p.e. Similarly the fraction of the EWSR
exhausted in the model space changes sizably
with the change of s.p.e., it overdraws even
the sum rule limit (see also table 8) if
S.p.e. set I are used. Nevertheless, we find
always the monopole T=0 strength concentrated
on 3-4 levels which exhaust 50-60% of the
LWSR near E= 30 MeV excitation energy. Sub-
stituting into eq. (8) our calculated rms
radius <r®> = 6.22 fm? we end up with a reaso-
nable estimate of the compression modulus
K =140 MeV which agrees nicely with the result
quoted by Bethe "*2/( k=146 MeV).

Ground state correlations, if included,
cause again (with the operator r2 ) a consi-
derable reduction of the spectroscopic
strength located in our model space and re-
distribution of the strength towards low-
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Table 7
Distribution of @soifalar monopole strength
in 0]

state®)  s®)  Ewsk®)  s€)  Ewsr®)  stated) s€)  EwsrS)
(MeV) (fnt) (%) () (%) (Mev)  (fat) (%)
24.1 8.3 2.4 10.1 2.9 24,2 153 4.4
28.3  14.0 4.8 18.1 6.1 27.9 57.0 19.1
30.5  12.3 4.7 14.9 5.5 30.2 48.5 17.6
33.3  70.1 28.0 46.2 18.5 31.7 52.1 19.8
33.8 106.8 43.2 72.2  29.2 33.6 1.6 0.6
35.1 10.8 4.6 6.6 2.8 35.2 0.3 9.1
26-36 87.7 65.0 24-36 61.6
36-70 19.7 11.0 36-70 4.9

4
The sum rule of eq. (7) is S,, = 8307 MeV fm .
a) the s.p.e. of table 1, set I.
b) No ground state correlation.
c) Ground state correlations included.
d) The s.p.e. of table 1, set II.

lying levels. This is rather a gene?al tenden-
cy, we shall not stress it further in connec -
tion with other excitation modes. The impor-
tant exception, however, has been found for
the transitions induced by the operators

like t*[feolgr (v 5+ rq and 207 (T=01).

In the absence of f%e angular dependence
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Table 8

Calculated values of the energy weighted
model sum (EWMS) as defined in eq. (5) in
units of MeV fm* s.p.e. set I of table 1
were used.

Isosoalar ( 7, «1) Isovector ( -7 )

Operator
uncorrel, oerrel, uncorrel. oorrel.
Kafls ReBe _Be8e B8

"o 89302) 6340 10000 6690
ey, 7y 6780 9480 4060 6600
el 4530 3400 4950 6850
g 11040 8230 11600 8100
ellelz 4740 6680 5010 6040
pe [Ypﬂ., r 2050 1420 2290 1470
Yo tr 136020 880 2110 1430
el o 5070 6400 4840 5910
AT 2390 1580 2110 1410
e[l 0], tlotr 1190 860 1160 820

a) The s.p.e. set II produces the EWMS of
7940 MeV fm* (1200MeV fm* ) as compared
with the EWSR of 8310 MeV fm¢ (1660 MeV fm*)
in the monopole (quadrupole) case.

(Yyo=const.) their reduced matrix elements,
e.g. <PlIr2[f .0]|lp > of the valence (sd)-shell
particles are by an order-of-magnitude larger
than valence-hole matrix elements of the

type <p|{|t®{ ¢ .6]{{h>. Then the transition
strength is determined predominantly by the
(2p2h), . — @p2h) .. ... processes. Percen-
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tage of the EWSR obtained in such cases

may be enhanced by 20-60% if the g.s.c. are
taken into account. The examples are given

in table 8. In the case of operators r?

and r® the enhancement does not appear due
to an (accidental) cancellation of the large
matrix elements of the valence shell nuc-
leons: actually the expression <J'Hrngllj>/(.2j+1)l/2
which enters into eq. (B9) is independent
of i for the d5s.s4,, anddg,,orbitals.

The existence of the monopole isovector
giant resonance 1is also interesting not only
as a new specific form of the collective
nuclear motion but also for the possible im-
plications in the understanding of the so-
called Nolen-Schiffer anomaly. It was sugges-
ted recently 7?3/ that much of the anomaly
concerning the Coulomb energy differences
in mirror nuclei may be explained by the
coupling of the odd nucleon with a strongly
collective isovector J-0 level. The details
of the strength distribution for this mode
are given in fig. 1 and complement the data
of tables 7 and 8. Again the location of the
resonance may be shifted by a few MeV due to
the uncertainties in the single particle
spectrum. The appearance of the resonance 1is
strikingly similar to that of the isoscalar
GQR. It extends over 2 region of about
6 MeV being split into several (=6) levels
of different strength.

Transitions with §=1 are rarely conside-
red in the closed shell nuclei since the
(0hw ) spin-flip configurations
(C€i-pe1se )" 'lj_p_yse 1+ are absent in this
case. Recently the spin-flip transitions
(Rhw) in !0 have been observed in the
backward electron scattering’®*/. We show

25



53

|
ol JT=0"1 ]
o ( '
S0t I .
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v 20 .

S

o L,a',m |

. Iq 40 £ (Mev)
Fig. 1. Distribution of the T-1 monopole
strength in 16O.The S.p.e. set I of table 1
used in the calculations.

1n‘£lg;_§_, as an example, the strength dis-
tributions for thrqg independent spin-flip
operators of the 2 0 subspace. Correlated
g-s.-w.f. was used. The results obtained with
two s.p.e. sets differ quantitatively at
lower energies. The strong concentration

of the strength corresponding to the r?[y, .o]
operator ( =35% of the EWMS) around 55 Me% ?
1s stable against such a change. Similarly
the operators r®(v,.s]; withJ - 1,3 bring
abou? sizable concentrations of the spectro-
scopic strength (see table §5).
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R rily,e), —-—rits],
° 2
R ([, t],5), :
s wl @ l :
S i
ST (1]
$ L it il |
St @, -
| [ \
5L I ' | -
o
T NI

30 40 50 E(Mey)

Fig. 2. Distribution of the T-=0 quadrupole
strength expressed in % of the EWMS defined in
eq. (5). a) s.p.e. set I of table 1; b) s.p.e.
set II of table 1.

It may be appropriate to compare our re-
sults with those obtained by Ellis and Os-
nes '®. They also used a realistic interaction
(Sussex matrix elements), the model space,
however, differs from our. In their study
of the 1pih (2hw+ 4hew) configuration mixing,
the strong collective excitations always
lie below 40 MeV. The levels of the second
group which they obtain above = 55 MeV all
bear only negligible strength. In our calcu-
lation the collective states populate also
the 50-60 MeV region. It is perhaps worth
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noting that strong collective levels near
50 MeV excitation energy in !0 were obser-
ved already in 1962 by Bishop and Isabelle’!
in the e~ inelastic scattering experiment.

In general the isovector strength (except
for the monopole one) is considerably more
fragmentated than in the isoscalar case.

By comparing the respective entries of tab-
les 5 and 6 we can easily see that the iso-
scalar and isovector quadrupole modes are
Clearly separated in energy. Less than 3%

of the isoscalar strength induced by the
operator r?Y,, extends beyond 30 MeV. At the
same time the operatorrzme exhausts less
than 7% of its limit in this region being
fragmentated over 28 levels. The collective
isovector quadrupole states are all obtained
above 35 MeV excitation energy.

Three of the isoscalar excitation opera-
tors (r® ,r?y,, and ! Y,, ) allow the model
independent calculation of the EWSR limits.
The monopole and quadrupole cases show that
our model sums (table 8) represent at least
80% of the EWSR 1limit (65% taking into
account g.s.c.). The hexadecapole transitions
however represent an interesting exception.
The J=4 nuclear states calculated within
our model space exhaust only 17% of the EWSR
limit (10% of g.s.c. are included). From the
results reported by Liu and Brown’® we con-
clude that the 4h (1pih) configurations be-
come strongly dominant, the r4 factor in the
radial integrals ensures there a reasonable
overlapping. Since such components are ab-
sent in our model space we should add, that
the seemingly strong concentrations of the
hexadecapole isoscalar strength seen in
table 5 at 30, 35 and 45 MeV excitation
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energy are to be interpreted with cau-
tion.

5. CONCLUSIONS

The positive parity collectivg states in
80 have been investigated within the n
particle- o hole (n=012) shell model which
incorporates the ground state correlation
effects. The concentration of the spectro-
scopic strength of the giant resonance type
has been found for the monopole (T=0 and
T=1 ) and quadrupole isoscalar modgs. In
the latter case 33-34% of the EWSR is con-
centrated between E*= 17 and 25 MeY. This }é/
in good agreement with the inelastic alpha
and 3He’!'3scattering experiments which show
407*20 % and 37% of the EWSR, respecti-
vely. The isovector quadrupole strength is
located above E*=35 MeV and strongly frgg—
mentated over numerous levels. The.dgtalled
strength distributions for tbe‘lnd1v1dua1
nuclear states are very sensitive to the
choice of single particle energies of the fp
shell orbitals. 16 .

The 2p2h admixtures in the O excited
states provide approximately gorrect sprea-
ding of the strength in the giant yesonagce
regions. The ground state co?relatlons o}
the 2m@h type bring about an important re-
distribution of the strength and usually
lower the percentage of the EWSR located on
the calculated levels. In cases where the_
monopole term Y,y of the plane wave egpanilon
(2) is considered separatglg; eig.,+1n+t e

ators [f-olg+ 1+ o+ an co lg* gt 2t T
2§Zrincorporatgonlof2the g.s.c. may, ho:ever,
cause a very strong (20-60%) enhancemen
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of the EWSR fraction located in the model
space. Indeed both @p2h),; s ~— (Aplh)e. s and
(p2h) g s —> (2P2h ) exe.s. processes contribute
to the described effects together with the
weighting factor (0.88)% of the dominant
process (0pOh) g s — (1p1h)gge.s.-

The concentrations of spectroscopic
strength reaching 5-12% of the EWSR for the
individual levels and possible grouping of
such levels has been predicted for several
spin-, isospin- and ? -dependent transition
operators. As expected, the [Y, -0l ([Y, -0l; )
operator is of special interest in this res
pect. ’

Unlike the other examples, we found for
the hexadecapole excitations that the 2h,
model space is insufficient to describe the
collective nuclear properties in 160Q.

The 4ho, components have to be involved in
order to exhaust a reasonable fraction of
the corresponding EWSR.

APPENDIX A

For the purpose of establishing our phase
convention we denote the 1pth and 2pih
kets by

. 1 L 1 1

Ih=mptg ey JJp Jp |5 5 T

| phIMTQ> = mz (-) M Q
my m —m q,—q
apay p b p b

|, P I Tp(hh )T T, IMTQ >

a;aXlC>,

= n(h_h 2 =) %
=n(p, P, ) (h, b)) MmMi;iQ o w |l o
PHPH o .
SRR I (A2)
Mp My M
L L 1 1 ¢ JrpT,T
T Qe |5 g Te|l5 5 Hfbe wt | a C>
x (=) 7 X
—-Q Q.Q _Q
95, 9,99 %, %, H|"P H
We have used [ " ° 1 to denote Clebsch-

Gordan coefficients, the symbol [C > reprq;
sents the closed shell g.s. gndluabyﬁ%ﬁ%by
The harmonic oscillator orbitals positive
near origin have been chosen and the order
ling is £+ 8=j.
of %ﬁgpentgrely spurious vectors cCorrespon-
ding to the 1he (Che) centre;gﬁ-mass excita-
tions have been constructed +]by the ac-
tion of the raising operator A*® on the non-
spurious (1he spurious) 1pih states@ll J’'=J7 ,
J+1,T’=T>. Calculating overlaps Wlth the
basis states (Al) and (A2), we obtain for
the components

“1. % . P
& = (2150 " oy, <plla” 17> W (3y 13737 3p0 ) (A3)

’ it BEREER AN
H) B e la > WA 5T T )

and
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¢, - (L"leL“I“—?)— SRR KN R SRR T
XF%IﬁszPTE)POthJHTﬁ)X (Ad)
Ipt pe Jp .
X[SD’pgah’hz i i JH <p1||a th>],
1 J J
i=n1+1, n1+2 RPN T
Here A 1s the number of particles, W(..;...)
and t::. 1 stand for the Racah and 9) -sym-
bols, respectively, p is the exchange
operator P(abJT)f(a,b)=f(a,b)+ (_)J"‘ Py e f(ba),

ke use the usual notation 3:@a+1)%. n,

is the number of 1pth components, n is the
dimension of the complete subspace for the
given J,T. For definition of the reduced
matrix elements of the harmonic oscillator
raising operator a+, see ref.’2%.

Let Hij be the Hamiltonian matrix const-
ructed in the original (partly spurious)
basis eqs. (Al) and (A2). Let 3% be the
i—-th component of the k-th (k=12,..., m )
spurious state as given by eqs. (A3) and (A4).
The diagonalization of the new matrix

m)y (m-1 k 1 1 Kk
(M= g® gy gl o (A5)

M=R
produces n—m (nonzero) eigenvalues and
eigenvectors free of any spuriousness 26/
The remaining m purely spurious eigenvectors
correspond to the (m-fold degenerate) zero
eigenvalue. Here the auxiliary matrices r®
are defined as
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k (k)
R =5, -850 =5, —£¢

(k)
ij 1j ij ij i

; (A6)

A substantial economy of the computatio-
nal efforts may be achieved %f the ?elgtlon
(A5) is not viewed as a matrix multiplica-
tion but rather in the form (recurrently)

RHR = (I-S)H(I-S)=H — SH — HS + SHS .

In this way the time consuming mgtrix opera-
tions are substituted by much quicker multi-
plication of a matrix by a vector, e.g.,

(k) , (k) _ gy ,(R)

(HS), =3 Hybp € =KD £, ete.

. . (k)
In addition the large quadratic matrices R
need not be stored. .

Finally one additional technical comment.
The [1plh];_;.4 components Rhw) have nonzero
matrix elements of the Hamiltonian with the
unperturbed (0pOh) state. These m.e. actgally
measure the violation of the se}f-con51stency
by our harmonic oscillator basis. The'psgg-
lem was already considered by Mavromatis ®%
note, however, a missing factor v2 in eq.

(la) of ref./éw

APPENDIX B

The above construction leaves us with
the model wave functions in the form

np—nh,JMTQ>=2|C >+ T b, |phIMTQ,i> + (B1)
1

; IMTQ ,j >.
+§dﬂ@ﬁQJJPm92N§ﬁ !
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In what follows the respective quantities
of the ground state vector will bear a prime.

For a one-body transition operator of
the form:

~ kK_

ke +
F" a% <a [F,, [B>aaaB (B2)

the (ground state) -— (excited state) transi-
tion matrix element is given as

~k ' O3k 6 7¢8 MO
<np-nh, JMTQ |F" “ |np’~nh”, J =T =0>= AT: Me_ &
kt

i

x[8,)8, 83X by My (k) + T ba'M, ()« (B3)

+i,§ bibI{M11(i'k)+ E bidsz12(i,f)+

4

+jidjbk Mgl(j,k)+j% djdy M, G. 0)].

The transitions between the individual sub-
spaces amount to

My {£)=<C|F [p’h" 00,k >=< h||F ||p>, (B4)

M, ,@)=<phIT,i|F|C>=<p||F|lh>, (B5)

M,, (k)=<phJT,i|F |p h’00,k>=

Si i, (B6)
=T - —— [<PHFIlp’>8hh,-<h’|lF||h>8 o1,
jp,\/z PP

j k)= T ;JT.'ﬁ‘phﬁmk>

IJpIyTp T
>z
Jp\/

11 .7 L

xW(=o-TT i Ty g L}

=n(p1-p2)n(h1'h2) x (B7)

PhhJT)x
,jh,P(plp:?Jl;rP) (12 HP?
p

2hh2 1 1

i :J i )<p{|F|th,>]1,
x[-8 . 8. WA i, 3T 330 ) pHF{lh,
M,, (i, €)=<phJT.i|F|(@p )I T (hhHITL.C >
_ » , r ’, , j’"T’
~n(pI,pB)n(h1 ’hz)SJ’J’ST o-9p
4 - Jp +T pt+ J+T
d .——-— - x
xW(-;- 2TPT. 5 5)(-)

xP(pp I TR )P IT ) ["appé Shh'g *

. PR L , s ’, h/> R
W (B dg 3y, idpe Iy )<p/l|F|[h}>]

i = h h T ;JT.j|F
M22 a.e )“<(p1p2)JérP( 1 2)JH H IF|

p ) T/(hh2 ) T ; 00, £> =
(plpz)JPTP(h1h2 )JH .

‘.p’l “h’ PRV RSP
=n(p, .p,)nch b )n(@ .pnh] 'hz)BJPJH el

11 1y «
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~

x{18, 48 »5 Pthh . J T.Y)s. .,
1% TyTy PP (12HH)hlh1 ohig

xP(pp,J ;P)P(pl’ péJéTfa) X

x{6 WG 3 W1, <p_l{F]ip” -
PyDy Py P, P P pl) 1” Hp1>] (BQ)
—BJJ,%,T,JQQ{P(%szfy ) )

) . X
PP pp SR PR N N

Peh b PR
x Phy 2JHTH)P(h1h2JH Ty~

x & ,W(jh,j, JJ M

ohy 1 by H H™ " hy )<h1{|F!’h1>n'

Indeed a sum over fully occupied orbitals
appears if the expectation values in the
correlated g.s. are calculated,

occe

M00=<C[F|Ctx=§ V@I, +1)<al|F [fa>. (B10)

Our reduced matrix elements are defined

by the following form of the Wigner-Eckart
theorem

~ kn { b k a > t —21
< F =
all . 18] P <al{F|{b>. (B11)
a My « Wmf | qr q,
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