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The E2 and E4 resonances in "C and ' 0 are calculhted within the core-coupling —random-phase

approximation.

NUCLEAR STRUCTURE C; 60; calculated electric giant resonance energies
and B(EL) values. Core-couplirg RPA.

I. INTRODUCTION

A large amount of experimental information
concerning higher multipole (mainly E2) reso-
nances has appeared recently. In "0 it is now

commonly accepted' ' that there exists a broad
giant E2 resonance centered at about 21 MeV and
distributed over a range of -10 MeV. In 'C the
existence of a localized GQR (giant quadrupole
resonance) has stirred much controversy. Whilst
some authors' locate a concentration of E2
strength at about 27 MeV within a range of -4
MeV exhausting& 30%%uo of the E2, T= 0 energy-
weighted sum rate limit, there are more recent
measurements's which have found only 7—17% of
such a limit in the 26- to 30-MeV region.

On the other hand, most of the 1p-1h shell mod-
el calculations' "are able to explain the positions
of the giant E2 states. The inclusion of the cou-
pling of the particles to the continuum" permits
the calculation of the escape width & (due to the
escape of one nucleon) which turns out to be much
too small with respect to the experimental one,
e.g. , in "0, ~-1 MeV.

It is then natural to think that the main part of
the observed width of these resonances is due to
the broadening (spreading width) caused by the
coupling of 1p-1h excitations with more complex
configurations, like, e.g. , the 2p-2h states, The
twoexistingattempts" on "0 so far find strong
fragmentation of the giant E2 states. Hoshino and
Arima'4 find practically no strength below 20 MeV.
Knupfer and Huber'4 find a reasonable qualitative
agreement. But their main strength is clustered
in two areas around 15.5 and 23 MeV disagreeing
quantitatively with the experiment.

Here the E2 and E4 resonances in "C and "0
are studied within a new method which we call the
core-coupling-random-phase approximation. This

method is a special type of 2p-2h random-phase
approximation (RPA) calculation which has two

important advantages compared to the conven-
tional one: (1) We get more physical insight into
the structure of the multipole resonances; (2)
we avoid the diagonalization of very large ma-
trices. We can therefore deal almost equally
easily with light and heavy nuclei.

The purpose of the present paper is threefold:
(1) We develop first the basic equations of the
core-coupling-random-phase approximation. This
is done in the second section. (2) The new formal-
ism is applied afterwards in Sec. III to the electric
giant multipole resonances in light nuclei in order
to explain the large broadening of the GQR in these
nuclei. (3) Comparing the different experimental
results of "0 one notices an obvious discrepancy
in the sum rule strength of the GQR between the

(p, y, ) data' and the results of ('He, 'He') and

(n, &') experiments. '~ The explanation of this
puzzle is given in Secs. IV and V. In addition,
the experiments show qualitative differences in
the structure of the quadrupole resonances in "0
and "C. Also this problem is discussed in the
last two sections.

II. THEORY

The core-coupling —HPA wave functions are
written as follows:

l~)=g(&.;x'x, —1' x'x„)IA.&,

where the operator X~ defined in the core-coupling
approach as

creates when acting on the correlated ground state
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Qg a single-particle state which contains admix-
tures of 2p-1h character. We call such a state
a quasiparticle state. The operator Xt creates a
quasiparticle below the Fermi surface (i(E) while
at (m &E) and a„(v&E) are the usual single-par-
ticle creation operators, respectively. B rep-
reserits the creation operator of a core excited
state, which is here described in the 1p-1h RPA
as follows:

I

p;, „~=(e„—a~)6,„6;,„+&km vlni&,

&uml vl«&=c„c„&j,ij„ml vs„j,

1
i' e) (&i (x)

«* P*i &F)

with

(4)

II'. = P [g& „& (a,' a„ ), —q~ „&(at a, ), ]. (3)
z z

The amplitudes X and Y of the 2p-2h HPA state
are determined by the foQowing equations:

+&. Q Q &.'",'.,[4',a', -(- » "i'i np',"~',]&~. '~. ~MI vl~;&s, '«-)f.,(i.»~
' ~M&

Qf ~ Pz Pzy 7jz

Q g(tn) [( I)~hn ~02 |M((e j ~(+) ]( I)~&2 0+ N

Ce V p+2

x&j j -(z )f„(~ )j„zml v-lj„j,-zM&+&2p2hlvl2pm&,

IV%I'i&'~M&.

(6)

The interaction mhich connects tmo 2p-2h config-
urations with each other produces only slight shifts
in the energy of the resonances but does not in-
fluence the strength distribution. We therefore
have neglected these terms. The antisymmetrima-
tion betmeen the core-excited states Bt and the
additional particle a has been neglected in order
to simplify the numerical treatment. This ne-
glected effect between the particle states mill in-
fluence slightly the distribution of the single-
particle strength in the 2p-1h problem. The most
serious corrections in this respect are expected
for the 2szi, particle state. Fortunately this level
does not contribute (2', 3 ) or contributes only
slightly (2,) to the core states which are the most
important ones in our approach. Therefore the
inclusion of the antisymmetrization may change
somewhat the quantitative picture of the splitting
but will certainly not modify the qualitative be-
havior. On the other hand, the Pauli principle is
taken into account exactly in the following 2p-2h
calculation (antisymmetrization of the hole
states). In the present calculation the core cou-
pling is only taken into account in the particle
states, whereas the holes are described as pure
single-hole states. Otherwise me mould get con-
tributions which would account also for 3p-3h ad-
mixtures.

III. NUMERICAL DETAILS

lined in Ref. 16. Equation (2) shows that the num-
ber of 2p-1h admixtures increases with the num-
ber of core states n which are to be coupled with
the single-particle degrees of freedom v. We
have observed that for the splitting of the giant
multipole resonances it is enough to consider
those 2p-1h admixtures coming from the most
collective low-lying (1p-Ih) RPA states of the
core. Therefore we need to take into account in
(2) only a few states n. In the "C ease we con-
sider the 2' (4.44 MeV) and 3 (9.64 MeV) as states
a. In "0 it is enough to take into account the 3
(6.13 MeV) state, although for the sake of checking
our method me also include in the present calcula-
tion two other states, namely, 1 (13.10 MeV) and
2 (12.53 MeV). It turns out that the influence of
these two additional states is of minor importance
for the splitting of the isoscalar GQR.

In the actual calculations the density dependent
Migdal 6-function force with parameters fitted"
in the ' 'Pb region to electromagnetic properties
is used. The interpolation radius R and the total
strength C were readjusted to reproduce the low-
lying 2+ state in the "C case and the low-lying 3
state and its B(E3) value in the "0 case. These
values are shown in Table I. The single-particle

TABLE I. Interpolation radii R and strength param-
eters C of the p-h interaction.

R (fm) rp=R/A~i C (fm3MeU)

To calculate the quasiparticle states we first
have to solve the equation of motion of the quasi-
particle propagator according to the method out-

$2+

~6O 1p-1h
~O 1p-1h+2p-2h

2.44
2.80
2.80

1.06
1.11
1.11

42.5
43.0
40.0
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Orbit

12g

Proton Neutron

16O

Proton . Neutron

TAl3LE 1I. Single-particle energies (MeV) . energies are written down in Table II. They were
taken from experiment when available and all
other energies and wave functions were taken from
a Woods-Saxon calculation.

1s&/2

~3/2
1p f/p,
1A5/2
2S g/2
1d3/2
1f7/2
1f,/2
2p3/2
P i/2

1ge/2

—34.80
—14.80
-1.94

1.60
1.15
5.84

15.00
21.50
19.20
20.50

-38.80
—17.00
—4.95
-0.88
—1.55
3.00

11.00
19.60
17.00
18.80

-40.00
—18.43
—12.10
-0.60
—0.10

4.54
15.50
18.90
16.00
19.50
27.60

-42.00
-21.80
-15.70
—4.15
—3.27

1.57
12.50
15.50
14.50
16.20
27.00

IV. RESULTS AND DISCUSSION

Figure 1 shows the distribution of the single-
particle strength and the main structure of the
quasiparticle states —', and —', of "F created by
X~ in putting a proton on said orbits of "0core.
Owing to the (3,l, 2 ) coupling a large part of
the f,@ strength is fragmented by shifting from its
initial location in an interval of about 10 MeV.
Mainly three new states appear at energies 4.8

E(MeVj E(eeV)
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~-0.41 I fs/2) -0.88I1 d 3/2) 5/2-

-0.72 I fs/2 )-0.32 I 3 d 3/2)s/2+04711 d3/2)s/2~-021 If v(2)-O.g612 ed 312) y12-

11811/8/PXj/I/8/Z f,
15 (li)iu lluuuui "12

I5
073I f7/2)-0. 33I3-d3/2)7/20. 30I1-ds/2)7/2
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-0.31Ifs/2)+0. 90I3 d3/2)5/2-
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Q441f7,2)-0.82I3 ds/2) 7/2
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I'

FIG. 1. The left side of this figure showers the unperturbedsingle-particle position for the last proton in F. The
right-hand side gives the splitting of the f&/2 and f&/2istrength due to the admixture of the collective 3" and the 2 and
1 states indicated in the text.
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MeV (19.8%), 11.6 MeV (11%), and 18.9 MeV (6%).
The f», single-particle strength is also distributed
in four states at energies 5.5 MeV (11.8%), 11.2
MeV (9.4%), 18.9 MeV (52.4%), and 19.2 MeV
(16.7%). These states, except the one at 19.2
MeV, have (3 && Id, &,) and (3 && Id, &,) as dominant
contributions.

The E2 and E4 states in "C obtained in our cal-
culations are presented in Fig. 2. In the upper
part the Ip-Ih calculations show a strong isoscalar
E2 resonance at 25 MeV and an isovector one at
31.4 MeV. Both resonances have as main particle-
hole (p-h) components the pairs Ip, ~,-ip, &,

' and

lf, ~,-lp, ~, '. Owing to the (2', 3 ) coupling, the

If», state strongly fragments by shifting up more
than 50% of its single-particle strength in an in-
terval & 15 MeV. As shown in the lower part of
the figure, the inclusion of the 2p-2h states
strongly splits the isoscalar GQH.

We also observe two concentrations of E2
strength between 30 and 40 MeV and between 45
and 55 MeV exhausting, respectively, 32 and 25%
of the isovector plus isoscalar energy-weighted
sum rule (IV+IS EWSR). In the 15- to 26-MeV
region we find that all the states, except the nar-
row one at 15 MeV, are purely isoscalar and de-
plete 13% of the IS EWSB. Two other main narrow
E2 peaks at 24 and 30.7 MeV jump out. Whereas
the first one contains many p-h configurations,
none of which is dominant, the second peak has a
large component of the (f» p, &,

') config-uration
where the quasiparticle f», state contains 35% of
the single-particle strength. Consequently the E2
peak at 30.7 MeV depends strongly on the "unper-
turbed" energy e(f, ~,) which is not known experi-
mentally.

Figure 2 also shows the splitting of the strong
Ip-Ih E4 resonance produced by the inclusion of
the 2p-2h states. We find that 2.8, 12.7, and
13.1/o of the corresponding IV+ IS EWSB is ex-
hausted in the intervals 26-30, 30-40, and 45-55
MeV, respectively. In recent (n, n') experiments'
a relatively broad peak at 29.2 MeV has been de-
tected, whose angular distribution does not corre-
spond to a pure I- = 2 state. According to our re-
sults, this peak may be a mixture of E2 and E4
states.

In Fig. 3 the 2' and 4' states of "0are shown.
The Ip-Ih calculations present a giant E2, T~ 0
resonance at 23.1 MeV and a giant E2, T= I state
at 43.1 MeV. We have already seen above that the
coupling of the (3,1,2 ) core states causes a
strong fragmentation in the single-particle reso-
nances —', and —,

' . Therefore we expect that the
inclusion of the corresponding 2p-2h states mill
produce a strong splitting of the giant 1p-lh GQH.
This is seen in the lower part of the figure and is

TABLE I|I. Comparison of E2 strength in percentages
of the isoscaiar K%SR with various recent experiments
in "O.

&g—&2 (M«) ~exp (%) Reaction sg, (lo)

16-26
17—28
15-28
20-30

40 go

75
67+ 25
30

(u, n )
(~He, SHe')

(u, n') G

(P ~YO)

'See Ref. 4.
'See Ref. 2.

See Ref. 3.
dsee Ref. 1.

examined and compared with various recent ex-
periments in Table II. Agreement is found every-
where except with the "N(p, y, ) experiment. This
is probably due to the fact that this reaction does
not permit direct excitation in the f,&, channel,
owing to the initial p, &, hole in ' N.

The 2' levels at 6.92, 11.52, and 13.1 MeV,
which carry an appreciable part of the sum rule
strength, are not described in our calculation,
because they have important admixtures of np-
nh (n& 2) excitations. These higher configurations
are presumably also responsible for a larger frag-
mentation of the isoscalar E2 resonance in the in-
terval between 16 and 26 MeV compared with the
present results. The three strong theoretical lev-
els in this interval exhaust 55/o of the IS EWSR
which is the upper limit of the experimental sum
rule strength. Even so, we are aware of the fact
that the admixture of higher np-nh configurations
which are responsible for also the 2' levels at
6.92, 11.52, and 13.1 MeV (which exhaust -25'%%ua

of the sum rule) reduces the sum rule strength
in the region between 16 and 26 MeV. This would
further improve the agreement with the experi-
mental data (see Table III).

The position of the isovector GQB remains un-
changed at 43 MeV, but its B(E2) value is slightly
reduced. We also observe that -8'%%uo of the IS
EWSR lies over the 30- to 35-MeV region and 33%
of the IV+ IS EWSB is exhausted between 30 and
40 MeV.

On the right hand side of the figure, me observe
that the giant Ip-Ih isoscalar E4 resonance at 25.5
MeV is very much fragmented, keeping the main
strength at 21.3 MeV. We find that - 28% of the
IS EWSB lies between 16 and 28 MeV.

In order to investigate the dependence of our
results on the number of core states, we have used
a larger basis including the following three addi-
tional core states, namely, 2" at 12.97 MeV, I at
12.44 MeV, and 3 at 13.25 MeV. These states are
known to be fairly weQ described by the Ip-Ih
HPA. From Fig. 4 one notices that the strength
distribution in the isoscalar GQR region remains



1862 DEHESA, KREWALD, SPETH, AND FAESS LEE

u=
+~

I I I I I . I

Q o o o o o
(,~~p, oI, ) (y~a)a

CL

+~

I I I I Io o o o
(,~~pzoi) ()~s)a

~~
Cd

8
~~
0

C4
S4

Cd

CD

G4

80

A
I

+

I

bL)

~~
C4

0
Q

I

Q400
Q

~~

I
CL

CV
+

I I I I I I I

LA o LA o LOPl g C4

(~~4~) (I&&)a

CL
C4

C3
N

I I I I I I I

g o + o g o e
(y~&z~) (123)a

Q

~+

Q

Q

~Q

S
V

0"o
0S

Cd
g, g
Q

N A
Q

Cd Cd

Cd

Cd

QQ
0
C4 Cd

+

Cd

QU" ~
Cd

~~
Q

Q
Q

0
U



SPREADING WIDTHS OF GIANT RESONANCES IN i2C AND i60

~po4

Cd

8
~pal

4
C4
Cd

Q

Cd
A

80
Cd

I
G4

+

CV
I

CL

+

I

CL

0

bo
.9
C4

0
Q

I
Q

0

~~

Cd

I

C4

Q

.9
Q
Cd

cd
O

0
~~

o +
m

o4
Q .9
0
G4 Q
Cd A
Q Cd
Q

Q
&& r

Cd

y~
Cg

g, S
pQ A

"~e

hl L

C
UJ

I I I I l I I

O O O g O O

(,w),e o( ) ()yg) g

I I I I I I I

Q Q O O O O

( w) 0)) ()'7$)Q

C4
I

CL
C4
+

+
+

Q tl
I W0

Q
Q

Cd
Ch

V' ~~8
~~

Q

Q Q

I I

C) C)

(,w~p) ()z~) ~

I I

R
(„w&,~) (&ZS) 8

C)
P)

1863



&864 DEHESA, KH, EWALD, SPETH, AND FAESS LEE

16

+
I,

1p-1h+ 2p-2h, l

10LLI

Kl

I

15 25 35
ENERGY ( ME V)

FIG. 4. Giant quadrupole resonances in ' 0 calculated in the core-coupling (lp-1h+ 2p-2h) random-phase approxima-
tion. The core excited states 3&, 1&, 2&, 32, 12, and 22 discussed in the text are considered.

nearly unchanged, i.e. , there are always three
main peaks exhausting the same portion of the IS
E2 EWSH strength. These high-lying core states
influence only the strength distribution above 30
MeV. One can readily observe that the only ap-
preciable change is the splitting of the IV E2
state at - 43 MeV into three pieces. The strength
remains however in the same energy region. On
the other hand, for a consistent 2p-2h HPA ap-
proach one should not include the low-lying posi-
tive parity states of "0because it is well known
that these states are built up by higher np-nh con-
figurations.

V. CONCLUSION

We have developed in the present work the core-
coupling-random-phase approximation which is
a special kind of a 2p-2h HPA calculation. One
advantage of our approach compared with the con-
ventional 2p-2h HPA is a more physical insight
into the results of the calculation. In addition the
method can also be used in heavy nuclei such as
"'Pb, because one can restrict, with physical
arguments, the number of the core excited states.

The new approach has been applied to the giant
multipole resonances in ' C and ' O. We have
shown that the broadening of the GQB in "C and"0and very probably in all the light nuclei (A
—30) is due to the fragmentation of the f,&, reso-
nance, since the narrow part of the GQB is mainly

built up by the f,&, x p, &,
' configuration. The other

possible configurations contribute only to a broad
background, since the theoretical widths of the
f,&„P,&„ nadP, &, single-particle resonances are
very large. In heavier nuclei (A & 30) this situation
changes because other channels than the f,&, show
also narrow width. In that case one obtains the
normal situation of a coherent superposition of
many 1p-1h configurations.

The present calculation gives also a natural
explanation of the different experimental results
in "0 obtained with (P,y,) (Bef. I) and ('He, 'He')
and (c., n'). '~ In the first experiment the (narrow)
f,&,

x p, &, configuration cannot be excited directly.
Therefore, in this experiment mainly the broad
background is excited via the P, &, hole. On the
other hand, in the ('He, 'He') and (n, c") experi-
ments also the (narrow) f», xp», ' component is
excited.

In addition our calculation of the GQB in "C
gives only a small fraction of the GQB-sum rule
strength between 20-30 MeV, in qualitative agree-
ment with experiment.

Finally, in both cases, "C and "O, an appreci-
able fraction of the E4-sum rule strength is con-
centrated in the same region as the GQB. This
one should always bear in mind if one tries to
deduce quantitatively B(E2) strength from inelastic
hadron scattering experiments and if one compares
the sum rule fraction of the GQB obtained with
different experimental methods.
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