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Abstract

Isoscalar giant resonances in finite nuclei are studied in a relativistic Random Phase
Approximation (RRPA) approach. The model is self-consistent in the sense that one set
of coupling constants generates the Dirac-Hartree single-particle spectrum and the residual
particle-hole interaction. The RRPA is used to calculate response functions of multipolarity
L — 0,2,3, and 4 in light and medium nuclei. It is found that monopole and quadrupole
modes exhibit a collective character. The peak energies are overestimated, but not as much
as one might think if the bulk properties (compression modulus, effective mass) were the only
relevant quantities.
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Introduction

The relativistic approach based on an effective Lagrangian density of interacting nucléon and
meson fields has proved to be rather successful in describing ground state properties of nuclear
systems. Numerous works have been devoted to the study of infinite matter and finite nuclei
in the framework of the relativistic mean field (or Dirac-Hartree) and Dirac-Hartree-Fock
approximations [I]. It has been shown, for instance, that within a model containing the four
mesons tr,w,7r and p where the only adjusted parameters are ga,gu and ma, it is possible
to have a satisfactory description of binding energies, charge densities and single-particle
spin-orbit splittings of doubly-closed shell nuclei from

16

O to 208Pb [2].

It is then natural to extend the relativistic model to the description of nuclear excitations.
Among them, giant resonances play a prominent role as they reflect collective nuclear properties originating from coherent superpositions of particle-hole (p-h) configurations. Therefore,
a sound microscopic framework should be provided by the relativistic Random Phase Approximation (RRPA). The spirit of such an extension of the relativistic model is similar to that of
the non-relalivistic, self-consistent RPA studies. Indeed, after the success of various effective
Hamiltonians in describing nuclear ground states within the Hartree-Fock approximation, it
has been shown that these Hamiltonians also give a good description of giant resonances if
one performs RPA calculations where single-particle spectra and residual p-h interaction are
generated by the same Hamiltonian [3-5j.
In the non-relativistic approach, detailed microscopic RPA calculations, when they are

self-consistent, have a close contact with more global results obtained by sum rule methods
[6], so that the two kinds of studies supplement each other nicely. On the other hand,
relativistic sum rule methods are not available, and one has to resort to detailed RRPA
calculations. However, some connection can be made between RRPA and the predictions from
scaling methods applied to the (er, w) model, which relate in a simple way the monopole and
quadrupole energies to the relativistic Landau parameters [7]. Therefore, we shall compare
our results to these predictions.
In this work, we study the isoscalar multipole resonances in doubly-closed shell nuclei
by the response function method. For simplicity, we assume that the effective Lagrangian
has been determined in such a way that the uncorrelated ground state can be treated in the
Dirac-Hartree approximation. Then, it is consistent to keep only the direct contributions to
the residual p-h interaction. Thus, the present Dirac-Hartree-RPA (DHRPA) corresponds to
the ring approximation, i.e., it sums up only the bubble diagrams. This should be sufficient
for our purpose of studying isoscalar modes. If one wishes to calculate isovector modes, one
would have to use an effective Lagrangian containing also isovector mesons (TT and p) and
start from an uncorrelated ground state of the Dirac-Hartree-Fock type, in which case it
would be necessary to include also exchange diagrams in the RRPA. In the next section, we
give the general expressions for calculating the response functions in finite nuclei. Section III
explains how calculations are done in practice. The results are discussed in section IV. Our
conclusions are summarized in the last section.
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The DHRPA response function

The derivation of the DHRPA equations, using the Green's function method, has been done
by Kurasawa and Suzuki [8] for the case of infinite matter. Here, we only need to giviTthe
relevant expressions in the case of finite nuclei.

2.1

The single-particle propagator

In the Dirac-Hartree approximation, the single-particle spectrum is determined by a Dirac
equation with the self-consistent self-energy E :

[7o£A + n-V - (M + E.(i)) - Y%(x)]M*) = O ,

(1)

where M is the nucléon mass, A stands for a set of individual quantum numbers, and (E\, /IA)
are the corresponding energy and wave function. The self-energies are local, but they can
be different for neutrons and protons. For convenience, we shall distinguish in the notation
between occupied Fermi states (A = a;/!* = fa;E\ = E0 > O), unoccupied Fermi states
(A s A; hi = /A; Ex = EA > O) and Dirac sea states (A = a; /IA = ga; jBA = Ea < O). This is
indicated in Fig.l.
The single-particle Hartree propagator is defined by :

,

(2)

where i,j = 0, 1,2, 3, £ = (i,z), and |0 > is the uncorrelated Hartree ground state. Expanding

the Hartree field operators V1H on the complete set of h\ spinors :

where a^ annihilates a nucléon in state A, one can calculate the Fourier transform

GH(x,x'iE) = r°

(4)

J-OO

and obtain the explicit result :
-T- +

E -E0 + irj

Z E - Es - tij

~

(5)

E-

In eq.(5), the first bracket is the Feynman propagator GF, whereas the second bracket corresponds to the density-dependent part GD-

2.2

The Hartree polarization operator

Let us introduce general, local one-body operators :
P(x) = #ff(a0rptfj,(s) , Q(X) = ^H(X

It) ,

(6)

where Fp,Fg are arbitrary 4 x 4 matrices. Following réf.[8], we can define the unperturbed,
or Hartree, correlation function :
G0(P,Q;x,x*,t-t?)=<Q\T(P(x)Q(x!))\0>

.

(7)

It is easy to express its Fourier transform in terms of the single-particle Hartree propagator
given by eq.(5). One finds :
G 0 (P,Q;x,£';E) = [*" <W£rG0(P,Q;i?,:rV)
J-VO

(g)

= ^- I*™ dE'TT\TPGH(x,x';E + E')TQGH(x',x;E')\ .
Zlf

J-OO

Using eq.(5), we can see that G0 contains terms of the type GDGp,GoGp,GpGo and
GFGF. While the three first terms are finite, the last one which represents most the JVjV
excitations gives an infinite contribution. This divergence would be renormalized by adding
appropriate counterterms to the Lagrangian [9]. Instead of this very cumbersome procedure,
we simply ignore this GpGp contribution, similarly to what was done in the case of infinite
matter [8]. This is consistent with the fact the Dirac-Hartree self-energy £) is also calculated
without including the infinite contribution of Gp instead of performing the renormalization.
With the above approximation, the Hartree correlation function can be written as :
G0(F, Q; *, x1; E) = G + + G0" ,

(9)

where

(10)

17A(aOr,/a(£)i[7a(g:

^ }'

and a similar expression for GO deduced from (10) by replacing /A, EA and it] by g a , Es and
—177 , respectively. The GQ term represents p-h excitations where a particle jumps from below
to above the Fermi level. On the other hand, the GO term corresponds to JVAT excitations, i.e.

to transitions from a Dirac sea state to an occupied Fermi state and therefore it is violating
the Pauli principle. This violation is a consequence of the neglect of the GpGp diverging
term. In any case, the effect of the Pauli violating terms on the calculated giant resonances
is always small (see section III).
We can now introduce the unperturbed, or Hartree, polarization operator [10] :
1I0(P, Q; k, k'; E) = i J e-iK-sG0(P, Q; x, £'; E)e'~k' -*'d3xd3x' ,

(11)

and its multipole expansion :
1I0(P, Q; £,£';£) = ^YiM(k)Ti(0L](P,Q;k1k';E)YLM(k')

.

(12)

LM

The Hartree response function is then given by :
,R0(P, Q; *, E) =

m Ti0(P, Q- k, k'- E) .

(13)

It is quite easy to obtain an explicit expression for the multipole components of FI0. Using
eqs.(9 - 10), they can be split into :

where
,\\Pt\\fA

>< jA\\Ql\\fa

>

E11- EA +E + it]
(15)

l*\\Pi\\h><l«\\Qi\\U>\
Ea-EA-E + irj
I•

In eq.(15), the reduced matrix elements of the multipole components of operators P, Q appear
in the numerators, and the sums are over single-particle quantum numbers excluding third
components of angular momenta. The expression for FlJ, '" can be deduced from eq.(15)_by
replacing fA, EA and irj by </a, Es and —ir\ , respectively.

2.3

The RRPA polarization operator

When the effects of residual p-h interaction are taken into account in the ring approximation,
the Hartree correlation function GO is replaced by the RRPA correlation function G where
all disconnected diagrams are excluded. In the isoscalar channel, only a and w induced
interactions are effective. Making use of nucléon current conservation, the RRPA integral
equation for G can be written as [8] :

G(P, Q; x, x'- E) = G0(P, Q; x, x'; E) - i £ gl f dVY
A=W

(16)

xG 0 (P,T A ; x,y; E)Dw(y - tf; E)G(T A, Q-y1,£'; E) ,
where ga,gu are the coupling constants, D^ and D(^ are the meson propagators in coordinate
representation, T" is the unit operator 1 and Tw = ^(p, = 0,1,2,3).
The RRPA polarization operator TI(P, Q;fc, k'\E) is denned in the same way as the unperturbed H0 of eq.(ll). From eq.(16), we can easily deduce the integral equation obeyed by
II. Pictorially, the RRPA equation for II, in the present ring approximation, is represented
in Fig.2. If we make a multipole expansion of IT similar to that of eq.(12) we find that the

multipole components n'L' must satisfy the one-dimensional integral equation :
nl L > + (P,Q;fc,fc';£) = Il(0L}+(P,Q;k,k';E) - f fc";:dfc"

Q- F, k'i

In this equation, the meson propagators D(a) and D(u) are given by :

where Tn1, and mu are the meson masses, and fc"2 = E2 — fc"2.
Eq.(17), together with the explicit expression (15) for IT^L', form the basis of our numerical
study. Once eq.(l7) is solved, the value of the RRPA response function at momentum transfer
fc and excitation energy E is obtained as in the unperturbed case (see eq.(13)).
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Calculations of response functions

The above scheme has been applied to the calculation of isoscalar response functions of
various multipolarities for 12C , 16O , 40Ca and 00Zr

nuclei. Our aim is to study whether

the relativistic model can predict correctly the energies and transition strengths of giant
multipole resonances. The formulas of the previous section are valid for the general case of
finite momentum transfer fc (e.g., the quasi-elastic peak region of the nuclear response), but
we restrict ourselves in the present work to the limiting case k —> O as it is done in most
YO

non-relativistic RPA calculations. Thus, our choice of operators Pj, and QL (see, e.g., eq.(15))
is PL = QL = xLYLO(x) if L ^ O and X2F00 if L = O.
The Hartree self-energy £)(£) is calculated self-consistently by solving the Dirac-Hartree
equation in coordinate space [2j. In this work, we have used the coupling constants of ref.[ll]
which were adjusted in the Hartree (i.e., mean field) approximation. Besides a and w mesons,
this model includes a p meson which plays a role only in N ^ Z nuclei at the Hartree level
but plays no role in the p-h interaction for isoscalar channels. In solving eq.(17), we have
used a static approximation by dropping the E-dependence in the meson propagators, since
the energy in the giant resonance region is much smaller than the meson masses. We have
checked in a few cases that the results were not affected when this energy dependence was
kept.
The single particle spectrum is discretized by diagonalizing eq.(l) on a basis of harmonic
oscillator functions. The truly bound states (both Fermi and Dirac states) are stable with
respect to the choice of this basis as long as the basis vectors span a large enough space. On
the other hand, the positions of unbound states depend strongly on the basis space. Thus,
calculated response functions may contain, besides true collective states, some unphysical
structures which are due to our approximate handling of the continuum. This inconvenience
can be diminished to a large extent, firstly by performing an appropriate energy average of the
response function which will render it a continuous function of excitation energy, and secondly
by an optimum choice of harmonic oscillator space. The energy averaging is done in the usual
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way by replacing all real energies E in denominators by complex ones E + iA/2, a procedure
which corresponds to a folding of the response function with a Lorentzian factor of width A
[3|. Most, of the numerical results discussed in the next section have been obtained with A =
5 MeV, a value sufficiently large to smooth out the unphysical structures while leaving the
collective states visible. Some of the energy-weighted moments have been calculated by using
a smaller A (A = 2 MeV) to diminish the influence of the Lorentzian tail. The harmonic
oscillator space is spanned by JVo = 12 states for each set of individual quantum numbers,
the harmonic oscillator constant being b — 1.8 fm. In building the p — h configuration space,
we have kept only states lying within some energy cut-off range (EfîiaK = M + 100 MeV for
Fermi states, Eff111 = -M + 200 MeV for Dirac states, unless specified otherwise). We have
checked that, by varying the values of JV0,6, .E]?13* and £™m within reasonable limits, the
main features of the results are essentially unchanged.
Concerning the role of Dirac states, i.e. of Pauli-violating NN excitations, we find that
they affect little the description of giant resonances in the (2 —3)ftw energy region. Therefore,
it is sufficient to calculate the multipole response functions by including only the GQ term of
eq.(10), i.e. the IV0

terms in eq.(17) can be replaced by HO ' + . Finally, the integral equation

(17) is numerically solved in fc-space on a grid of 30 mesh points in steps of 0.25 fm"1.
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4
4.1

Results and discussion
L = O states

The RRPA response functions R^(E) for the isoscalar monopole mode (breathing mode) are
shown in Fig.3 for the three nuclei 16O , 40Ca and 90Zr . This mode is interesting because
it reflects to some extent the compressibility of nuclear matter, although the relationship is
somewhat indirect due to important surface effects.
In the two light nuclei (16O

and

40

Ca ) the monopole strength if distributed over an

energy interval considerably wider than the averaging width A = 5 MeV. If we look at the
full width at half-maximum (FWHM), it is of the order of 15 MeV in both cases. Thus,
the model does not predict here the existence of a typical giant resonance containing a large
fraction of the total strength within a small energy interval. This particular feature of the
isoscalar monopole strength in light nuclei is also found in non relativistic RPA models. For
instance, RPA calculations performed with Skyrme interactions and where continuum effects
are included (i.e., without energy averaging) show that the monopole strength in

40

Ca

is

spread over 10 MeV [12]. The situation becomes somewhat different when we go to the
heavier nucleus 90Zr where the value of FWHM is 9 MeV, indicating that the natural width
(escape width and Landau damping) is of the order of 4 MeV. For comparison, we recall that
the continuum-RPA calculation of réf.[12] gives 2.6 MeV for the FWHM in 00Zr . Thus,
both relativistic and non-relativistic RPA models find the same tendency that the breathing
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mode becomes more collective when one goes to heavier nuclei.
The energetics of the breathing mode is shown in Table 1. The first ro'v lists the peak
energies £peak of Fig.3. In 40Co

and

90

Zr , they can be compared with the values of

jK eak obtained in ref.[12]. Because the strength distributions are broad, we also indicate the
various mean energies :
E = m-i/mo ,

(19)
1

Ek = (nu/mu) /* ,

fc=l,3

where
mfc = I EmaX R(L\E'}E'kdE' ,
Jo

(20)

•Emax being the maximum excitation energy (about 75 MeV) where the present calculations
were carried out. One can see that our calculated energies are systematically larger than
those of réf. [12] which were obtained with a Skyrme interaction (SGII) adjusted to give a
nuclear matter compression modulus K — 217 MeV. Note that the SGII interaction predicts
the correct monopole energy in 208Pi

[12].

The too high monopole energies of the present model are to be expected since the corresponding compression modulus of nuclear matter is K — 545 MeV [11], i.e. considerably
larger than the value of SGII. It is even surprising that the discrepancy between the two
models is so small. Recently, Nishizaki et al. [7] have given an estimate of monopole energies
in the (a,w) model using a local Lorentz boost and scaling method. They find the following
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resuit :

where eF is the Fermi energy in nuclear matter and < r2 > the mean square radius. Approximating €F by M and < r 2 > by | (l.2) 2 A z / 3 /m 2 onefinds,with the present value of

K :
(Hu)M ~ WOA-V3MeV ,

(22)

i.e., about twice the experimental systematics. In Table 1, one can see that the DHRPA model
leads to energies substantially smaller than the estimate (22) . Clearly, monopole energies in
finite nuclei are not only governed by bulk properties like K, and surface effects are quite
important for lowering monopole resonance energies, especially in the (a, u>) model. In any
case, a quantitative agreement with experimental energies could probably be obtained if one
includes cubic and quartic terms of the cr-field in the effective Lagrangian in order to bring
down the value of K [13].

4.2

L = 2 states

The calculated response functions R(L=2Î(E) for isoscalar quadrupole modes are shown in
Figs.4 and 5. When low-lying discrete states are present (in L — 2, 3 and 4 cases) we have
subtracted out their contributions before drawing R^, for the clarity of the figures. In
12

C where the calculation was done with a single-particle cut-off E™** = M + 4OMeV, the

strength distribution is very broad and exhibits no pronounced giant resonance behaviour.
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Below particle emission threshold (Ethreshoid = 12.75 MeV) there is a strong bound state near
5 MeV and built mainly on truly bound configurations like (lpS/2"1 lpl/2). Such a low-lying
RRPA bound state of course does not exists in 16O , where the quadrupole response shows
a well marked peak around Epeak — 24 MeV. A similar situation occurs in 40Ca
The shape of the quadrupole response in 16O

and 40Ca

(see Fig.5).

is very similar to that given by

continuum-RPA calculations with Skyrme forces [5,14], with the difference that the present
model predicts slightly higher quadrupole resonance energies. In Fig.5 is also shown the
Hartree response RQL~^ in 40Co , to illustrate the strong effect ot residual p — h interaction
in producing a collective giant resonance. The case of 50Zr is similar to that of 12C ; besides
a strong state in the continuum region with a relatively narrow width, there is another lowlying collective state at 7 MeV and containing 35 % of the total quadrupole strength. This
state is above proton emission threshold but below neutron threshold, and consequently it
must have a very small intrinsic width which we have not tried to estimate accurately by our
averaging procedure.
The energetics of the quadrupole mode is shown in Table 2. The peak energy Epeak
decreases steadily when one goes from

12

C to 90JJr , and this is accompanied by a narrowing

of the giant resonance as indicated by the values of FWHM. Since we have used an averaging
width A = 5 MeV, one can see that the intrinsic width of the quadrupole resonance in 90Zr
is probably of the order of 1 MeV. In Table 2 we have also indicated the peak energies in 12C
and 40Ca coming from continuum-RPA calculations performed with the Skyrme interaction
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SIII [5,14]. These calculations give FWHM values of 1.7 MeV and 1. MeV in 12C and 40Co
, respectively. The various energies £\ E\ and ES denned in eq.(19) are shown in Table 2. In
12

and 90 Zr

C

the centroid energies E are shifted to lower values because of the presence

of a low lying quadrupole state, in contrast to the

16

O

and 40Ca

cases.

In ref.[7] an estimate of quadrupole energies in the (a, w) model has been derived, using
again a local Lorentz boost and scaling method as in the monopole case. The result is :

3

MeV ,

where PF is the Fermi momentum, and Ep — (p2F + M*2)1/2 with M* being the relativistic
effective mass. The numerical estimates shown in Table 2 are obtained with the inputs of
ref.[H]. Except for the lighter nuclei 12C and 16O , the agreement between (ftw)g and our
calculated values, especially for EZ energies, is satisfactory. We note, however, that (/IW)Q
is always somewhat larger than Epeak. Even though the estimate (23) is almost 50 % above
experimental systematics, the calculated values of Epeak are not so much off as one can see by
comparing with the SIII energies (see row (c) of Table 2). A moderate increase of M* from
its present value of 0.541 would be needed in order to come close to experimental energies.

4.3

Higher multipole states

The same calculational scheme has been applied to the case of L = 3 and L — 4 isoscalar
modes. In Fig.6 are shown the response functions #<L=3) in 16O
17

and 90Zr . Both strength

distributions exhibit a strong collective state at low energy. This state contains 1/3 of the
total L = 3 strength in 16O , and about 1/2 in 90Zr . The rest of the strength is very widely
spread up to 60 MeV in the case of 16O , where the oscillations are probably due to the
procedure used here to discretize the continuum, in 90Zr , a resonance structure appears
around 32 MeV, but there is also a substantial background from 10 to 30 MeV.
An example of L = 4 response functions is displayed in Fig.7. In 40Ca

there is a well-

marked peak at Epeak = 17 MeV and a large background persisting up to 75 MeV. We find
that this background is very close to the Hartree strength distribution for excitation energies
above 20 MeV. The overall aspect of the L = 4 response in 40Ca
in non-relativistic continuum-RPA calculations [5], In 90ZV

is similar to that found

the most apparent structures

consist of a low-lying state at 8 MeV, two resonances at 12 MeV and 20 MeV and a far
extending tail. Again, the oscillations in the 35-45 MeV region may be attributed to the
continuum discretization procedure.
In general, these calculations show that, for L > 2, the collectivity is much less pronounced
and the multipole strength tends to be distributed over a wide energy range.

5

Conclusion

We have applied a relativistic RPA approach to the study of giant resonances in finite nuclei. The present model is consistent in the sense that the same effective Lagrangian determines self-consistently the Dirac-Hartree single-particle spectrum and also the p-h interaction.
18

Thus, there are no more free parameters once the coupling constants have been adjusted on
nuclear matter and ground state properties.
We have restricted ourselves to the ring approximation, without exchange contributions
in the interaction vertices. This approximation is consistent with the Dirac-Hartree approximation used for determining the starting effective Lagrangian. The omission of exchange
(Fock) terms results in a renormalization of coupling constants for the isoscalar mesons [2],
but it leaves the couplings of isovector mesons rather badly determined. Indeed, in the DiracHartree approximation, the p meson contributes only in N ^ Z systems while the TT meson
does not contribute at all. Therefore, the ring approximation may be acceptable for isoscalar
modes, but a study of isovector giant resonances would require an RPA calculation where
exchange interaction vertices are also included and where TT - and p -coupling constants are
determined from a Dirac-Hartree-Fock model of nuclear ground states [2].
In the case of isoscalar monopole resonances, we find that the resonance energy is not
well defined in light nuclei (16O , 40Ca ), but the breathing mode appears strongly in 90Zr
. A detailed comparison with non-relativistic RPA results shows that the relativistic model
predicts too high energies, but much less than the large discrepancy that one might guess by
looking only at the value of the compression modulus (K= 545 MeV) of the present model.
The prediction (21) based on a scaling method [7] is also seen to be largely overestimating
the present results. It seems quite possible to obtain reasonably good monopole energies in
finite nuclei if one lowers moderately the compression modulus from its present value, for
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instance by adding a3 and a* terms to the Lagrangian.
The isoscalar quadrupole resonances appear as collective states in all nuclei. The residual
interaction is strongly attractive in this model and shifts the RPA strength several MeV below
the unperturbed strength. The calculated quadrupole energies are higher than those predicted
by non-relativistic RPA calculations which more or less agree with the data. One may relate
this defect to the rather small value of the effective mass M* . Other effective Lagrangians
with larger values for M* [2] could perhaps improve the prediction of quadrupole energies.
The comparison of our results with the prediction (23) obtained by the scaling method of
ref.[7] is satisfactory if one does not consider nuclei lighter than 40Ca

and if one identifies

the quantity (^W)Q of eq.(23) with our ES energy.
It would be interesting to explore further the properties of RPA states in the relativistic
approach. On the one hand, our discretization and averaging procedure has the advantage
of rendering numerical calculations rather fast, but it has the disadvantage of not treating
correctly continuum effects. It is possible to improve on this point by using a representation
of the single-particle propagator Gg in terms of two linearly independent solutions of the
Dirac equation, as it was done for instance by Wehrberger and Beck [15]. On the other hand,
the relativistic model should also be applied to the study of isovector giant resonances, where
if and p mesons should play a prominent role. Another question of interest is that raised by
Auerbach et al. [16] who argue about the existence of discrete JVN states embedded in the
continuum. These states are described by the GF GF terms neglected in the present work,
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and our formalism could be used to study these ./VJV excitations and their modifications due
to residual interaction.
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Table captions

Table 1 : Calculated monopole energies (in MeV) in finite nuclei. The quantities Epe<lkiEi,E and
E3 are explained in the text, the bottom line is the estimate (22). Rows (a) correspond
to this work, (b) to réf. [12].
Table 2 : Same as Table 1, for quadrupole energies. The quantity (few)g is the estimate (23),
FWHM shows the width of the main peak. Row (a) corresponds to this work, (c) to
refs.[5,14].

23

J

O

(a)

•*{

(a)

1

W

^3

(a)

(hw)M

Zr

21.5

23.

18.5

22.9

22.9

21.4

24.5

24.3

22.4

22.7

19.5

29.2

28.5

25.5

63.5

46.8

35.7

(V

E1

90

Ca

25.

23.

(a)

Epeak {
(

40

16

Nucleus

Table 1

12

Nucleus

E \(
bpcak
1

16

C

1

O

25.5

40

Ca

25.

19.5

20.5

17

90

Zr

16.5

^

W

Ei

11.8

24.3

20

12.4

E

18.1

25.3

20.8

14.4

E3

30.9

28.1

23.3

19.2

(MQ

39.2

35.6

26.2

20

FWHM

13.

9.2

7.4

6.1

Table 2
24

Figure captions

Figure 1 : The Dirac-Hartree single-particle spectrum.
Figure 2 : Diagrammatic representation of the RRPA equation (17).
Figure 3 : Monopole response functions #'L=0'(.E) (in /rn4 MeV"1) as functions of excitation
energy E (in MeV).
Figure 4 : Quadrupole response functions R(L=2)(E) (in /m4 MeV1) in 12C

and 16O . The

arrow indicates the position of a low-lying bound state in 12C .
Figure 5 : Same as Fig.4, for 40Ca
40

and 90Zr . The dotted curve shows the Hartree response in

Ca . The arrow indicates the position of a low-lying bound state in 90Zr .

Figure 6 : L = 3 response functions (in fm6 MeV"1) in 16O and 90Zr . Arrows indicate low-lying
states.
Figure 7 : L = 4 response functions (in fm8 MeV"1) in 40Co and 90Zr . The arrow indicates a
low-lying state in 90Zr . The 90Zr curve corresponds to A = 2 MeV.
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